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ABSTRACT

LAMINAR VISCOUS EFFECTS
ON LONGITUDINAL DISPERSION IN TIDAL FROUDE MODELS

Larry H. White

014 Dominion University, 1987
Director: Dr. Carvel H. Blair

A laboratory investigation was designed to test the
ability of a tidal Froude model operated according to the
minimum Reynolds number c¢riterion of 1400 to simulate the
longitudinal dispersion of its turbulent, laboratory proto-
type in the absence of depth distortion and density strati-
fication. To examine the model's performance, comparative
tracer-dye dispersion tests were conducted in the model and
in the prototype to determine spatial and temporal longitu-
dinal dye distributions. Froude similitude of cross—section-
al mean tide heights and current velocities was achieved.
The minimum Reynolds number criterion did mot guarantee tur-
bulent flow throughout all tidal stages, prolonged periods
of laminar flow existed near times of slack current in the
model. Similitude of longitudinal dispersion was not
achieved, longitudinal dispersion was exaggerated in the
model. The results of this investigation indicate that tidal
Froude models operated according to the minimum Reynolds
number criterion and validated for similitude of mean tidal

motion can be expected to produce laminar viscous effects



which are not present in the prototype and to magnify longi-
tudinal dispersion as a result of laminar viscous scale ef-

fects.
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Chapter 1

INTRODUCTION

Purpose

Previously, several physical hydraulic model investiga-
tions were undertaken in the upper reaches of estuary models
to predict the spread of pollutants. Frequently the flow in
the upper reaches was characterized by low Reynolds numbers
due to shallow model depths and low advective velocities, in
contrast to the turbulent flow regime of the prototype. Lack
of similitude of longitudinal dispersion in these investiga-
tions stimulated an inquiry into a model's ability to simu-
late longitudinal dispersion under these conditions. It was
hypothesized that the minimum Reynolds number criterion for
tidal models is not adequate to produce turbulent flow
throughout all tidal stages in the upper reaches and that
the resulting, laminar viscous scale effects cause distor-
tion of longitudinal dispersion. The primary objective of
this study was to test the ability of a tidal Froude model
operated according to the minimum Reynolds number criterion
to simulate the longitudinal dispersion of its laboratory
prototype. Preliminary objectives required that an existing

laboratory flume, designed especially for this investigation



be equipped with a tide generating mechanism and wave height

measuring system.



Background

The capacity of estuaries to assimilate pollutants is a
matter of increasing interest among oceanographers andg
others concerned with environmental water quality. Among the
several methods of studying mass transfer of pollutants in
estuaries has been the use of physical hydraulic models. A
specific objective of using physical models has been to em-
pirically determine the longitudinal dispersion coefficient
for a given reach of an estuary. The longitudinal disper-
sion coefficient is a measure of the rate of spreading of a
distribution of marked fluid particles in the streamwise
direction. The coefficient is determined by comparing solu-
tions of the mass transfer equation with measured model con-
centration distributions of a tracer dye. The same disper-
sion coefficient is then used to predict the concentration
distribution of a pollutant in the prototype estuary
(Harleman 1971).

Conventionally these models are distorted Froude models
constructed with an exaggerated depth scale and operated ac-
cording to Froude-law scaling relationships. The Froude
model law of similarity establishes that the ratio of iner-
tial forces F; to gravitational forces Fg; in the model
should equal the corresponding ratio in the prototype. In

estuarine tidal flows, gravitational forces are the dominant



forces contributing to fluid motion. Since inertial reaction
is always present in flow phenomenon, it follows that iner-
tial forces must be considered in any particular flow situa-
tion. The inertial force characterizes the natural resis-
tance of a fluid to any change in its state of motion and is
equal to the sum of all external forces applied to that
fluid. To express these forces in usable terms their physi-
cal equivalents in terms of density p, gravitational ac-
celeration g, characteristic length L, and characteristic

velocity V may be used. Thus,

F; = mass x acceleration = (pL3)(Vv2/L) = pL2V2

Fg = mass x gravitational acceleration = pL3g

and, with subscripts m and p indicating model and prototype

guantities, respectively

(Fidg (Fyg (pL2V2),  (pL2V2),
(Fgdm (Fglp (pL3g)g  (pL3p),

Taking pm = pp and gn = gp, the ratios

reduce to

Vo v,

=

(SmLm)]‘/z (SPLP)llz

and, with subscript r indicating the model-to-prototype



ratios, the Froude model law is

v, . (Fp)m oy e 1
aseesirrr—————- 5. r or E—3 n’r [—
(g,L,)1/2 (Fu)p

where, taking L as a characteristic depth, (gL)3/2 is the
celerity of a frictionless, small amplitude, shallow water
wave. The dimensionless ratio V/(gL)}1/2 jis called the

Froude number Fp. Froude's law supposes that gravity is

the dominant force contributing to the motion in both the
model and the prototype, and that all forces other than
gravity forces have no appreciable influence on the phenome-
na under investigation. To satisfy the Froude law, the ef-
fects of the non-dominant forces, i.e. viscous and capil-
lary forces, which are negligible in the prototype, must be
kept negligible in the model., Distortions in model flow pat-
terns, a result of scale reduction, are caused by the pres-
ence of laminar flow associated with viscous forces and sur~
face tension caused by capillary forces, and are termed
scale effects.

Surface tension manifests itself at a boundary surface
by the formation of a kind of membrane due to attractive
forces between liquid molecules. At some point in a liquid
medium, at an appreciable distance from a boundary, such mo-
lecular forces are necessarily in equilibrium, But at a
boundary surface the forces are no longer the same on every

side, so that a resultant force acts upon all surface mole~



cules in a direction normal to the surface. Since the magni-
tude of this force is proportional to the surface area, the
liquid surface therefore tends to contract until it has the
minimum area possible (Rouse 1961). Therefore, surface ten-
sion becomes appreciable in physical models when the radius
of curvature of the liqguid surface and the distance between
solid boundaries become small (Henderson 1966). Various au-
thorities (Novak 1981, Fischer et al. 1%7%, LeMehaute 1976,
Maxwell and Weggel 1969, Von Arx 1967, and Henderson 1966)
suggest various minimum depths at which surface tension is
negligible in physical models, ranging from one to three
centimeters. However, the widely accepted rule-of-thumb is
that model depths and channel widths should be no less than
3 cm (Webel and Schatzmann 1984).

Viscosity is a fluid property and is defined as the de-
gree to which a fluid resists flow under an applied force,
i.e. when an ordinary £fluid is being distorted, a stress
field is produced in it that resists the distortion
(Plapp 1968). The use of the term viscosity in this study
will refer to the kinematic viscosity v, the ratio of
absolute viscosity p to the mass density.

Frictional effects in laminar flow arise because of
fluid viscosity and are greatly enhanced in turbulent flow.
In general, a flow's being laminar or turbulent can be view~
ed as resulting from viscous damping of any disturbance
fluctuations that occur within it. The basic property of

steady laminar flow is that at each point in space the ve-



locity shows absolutely no variation with time other than
that due to the random motion of molecules of which the
fluid is composed. In nonsteady laminar £low, time varia-
tions of the velocity can be directly related to variations
in the boundary conditions. In contrast, steady and non-
steady turbulent flows are characterized by random fluctua-
tions in the velocity (roughly analogous to molecular motion
but much greater) in all directions superposed on a temporal
mean velocity in the downstream direction. As the fluctua-
tions in instantaneous velocity at adjacent positions are on
the average not perfectly correlated, elemental volumes of
fluid that were previously close together become statistic-
ally farther apart as the population of fluid particles is
advected downstream. Advection refers to the transport by an
imposed current system. In nonsteady turbulent flow, the
characteristic small velocity fluctuations are not directly
correlated with changes in boundary conditions. The random
scattering of particles due to molecular motion and turbu-
lent motion, as described above, may be referred to as mo-
lecular diffusion and turbulent diffusion, respectively.
Random scattering of particles due to molecular diffusion
in laminar flow or due predominantly to turbulent diffusion
in turbulent flow will be much faster in turbulent flow
(Plapp 1968).

In bounded laminar or turbulent flow a velocity gradi-
ent or shear will exist due to friction at the boundary sur-

face., This shear effect is defined as the advection of fluid



at different velocities at different positions in the flow;
this may be the normal velocity profile for a laminar or
turbulent flow where the fluid flows faster with increasing
elevation from the bed; or the shear effect may be the
changes in both magnitude and direction of the velocity with
depth in complex flows such as in estuaries. In turbulent
shear flows the inertial forces give rise to forces called
Reynolds stresses (turbulent shear stresses) which have the
physical character of friction, but which are much greater
than viscous friction (Pond 1978). In laminar flow, only
viscous shear stresses are present. In fully turbulent flow,
characteristic of estuaries, both viscous and Reynolds
stresses are present, however Reynolds stresses are the dom-
inant forces opposing the motion, compared toc viscous shear
stresses which are considered to be negligible (Dyer 1977).
The only practical way of eliminating the effects of fluid
viscosity in physical models is to satisfy another condition
for Froude similitude, that of equal flow regime on the
model as in the prototype (Novak 1981). It is known from
hydraulics that head loss due to friction in laminar and
turbulent flow differs. In laminar flow the head loss is
proportional to the first power of the velocity, but in
fully turbulent flow to the square of the velocity. There-
fore, because the flow in the prototype estuary is consid-
ered to be turbulent, the model must not be s0 small that
the flow regime changes to laminar flow (Novak 1981, Dyer

1977, and Pritchard 1965). This is a necessary though not



sufficient requirement for the attainment of exact Froude
similitude.

Where the problem to be solved is extended to that of
water quality and the modeling of longitudinal dispersion,
the dispersive effects are a function of the flow regime,
being primarily related to the details of the velocity dis-
tribution in the channel cross section. Longitudinal dis-
persion is defined by Fischer (1973) as the spreading of
marked fluid particles in the streamwise direction by the
combined action of a velocity distribution and cross-sec-
tional mixing. In laminar flow, cross-sectional mixing is
due to molecular diffusion. In turbulent flow, molecular
diffusion is neglected and cross-sectional mixing is due to
turbulent diffusion. The dominant cause of longitudinal dis-
persion is the shearing effect of the cross-sectional veloc-
ity distribution. The shear effect refers to the dispersive
action of the velocity profile; a tracer mixed throughout
the cross section by molecular or turbulent diffusion will
be dispersed longitudinally as it is advected downstream at
the mean velocity because it is carried faster by currents
at the surface and in the center of the channel than at the
bottom and near the sides (Fischer 1976). It follows, that
in fully turbulent flow the velocity profile will be some~
what different than in a laminar flow in the same channel
and the cross-sectional turbulent mixing (diffusion) coeffi-
cient will play the role of molecular diffusion in laminar

flow (Fischer et al. 1979). This is why, when attempting to
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replicate the process of longitudinal dispersion in physical
models, the same flow regime must be preserved on the model
as in the prototype, i.e. turbulent and not laminar. Because
of practical considerations of scale this exact reguirement
is not generally met, and it is customary to operate estuary
models in the smooth turbulent or transitional regions with
periods of laminar flow near times of slack current (Crick-
more 1972 and Harleman 1971).

The criterion for turbulent or laminar flow in open
channels is the Reynolds number Ry, = uh/v, where u and 4
are average hydraulic parameters of velocity and depth, re-
spectively. Various authorities (Webel and Schatzmann 1984
Herrmann 1979, Sager and Hales 1979, Henderson 1966, Hickox
1952, Allen 1947, Stevens et al, 1942, and Allen 1934) sug-
gest various minimum Reynolds numbers for fully turbulent
flow in open channels, ranging from 750 to 4,000, For tidal
flows in physical models, Allen (1947) states that for simi-
larity of the law of fluid resistance and to minimize scale
effects due to viscosity in tidal models, it may be taken as
a safe rule that the Reynolds number in the model, based on
the maximum current velocity at the mouth and the mean depth
of the approach channels, must not be less than 1400. This
critical Reynolds number was experimentally determined by
Allen (1934) in a straight open channel, independent of the
roughness of the rigid channel boundaries. However, this
criterion does not indicate fully turbulent flow but only

the transition from approximate laminar flow to turbulence.
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Even so, various modeling authorities {(Herrmann 1979, Sager
and Hales 1979, and Henderson 1966) recommend Allen's mini-
mum Reynolds number of 1400 as the critical Reynclds number
above which tidal flow in physical models will be fully tur-
bulent and thus sufficient for the achievement of Froude
similitude. In this instance, one might expect that estuary
models would not be capable of correctly modeling longitudi-
nal dispersion.

Physical models of many of our major estuaries are al-
ready in existence, as motivation for these models has usu-
ally been problems associated with navigation improvements.
These models were built primarily to study bulk tidal mo-
tion, i.e. tide heights, current velocities, and salinity
intrusion. In some cases, models were verified by only com-
paring model and prototype mean tide heights and current ve-
locities of the various cross sections, measured along chan-
nel centerlines. More detailed data in the cross section is
usually difficult to obtain in the prototype. Generally, re-
production of prototype tide heights, current velocities and
salinity is imperfect, with varying degrees of similarity.
However, these verifications are typically deemed adequate
for solving the navigation problems of interest. The success
of these models in providing solutions to navigation prob-
lems in complex estuaries has generated a high but possibly
unjustified degree of confidence in these models for use in
studying water guality problems. In recent years it has been

convenient to use these models to simulate the longitudinal
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dispersion of pollutants by studying the motion of traceable
dye, however, there is no total agreement on how well these
models reproduce the dispersion phenomena of the prototype
(Fischer 1976).

A review of the literature dealing with the applica-
tion of physical models to dispersion processes indicates
that the ability of distorted models to simulate dispersion
in tidal flows is unclear. Blair and Kuo (1979) reviewed
published research concerning the mass transfer verifica-
tions of tidal Froude models in regions of substantially
constant density and in regions of longitudinal salinity
gradients. Their report indicated that in the majority of
model verifications summarized, various degrees of similari-
ty of dispersion were achieved.

However, the limitations of distorted physical models
for determining longitudinal dispersion in tidal flows are
well known. Fischer and Bolley {(1971) showed that the verti-
cal and transverse velocity distribution and the rate of
turbulent cross-sectional mixing in a distorted model are
altered from that of the prototype as a result of vertical
exaggeration and exaggerated types of roughness.

Several investigators give reasons why unstratified es-
tuary models may distort dispersion phenomena. In this case
longitudinal dispersion is caused by the velocity gradient,
and the longitudinal dispersion coefficient does not follow
Froude-law scaling. Bolley et al. (1970) have shown that for

velocity gradient-induced dispersion in estuaries, disper-
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sion can be caused by velocity gradients in both the verti-
cal and transverse directions, and that either direction may
dominate. Barleman (1966) has shdwn that if only vertical
velocity gradients are important, distorted models will
greatly over emphasize longitudinal dispersion. Fischer and
Holley (18%71) concluded that the dispersive effects of
transverse gradients may be magnified in the model, dimin-
ished, or correctly modeled, depending on the value of the
prototype (dispersion) dimensionless time scale. In wide es-
tuaries the dispersive effects of both transverse and verti-
cal gradients are magnified in the model, and in narrow es-
tuaries dispersion due to transverse gradients may be prop-
erly modeled, but dispersion in the model is usually caused
by vertical gradients which are magnified in the model, and
thus, the overall result is magnification of longitudinal
dispersion. Fischer and Hanamura (1975) studied transverse
mixing in a rectangular flume with vertical strip roughness
and found that it may be possible to choose the width of the
strips to obtain Proude scaling of longitudinal dispersion
due to transverse velocity gradients but not of longitudinal
dispersion due to vertical velocity gradients.

In a stratified model, Fischer et al. (1979) states
that model verification of the local salinity gradient im-
plies verification of the rate of vertical mixing. However,
it implies nothing about transverse mixing. Fischer et al.
(1979) reports that it is thus generally assumed that since

similitude of salinity distribution exists that the model
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will also correctly simulate flushing of any dissolved trac-
er., This reasoning is only exactly correct if the pollutant
to be flushed is introduced into the estuary in exactly the
same way as the fresh water, otherwise initial dispersion
from a local source may not be modeled correctly because of
incorrect modeling of local turbulent mixing or near-source
advection. Far from the socurce, however, it is reasonable to
expect that pollutant dispersion will be modeled to the same
degree of accuracy as salinity intrusion. BHarleman (1971)
reports that similitude of the salinity intrusion regions,

a mass transfer-related-process, has been replicated fairly
well in distorted models; but that this process is strongly
dependent on density effects, and therefore the ability to
duplicate salinity intrusicn is undoubtedly related to the
fact that similitude with respect to the gravitational ef-
fects is being achieved, basically in tidal motion. Since
salinity intrusion is also a gravitational-type circulation
process, it is possible to duplicate this.

The number of studies in the literature pertaining to
the effects of flow regime on longitudinal dispersion in
physical models is small. Ward (1972) conducted dispersion
experiments in a laboratory tidal flume of constant-density
flow, operated with a Reynolds number criterion of 1000 at
the channel entrance, and found that laminar flow existed
during portions of the tidal cycle; longitudinal dispersion
was magnified when compared to what would be expected from

calculations in fully turbulent flow. Crickmore (1972),
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studied dispersion in a coastal flow near Heysham, England,
in a constant-density model (horizontal scale 1:250, verti-
cal scale 1:60), and reported that turbulent flow was not
fully developed at all tidal stages in the model, and that
the marker plume was highly irregular until Reynolds num-
bers reached 7000 during the tidal cycle, at which time the
plume became similar to that of the prototype. Nece et al.
(1979) conducted dispersion experiments in the field and in
an idealized (planform geometry) marina basin model of con-
stant density (horizontal scale 1:500, vertical scale 1:50).
He reports that Reynolds numbers in the model were low, with
a peak of about 3000 at the basin entrance, and observed
differences between model and prototype flow patterns.

Blair (1981, 1980, 1978%) set out to determine a scien-
tific basis for establishing shellfish buffer zones in the
vicinity of marinas and small boat harbors, typically locat-
ed in the upper reaches of tidal rivers entering the Chesa-
peake Bay, by investigating the feasibility of using the
model to study longitudinal dispersion of a conservative
tracer-dye from tidal marina locations. The bulk of his ex-
perimental work was conducted in the Lafayette River portion
of the U.S. Army Engineer Waterways Experiment Station's
(WES) Chesapeake Bay Hydraulic Model, Matapeake, Maryland
{horizontal scale 1:1000, vertical scale 1:100). The Lafay-
ette River, located in Norfolk, Virginia, is situated in the
lower Chesapeake Bay and characterized by Blair (1976)

through prototype studies, as & well-mixed estuary (longitu-
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dinal density gradient). Comparisons of model and prototype
spatial and temporal dye distributions indicated that simil-
itude of longitudinal dispersion was not achieved for the
Lafayette River portion of the model or for any of the

other tidal rivers investigated in the model (Daily Press
1983, Coates 1982, and Cook 1982). Jugan (1982) conducted
similar dispersion experiments in the Lafayette River por-
tion of the WES model related to the effects of varying
river discharge on longitudinal dispersion, dispersion si-
militude was also not achieved. Both investigators attri-
buted the lack of similitude in the Lafayette River por-
tion of the model to the effects of surface tension in the
two upper branches of the Lafayette River model. The mean
depth in the Lafayette River portion of the model was 3.1 cm
in the main channel and 1.1 cm in the two upper branches.
However, the calculated model Reynolds number at the mouth
of the Lafayette River was about 850. Blair (1976) also con-
ducted dispersion studies in a highly distorted model of the
Lafayette River (horizontal scale 1:540, vertical scale
1:12), 0ld Dominion University (ODU), Norfolk, Virginia, and
reported that dye concentration profiles showed good agree-
ment in the main channel, but that dye concentrations in the
two upper branches of the model were consistently higher
than those of the prototype. The lack of similitude was at-
tributed to scale effects in tide heights and current veloc-
ities resulting from high geometric distortion. The mean

depth in the two upper branches of the model was 9.2 cm. The
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calculated model Reynolds number at the mouths of the two
upper branches was about 3,000, Kuo et al. (1978) conducted
similar dispersion experiments in the ODU Lafayette River
model and reported similar results. As the experiments pro-
gressed with increasing numbers of tidal cycles, model dye
concentrations became progressively higher than those of the
prototype. The distortion of longitudinal dispersion was at-
tributed to (1) difficulty of reproducing accurate salinity
gradients and velocity fields in the model, (2) low advec-
tive velocities, (3) low freshwater discharge, and (4) dye
"trapping" not observed in the prototype.

In the present study, a plunger-type tide generator was
constructed for use in a laboratory flume which produced a
repeatable, sinusoidal, oscillating wave of adjustable
height and pericd. A wave height measuring system was devel-
oped which used variable-capacitance, wave height measuring
probes, capable of measuring wave heights in the tidal flume
to within 1 mm., A constant-density, undistorted, tidal
Froude model (horizontal and vertical scales 1:1.45) operat-
ed according to the minimum Reynolds number criterion of
1400 and a laboratory prototype operated in the predominant-
ly turbulent regime were set up in the tidal flume of rectan~
gular cross section. The influence of density stratifica-
tion on longitudinal dispersion and any limitations to the
achievement of similitude of longitudinal dispersion due to
vertical exaggeration in the model were eliminated. Model

and prototype tide heights and current velocities, measured
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along the channel centerlines, were validated for Froude si-
militude., If it were feasible to use physical models for
dispersion studies, which are operated according to the min-
imum Reynolds number criterion of 1400 and validated for
Froude similitude of cross—-sectional mean tide heights and
current velocities, then the laboratory model should simu-
late the longitudinal dispersion of the laboratory proto-
type. To examine the model's performance, comparative tracer-
dye tests were conducted to determine in the model and in
the prototype the spatial and temporal longitudinal dye dis-
tributions experienced by the intrusion of marked water from
the headbay of the tidal flume. The match between model and
prototype of the longitudinal extent over time of the re-
sulting plumes was taken as a measure of the model's ability
to reproduce the dispersive mechanisms existing in the pro-
totype.

Generally, results obtained from the present investiga-
tion indicated that tidal Froude models operated according
to the minimum Reynolds number criterion of 1400 and vali-
dated for similitude of mean tidal motion can be expected to
produce laminar viscous effects which are not present in the
prototype and to magnify longitudinal dispersion as a result
of laminar viscous scale effects. These results provide fur-
ther confirmation that physical models, such as those used
by government, academia, and industry to study the longitu-
dinal dispersion of pollutants in estuaries, may give mis-

leading results.



Chapter 2

PROTOTYPE AND MODEL TIDAL FLUME EXPERIMENTS

Design of Prototype and Model

The criteria for setting up an undistorted, constant-
density, tidal Froude model (small scale) and its laboratory
prototype (large scale) in a rectangular flume to investi-

gate longitudinal dispersion were:

1) The channels should be much wider than they are deep.

2} The generated oscillatory waves should be small ampli-
tude shallow water waves (or long waves).

3) The times required for vertical mixing should be about
egual to the tidal periods.

4) The Reyneclds number at the mouth of the model channel
should be greater than 1400.

5) Water depths should be no less than 3 cm.

Criterion 1 must be satisfied to prevent the sidewalls
of the flume from significantly influencing the transverse
velocity profiles, so that the only significant velocity
variations are with depth. As a result, the effect of the

sidewalls on turbulent flow in a wide rectangular channel

19
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will be confined to layers of thickness on the order of the
depth (Chatwin and Sullivan 1982, Novak 1981, and Knight and
Macdonald 1979). A wide channel is particularly necessary
since the width of the flume b will be the same for both the
model and prototype, thus the width of the model will be
distorted.

If criterion 2 is satisfied, the tidal range H will be
small and the tidal period T will be so long that the fric-
tionless wavelength L, will be much greater than the length
of the channel L considered. Associated with a long wave
will be small water surface slopes and small vertical veloc-
ity components. Thus the relative change in water depth over
the tidal cycle will be small and the flow will be essen-
tially horizontal, aligned with the longitudinal axis of the
channel, and uniform over depth (Henderson 1966 and Ippen
1966) .

If criterion 3 is safisfied, the tidal period will be
similar to the time required for vertical mixing T, between
the bed of the channel and the water surface, and shear flow
dispersion will have its maximum effect (Fischer 1976). In
constant-density, oscillatory shear flows in wide rectangu-
lar channels, dispersion is associated primarily with the
vertical velocity distribution. Vertical mixing is caused
predominantly by turbulence generated by bottom shear stress,
and the vertical turbulent diffusion (mixing) coefficient,
averaged over the depth, is expected to be &, = 0.067hu®,

where z is the vertical cartesian coordinate in an open
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* is the depth-averaged

channel, h is the mean depth, and u
shear velocity (Holley et al. 1970). Fischer et al. (1979)
summarized a number of laboratory studies in rectangular
flumes of varying channel roughness and found that

v* = 0.lu, where u is the mean velocity in the channel

cross section. Application of this equation to oscillatory
flow gives uv* = 0.luy, where vy = (2/n)ugy,, is the rms tidal
velocity and up,z is the average of the maximum floed and
ebb velocities. The time required for vertical mixing is

T, = h2/¢, = (B/0.0067)u,. Holley et al. (1970) have found
that in most estuaries T/T, > 1. The maximum contribution of
the shear effect in oscillatory flow is found when

T/T, = 0.7, resulting in a maximum dispersion coefficient
(Fischer 1976).

According to various modeling authorities (Herrmann
1979, Sager and Hales 1979, Henderson 1966, and Allen 1947),
criterion 4 is recommended to attain fully turbulent flow in
tidal Froude models, and consequently, laminar viscous scale
effects will be avoided.

Criterion 5 is the widely accepted minimum model depth
required to avoid scale effects due to surface tension
(Webel and Schatzmann 1984). It is believed that this rule
originated as the result of an analytical examination of the
limitations imposed by surface tension on the lowest scale
in Froude models of regions of nearly uniform flow {(Maxwell

and Weggel 1969). The analysis demonstrated that the shal-

lowest depth at which surface tension effects can be judged
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to have negligible influence on the Froude modeling law can
be obtained from the knowledge of the accuracy of the in-
strumentation used in the model test and the Froude number
at which the model is operated. The example given, using
F, = 1 and an accuracy of 1% in the measurement of model
discharges, yielded a minimum depth of 2.7 cm.

The specific conditions imposed by the above criteria

for oscillating flow are:

Condition No. Condition
1) h/v < 0,10
2) H/h < 0.10
3) L/L, < 0,10
4) T/T, =1
5) Ry > 1400
6) h > 3 e

Both the prototype and model were to be set up in a
flume channel, 24 meters long and 27.6 cm wide, designed and
constructed especially for this investigation (Fig. 1).

To satisfy condition 1, the maximum mean water depth in
the flume channel should be 2.76 c¢m. However this depth is
below the limit imposed by condition 6 which is required to
prevent scale effects due to surface tension. Previous ex-
periments in laboratory flumes have used the following re~-
laxed conditions with satisfactory result (Webel and

Schatzmann 1984, Fischer et al. 1979, and Ippen 1966):
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Condition No. Relaxed Condition
la) k/b < 0,20
2a) H/h < 0.25

Therefore, to satisfy condition la, the maximum mean water
depth in the flume channel should be 5.52 cm which also sat-
isfies condition 6.

The channel bend in the flume was another problem which
warranted consideration when conducting longitudinal disper-
sion tests, Fischer (1969) demonstrated that channel bends
increase the rate of transverse mixing due to the creation
of a transverse velocity gradient, and thereby to some ex-
tent reduce longitudinal dispersion. The channel bend was
avoided in the model by choosing a horizontal model length
Ly of 1175 cm, i.e. the length of the model was about half
the total length of the flume channel. To minimize the ef-
fect of the channel bend for the longitudinal dispersion
test conducted in the prototype, it was decided that the
durations of the prototype and model tests should be limit-
ed by the number of tidal cycles it took for the dye‘plume
to reach the bend in the prototype.

The values of the hydraulic parameters for the model
were established following the prescribed criteria by test-
ing various combinations of tidal periods, tidal ranges, and
mean water depths while monitoring tide heights and current
velocities at the mouth of the channel. The parameters used

for the model setup were those which produced a Reynolds
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number of about 1500 at the channel mouth; Allen (1947) de~
fines this Reynolds number as R, = ugax(flood)b/v. Having
determined a mean water depth for the model by = 3.80 cm
and choosing hy = 5.52 cm for the prototype, adhering to
criterion la, the required model-to-prototype horizontal
length ratio was L, = 0.69. Experimentally determined
values for the model parameters and the required values

for the prototype parameters, based on geometric relations
and the Froude criterion of scaling for an undistorted
model, along with the required scale ratios, are given in

Table 1.



Table 1. Summary of prototype and model data and scale ratios.
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Parameterl Unite Ratio2 Prototype Model
Channel Length L cn L, 1705 1175
Channel width b cn {3) 27.6 27.6
Depth at low water 3y cm Ly 4.88 3.37
Depth &t high water hpy cm L, 6.10 4.21
Mean depth b cm } - 5.52 3.80
Tidal range # cm Ly l.22 0.84
Tidal period T E (L31/2 233 193
Tidal wavelength L, cm ) . 17,070 11,778

L, = T{3h)1/2
Maximum flood velocity ug,y(f) cn/s (Lpy1/2 4.80 3.98
Maximum ebb velocity vges(e) cn/s (L)1/2 6.70 5.56
Fean maximum velocity ug,, cm/s (1.-,):”2 5.75 4.77
Braz ® [%paztf) * Smaxteli/2
RM5 tidal velocity u, cm/s (Lprife 3.65 3.03
By = (2/n)mg,.y
Reynolds number By - (L)3/2 2653 1512
By = Gpastf)b/o
Time for vertical mixing T, B tLp1/2 225 187
Ty = 2/ (0.00675y)
Parameter Ratio:
B/b - - 0.20 0.1¢4
B/n - - 0.22 0.22
L/L, - - 0.10 0.10
T/T, - - 1.03 1.03

lparameter values apply to the channel entrance (x = (),
21, = 0.68, (L;)3/2 = §.83, and (L.)3/2 » 0.57.
3The model is laterally (width) distorted.
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Equipment

Flume
A flume was designed and constructed particularly for

this study by Dr. Carvel Blair and Dr. George Hecker., The
flume shown in Figure 1, is housed in the Department of
Oceanography building at 0Old Dominion University and con-
sists of a channel and a headbay designed to accommodate a
plunger—~type tide generator.

The entire channel is composed of two 12-m long chan-
nels laid parallel to each other and connected at one end by
a bend. At the opposite end, one channel section is closed
and the other channel section is connect to the headbay. The
entire channel is 24.0 m long, 27.6 cm wide, and 30.5 cm
deep. The bottom of the channel stands 75.6 cm above a con-
crete floor and is supported by masonry blocks, stacked two
blocks high on both sides of the channel and spaced at 2.4 m
intervals along the length of the channel. The headbay is
240.0 cm long, 57.2 cm wide, and 61.0 cm deep. The bottom of
the headbay stands 45.1 cm above the concrete floor and is
supported by masonry blocks, stacked one and a half blocks
high on both sides of the headbay and spaced at 1.2 m inter-
vals along the length of the headbay.

The bottom and sides of the headbay are each composed

of a soclid section of 1.9 cm thick, marine grade plywood.



Fig. 1. The 24 meter flume and headbay.
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The channel is constructed of five 2.4-m long sections to
allow easy disassembly since the flume was intended to be a
temporary installation. The bottom and sides of each channel
section are composed of a solid piece of 1.9 cm thick, ma-
rine grade plywood. The sides of the channel and headbay are
connected to plywood bottoms with wood screws. Each channel
section is fitted with grooves at both ends., The channel
sections are joined end-to-end in the grooves and fastened
with wood screws. The headbay is also attached to the chan-
nel with wood screws. The inside corners and joints of the
headbay and channel are lined with 10 cm wide strips of fi-
ber glass cloth coated with marine fiber glass. To provide
additional support to the sides of the channel, 1.3 cm di-
ameter, threaded steel rods are fitted laterally across the
channel through holes at the top of the sidewalls at each
channel section joint and bolted in place. Threaded rods
are also bolted to the top of the headbay and spaced 48 cm
apart along its length. The parallel channels are joined at
one end by a sheet metal bend, bent to a 27.6 cm radius. The
metal bend is attached to the channel bottom and sidewalls
with fiber glass cloth coated with marine fiber glass. The
inside of the flume is coated with three coats of pigmented,
agqua-blue, marine fiber glass. The outside of the flume is
coated with white latex paint.

The flume rests on steel I-beams which are 2 m long by
5.1 cm wide and are bolted together end-to-end along the

length of the flume and connected laterally with 1.3 cm di-
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ameter threaded rods. The bed of the channel was leveled
with a carpenter's level by placing wooden shims between the
I-beams and masonry block supports.

The flume is filled with tap water from a garden hose
and fitted with two 7.6~cm diameter bottom drains and cover
plugs located midway along the centerline of each 12 m long
channel section. The headbay is also fitted at one end with
a 7.6 cm diameter bottom drain and cover plug. The channel
can be adjusted to a desired length by placement of a tem-
porary, acrylic plastic barrier, sealed with "MORTITE"

caulking cord, in the channel cross section.

Tide Generator
Tidal flow is produced in the flume by a plunger-type

tide generator shown in Figure 2. In this method, a

plunger is suspended in the headbay of the flume from a
lever which is driven by a constant speed electric motor
through reduction gears and a reciprocating mechanism, the
function of which is to provide a sinuscidally varying water
level in the flume (Allen 1947). The plunger is connected to
a balancing system consisting of a cam from which is sus-
pended a balance weight. The cam provides a variable moment
arm about its axis of rotation, while the plunger exerts a
variable downward force at a constant moment arm. The system
thus maintains approximate equilibrium., When the plunger is
set in motion, the effective (varying) downward force

(weightless buoyant force) of the oscillating (up and down)



Fig, 2. Plunger-type tide generator.
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plunger is continuously balanced through the rocking (back
and forth) motion of the cam. At low water the cam has its
largest moment arm, providing the greatest balancing moment
and corresponding to a minimum plunger buoyancy (Fig. 2).
Conversely, at high water when plunger immersion is maximum,
the cam is in a position which provides the least leverage
to the balance weight and thus corresponds to a maximum
plunger buoyancy shown in Figure 4. The tide generator is
functional at various channel lengths, water levels, and
tidal ranges. For example, when the length of the channel is
set at 12 m, the maximum tidal range is about 7 cm with a
low water depth of about 23 cm, and for a channel length of
24 meters, the maximum tidal range is about 5 cm with a low
water depth of about 25 cm. The tide generator was designed
to operate at tidal periods of 2 to 15 minutes.

The tide generator is composed of three major units:
the support frame, the plunger and balancing unit, and the
motor and drive unit. The support frame shown in Figure 3,
provides a structure for mounting and suspending a total
mass of about 635 kg (1400 1b). The tide generator straddles
the headbay of the flume and stands 3.1 m high on a base
that is 2.4 m long and 1.2 m wide. The upper frame is con-
structed of steel pipes and steel plate mounting brackets
and joined by welds. The lower frame is constructed of steel
pipe and angle bar and is composed cof a set of legs and a
base. Angle bar feet are welded to the bottom of each lower

leg and bolted to angle bar cross members to form a rec-



Fig. 3. Tide generator support frame assembly.
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tangular base. Pipe sleeves are welded to the top of each
lower leg and allow the upper frame legs to be fitted into
the lower legs and to be bolted in place. The upper frame is
bolted to the lower frame to provide convenience in assembl-
ing the tide generator.

The plunger and balancing unit consist of a plunger as-
sembly and balancing assembly shown in Figure 4. The plung-
er assembly consists of a plunger and the plunger coupling
components. The plunger is composed of five 75-liter, sand-
filled, aluminum alloy cylinders and mounted on a support
bar. The support bar is constructed of steel pipe and joined
by welds. The support bar passes through the handles of the
cylinder covers and is fastened to the handles with U-bolts.
A hole through the center of the support bar and through the
cover of the center cylinder provides clearance for a
1.3 cm diameter lower threaded rod. The lower threaded rod
is attached to the support bar by a nut which is welded to
the top of the support bar. Vertical adjustment of the lower
threaded rod allows the plunger to be positioned at any
depth in the headbay. The plunger coupling assembly is at-
tached to an eye nut which is fitted on top of the lower
threaded rod. The plunger is coupled to the cam~disk of the
balancing assembly by a 4.8 mm diameter, steel cable and a
1.3 cm diameter, upper threaded rod fitted with an eye nut
at either end. The plunger is connected to the bottom eye
nut of the upper threaded rod by a jaw-and-eye-swivel and

shackle arrangement attached to the lower threaded rod. The



Fig. 4. Tide generator plunger and balancing assembly.
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swivel allows the lower threaded rod to be turned without
twisting the cable when adjusting the height of the plunger.
The cable running from the cam-disk is fitted with a thimble
and shackled to the top eye nut of the upper threaded rod.
The cable passes over a wheel which is fitted with roller
bearings and mounted directly above the plunger on the sup-
port frame., The plunger assembly has a mass of 367 kg (813
ib).

The balancing assembly consists of a cam-disk and a
balance weight. The cam—-disk is one unit and is composed of
a cam which is welded to a 35.3 cm radius, steel gquarter-
disk fitted with a shaft. Each end of the shaft is fitted
with a ball bearing pillow block mounted on the support
frame. The disk is constructed of a 6.4 mm thick, steel
plate sandwiched between two 3.2-mm thick, steel plates. The
center plate is inset 6.4 mm to form a groove along the ra-
dius of the disk to guide the cable attached to the plunger
assembly. One end of the cable is fitted with a thimble and
is bolted in the groove at one corner of the disk. The disk
rotates back and forth through a maximum angle € of .

90 degrees, providing a maximum plunger stroke of 55.5 cm.
The plunger stroke is equal to the entire arc length of the
disk. This maximum plunger stroke was designed to be used
with a channel length of 24 m. The disk serves to couple the
motion and weight of the plunger to the cam and balance
weight. The cam provides a maximum moment arm of 76.2 cm and

a minimum moment arm of 2.5 cm and is constrained to move
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through a maximum angle © of 80 degrees by stop bars weld-
ed to the support frame. The cam is constructed of a 6.4 mm
thick, steel plate inset and sandwiched between twoc 3.2-mm
thick angle bar support frames to form a groove to guide the
cable from which the balance weight is suspended. One end of
the cable is bolted to the end of the cam and the other end
is shackled to a hoist eye on the balance weight. The bal~-
ance weight is composed of a 75 liter, sand and lead-filled,
aluminum alloy cylinder and mounted on a support bar. The
support bar passes through the handles of the cylinder cover
and is fastened to the handles with U-bolts. The balance
weight has a mass of 163 kg (360 lb) and the cam-disk has a
mass of 25 kg (56 1lb}.

The tide generator is equipped with a plunger securing
hook which extends from the shaft of the wheel and attaches
to the top eye nut of the upper threaded rod. This arrange-
ment allows the plunger to hang from the support frame when
not in use and allows the cam-disk to be held at its maximum
low water position when adjusting the tide generator for a
particular tidal range and water level.

The design of the plunger and balancing unit was sim-

plified by imposing the following conditions:

1) Since the system would be operated at very slow speeds,
the angular acceleration of the cam-disk could be con-
sidered negligible. Thus, the system could be consider-

ed to be in mechanical -equilibrium at all times and in
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all cam—-disk positions.

2) The system would be designed to function in mechanical
equilibrium for a flume length of 24 meters.

3) The effective weight of the plunger in water would be
considered to be a linear function of the angular posi-
tion 6 of the cam-disk.

4) All motion associated with the system would be consid-

ered to be frictionless.

In practice, any deviation from these conditions which might
strain the system was compensated for by the motor and drive
unit and by adjustment of the actual weights of the plunger
and balance weight or by adjustment of the cam angle in re-
lation to the vertical position of the plunger.

For the system consisting of the plunger and balancing
unit, the wvector components of the forces contributing to
the torque about the axis of rotation of the cam-disk are
shown in Figure 5. For rotaticnal equilibrium, the sum of

the resultant torques t, about point O is zero.

YT, = Wady - Wpdy - Wadz = 0 (1)

Wy, is the actual weight of the cam~disk. Wy is the effective
weight of the plunger in water, i.e. the fixed weight of the
plunger Wy multiplied by the angular position of the cam-
disk [1-(8/90°)]. W3 is the actual weight of the balance

weight. The tension in the wire cable T is equal to the ef-



Fig. 5. Free-body diagrams showing all forces acting
on the tide generator plunger, cam=-disk, and
balancing weight.
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fective weight of the plunger in water W; at equilibrium.
The center of mass c.m. of the cam-disk is located at a fix-
ed angle 6; and at a distance d; ,, 6 from the axis of rotation
of the cam-disk at point O. The line of action of W; is a
distance d;, the effective length of the moment arm associ-
ated with the center of mass of the cam-disk and is equal to
a length [(dg g )sin(8; p,6}] from the axis of rotation of
the cam disk at point O, where 6;.p, = 90°-(64+8). The line
of action of Wy is the distance d5 from point O, equal to
the radius of the disk Rgji;x. The line of action of W3 is
the distance d3, the effective length of the moment arm of
the cam from point O.

Rewriting equation (1) gives

¥ol1-(6/90°)1Rgyex - Wide. . 5inl90°-(0;+0)] - W3d3 = 0 (2)

Solving equation (2) for the effective length of the moment
arm of the cam d3 yields the following formula for the de~

sign of the cam

wpll-(9/90°)lndi,k = Widg,.m. sinl 80°-(64+6)]
dz = (3)
¥3

The shape of the cam, i.e. the lengths of the moment arms
associated with various angles of 6, 0 to 90 degrees, was
determined by substituting the actual values used in the de-

sign of the tide generator given in Table 2 and the angles
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of 6 from 0 to 90 degrees into equation (3).

Table 2, Summary of data for the tide generator design.

2 = 2.5 x 107 dyne
= 3.6 x 108 dyne
¥3 = 1.6 x 108 dyne
de.m, = 28.7 cm
do = 35.3 cm

6y = 35.04°

The calculated deviations from mechanical equilibrium
or unbalance in the resulting system for maximum tidal
ranges in flume channels of lengths 24 m and 12 m are as
follows: (1) for a 24 meter flume the maximum deviation is
5 kg (11 1b) and the average deviation is 1 kg (2 1b), and
(2) for a 12 meter flume the maximum deviation is
15 kg (33 1b) and the average deviation is 6 kg (13 1lb).

The major components of the motor and drive unit are an
electric motor, a reduction gear assembly, and a reciprocat-
ing mechanism and lever shown in Figure 6. The motor and
drive unit is mounted on a steel platform, 30 cm by 66 cm.
The platform is welded to the top of the tide generator sup-
port frame. The reduction gear assembly consists of four
steel gears labeled in Figure 6 as gears A,B,C, and D. The
gears are driven by a 12 volt dc motor. The speed of the mo-

tor is controlled by a variable dc power supply. The reduc-



Fig. 6. Tide generator motor and drive assembly.
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tion gears provide an approximate 100:1 reduction at the
output to the reciprocating mechanism. The electric motor
and gear A are attached to a steel mounting bracket on an A-
frame gear support containing gears B and C. The A-frame
gear support is composed of a bearing housing welded to two
steel legs. The legs of the A-frame are welded to a base
plate which is bolted to the mounting platform. Gear D and
the crank bar of the reciprocating mechanism are mounted on
a second A-frame gear support which is welded to the mount-
ing platform. This A-frame is also supported by a rectangu-
lar, steel pipe, support frame which is welded to the mount-
ing platform and to the bearing housing. Slotted bolt holes
located in the base plate of the A-frame gear support con-
taining gears B and C provide clearance for adjustment of
proper meshing of gears C and D.

The reciprocating mechanism consists mainly of a crank
bar, T-bar drive shaft, and lever. The reciprocating mechan-
ism is driven by the electric motor through the reduction
gears and crank bar. The aluminum crank bar is bolted to the
shaft of output gear D. A T-bar drive shaft is connected to
the crank bar with a crank pin. The crank pin consists of a
bolt fitted with a roller bearing. The roller bearing is
mounted in a slot on the horizontal cross member of the
drive shaft. The drive shaft is composed of a steel pipe and
welded at one end to a slotted, angle bar, cross member. The
other end of the drive shaft is fitted with a hinge pin
which passes through a hinged eye bolt attached to the
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lever. The drive shaft is constrained to move vertically by
a bearing guide through which the vertical drive shaft
passes and by a pair of roller bearings bolted to each end
of the horizontal cross member., The rollers run on vertical
tracks on either side of the horizontal cross member. The
drive shaft guide is composed of a pipe fitted with ball
bearing assemblies at either end and is welded to brackets
on the support frame., The roller tracks are constructed of
U-shaped steel bars and are welded to the support frame.
The tracks are also supported by a crossbar which is welded
to the tops of the tracks and by angle bar braces which are
welded to the support frame and crossbar.

The motor and drive unit is coupled to the plunger and
balancing unit by a lever. The lever is hinged to the sup-
port frame at one end and hinged to the drive shaft at the
other end. The upper threaded rod of the plunger coupling
assembly passes through a slot in the lever and is attached
to the lever by a set of adjusting nuts. The adjusting nuts
are attached to the upper threaded rod on either side of the
lever slot. The lever is composed of two halves. The half
nearest the support frame hinge point is constructed of two
parallel angle bars. Each bar is welded to cross pipes at
both ends. This half is welded at one end to a pipe-within-
a-pipe hinge on the support frame. A space exists between
the two parallel angle bars of this half of the lever to al-
low the cable extending from the balance weight and the

cam to pass through the lever so that the cable has enough
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clearance to move from side to side as the balance weight
moves up and down. To the other end of this lever half is
welded a steel pipe which is fitted with the slot through
which the upper threaded rod passes. The entire lever ex-
tends from its hinged position on the support frame to the
bottom of the drive shaft. The lever is hinged to the drive
shaft through the eye of the drive shaft eye bolt. This ar-
rangement permits the lever to slide in the eye of the drive
shaft eye bolt during operation. The slot in the lever pro-
vides clearance for slight horizontal movement of the upper
threaded rod during operation, The slotted hole in the lever
also permits vertical adjustment of the plunger and allows
the cam to be set at any position, thereby eliminating the
need to adjust the length of the drive shaft.

When the reciprocating mechanism is set in motion, the
crank bar rotates as the crank pin roller bearing slides
horizontally in the drive shaft slot. This motion forces the
drive shaft to oscillate up and down, thus driving the lever
and plunger up and down. The lengths of the strokes of the
drive shaft and plunger are adjusted by changing the radius
of rotation of the crank bar, thereby adjusting the tidal
range in the flume. The crank bar contains numerous holes
which allow the crank pin to be positioned at various
lengths along the crank bar, providing various radii for the
adjustment of the stroke length of the drive shaft. The
tidal period is a function of the speed at which the crank

bar rotates and is controlled by adjustment of the dc power
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supply voltage applied to the electric drive motor. Power to
the electric motor may be turned on or off by switches on
both the power supply and the motor mount bracket. The power
supply is located on an equipment rack alongside the flume.

The tide generator is equipped with two bubble-type
levels. One level is mounted on the side of the disk to in-
dicate the maximum low water position of the cam-disk. The
other level is mounted on the crank bar to indicate the high
or low water positions of the crank bar. The levels are used
when adjusting the tide generator for a particular tidal
range and water level in the flume.

The tide generator is also equipped with two spring-
loaded contact switches which are connected to the ocutput
terminals of a strip chart recorder. The recorder receives
input signals from an electromagnetic current meter and a
capacitance wave height measuring system, recording tide
heights and current velocities during tidal flume operation.
The contact switches are attached to one of the vertical rol-
ler tracks of the motor and drive unit. The switches can be
placed at any location along the length of the track. In use,
one contact switch is positioned at the top of the stroke of
the drive shaft and the other is positioned at the bottom of
the stroke of the drive shaft. The event marker on the strip
chart recorder is triggered when the horizontal cross bar of
the drive shaft depresses the spring-loaded lever on either
switch, marking the times of high and low water at the en-

trance to the channel. This arrangement provides reference
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times for correlating tidal heights and current velocities.
Prior to performing any adjustments to the tide genera-
tor, the plunger and plunger coupling assembly should be
raised above the headbay and attached to the plunger secur-
ing hook on the support frame. In this position the cam-disk
is in its maximum low water position (@ = 90 degrees) as
indicated by the bubble-type level mounted on the side of
the disk. This is also the proper position of the plunger
when the tide generator is not in use. The procedure to ad-
just the tide generator for a particular water level and

tidal range in the flume is carried out as follows:

1) Disconnected the lever from the drive shaft.

2) Adjust the sets of nuts on the upper threaded rod so
that the lever is positioned at the bottom of the up-
per threaded rod.

3) Set the tidal range by unbolting the crank pin from the
crank bar and re-bolting it to the crank bar through
the crank bar hole corresponding to the stroke radius
of the desired tidal range.

4) Connect the lever to the bottom of the drive shaft.

5) Pogition the upper threaded rod nuts on either side of
the lever slot so that about 0.5 c¢m of play exists be-
tween the lever and the nuts.

6) Fill the flume with tap water to the desired low water
level.

7} Lower the plunger to the low water level by turning the
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lower threaded rod while preventing the upper threaded
rod from turning. The plunger is in its proper low
water position when the bottom of the plunger is just
touching the water surface,

8) Remove the plunger securing hook from the plunger
coupling assembly.

9) The tide generator is now ready for operation.

Figures 14 and 18 show profiles of tidal heights meas-
ured along the channel centerline with the capacitance wave
height measuring system for channel lengths of about 24 m,

17 m, and 12 m,

Capacitance Wave Height Measuring System
Verification of the model in this investigation re-

quired that tidal wave height in the model be related to
that in the prototype through a scale factor. Therefore, a
means of determining the instantaneous free surface tidal
wave elevations at a point as a continuous function of
time was required, Tidal heights were measured along chan-
nel centerlines of the model and prototype using a vari-
able-capacitance wave height measuring system. The measured
tidal heights were taken as cross-sectional average heights.
A variable-capacitance wave height measuring system
shown in Figure 7, was developed for use in the tidal flume
and satisfied the following requirements: (1) capable of op-

erating in tap water and accurately measuring relatively



Fig. 7. Wave height measuring system probe and detec-
tor units.
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small amplitude waves having heights of 5 to 20 mm and per-
iods ranging from about 2 to 15 minutes, (2) small sensing
element to cause minor interference with the motion of the
water, (3) high sensitivity, and a stable voltage output of
associated circuitry that is a linear function of wave
height and of conventional magnitude for operating standard
auxiliary electronic eguipment, and (4) simple construction
using readily available components, easily used, and inex-
peneive.

Many methods have been developed to measure the
heights of water waves in the laboratory (Grace 1970). These
include: (1) sensors which operate above the water surface
(e.g. lasers, electrical point gages with servo positioning
mechanisms, and photographing waves against a grid, (2) sen-
sors which operate below the water surface (e.g. pressure
sensors), (3) sensors which float on the water surface (e.g.
mechanical surface following floats), and (4) sensors which
penetrate the air-water interface (e.g. resistance, induc-
tance, conductance, and capacitance sensors).

The wave height measuring system developed for use in
this investigation uses a capacitance sensor of the type
which crosses the air-water interface. The capacitance meas-
uring system consists of three essential components: a sens-
ing element, a detector, and a display (voltmeter, strip
chart recorder, or data logger). The system uses a partially
immersed insulated wire for its sensing element. The impe-

dance of the insulated wire to an applied, constant voltage,
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sine wave is almost entirely due to the capacitive reactance
between the wire and the surrounding water. The alternating
current signal modulated by the tidal wave profile, produces
a voltage drop across a fixed capacitor in a capacitance
voltage divider of which the sensor is one element. The re-
sultant voltage drop is an amplitude modulated signal and is
linearly proportional to the depth of immersion of the sen-
sor wire. This signal passes through a voltage rectifier and
is filtered, amplified, and applied to a strip chart record-
er to produce a record of the tidal wave profile.

In use, four capacitance probes, each equipped with a
separate measuring circuit, may be placed at desired posi-
tions along the channel centerline. The probes are connected
to an oscilliator, an amplifier, and a strip chart recorder
through a probe selection switch which permits use of one
probe at a time.

The capacitance sensor, in its simplest form, is a con-
ducting wire which passes vertically through the air-water
interface and is insulated by its dielectric coating from
the water, as shown in Figure 8, The wire is mounted on a
rigid frame and fixed in a position with reference to the
mean level of the varying water surface. In the water, a
bare electrode is installed at any location. Between this
bare electrode and the sensor wire is a high frequency al-
ternating current provided by a constant voltage, sine wave
oscillator. The partially immersed insulated wire acts as a

variable, concentric, cylindrical capacitor; the wire insul-



Pig. 8. Simplified electrical configuration of the
wave height sensor.
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ation is the dielectric and its plates correspond to the
conductive wire and the surrounding water of reasonable con-
ductivity. The capacitance between the conductive wire and
the water, i.e. across the insulating dielectric, varies as
the water level varies, i.e. as the wetted area of the con-
ductive wire varies. This capacitance is directly propor-
tional to the current flow between the conductive wire and
the surrounding water. The capacitance per unit length of
sensor wire C is given by the formula for a cylindrical ca-

pacitor

2ne ki
C= ———— (4)
1n(Dy/Dy)

where ¢, = the absolute dielectric constant
= 8.85 x 10-14 farad/cm?
E = the specific dielectric constant of
the wire insulating material

? = the length of wire immersed

D; = the diameter of the center conductor

D, = the diameter of the wire insulation
The capacitance and the current flow are linearly dependent
on the depth of immersion of the sensor wire, provided that
the wire insulation is uniform and that the wire end-effects
are negligible (McGoldrick 1969). End-~effects or f£ringing of
the lines of force at the end of the capacitance sensor will

have little effect on the linearity, if the length of the
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immersed sensor wire is much greater than the distance be-
tween the conducting wire and the surrounding water.

Ideally then, the variable capacitance sensor is a lin~
ear transducer. When connected to a detector that converts
this varying capacitance or fluctuating current into a pro-
portional fluctuating veoltage, the wave form of any disturb-
ance on the water surface, as it passes the sensor wire,
would be duplicated.

In practice, the probe does not act as a pure capacitor
as described above {McGoldrick 196%). For a capacitance
probe consisting of an insulated wire near a grounded elec-
trode, the simplified electrical configuration, as shown in
Figure 9, is two terminal plates (conductive wire and ground
electrode) with two intervening layers of dielectric (wire
insulation and water), equivalent to the water resistance Ry
in series with a parallel combination of the sensor wire
capacitance Cp and leakage resistance of the wire insula-
tion R;. The series resistance is dependent on the conduc-
tivity of the surrounding water (e.g., tap water is less
conductive than salt water) and on the distance between the
sensor wire and the ground electrode. The parallel leakage
resistance of the wire insulation is normally so large that
it is negligible. However, coated wires will absorb water to
some extent, causing a decrease in the leakage resistance of
the insulation which may contribute significantly to the im-
pedance of the probe, By a suitable choice of frequency for

the electrical measuring current, the capacitance reactance



Fig. 9. Schematic of the simulation of complex resis-
tance between the wave height sensor and the
ground electrode.
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of the sensor wire can be made large compared to the series
resistance of the water, and thus, the series resistance of
the water will be negligible. Furthermore, the leakage re-
sistance is approximately inversely proportional to the
depth of immersion; and if the distance between the sensor
wire and the ground electrode is kept constant and the con-
ductivity of the water is kept constant, then the series re-
sistance of the water will remain constant. The net result
is that the detector senses not just the capacitance of the
immersed sensor wire, but the total impedance of the probe.
This impedance is still inversely proportional tc the depth
of immersion, and thus, the response of the system is still
linear.

The sensor wire used in this measuring system is a
32 AWG, enamel coated, magnet wire with a copper center con-
ductor. The magnet wire has a center conductor diameter D3
of 0.020 cm, an insulation diameter Dy of 0.022 cm, and a
specific dielectric constant of the enamel coating k of 4.
Substitution of these values into equation (4) yields a
sensor wire capacitance per unit length C of 23 pf/cm. This
particular wire was chosen because it was readily available,
inexpensive, and small in diameter. A sensor wire of small
diameter is necessary to inhibit the formation of flowback
films on the wire (Wilner 1960). Under dynamic conditions in
the tidal flume, the water surface is typically flat as the
water rises around the sensor wire, but, as the water re-

cedes, viscosity prevents the water from leaving the wire
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instantanecusly. Consequently, a flowback film is left on
the sensor wire which acts as a conducting sheath to the
main water body, giving a spurious increase in capacitance
which may cause the measuring system to indicate a water
level higher than the main level a short distance away from
the sensor wire. Capillary pressure is responsible for the
removal of the flowback film and increases as the radius of
the sensor wire is decreased. Wilner (1960) found experi-
mentally that the influence of flowback films on wave height
measurements is negligible if sensor wires of 26 AWG
(D; = 0.041 cm) and finer are used. A disadvantage of the
enamel coated sensor wire is its property of absorbing water
and changing the dielectric properties of the insulation,
i.e. the leakage resistance decreases and the dielectric
constant increases, causing an increase in capacitance of
the immersed sensor wire (Tucker and Charnock 1954). A de~
crease in leakage resistance may prevent the immersed sensor
wire from appearing as a pure capacitor to the detector cir-
cuitry. Figure 10 shows the long term drift in the voltage
output of the measuring system in tap water for the period
after immersion of the probe. A considerable increase in
output voltage occurs in the beginning, coming to a stand-
still in about 15 minutes. Thus, in practice, the sensor
wire is socaked for at least 15 minutes before use, there-
after, no further difficulty results due to absorption.

The capacitance probe shown in Figure 7, consists of a

42 cm long, looped, 32 AWG magnet wire stretched vertically



Fig., 10, Wave height measuring system output voltage
variation with time after submergence of
probe in tap water.
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through the water surface between two acrylic plastic sup-
port arms. Each arm is 0.5 cm thick, 1.3 c¢m wide, and 5 cm
long. For very shallow depths (less than approximately 1 cm),
the capacitance probe must be fitted with a narrower, lower
support arm. The support arms are spaced 16.5 cm apart and
are mounted on a thin, anodized aluminum, support bar which
is 0.1 cm thick, 2.3 ¢m wide and 21.7 cm long. The sensor
wire is looped and threaded through two holes spaced 0.8 cm
apart in the lower support arm to avoid the necessity of in-
sulating the lower end of the sensor wire from the water.
The two ends of the sensor wire are sandwiched between two
halves of the upper support arm. The ends are clamped firmly
in place with a set screw which passes between the sensor
wires and through both halves ¢f the upper support arm. A
space of 3.5 cm is allowed between the inner sensor wire and
the support bar to minimize error in measurements caused by
the reflection of capillary waves from the support bar. A
hollow, acrylic plastic rod, 1 cm in diameter and 39 cm long,
is attached to the upper end of the support bar. The top of
this extender rod is fitted with a terminal post to which is
solder a length of insulated hook up wire, 41 cm long. The
wire passes down through the hollow extender rod to the up~
per support arm where it is soldered to one end of the sen-
sor wire. This arrangement allows damaged sensor wires to be
easily replaced. The sensor wires are gquite durable when
subject to water action, however, they are easily damaged by

contact with solid objects.
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the common types of detector circuits used to transform
the variable probe capacitance to analog ocutput voltages in-
volve the application of an ac signal to the capacitance
sensor and use the sensor wire (1) as one element in a volt-
age divider (Timpy 1982, Blair 1976, and Anderson et al.
1972), (2) in one leg of a bridge circuit to balance a
bridge (Moore 1964), (3) in a tuned LC circuit for compari-
son to a reference frequency (McGoldrick 1969, Killen 1955,
and Tucker and Charnock 1954), or (4) in an RC oscillator
to control its repetition rate (Wittenbury et al. 1959).
The detector circuit used with the capacitance sensor in
this study is a modified version of the detector circuit
used by Blair (1976) and uses a capacitive voltage divider
as a measuring circuit,

A block diagram and circuit diagram of the capacitance
wave height measuring system are shown in Figures 11 and 12.
A sine wave of constant 15 volts ac and frequency of 20 khz
is generated by a General Radic Model 1310A Wein Bridge os-
cillator. The oscillator frequency, in combination with the
oscillator output, was chosen so that (1) the water resist-
ance of the main body of water surrounding the sensor wire
Ry is small compared to the capacitive reactance of the
immersed sensor wire Xe¢, and (2) a usable output voltage
is produced for the display equipment. Thus, the impedance
of the probe is almost entirely due to the capacitive reac-
tance between the wire and the surrounding water. The equa-

tions for the impedances of a coaxial system are well known



FPig. 11. Block diagram of the wave height measuring
system.
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Fig. 12. Circuit schematic of the detector unit of
the wave height measuring system.
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(Tucker and Charnock 1954, and Wilner 1960).

ln(D3/D2)
Ry = — (5)
2nayl
and
1 1n(D2ID1)
Xep = = (6)
2nfC, 4n%e 1kf
o
where D3 = the distance between the sensor wire

center conductor and the ground electrode
oy = specific conductivity of tap water
= 5 x 10~3 ohm~lcm-l
f = the frequency of the oscillator
Substitution of the actual values used in the design of the
capacitance probe given in Table 3, into equations (5) and
(6) yields a ratio Ry/Xc, of 0.06, as Xcp, >> Ry for the

chosen frequency of 20 khz. Thus, the series resistance of

Table 3. Summary of data for the capacitance wave
probe design.

kK =4
D; = 0.020 cm
0.022 cm

o
1]
n

Y
]

20 kHz

water is negligible and the capacitance of the sensor wire

is nearly proportional to the depth of immersion.
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The constant voltage sine wave is applied to a capaci-
tive voltage divider measuring circuit consisting of tweo
capacitors in series, one is a 1 x 104 pE, fixed capacitor
C; and the other is formed by the looped sensor wire which
has a capacitance per unit length € of 46 pf/cm. That is,
the capacitance per unit length of the looped (doubled) sen-
sor wire probe is twice the capacitance of a single sensor
wire configuration. If Cy; is made much larger than the ca-
pacitance of the probe C,, i.e., if the capacitive reactance
Xc, of the immersed sensor wire is made much greater than
the capacitive reactance Xcg; of the fixed capacitor, then
the voltage drop across €y is directly proportional to the
capacitance C, which varies with the depth of immersion.

For example, let the maximum capacitance obtained by the im-
mersed sensor wire C; equal 92 pf at high water when the
tide generator is operating with a tidal range of 2 cm, This
corresponds to a total length of immersed sensor wire of

4 cm. Substituting the values for C; and C; given above,
into equation (6) yields a ratio Xog/Xcp = 0.01, where

Xep 7> Xcg. Blair (1976) used a resistor in a voltage di-
vider measuring circuit in place of the capacitor Cgz. The
advantage of using the capacitor Cg in place of a resistor
is that, should the oscillator frequency vary, then the im-
pedances of the capacitors C;, and C; will vary proportion-
ately, preventing the output voltage and the sensitivity
from varying.

The voltage across capacitor Cg will be an amplitude
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modulated sine wave modulated by the tidal wave profile.
This signal is rectified by a half wave diode rectifier to
eliminate the 20 khz carrier frequency and to detect the am-
plitude modulated signal. The half wave rectifier is follow-
ed by a capacitive filter with a ripple factor of 0.03 to
further reduce the alternating component of the rectified
wave form so that the output is primarily a dc voltage. This
dc voltage is amplified by a linear instrumentation amplifi-
er with a gain of 4. The amplified dc voltage varies linear-
ly with the depth of probe immersion and is applied to a
Bausch & Lomb V.0.M. 10, single-trace, linear, strip chart
recorder and a Hewitt-Packard, digital dc voltmeter for
display. The dc output voltage has also been applied to an
InterOcean Model 680, digital, data recorder for computer
processing of data from a magnetic tape.

The fixed capacitor in the measuring circuit voltage
divider, the half wave diode rectifier and the capacitive
filter, and the load resistor are all contained on a 4.5 cm
square, component board which is attached to the probe
mounting platform shown in Figure 7. This portion of the
detector circuit is mounted directly adjacent to the probe
to avoid problems with the "dead" capacitance of the cables
leading to the sensor (Wilner 1960). The wooden mounting
platform, measuring 2 cm by 5 cm by 40 cm, rests on the top
of the flume. A plastic sleeve is fitted through the center
of the platform through which the probe extender rod pass-

es, The depth of immersion of the sensor wire is adjusted
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by sliding the extender rod through the plastic sleeve. The
extender rod is clamped in place by a a set screw which
passes through the side of the plastic sleeve., The sensor
wire is connected to the detector circuitry by a2 45 cm long,
insulated, wire cable containing an alligator clip at both
ends. One end of the cable is clipped to the probe terminal
post at the top of the extender rod and the other end is
clipped to a terminal post on the circuit board.

The oscillator, instrumentation amplifier, and display
equipment are contained on a portable equipment rack locat-
ed alongside the flume. All wire cables connecting the elec-
tronic equipment on the portable equipment rack to the probe
unit circuitry on the flume are shielded to ground and fed
through wire hangers along the ocutside of the channel. Coax-
ial cables of the type RG 174/U run from both binder posts
of the oscillator; one of the cable is fitted with a single
prong connector and is plugged into a jack on the probe unit
circuit board, and the other cable is fitted with a thin,
galvanized electrode, measuring 1.9 cm by 30.5 cm, which
fits over the edge of the channel adjacent to the probe sen-
sor wire and extends to the bottom, inside corner of the
channel. The probe is placed along the channel centerline at
a distance of 14 cm from the ground electrode. A two con-
ductor audio cable fitted with a two prong connector and
plugged into a receptacle on the circuit board runs to the
binder posts of the instrumentation amplifier. All display

egquipment is connected to the output of the instrumentation
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amplifier.

The measuring system is designed to accommodate four
probe units, each with 8 m of cable. A terminal box contain-
ing a probe selection switch S (rotary wafer), oscillator
and amplifier terminals, and a ground terminal, interfaces
all probe units with the rack of associated electronic
equipment. The terminal box is hooked to the outside of the
flume next to the equipment rack. All cable shielding is
connected to the ground terminal on the terminal box. The
probe selection switch permits selection and use of one
probe at a time.

The overall performance of the variable-capacitance
wave height measuring system was determined through static
and dynamic response tests which were conducted in tap water
in the tidal flume. Sensitivity and linearity of response of
the system was determined by a static calibration of each
probe, For calibration, a probe was removed from the probe
mounting platform and transferred to a rack and pinion on
top of the channel. The rack and pinion was graduated in
0.1 mm increments. The probe was immersed to a depth of 6 cm
in smooth water and soaked before calibration for at least
15 minutes, until the output voltage on the voltmeter had
stabilized. The depth of immersion was then decreased step-
wise in 0.5 cm intervals over a 4 cm range while the cor-
responding voltages were recorded from the voltmeter. To
test the repeatability of the response, the probe was imme-

diately returned to its original depth of immersion by in-
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creasing the depth of immersion in 0.5 cm intervals while
recording the output voltages., Static response tests were
also conducted at various oscillator frequencies in water of
various salt concentrations using various oscillator fre-
guencies, The overall results for the saltwater tests showed
satisfactory linearity but lacked repeatability. The poor
response of the probe in saltwater may have been a result of
adhesion of salt to the sensor wire, thus changing the elec-
trical properties of the wire insulation. A typical static
response calibration curve for tap water is shown in Fig-
ure 13. The overall sensitivity of the system was 208 mv/mm
and the mean deviation of the static calibration curve from
a straight line was 0.08 mm, typical of all probe calibra-
tions.

The dynamic response of the system was determined by
comparing tide heights measured with the capacitance probe
to those measured with a manual point gage., A Lory Type C
point gage graduated in 0.1 mm increments was positioned
along the channel centerline at a distance of 10 c¢m from the
sensing wire of the probe. Point gage measurements were
taken every 15 seconds and compared to wave height profiles
recorded on the strip chart recorder (set for a full scale
reading of 1 volt and a chart speed of 1 inch/min). Typical
dynamic response curves are shown in Figure 14 for a channel
length of 24 m, mean water level of 6 cm, tidal range of
l.2 cm, and tidal period of 5 minutes. The comparisons be-

tween wave heights measured with the point gage and those



Fig. 13. Linearity between output voltage and probe
displacement in tap water for static calibra-
tion of the wave height measuring system.
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Fig. 14. Dynamic response in tap water of the wave
height measuring system to a small amplitude
wave,
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measured with the capacitance probes showed good agreement

(Fig. 14).

Current Velocity Measurement
Verification of the model in this investigation requir-

ed that tidal current velocity in the model be related to
that in the prototype through a scale factor. Therefore, a
means of determining the instantaneous tidal current veloci-
ties at a point as a continuous function of time was re-
quired, Tidal current velocities were measured along the
channel centerlines of the model and prototype using a Marsh-
McBirney Model 523 electromagnetic water current meter. The
measured current velocities were taken as cross-sectional
average velocities.

The electromagnetic current meter operates on Faraday's
principle of electromagnetic induction, which states that "a
conductor (the water) moving in a magnetic field (generated
within the current meter probe) produces a voltage that is
proportional to its velocity" (Cushing 1974). The instrument
consists of a current velocity probe and a signal processor.
To obtain velocity profiles over a tidal cycle, the signal
from the signal processor (0 to 1 volt, corresponding to
current velocities of 0 to 3.05 m/s) was fed to a Bausch &
Lomb V.0.M. 10, single~trace, linear, strip chart recorder
(set for a full scale reading of 100 mv and a chart speed of
1 inch/min).

The current meter probe shown in Figure 15, consists



Fig. 15. Marsh-McBirney Model 523 electromagnetic cur-
rent meter probe assembly.
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of a 9.5 mm diameter sphere containing an electromagnet and
two pairs of external sensing electrodes, a ¥Y-electrode pair
and an X-electrode pair in contact with the water. The
sphere is permanently mounted on the end of a 3.2 mm diame-
ter, stainless steel, ground rod . A clamping area is pro-
vided at the other end of the ground rod, 7.6 cm from the
center of the sphere. In use, the clamping area is fitted
with a machined mounting tube which is clamped to a ring-
stand and positioned on top of the flume,

In general, the principle of operation of the electro-
magnetic current meter can be described as the interaction
of three mutually orthoganal vectors: the magnetic field
created by an ac electromagnet within the sensor, the flow
velocity around the sensor, and the induced electric field.
The magnetic field is produced, so as to be parallel to the
longitudinal axis of the probe. The electrode pairs in the
wall of the sensing sphere detect voltages caused by water
flowing past the sensor in a plane normal to the longitudi-
nal axis of the probe. Two pairs of electrodes are used, so0
that the velocity U can be resolved into its two compo-
nents (ug)2 and (uy)2, where uy = |Ulcos © and uy, = lUlsin o,
The current velocity magnitude is U = [(ng)2 + (uylzllfz.
The flow sensing volume is a sphere with a diameter of 2.86
cm, egual to three probe diameters. The instrument time con-
stant of 5 seconds causes instantaneous velocity measure-
ments to be averaged over a damping period of 5 seconds.

Thus, there is a time lag of 5 seconds between the output



73

voltage and the measured current velocity.

For the measurement of current velocities in the tidal
flume, the sensing sphere was immersed to mid-depth below
static low water and oriented so that the x—axis was per-'
pendicular to the longitudinal axis of the channel and the
y-axis was parallel to the longitudinal axis of the chan-
nel. The analog voltage output of the signal processor pre-
sents the flow as two orthoganal components; the X-electrode
pair sensed transverse (lateral) channel velocities, while
the Y-electrode pair sensed longitudinal channel velocities.
Because the channel depth-to-width ratio was relatively
small for both the model and the prototype, the channel
sidewalls had a negligible effect on the cross-sectional ve-
locity distribution, and therefore, transverse velocities
were nearly zero. Only the output voltages detected by the
Y-electrode pair, proportional to model and prototype longi-
tudinal current velocities, were recorded and used for veri-
fication.

The instrument was factory calibrated in a recirculat-
ing water tunnel. Current velocities are determined to with-
in about *2 percent and the low velocity resolution is

about 0.05 cm/s.

Water Sampling System
The longitudinal distributions of marked f£luid in the

model and in the prototype were measured by analyses of dye-

water samples collected along channel centerlines using wa-
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ter sampling probes. The measured dye concentrations were
taken as cross—-sectional average concentrations.

Water samples were withdrawn by suction, simultaneous-
ly, through the activation of a vacuum pump sampling system
(Scheffner 1981). The vacuum sampling system shown in Fig-
ure 16, consists mainly of (1) a vacuum pump and reservoir,
(2) a vacuum manifold with associated sampling tube probes
and test tube sample collectors, and (3) an overflow system.
Vacuum manifolds were donated by the U.S. Army Corps of En-
gineers upon disassembly (1983) of the WES Chesapeake Bay
hydraulic model.

For the dispersion tests in this investigation, two
vacuum manifolds and two vacuum pumps were used along with
a single vacuum reservoir. The vacuum manifolds are mounted
on tripod stands and stand 1.5 m high., Both manifolds were
positioned alongside the channel at distances of 3 m (mani-
fold No. 1) and 9 m (manifold No. 2) from the headbay. The
vacuum pumps and reservoirs were located between the two
vacuum manifolds. Each manifold has the capacity to withdraw
24 water samples, simultaneocusly, however, only eight sample
positions on manifold No. 1 and eight positions on manifold
No., 2 were used in the tests.

Both vacuum pumps are powered by 110 wvelts ac through
a single electrical switch, allowing both pumps to be tuned
on or off, simultaneously. The vacuum lines leading from the
pumps are 6.4 mm-ID surgical tubes and are connected to tee

fittings at the top of the reservoir. One end of each tee
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fitting is connected to a two-way valve. Position #1 of the
two-way valves opens the vacuum lines between the vacuum re-
servoir and the vacuum manifolds. Pogition #2 closes the
vacuum lines between the vacuum reservoir and the vacuum
pumps and simultaneously opens the vacuum lines leading from
the vacuum manifold to ambient pressure. Therefore, in posi-
tion #2, the two-way valves serve as relief valves to elimi-
nate the vacuum remaining in the lines after water samples
are withdrawn, thus stopping the withdrawal of water. Posi-
tion #2 also facilitates the creation of a vacuum in the
vacuum reservoir when water samples are not being withdrawn.
The vacuum reservoir aids in decreasing sample withdrawal
time and acts as a moisture trap to prevent water from en-
tering the vacuum pumps. The vacuum reservoir is composed of
a 27 liter, metal, freon container.

The vacuum pumps and reservoir are connected to the
vacuum manifolds through 12.7 mm-ID polybutylene tubes which
extend from the two-way valves to tee fittings on the top of
the vacuum manifold overflow cylinders. The two l-liter
overflow cylinders on each vacuum manifold are joined
through 12,7 mm-ID polybutylene tubes. From the top of each
overflow cylinder, 1.6 mm~ID pclybutylene tubes branch into
10 ml1 (13mm x 100mm) sample test tubes through size 00 rub-
ber stoppers peimanently mounted in holes on a plastic sup-
port bar on the manifolds. The test tubes are easily fitted
on the rubber stoppers which provide air-tight seals when

withdrawing water samples. The test tubes are easily removed
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after water samples have been collected. Each test tube
holds about 8 ml of sample water when fitted on the rubber
stoppers. Another length of 1.6 mm-ID polybutylene tube
passes from each test tube through the rubber stopper and to
a sampling probe mounted in a wooden, portable platform on
top of the flume. Each sampling probe is composed of a 39 cm
long by 3 mm-ID glass tube fitted with a thin, 5 mm long by
1 mm-ID glass, pipette stem to minimize disturbance of the
flow. The thin pipette stem penetrates the water surface and
extends to the desired sampling depth. The sampling tube is
fitted through a hole in the wooden platform and is easily
adjusted to the desired sampling depth.

A 12.7 mm-ID polybutylene tube extends from the bottom
of each overflow cylinder, passing through a one-way flow
valve (flapper~-typel), and to an overflow bucket. The over-
flow system permits water which has overflowed from the
sample test tubes to collect in the overflow cylinders and
to drain from the vacuum system through the one-way flow
valve and into the overflow bucket when the vacuum in the
system is released. This prevents water from being sucked
into the vacuum reservoir or vacuum pumps. A cutoff valve is
provided on one overflow cylinder of each manifold in the
event that only half of the manifold is to be used.

The vacuum sampling system is operated and functions as
fecllows. With both two-way valves in position #2 and both
vacuum pumps activated, a vacuum is created in the vacuum

reserveoir in about two minutes. Both two-way valves are then
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switched to position #1, causing an instantanecus withdrawal
of water samples as the flappers close on the one~way flow
valves, With 16 sampling probes in place in the flume, water
samples are withdrawn at slack currents for a duration of
about 7 seconds. During this withdrawal period, the sample
test tubes are completely filled within the first 5 seconds.
An additional 2 seconds of withdrawal time allows the sample
test tubes to overflow (approximately 3 ml) and to be flush-
ed of any water which may have been trapped in the vacuum
lines (approximately 2 ml) between the test tubes and the
sampling probes from the previous sample withdrawal. The
overflow collects in the overflow cylinders. To prevent the
vacuum lines from sagging and consequently trapping water,
the vacuum lines between the sample test tubes and the sam-
pling probes are elevated by nylon lines which extending
from the overhead. In this way, the gravity drain process is
accelerated when sample withdrawal is stopped. However, some
water still remains in the lines after the withdrawal of a
sample as a result of capillarity. The withdrawal of water
samples is stopped by switching the two-way valves to posi-
tion #2, and thereby, eliminating the vacuum in the system.
At this time the flappers in the one-way valves open and al-
low the water in the overflow cylinders to drain into the
overflow buckets. The vacuum pumps are then turned off after
a vacuum has been created in the vacuum reservoir. After the
water samples are collected, the sample test tubes are re-

moved from the manifolds, stoppered, and placed in test tube
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racks. The tripoed stand is equipped with test tube rack
holders which hold racks of both empty and full test tubes.
Empty test tubes are then fitted on the manifolds in prepar-

ation for the next sampling run.

Tracer Dye Concentration Measurement
Because the model and prototype longitudinal dispersion

tests in this investigation were to be conducted in a con-
stant-density flow system, Rhodamine WT fluorescent dye was
used as a tracer, Concentration gradients without density
gradients are readily produced with fluorescent tracer-dye.
Rhodamine WT was developed specifically for use in physical
models because it has the best solubility of all fluorescent
tracer-dyes and does not readily adsorb to the sidewalls and
bottom of models (Turner Designs 1982). Rhodamine WT dye is
a conservative tracer—-dye and is supplied by the manufac-
turer as a 20% agueous solution of specific gravity 1l.2.

A Turner Model 111 filter fluorometer with a far ul-
traviolet (uv) lamp source and matched filter arrangement
(primary color spec. No. 546 and secondary color specs. No.
3-66 and No. 4-97) was used to detect the fluorescence of
tracer-dye in water samples collected in the dispersion ex-
periments of this investigation. Water samples were collect-
ed with the water sampling system in 10 ml test tubes,

13 mm x 100 mm, which £it into the sample holder of the flu-
orometer. In the fluorometer, the sample converts a fraction

of the light which reaches it, into light of a new wave-
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length; this re-emitted light is then measured in fluoromet-
ric units (f£,u.). The fraction converted, hence the emitted
light, is proportional to the concentration. Turner Designs
{1975) reported that the meter reading of the fluorometer,
l.e. the measured, emitted light from a water sample con-
taining dye, is linearly proportional to the concentration
of Rhodamine WT dye from the smallest detectable concentra-
tion to about 200 ppb. The fluorometer is accurate to within
0.3 fluorometric units.

The fluorometer was calibrated to determine the dye
concentration range for which the meter reading of the fluo-
rometer was linearly proportional to the dye concentration.
All ranges of the fluorometer (X30, X10, X3, and Xl) were
calibrated, from the most sensitive X30 to the least sensi-
tive X1, against standards made by diluting the manufactur-
er's 20% aqueous stock dye solution with aged tap water. The
resulting calibration curves for each range of the fluorome-
ter are given in Figure 17. The curves indicate that the
reading of the fluorometer in f.u. is linearly proportional
to the concentration of Rhodamine WT dye to at least a con-
centration of 400 ppb. The highest dye concentration used in
the dispersion tests of this investigation was about 300 ppb.

Photodecomposition of dye in low concentrations (less
than 0.2%) by laboratory lighting (ultraviclet light) has
been reported to be significant (perhaps as much as 20%) in
a year. However, it has also been reported that dye samples

stored in the dark for six months showed no change {(Turner



Fig. 17. Linearity between Rhodamine WT fluorescent
dye concentration and the fluorescence dial
reading on all scales of the Turner Model
111 fluorometer.
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Designs 1982). Undocumented reports indicate that chemical
degradation by chlorine in its elemental form results in a
rapid destruction of the fluorescence of the dye (Turner De-
signs 1982) ., However, elemental chlorine exists only transi-
ently in solution. It rapidly dismutates and the dismutated
form is commonly called "residual™ chlorine. Deaner (1973)
demonstrated that levels of residual chlorine, considerably
in excess of those found in tap water, have no effect on the
fluorescence of Rhodamine WT dye. The fluorescence of Rhoda-
mine WT dye is also affected by temperature, as the dye con-
centration is inversely proportional to the temperature
(Turner Designs 1982).

To minimize the effects of photodecomposition, chemical
degradation, and temperature on Rhodamine WT dye concentra-
tions, all standards and water samples analyzed in this in-
vestigation were stored in the dark and analyzed at fairly
uniform ambient temperatures, ranging from 22.8 to 24.5° C.
The tap water in the flume and that used for diluting the
manufacturer's dye solution in making standards was aged
{(stood for at least 24 hours in the open) to allow dismuta-
tion of elemental chlorine. Dye standards were checked be-
fore the sample analyses of each dispersion test. The dye
concentration standards showed no appreciable change over a

3 month period.
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Experimental Procedures

The initial phase of the experimental investigation in-
volved the preliminary set up of a tidal Froude model and
its laboratory prototype, and validation of model and proto-
type tide heights and current velocities through the process
of verification and prototype calibration. The preliminary
set up of the model or prototype (see Table 1) began by ad-
justing the model or prototype to the required length by in-
serting a barrier across the channel. The flume was then
filled with tap water in conjunction with the adjustment of
the tide generator to attain the required static mean depth
(3.80 ¢cm in the model and 5.52 ¢m in the prototype), and re-
quired static tidal range (0.95 cm in the model and 1.38 cm
in the prototype). Static high, low, and mean water levels
were measured at the channel entrance with a point gage
graduated in 0.1 mm increments. The required tidal period
was set by adjustment of the output voltage of the tide gen-
erator's dc power supply while timing the movement of the
tide generator with a stop watch graduated in seconds. To
measure the longitudinal distribution of tracer in subse-
guent dye dispersion tests, thirteen water sampling probes
were positioned along the centerline of the flume at the lo-
cations given in Table 4. The probes were positioned at mid-

depth below static low water (1.67 cm above bottom in the



Table 4., Prototype and model station locations.

Flume Stations*

FO Pl F2 F3 F4 F5 F6 F7 F8 F9 Fl0 Fl1 Fiz2

Distance {z) from channel entrance - (cm)
Prototype (z,) g 145 290 435 580 725 87¢ 1016 1161 1306 1451 1596 1689
Model (xg) o 100 200 300 400 500 600 700 80O 900 1000 1100 1164
xpfly = x,/L, 0 6.085 0,170 0.255 0,340 0.426 90,511 0©0.596 O0.6B1 0.766 0.851 0,936 0,991

*Dye concentrations were measured at all stations, Tide heights and current velocities were measured at

stations Fl, FS, and F9,

4]
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model and 2.42 cm above bottom in the prototype). Three wa-
ter sampling probes were positioned at mid-depth along the
centerline of the headbay. To eliminate standing wave dis-
turbances created by the change in geometry between the
channel and headbay, wave filters composed of synthetic
packing fiber were placed at the channel entrance. A sub-
mersible pump and hose attachment were placed in the headbay
to stir the dye-water mixture in subsequent dye dispersion
tests, The pump was also activated during the model and pro-
totype verification and calibration stage.

The model was set up first because the relative rough-
ness of the channel was greater in the model than in the
prototype. Roughness would eventually have to be added to
the prototype channel in addition to the natural bed rough-
ness already existing in the flume. Model tide heights and
current velocities were measured for several tidal cycles
using the capacitance wave height measuring system and elec-
tromagnetic current meter. The wave height probe and current
velocity probe were positioned along the centerline of the
channel at the locations given in Table 4. The current ve-
locity probe was positioned at mid-depth below static low
water,

Following set up of the model, the next step was to
verify and calibrate the prototype against model observa-
tions of tide heights and current velocities. This procedure
involved the preliminary set up of the prototype and the ad-

dition and adjustment of friction in the prototype channel
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until model tide heights and current velocities were repro-
duced throughout the length of the prototype channel. The
degree of roughness afforded by the vertical placement of
wire mesh screens in the channel cross section at various
locations in the upper half of the prototype channel led to
accurate simulation of prototype tide heights and current
velocities (Figs. 18 and 19).

The flow regimes on the model and prototype were deter-
mined at various locations along the channel centerline by
visual observation of potassium permanganate (KMnOg) dye
trails which emanated from KMnO4 crystals suspended in the
flow at mid-depth. The vertical placement of wire mesh
screens in the channel cross section in the upper half of
the prototype channel aided in inducing turbulence.

The final phase of the experimental investigation in-
volved verification of longitudinal dye dispersion in the
medel and prototype. Longitudinal dispersion was examined by
conducting constant-density dye dispersion tests in the mo-
del and in the prototype, similar to dye intrusion experi-
ments conducted by Ippen (1966) but without freshwater dis-
charge. Before the model or prototype headbay was dosed with
dye, the water in the flume was aged for at least 24 hours
to allow time for chlorine dissipation since chlorine is
known to degrade Rhodamine WT dye. With the water level in
the flume set to static low water, & temporary barrier was
placed across the channel entrance to separate the channel

and headbay. The headbay was dosed with about 10 drops of
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stock Rhodamine WT dye. The quantity of dye used was deter-
mined by experimenting with dye concentration ranges, based
on the sensitivity of the fluorometer. To initially mix the
dye and water in the headbay and to maintain a constant dye
concentration in the headbay during the dispersion tests, an
underwater diffuser consisting of a submersible pump (Little
Giant Model 5-MSP) and garden hose attachment was set up and
activated in the headbay. The hose was 1.8 m long and plug-
ged at one end and contained numerous 64 mm diameter holes
along its length. The pump was placed near the water surface
at the far end of the headbay with the hose extending
lengthwise along the bottom of the headbay. Initial mixing
in the headbay was monitored by taking water samples at var-
ious locations in the headbay and reading the dye concentra-
tions on the fluorometer. The dimensions of the headbay were
such, that the dye-water mixture could be regarded as an in-
finite volume for both the model and the prototype. After
mixing was complete, i.e. after the dye concentration in the
headbay was constant throughout, the water sampling system
was activated to take background samples in the channel.
With the channel waters quiescent at low water (LW 0),
the barrier separating the channel and headbay was removed
and the tide generator was started, simultaneously. Dye con-
centrations were simultaneously monitored in the headbay and
along the length of the channel by collecting water samples
at both high and low water slack every five tidal cycles for

30 tidal cycles. The selection of 30 tidal cycles was based
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on observations of the longitudinal extent of the plume in
relation to the channel bend in the prototype, the dye plume
rounded the channel bend after about 30 tidal cycles. Slack
currents were determined by observing polystyrene surface
floats near the mid-lengths of the model and prototype chan-
nels. The floats reversed their direction of travel near
times of slack current. Upon completion of the model or pro-
totype dispersion test, the dye-water samples were taken to
the laboratory and stored overnight to allow time for temp-
erature equilibration of the sample with room temperature,
Dye concentrations were read on the fluorometer the follow-

ing day.
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Experimental Results

The laboratory investigation involved the set up of a
Froude model and its prototype in a laboratory tidal flume
of rectangular cross section. The model was operated accord-
ing to the minimum Reynolds number criterion of 1400 at the
entrance to the channel in the absence of depth distortion
and density differences. The intrusion of tracer-dye from
the model and prototype headbays was monitored at high and
low water slack every five tidal cycles for 30 tidal cycles.
The match between model and prototype spatial and temporal
longitudinal dye distributions was taken as a measure of the
model's ability to reproduce the dispersive mechanisms ex-
isting in the prototype under the imposed conditions. The
values of the parameters used in setting up the laboratory
prototype and its tidal Froude model are given in Table 1.

Graphical comparisons of model and prototype tide
height profiles at stations Fl, F5, and F9 are shown in Fig-
ure 18. (In Figure 18, model values have been converted to
corresponding prototype values.) Tide height profiles show
consistent agreement between model and prototype tidal
ranges, durations of flood, and durations of ebb. Tide
heights in the model appear to be approximately in phase
with those of the prototype. As expected for a cooscillating

tide (standing wave), the maximum amplitude of the tide oc-



Fig. 18. Prototype and model tide height comparisons
at stations Fl, F5 and F9.
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curred at the closed end of the flume (Ippen 1966).

Graphical comparisons of model and prototype current
velocity profiles at stations Fl, F5, and F9 are shown in
Figure 19. (In Figure 19, model values have been converted
to corresponding prototype values.) A reasonable match be-
tween model and prototype current velocities, durations of
flood, and durations of ebb was possible. Current velocities
in the model appear to be approximately in phase with those
of the prototype. As expected for a cooscillating tide, the
maximum current velocity occurred at the channel entrance
(Ippen 1966).

Although the validation of tide heights and current ve-
locities in estuary model studies is rather subjective, Har-
leman (1971) presents rough guidelines as to the degree to
which typical model verifications of current velocities may
range. Current velocity profiles validated for the Delaware
Estuary model {(horizontal scale 1:1000 and vertical scale
1:100) are used as examples of "better" and "poorer" verifi-
cations. Station 15-F is cited as representative of "better®
verifications, where the percent difference in maximum cur-~
rent velocities is about 40% at worst and about 18% on the
average. Station 4-B is cited as representative of "poorer”
verifications, where the percent difference in maximum ve-
locity is about 57% at worst and about 22% on the average.
For the model in this investigation, the percent difference
in maximum current velocities was about 14% at worst and

about 8% on the average.



Fig. 19. Prototype and model current velocity compar-~
isons at stations Fl, F5 and F9.
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Observation of the model flow regime indicated that
turbulence persisted near the mouth (lower, two meters of
the channel) throughout most of the tidal cycle. Turbulence
was found to decay rapidly at times of slack current in the
upper two—thirds of the channel, and turbulence did not re-
sume until the flood or ebb current had been running for
some time. Near the closed end of the channel, the flow was
mostly laminar. In the lower two-thirds of the prototype
channel, the flow was predominantly in the turbulent regime.
Turbulence was found to decay near times of slack current
near the closed end of the prototype channel. The wave fil-
ter at the channel entrance aided in inducing turbulence in
the lower halves of the model and prototype channels. Wire
mesh screens were placed vertically in the cross section of
the prototype channel to promote turbulence in the upper
portion of the channel. The absence of turbulent flow during
portions of the tidal cycle in the model was anticipated,
however, it was an undesirable feature in the prototype and
was not anticipated when the dimensions of the flume were
selected.

The results of the model and prototype dye dispersion
tests are presented in plots (Figs. 20, 21 and 22) which
compare spatial and temporal longitudinal dye distributions
at all monitored high and low water slack currents. Fluores-
cence dial readings of the fluorometer were converted to dye
concentrations by mass in accordance with laboratory cali-

brations of dye standards, given for the model and prototype



Fig. 20a. Prototype and model spatial dye distribution
comparison at HW 5.

Fig. 20b., Prototype and model spatial dye distribution
comparison at HW 10.
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Fig. 20c. Prototype and model spatial dye distribution
comparison at HW 15.

Fig. 20d. Prototype and model spatial dye distribution
comparison at HW 20.
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Fig. 20e. Prototype and model spatial dye distribution
comparison at HW 25.

Fig. 20f. Prototype and model spatial dye distribution
comparison at HW 30.
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Fig. 2la. Prototype and model spatial dye distribution
comparison at LW 5,

Fig. 21b. Prototype and model spatial dye distribution
comparison at LW 10.
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Fig., 21lc., Prototype and model spatial dye distribution
comparison at LW 15.

Fig. 21d. Prototype and model spatial dye distribution
comparison at LW 20.
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Fig. 2le, Prototype and model spatial dye distribution
comparison at LW 25,

Fig. 21f. Prototype and model spatial dye distribution
comparison at LW 30.
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Fig, 22a, Prototype and model temporal dye distribution
comparison at station Fl.

Fig. 22b. Prototype and model temporal dye distribution
comparison at station F2.
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Fig. 22c. Prototype and model temporal dye distribution
comparison at station F3.

Fig., 22d. Prototype and model temporal dye distribution
comparison at station F4.
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Fig. 22e, Prototype and model temporal dye distribution
comparison at station F5,.

Fig. 22f. Prototype and model temporal dye distribution
comparison at station F6.
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Fig. 22g. Prototype and model temporal dye distribution
comparison at station F7.

Fig. 22h., Prototype and model temporal dye distribution
comparison at station F8.
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in Tables 5 and 6. Background corrections were made by sub-
tracting the average of the background concentrations (at
Lw 0) for all stations from the measured dye mass concentra-
tions. All dye concentrations ¢ were nondimensionalized c¢/c¢c,
against the average dye concentration in the headbay c¢,.
Since the volumes of water in the model and prototype head-
bays were much larger than their tidal prisms, the dye con-
centrations in the headbays and thus at the entrance of the
flume remained fairly constant for the duration of the model
and prototype dispersion tests. The average dye concentra-
tions in the headbay during the tests was 264 10 ppb for
the prototype and 276 %23 ppb for the model. The amount of
water removed from the flume during water sampling over 30
tidal cycles was equivalent tc a change in the water levels
of about 0.38 mm in the prototype and about 0.50 mm in the

model.



Table 5. Actual dye mass concentration in the prototype.

Sampling Stations

H3 HZ M1 F0 F1 F2 F3 F4 FS F6 F7 F8 F9 F10 Fl1 F12
Event cdye (x 10~% g/g) or ppb

LN 00 282 280 279 282 0 0 0 0 0 0 0 0 0 0 0 0
HW 05 266 269 268 253 251 214 164 106 5 0 0 0 0 0 0 0
LW 05 276 272 248 271 137 100 21 5 1 0 0 0 0 0 0 0
HW 10 270 280 271 279 253 227 177 132 50 5 3 3 3 1 0 0
W 10 277 279 263 268 180 153 100 2 18 11 3 3 1 0 0 0
HW 15 275 275 272 268 248 230 177 164 114 42 37 11 8 3 0 0
LW 15 268 264 259 262 187 187 158 116 79 45 16 11 3 0 0 °
HW 20 265 256 260 256 243 235 195 182 156 90 61 21 18 8 0 0
LW 20 260 260 251 255 193 190 177 135 124 69 29 26 13 2 0 0
HW 25 264 255 256 259 240 230 203 198 174 106 103 40 N.D. 13 0 0
IW 25 258 256 251 256 201 187 177 156 140 108 42 37  N.D. 3 0 0
HW 30 257 255 255 256 240 230 201 195 177 127 114 53 42 18 0 0
LW 30 253 262 248 252 201 182 187 161 166 114 63 48 13 16 0 0

N.D., Not determined.

G0T



Table 6, Actual dye mass concentration in the model.

Sampling Staticns

H3 H2 H1 FO F1 F2 Fl F4 F5 F6 F7 F8 F9 F10 Fl1 Fl2
Event Sgye (x 10-9 g/9) or ppb
LW 00 300 294 305 297 1 0 0 0 1 0 1 1 1 0 [} 1
HW 05 294 305 294 251 273 207 201 138 72 28 0 6 3 3 k] 0
LW 05 297 285 303 294 213 86 52 14 17 6 6 0 k) 0 k] 0
HW 10 303 283 308 263 270 270 273 213 163 80 25 3 0 3 0 0
LW 10 285 288 297 260 221 224 132 47 44 14 6 11 6 0 o 0
AW 15 283 260 294 254 268 251 268 171 105 141 63 14 6 3 0 3
LW 15 204 283 197 225 235 190 149 80 58 36 28 11 6 3 3 0
HW 20 271 260 251 245 270 251 265 155 160 168 80 41 1 3 3 11
LW 20 260 2B0 283 277 257 213 189 144 86 61 33 19 11 6 0 k]
HW 25 265 271 263 263 265 273 248 185 204 182 108 41 17 8 3 0
LW 25 277 285 297 225 262 251 226 171 105 80 55 33 14 6 17 0
HW 30 294 291 2B3 263 270 265 273 235 163 207 119 69 22 19 0 0
LW 30 280 257 248 271 235 207 221 141 149 91 61 39 14 14 0 0

90T



Chapter 3

DISCUSSION

As discussed in chapter 1, the motivation for building
many of our existing estuary models has been problems asso-
ciated with navigation improvements. The achievement of
Froude similitude of cross-sectional mean tidal motion in
these models has been sufficient for solving navigation
problems even though the flow regime on these models may be
guite different from that in their prototypes. However, to
avoid laminar viscous scale effects in the model and thus
achieve exact Froude similitude, the same flow regime must
be preserved on the model as in the prototype, i.e. turbu-
lent and not laminar. Various modeling authorities have rec-
ommended Allen's (1947) minimum Reynolds number criterion of
1400 as being sufficient for the achievement of similitude
of mean tidal motion in models used for solving navigation
problems. Where the problem to be solved is extended to that
of water guality and the modeling of longitudinal disper-
sion, the dispersive effects are primarily a function of
flow regime and therefore may not be modeled properly in
these models. In several, previous dispersion investigations

in estuary models, similitude of dispersion has not been
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achieved throughout the reach under investigation., Whether
the lack of similitude has been a result of the presence of
laminar viscous scale effects has been unclear since other
limitations to the achievement of similitude also exist,
i.e. limitations imposed by depth distortion and exaggerat-
ed roughness elements. In this investigation all limitations
to the achievement of dispersion similitude, other than pos-
sible laminar viscous scale effects, were eliminated by con-
ducting dispersion tests in an undistorted, constant-density
model.

The results of this investigation confirm previous
findings that it is possible to achieve Froude similitude
of cross-sectional mean tide heights and current velocities
(see Figs. 18 and 19) even though the flow regime on the mo-
del may be guite different from that in the prototype.
Allen's minimum Reynolds number criterion for tidal models
did not guarantee turbulent flow throughout the tidal cycle,
and thus, laminar viscous scale effects were present in the
model. The flow in the model was laminar part of the time
and turbulent part of the time with prolonged periocds of
laminar flow near times of elack current in contrast to the
predominantly turbulent prototype. Consequently, comparisons
between model and prototype spatial and temporal longitudi-
nal dye distributions were generally poor (Figs. 20, 21,
and 22},

In Figure 20, spatial dye distributions at high water

slack HW show a better comparison in the early stages (HW 5)
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of the dispersion tests. A similar trend appears in Figqure
21, showing spatial dye distributions at low water slack LW
(IW 5, IW 10, and LW 15), During the early stages of the mo-
del dispersion test the dye cloud only sampled the flow re-
gime in the lower portion of the channel, characterized by
the highest velocities, highest Reynolds numbers, and there-
fore the most turbulence--similar to the predominantly
turbulent flow regime in the prototype. Comparisons of model
and prototype spatial dye distributions at HW 10 through
HW 30 and LW 20 through LW 30 indicate that longitudinal
dispersion, in general, was greatly distorted in the model.
During the later stages of the model dispersion test the dye
cloud sampled the flow regime in the upper portion of the
channel, characterized by the lowest velocities, lowest Reyn-
olds numbers, and prolonged periods of laminar flow-—quite
different from the flow regime in the prototype. The distor-
tion of longitudinal dispersion at high water slack appears
to have been more pronounced than at low water slack. This
may have been a result of the occurrence of higher ebb ve-
locities than flood velocities in the model, thereby produc-
ing higher Reynolds numbers and thus a flow regime similar
to that of the prototype during the ebb. Figure 22 shows the
distortion of longitudinal dispersion over time for stations
Fl through F8,

Distortion of longitudinal dispersion is also apparent
in the results of longitudinal dispersion experiments con-

ducted in estuary models by Jugan (1982), Kuo et al. (1978),
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Blair (1980), and Blair (1976), however, the distortion of
longitudinal dispersion in these experiments may also have
been influenced by depth distortion and exaggerated rough-
ness. Comparisons of model and prototype spatial dye distri-
butions at low water slack for the ODU and WES Lafayette
River models are shown in Figure 23 for an instantaneous dye
release at a distance of 5 km (prototype) from the mouth and
two tidal cycles after release. In the ODU model, longitudi-
nal dispersion was particularly distorted in the two upper
branches of the estuary (Fig. 23). (In Figure 23, the upper
branches extend from 7 km from the mouth to 10 km from the
mouth, and the top curve is the north branch and the bottom
curve is the south branch.) This may have been caused by the
presence of low advective velocities in the model reported
by Blair (1976) and Kuo et al. (1978) and by the absence of
roughness elements in these branches of the model which com=-
bine to inhibit turbulent flow. In the Lafayette River por=-
tion of the WES model, longitudinal dispersion was greatly
distorted over most of the length of the estuary. A low
Reynolds number of about 850 at the mouth appears to have
been the likely cause of distortion, particularly in the
main branch (Fig. 23). (In Pigure 23, the main branch ex~
tends from the mouth to 7 km from the mouth.) Longitudinal
dispersion in the two upper branches may also have been in-
fluenced by the effects of surface tension since the mean
depth of these branches in the model was only about 1 cm.

The distortion of longitudinal dispersion in the ODU and WES



Fig, 23. Lafayette River prototype, ODU model, and WES
model spatial dye distribution comparisons at
LW 3.
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models is also apparent in comparisons of model and proto-
type temporal dye distributions shown in Figure 24 for a
station located at a distance of 5.5 km (prototype} from the
mouth. It is suspected that the occurrence of greater dis-
tortion in the WES model than in the ODU model resulted be-
cause the Reynolds numbers in the ODU model were greater
than those in the WES model. Table 7 gives the low water
slack approximations of the longitudinal dispersion coeffi-
cient Epys reported by Blair (1976) and Kuc et al. (1978)
for the ODU model and by Jugan (1982) for the WES model,
showing that the longitudinal dispersion coefficients were

magnified in the models.

Table 7. Low water slack dispersion coefficients for the
ODU and WES Lafayette River models.

Main North South
Branch Branch Branch
Model
Erwys (cm2/s)

ODU Model (required) 18.1 37.9 27.8
ODU (Blair 1976) 42 .7 180.2 228.5
ODU (Kuo et al. 1978) 27.5 53.1 33.4
WES Model (required) 3.4 7.1 5.2
WES (Jugan 1982) 2.2-95.5 - .

In general, prototype dye concentrations for the dis-

persion test conducted in the tidal flume for this investi-



Fig. 24. Lafayette River prototype, ODU model, and WES
model temporal dye distribution comparisons at
a distance of 5.5 km from the mouth.
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gation and for dispersion tests conducted in the prototype
Lafayette River by Blair (1976) were lower than those pre~
dicted by their respective models.

Further insight as to why longitudinal dispersion is
magnified in tidal Froude models in which laminar flow ex-
ists during portions of the tidal cycle can be gained by ex-
ploring the mechanics of longitudinal dispersion.

A physical understanding of longitudinal dispersion can
be gained by considering steady, uniform, two-dimensional
open channel flow (Fischer 1973). Imagine that a line source
of tracer~dye is injected instantanecusly and uniformly
across a flow moving in the x~direction (Fig. 25). The
tracer will initially be advected downstream and take the
shape of the velocity profile. Because of the shape of the
profile, the tracer near the surface moves downstream much
faster than the tracer near the bottom of the channel. The
shearing action introduces vertical concentration gradients
which are diminished by vertical mixing due to molecular
diffusion in laminar flow and due primarily to turbulent
diffusion in turbulent flow. In addition, there will be a
large longitudinal spreading due to the velocity shear re-
sulting from the differences in velocity with depth. During
this initial (convective) pericd, the motion of the cloud of
tracer is controlled primarily by the distribution of con-
vective velocities over depth, and a skewed longitudinal
concentration distribution is produced. The initial period

is defined as the length of time which lapses before the



Fig. 25,

The production of a Gaussian longitudinal con-
centration distribution by shear flow disper-
sion of a line source in an open channel.

(a) The line source. {(b) The velocity profile.
{(c) The initial convection of the line source.
(d) The mean concentration distribution for
the cloud shown in (c). (e) The cloud at the
end of the initial period. (£} The mean con-
centration distribution for the cloud shown

in (e). (g) The cloud sometime after the ini-
tial period. (h) Gaussian concentration dis-
tribution for the cloud shown in (g).
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variance of the distribution becomes linear with time. After
the initial period, the longitudinal spread of the tracer by
the velocity profile will balance the vertical epread of the
tracer by diffusion. At this time the concentration across
every cross section will be nearly uniform and the longitu-
dinal distribution of the cross-sectional mean concentration
will become approximately Gaussian. As the cloud of tracer
continues to be advected downstream, longitudinal dispersion
will tend to erase longitudinal concentration gradients, as
the concentration distribution curve gradually flattens over
time.

The longitudinal dispersion of a tracer-dye due to
shear flow as previously described, is subject to the find-
ings of Taylor (1954 and 1953), describing first laminar and
then turbulent shear flow dispersion (Fischer 1973). Taylor
seems to have been the first to identify the essential role
of the velocity distribution and the opposing action of
cross—-sectional diffusion to longitudinal dispersion. The
differential equation describing the movement of a conserva-
tive tracer in laminar or turbulent shear flow of constant
density in an open channel of constant area is the three-

dimensional time-averaged mass transfer equation

dc Y a'é"+_ ac Vs dc @ x c) ) i '6) ) i aE) -
T+ u TtV T W= ) + ) + = -
at ix iy 3z 9x < ox oy y oy dz  * 2

where x,y,z = the longitudinal, lateral, and vertical carte~-

sian coordinates in an open channel
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u,v,wv = the velocity components in the x,y,z direc-
tions, respectively

¢ = concentration of the tracer

K = mixing coefficient

t = time
The equation is a mass balance eguation and is derived by
considering the loss and gain of mass through a small volume
of fluid. In laminar flow, K represents the molecular diffu-
sion coefficient D which is constant with time in all direc-
tions. In turbulent flow, molecular diffusion is considered
insignificant compared to turbulent diffusion, therefore, K
represents the turbulent diffusion coefficient ¢ which has
components x, y, and z. For turbulent flow, the overbar in-
dicates that the guantity has been averaged over a long
enough time to smooth—-ocut fluctuations due to turbulence yet
short enough to preserve the oscillations in the velocity
due to tidal motion. Equation (7) shows that the total mass
transport is a function of both advective and diffusive mass
transport.

Since interest often focuses on dispersion in the lon-
gitudinal or x—-direction it is common to consider only the
variations of ¢ with x and t (Chatwin and Allen 1985).
Therefore, a one~dimensional mass transfer eqguation is ob-
tained by considering the concentration as a function of x

and t, thus

8¢ .@8c @& -~ ac
—+a—=— (Eg =) (8)
ot ox ox dx
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If all quantities are considered to be constant across
the width of the channel then eguation (B) may be integrated
over the channel depth B, normal to the longitudinal direc-

tion of flow, to give

dc dc 18 dc
— 4+g—=——(Kkh— ~ [ wu'c' dz) (9)
at 9x h dx #x h

where u = depth-~averaged velocity

c depth~averaged tracer concentration

u'! deviation from u

c' deviation from ¢

The results of space averaging have revealed a dispersive
transport term uw’c¢’, representing the longitudinal spreading
of a tracer distribution governed primarily by the shape of
the velocity profile (Holley et al. 1970). The longitudinal
transport represented by the u'c' term is much greater than
the longitudinal transport by either molecular or turbulent
diffusion. The term "dispersion™ by the velocity profile due
to spatial deviations u’ and ¢' is used to distinguish this
process from the molecular diffusion process in laminar
flow, or the turbulent diffusion process in turbulent flow
which is associated with temporal deviations u" and ¢".
Equation (8) indicates that downstream advection by the mean
velocity and the combined effects of a velocity shear and
diffusion are the transport mechanisms,

The quantities u’ and ¢’ are defined by the following

equations
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U{z) = v + u’(z) (10a)
Cl{z) = o + c'(2z) (10b)

in which U is the local fluid velocity in the x-direction
and € is the local concentration of tracer. The two~dimen-
sional velocity profiles for both laminar and turbulent flow
are shown in Figure 26 for n» = 4 cm/s and B = 4 cm. The lam-
inar velocity profile is parabolic and given by (Fischer et

al. 1979)

2
Up = uggy | 2ci-> - (-E-z-) ] R0

and, with subscript L referring teo laminar flow. The tur-
bulent velocity profile is represented by the logarithmic

law equation (Fischer et al. 1979)

&
Ur=u+ (—I1+In() ] (12)
x h

where k¥ = 0.4]1 the von Karman constant, and with subscript
T referring to turbulent flow.

It can be seen in Figure 26 that u’ in laminar flow is
greater than s’ in turbulent flow, i.e. the shear effect is
greater in laminar than in turbulent flow, which in effect
causes a tracer to initially be spread out in the longitu-~-
dinal direction more so in laminar flow than in turbulent

flow. Also, because vertical mixing by molecular diffusion



Fig. 26. Graphs of velocity profiles in laminar and
turbulent flows of egqual mean velocities in
the same channel.
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in laminar flow is less than that by turbulent diffusion in
turbulent flow, ¢’ will be greater in laminar flow than in
turbulent flow. Therefore, the u'c’ transport in equation
(9) will initially be greater in laminar flow than in turbu-
lent flow., For example, when the line source of tracer, re-
ferred to in PFigure 25, initially takes the shape of the ve-
locity distribution, the longitudinal spread of tracer would
be greater if the profile was laminar than if the profile
was turbulent,

If vertical mixing has caused the concentration distri-
bution to be cne-dimensional in the x-direction, i.e. if ¢’
is much less than ¢ then equation (%) has been shown (Taylor
1954) to be analogous to Fick's law of diffusion, i.e. the
u’c’ transport is proportional to the longitudinal gradient
of the mean concentration (Holley et al. 1970). Fick's law
for a one-dimensional diffusion process q = -D 8c/dx, says
that the flux of solute mass q, i.e.,, the mass of a solute
crossing a unit area per unit time in a given direction, is
proportional to the gradient of solute concentration in that
direction, and the minus sign indicates transport is from
high to low concentrations (Fischer et al. 1979). Therefore,

it is possible to write

dc dc
Eh — - f, u’c' dz = Eh — {(13)
ox h ax

The essential result is that the total mass transport in the
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streamwise direction is proportional to the concentration
gradient in the streamnwise direction (Fischer et al. 1979).
For laminar flow, the effects of velocity and concentration
variations with depth and molecular diffusion are lumped in-
to a bulk transport coefficient called the longitudinal dis-
persion coefficient Ej (Fischer et al. 1979). For turbu-
lent flow, the effects of velocity and concentration varia-
tions with depth and both molecular and turbulent diffusion
are lumped into Eg. The longitudinal dispersion ccefficient
in analogy to the molecular or turbulent diffusion coeffi-
cient primarily expresses the diffusive property of the ve-
locity distribution and is a measure of the rate of spread-
ing of a tracer distribution. The mass transport represent-
ed by eguation (13) is called longitudinal dispersion.
Since, in equation (13) the u'c¢’ transport is much greater
than the diffusion term Kh 9¢/dx, the diffusion term may be

neglected and equation (13) rewritten as

dc
- fh v’c’ dz = Eh — (14)
ax
Combining equation (13} with equation (9) gives the
one~dimensional mass transfer equation for a conservative

tracer in shear flow

de dc 1o dc
hE ~)

it ix h 8x ox

(15)
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In general, u, h, and E may be functions of both x and t,
The one-dimensional mass transfer equation is not applicable
to a dispersing cloud immediately after introduction of the
tracer, rather, it is applicable only after the initial per-
iod (Holley et al 1970).

A quantitative evaluation of longitudinal dispersion is
possible by determining the numerical values of E for lami-
nar flow and for turbulent flow in the same channel and at
equal mean velocities from which the magnitudes of Ej and Eg
can be compared.

The real time longitudinal dispersion coefficient for
laminar shear flow Ep is found as follows (Fischer et al.
1979). The deviation of the concentration from the mean con-

centration over depth is

la
o' ===/ [ u dzdz+ c'(0) (16)
Dax % Z
Substitution of equation (16) into equation {(14) and solving

for EL gives

1
E, = - ;; fh u’ fz fz n' dz dz dz {17

The extra term S u'lc’(0)]dz = c'(O)fhn'dz = 0, because
fhu'dz = 0. Since the mean velocity for any velocity dis-

tribution can be found by integration, i.e.
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n=lf U dz (18)
® h

then application of this operator to eguation (1l) gives

the depth-averaged velocity
v = (2/3)up,y (19)

Substitution of equation (19) into equation (11) and solving
for u' gives the deviation of the velocity from the mean ve-

locity over depth

z 22 2
' = upay (2 ; "R ;) (20)

Substitution of equation (20} into equation (17) and solving

for Ep gives

b2 )2

E =
L™ 118 D

The real time longitudinal dispersion coefficient for
turbulent shear flow is found as follows (Fischer et al.
1979). The deviation of the concentration from the mean con-

centration over depth is

] 1
= J — f u' dz dz + ¢'(0) (22)
9z % g, Z

¢’ =
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Substitution of equation (22) into equation (14) and solving

for Et gives

1 1
ET=-;th'fz:;fzu’dzdzdz {23)
As before, the extra term [ u’[c¢’(0)]ldz = 0. The deviation
of the velocity from the mean velocity over depth is found

from the logarithmic law for turbulent flow, egquation (12)

n z
v == [ 1+ 1Ia(7) ] (24)
k h

Substitution of equation (24) into equation (23) with
e, = (kz/h)[1-(z/B)1ku* (Fischer et al. 1979), and solving

for ET gives

0.404 .

For the laminar velocity profile given by equation (11)
and shown in Figure 26, ugp,y = 6 cm/s and h = 4 cm. For salt
or KMnO4 in water, D = 10-3 cm2/s. Substitution of these
values into equation (21) gives Ep = 5 x 107 cm2/s. For the
turbulent velocity profile given by equation (12) and shown
in Figure 26, v* = 0.4 cm/s and b = 4 cm. Substitution of
these values into equation (25) gives ET = 9 cmé/s. The re-
sult is that Ej »>> Et for laminar and turbulent flows in

the same channel with equal mean velocities.
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In 1ight of the preceding analysis, a physical explana-
tion of why longitudinal dispersion is magnified in tidal
models in which the flow is laminar part of the time and
turbulent part of the time can now be drawn (Ward 1972). In
oscillating flow, the flow reverses direction at each slack
current. Since the flow near times of slack current is lam—
inar, then each time the flow reverses direction the tracer
distribution must initially take the shape of the laminar
velocity profile. The result is that the tracer is initial-
ly spread out farther longitudinally in laminar flow than
if the flow were turbulent all of the time. The greater
shearing effect in laminar flow, in combination with very
small vertical mixing, causes a large amount of differen-
tial convection during the period when the flow is laminar.
When turbulence commences during the half cycle, the tracer
is rapidly mixed over the channel depth. The net result is
that the rate of longitudinal spread of tracer or the lon-
gitudinal dispersion coefficient E, averaged over half a
tidal cycle, is greater than if the flow were continuously

turbulent.



Chapter 4

SUMMARY AND CONCLUSIONS

A plunger—-type tide generator proved to be adequate for
the production of oscillating flow in the laboratory flume
of this investigation. The tide generator was easy to oper-
ate and produced repeatable, sinusoidal, oscillating waves
in the flume.

A low cost capacitance wave height measuring system
proved to be of sufficient accuracy and stability for the
measurement of small amplitude water waves in the tidal
flume of this investigation. Further experimentation with
different sensing elements is required if the system is to
be used in salt water.

Despite the lack of equal flow regime on the model as
in the prototype, it was possible to calibrate the tidal mo-
del to obtain Froude similitude of mean tidal propagation.
In this investigation, model and prototype mean tide heights
and current velocities showed good agreement.

The minimum Reynolds number criterion of 1400 for tidal
models, recommended by various modeling authorities, was
sufficient for the attainment of Froude similitude of mean

tidal motion, however, it did not guarantee fully turbulent
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fiow nor did it guarantee turbulence throughout all tidal
stages in the model., In this investigation, prolonged peri-
ods of laminar flow were observed near times of slack cur-
rent in the model, It is probable that this criterion is ad-
equate in models which are used to solve navigation problems
in which only mean tidal motion is of interest.

It is not probable that the dispersive mechanisms in
estuary flows in which turbulent shear flow plays a signif-
icant role will be modeled correctly in distorted, tidal
Froude models which are operated with laminar flow part of
the time and turbulent flow part of the time. Unequal flow
regime on the model in comparison to that of the prototype,
due to viscous effects in the model, can be added to the
reasons why estuary models may distort longitudinal disper-
sion, i.e. in addition to those limitations imposed by depth
distortion and exaggerated roughness. In this investigation,
similitude of longitudinal dispersion was not achieved in an
undistorted, constant-density, tidal Froude model operated
according to the minimum Reynolds number criterion for tidal
models. Similitude of longitudinal dispersion was also not
achieved in previous investigations conducted in the upper
reaches of the ODU Lafayette River and WES Chesapeake Bay
hydraulic models in which the flows were characterized by
low Reynolds numbers.

Longitudinal dispersion can be expected to be magnified
in tidal Froude models which are operated with laminar flow

during portions of the tidal cycle as a result of laminar
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viscous scale effects. In this investigation and in previous
investigations conducted in the ODU and WES hydraulic models,
the models predicted greater longitudinal dispersion than
that of their respective prototypes. Evaluation of the mass
transfer equations governing the process of longitudinal
dispersion and subsequent gquantitative evaluation of longi-
tudinal dispersion in both laminar and turbulent flow showed
that the longitudinal dispersion coefficient is greater in
laminar than in turbulent flow. Therefore, in tidal flow the
rate of spread of tracer, averaged over half a tidal cycle,
will be greater in flows which are laminar part of the time
and turbulent part of the time than if the flow were contin-
uously turbulent. This conclusion confirms the results of
this investigation and those of several, previous investiga-
tions in estuary models.

Further research is required to determine a criterion
for turbulent flow throughout the tidal cycle for estuary
models which are used tc solve problems associated with

water quality.
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