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ABSTRACT: Complex flow patterns in upper Cook Inlet in the vicinity of the Port of Anchorage
were simulated using a flow table. Initially, two idealized models of the inlet were constructed with
terraced layers representing the bathymetry. Encouraging test results prompted construction of a model
with three-dimensional bathymetry. Both ebb and flood maximum tide flows could be examined by
reversing the models on the flow table. The intriguing flow patterns of Cook Inlet were visualized using
floating particles and by dye injection. Strong horizontal and vertical mixing was evident through the
model, particularly in the lee of headlands. The flow table models indicated that deposition of fine
sediment at the Port of Anchorage may be caused, in part, by ebb flow separation at the upstream Cairn
Point that creates a low-flow region at the port. Experimentation with the models also provided insight
into potential improvements to dredge material disposal practices.

Theoretical analyses examined potential turbulence scale effects caused by geometric model distortion,
and extensive experiments were conducted on the flow table to gauge the scale effects. Various jet flow
geometries were tested at different model distortions, and velocity measurements in the region of flow
separation were compared and evaluated. Results indicated that turbulence generated by vertical edges
and manifested primarily in the horizontal plane had no distorted models where the vertical and horizontal
turbulence had similar strength such as occurs with flow separation at a sloping edge. The difference was
most noticeable near the bottom, whereas comparisons near the free surface were reasonable. The scale
effect appeared to be localized around the boundary of the jet.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not
to be construed as an official Department of the Army position unless so designated by other authorized documents.
DESTROY THIS REPORT WHEN IT IS NO LONGER NEEDED. DO NOT RETURN TO THE ORIGINATOR.
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Preface

This technical report describes experiments and flow table simulations of
Cook Inlet, AK, conducted by the U.S. Army Engineer Research and
Development Center (ERDC), Coastal and Hydraulics Laboratory (CHL),
Vicksburg, MS, for the U.S. Army Engineer District, Alaska. The study had two
primary purposes: (a) to evaluate in a physical model large-scale complex flow
patterns in upper Cook Inlet during maximum ebb and flood tides, and (b) to
investigate potential scale effects associated with large-scale, three-dimensional
flow turbulence when simulated in geometrically distorted physical models.
Initial funding authority was provided by the Alaska District to CHL 21 March
2002, and a review draft of this report was submitted to the Alaska District
6 January 2003. The Coastal Inlets Research Program (CIRP) provided partial
support for this study and report preparation.

Study oversight and review were provided for the sponsoring Alaska District
by Messrs. Kenneth J. Eisses and Merlin D. Peterson, Alaska District. Direct
participation by the Alaska District engineers in the modeling efforts occurred
during two site visits to Vicksburg, MS, in May and November of 2002.
Bathymetric data of Cook Inlet was provided to CHL by Mr. Peterson.

Ms. Layla M. Raad, CHL, added bathymetry from other sources to create the
vertically referenced data set used for the three-dimensional Cook Inlet flow
table model.

The physical model study was conducted by Dr. Steven A. Hughes, CHL.
Mr. Gian-Marco Pizzo, contractor, operated the flow table, obtained the
turbulence measurements, processed the results, and authored portions of the
report. Mr. John E. Gullett, ERDC Department of Public Works (DPW),
constructed all the flow table models and other study components under the
direct supervison of the Model Shop Chief, Mr. Jim T. Schultz.

This study was conducted during the period March 2002 through December
2002 under the general supervision of Mr. Thomas W. Richardson, Director, and
Dr. William D. Martin, Deputy Director, respectively, CHL. Direct supervision,
valuable advice, and insightful review were provided by Mr. Dennis G. Markle,
Chief, Coastal Harbors and Structures Branch. Dr. Nicholas C. Kraus was CIRP
Program Manager.

COL James R. Rowan, EN, was Commander and Executive Director of
ERDC. Dr. James R. Houston was Director.



1 Introduction

The Port of Anchorage, AK, is located on the upper reach of Cook Inlet as
shown in Figure 1. The port began operations in 1961, and since then...

...has expanded to a five-berth terminal providing facilities for the
movement of containerized freight, iron and steel products, wood
products, bulk petroleum and cement. Anchorage is served regularly
by two major carriers, which bring four to five ships weekly from the
Pacific Northwest. Petroleum tankers supply jet fuel for airport
operations, barges on-load petroleum products for western Alaska
and ships from Japan and Korea call frequently transporting pipe,
drilling mud, construction materials and automobiles. (From the
city of Anchorage Web page, http://www.ci.anchorage.ak.us/
homepage/index.cfm.) ‘

Figure 1. Cook Inlet, AK, location map
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Table 1 gives a breakdown of the almost 3 million tons of shipping handled
at the Port of Anchorage in the year 2001.

Table 1

Commerce at Port of Anchorage in 2001 (City of Anchorage Web
Site)

Commodity Tons

Freight, NOS 1,435

Cement, Bulk 123,065

Iron/Steel 2,495

Petroleum, NOS 3,473

Vans/Containers 1,640,390

Petroleum, Bulk 1,203,471

The port serves 80 percent of Alaska’s populated area by rail, road, and air
connections, and it handles more than 90 percent of all consumer goods sold in
the region. All of the refined petroleum products from Alaska’s largest refinery
in Fairbanks pass through the Port of Anchorage. Figure 2 shows an aerial view
of the port’s berthing area and shore infrastructure.

Figure 2. Port of Anchorage, looking south
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Problem Background

Shoaling at the Port of Anchorage during the summer months has required
annual dredemc that averages between 152,911 and 305,821.9 cu m/year
(200,000 aﬁd 400 000 cu yd/year)' with occasional larger deposition quantities of
between 611,643.9 and 764,554.9 cu m (800,000 and 1,000,000 cu yd). The
deposited material is mostly fine silts. Because there is no way to predict the
larger deposition episodes, the Alaska District budgets for typical dredging
cycles, and then has to perform emergency dredging during years when greater
deposition occurs. Emergency dredging involves substantial mobilization costs,
which must be covered by additional appropriation and by shifting funds within
the operations and maintenance budget. »

The Alaska District is undertaking studies to examine several questions
related to the operation and maintenance of the Port of Anchorage. In particular,
the District is interested in:

a. Determining the source(s) of fine sediment being deposited in Anchorage
Harbor.

b. Devising some means of predicting in advance when increased sediment
deposition is expected so adequate funds can be allocated a priori.

c¢.  Examining potential harbor modifications that might decrease deposition
within the harbor.

A key component to answering these questions is better understanding of
the hydrodynamic regime. Tidal flows with maximum currents above 2 m/sec
(6.56 ft.sec) (4 knots) result from the 10-m (33-fi) tide range. These currents
are capable of transporting huge quantities of fine sediment eroded from the
extensive tidal flats upstream and downstream of Anchorage. Prominent
headlands such as Point MacKenzie, Point Woronzof, and Cairn Point cause
separation of the tidal flow along with generation of gyres and formation of
reduced flow areas in the lee of the headlands. The whole process of flow
separation, flow entrainment, and lateral shearing of the currents leads to
significant flow variations both through the water column and laterally across
the inlet. If these three-dimensional (3-D) hydredynam:c processes contribute
substantially to shoaling of the Port of Anchorage, then it is critical that
simulation tools used to study the problem include 3-D capabilities.

Study Purpose and Components

The study performed at the U.S. Army Engineer Research and Development
Center’s (ERDC) Coastal and Hydraulics Laboratory (CHL) had two principal
components which are discussed in the following paragraphs.

Flow table physical models

The first component was to use small-scale physical models to examine the
complex flow conditions in upper Cook Inlet. Under steady flow conditions

! Units of measurement in the text of this report are shown in 81 units followed by non-SI units in
parenthesis. A table of factors for csnvertmg non-S1 to SI units of measusrement used in figures
and tables is presented on page xiii.
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representing various stages of the tide, the model boundaries generate complex
patterns that include large-scale turbulent-like features such as gyres and 3-D
velocity structures. The flow patterns reveal regions of faster and slower current
velocities, and potential sediment deposition areas can be readily identified.

The purpose of the small-scale physical models was to perform an initial
investigation of the complex flow regime using an economical tool with the hope
of identifying the physical mechanism responsible for shoaling of the Port of
Anchorage. An added benefit of the models was the capability to modify
physical conditions and immediately observe changes brought about in the
system. This allowed potential engineering solutions to be examined rapidly.
For example, impacts caused by structures intended to redirect flows could be
assessed and optimized using the small-scale models.

Turbulent scale effect in geometrically distorted physical models

The second component was to examine potential turbulence scale effects that
might occur in geometrically distorted physical models. The Alaska District is
contemplating construction of a large physical model to simulate tidal flow in
Cook Inlet and at the Port of Anchorage. The proposed model would be
constructed at considerable expense, and it would be the primary tool for
investigating problems and developing solutions for the region centered on the
Port of Anchorage. The area encompassed in this model would require that the
model horizontal length scale would be different than the vertical length scale.
Generally, geometric distortion of tidal flow models is an accepted practice
because vertical velocities and accelerations are considered negligible. However,
flow patterns in Cook Inlet exhibit regions of flow separation and entrainment,
which can produce non-negligible vertical components to the flow. If these
vertical flow structures are thought to be important to the shoaling and scour
processes that are to be examined in the large-scale physical model, it is crucial
to determine potential scale effects that might arise from incorrectly simulating
3-D turbulence in geometrically distorted physical models.

The purpose of this component is to assess the turbulence scale effect that
arises in geometrically distorted physical models of tidal flow, and to determine
whether this scale effect would adversely impact results obtained from the
proposed large-scale model of Cook Inlet.

Study Tasks

The original scope of work called for four study tasks. A fifth task was
added based on observations of the physical models during the first site visit by
Alaska District engineers. These tasks are briefly described as follows:

Task 1: Large-area idealized flow model of Cook Inlet

The objective of this task was to identify and examine in a semiquantitative
way the large-scale flow patterns in upper Cook Inlet during maximum ebb and
flood tide.
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Task 2: Small-area idealized flow model of Cook Inlet

The objective of this task was to study in greater detail flow patterns
identified in the Task 1 model in terms of potential contribution to sedimentation
at the Port of Anchorage. A secondary objective was to collect data to compare
between the two small-scale distorted models.

Task 3: Turbulence scale effect in distorted physical models

} The objective of Task 3 was to quantify the impact of turbulent scale effects
associated with geometrically distorted physical flow models, and to determine
whether a proposed large-scale distorted physical model of Cook Inlet will
produce reliable and useful results in regions where flow separation and
turbulence are contributing to sedimentation.

Task 4: Effect of sloping transitions on flow hydrodynamics

The objective of this task was to test the hypothesis that sloping transitions
on both ends of the harbor would decrease areas of flow reduction and increase
flushing of the harbor. (Presently, the upstream and downstream ends of the
dredged region of the Port of Anchorage have vertical sidewalls cut out of hard,
non-erodible material.)

Task 5: Large-area 3-D flow model of Cook Inlet

The objective of this task was to identify and examine in a 3-D flow table

model the large-scale flow patterns in upper Cook Inlet during maximum ebb and
flood tide.

Report Organization and Content

| The chapters of this report are organized according to the previously listed

| tasks. Chapter 2 overviews the flow table modeling facility and describes its

| ' capabilities and operation. Chapter 3 describes the two idealized Cook Inlet

| ‘ models and summarizes observations from these models. Turbulence scale

effects are examined theoretically in Chapter 4, along with an examination of

potential scale effects for river bends simulated in geometrically distorted

physical models. Flow table experiments to examine potential turbulence scale

| . effects in distorted models are described in Chapter 5 along with results and

| conclusions. Chapter 6 presents experiments related to potential shoaling
impacts caused by lateral boundaries of the dredging area. The 3-D
geometrically distorted flow table model of upper Cook Inlet is described in
Chapter 7. Finally, all the study tasks are summarized in Chapter 8, and study

conclusions are listed and discussed. Complete plotted results from the

turbulence scale effect experiments are included in Appendix A, Appendix B,
and Appendix C.
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2 Coastal and Hydraulics
Laboratory Flow Table

Flow Table General Description

The precision flow table at CHL is used to examine flow problems related to
tidal flows in estuaries and currents interacting with inlet jetty structures. The
system maintains a constant flow discharge across a horizontal portion of the
table through a recirculating system regulated by valves. Water depth is
controlled by a downstream adjustable weir. Small-scale models depicting either
idealized flow boundaries or portions of actual projects are placed on the glass
horizontal test section of the flow table. Complex flow patterns created by the
scale model solid boundaries, such as regions of flow separation and turbulence
generation, are quantified using a laser Doppler velocimeter (LDV) located
beneath the horizontal section of the table. The laser beams pass through the
glass bottom and measure two horizontal components of velocity at the vertical
elevation where the laser beams intersect. Complex flow patterns can also be
visualized using traditional techniques of dye injection, surface tracers, and
bottom tracers.

For Corps projects where 3-D flow structures are thought to be significant,
the flow situation can be clarified by fabricating a scale model of the actual
bathymetry and shore boundaries for use on the flow table. Changes to
bathymetry or upstream boundaries are easily simulated, and the impact is
immediately observed. Because many complex flow phenomena such as
separation and turbulence are reliably reproduced in small-scale physical models,
the flow table can be used as a validation tool in conjunction with development
of advanced hydrodynamic numerical models that incorporate these features.

Flow Table Details

The CHL flow table, shown in the photograph of Figure 3 and represented
schematically in Figure 4, is approximately the size of a billiards table. Flow of
water from the constant head tank (HT) is controlled by a valve, which assures
a steady flow rate feeding the upstream basin (IN). Water flows across the
horizontal 2.44 m x 1.22 m (8 ft x 4 ft) glass bottom of the flow table and spills
over the adjustable-height weir into the catchment tank (OUT), which in turn
overflows into the reservoir (RES). The reservior is detached from the flow
table to isolate vibrations of the pump as water is recirculated to the head tank.
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The discharge rate onto the flow table is controlled by an adjustable valve (A1)
and flow meter.

Figure 3. Side view of CHL flow table

CHL Flow Table Constant Head Tank
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Figure 4. Schematic side view showing flow table components

Flow Measurement System

Flow velocities on the water table are measured with a two-component laser
Doppler fiber-optic probe mounted on a horizontal traversing system beneath the
19-mm-thick glass bottom (Figure 5). Traversing of the LDV probe is computer
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controlled in two horizontal directions allowing automatic recording of velocity
at precise, predetermined locations throughout the testing area. Usually, velocity
data are collected on a uniformly spaced grid with the probe collecting a time
series of instantaneous velocities at each grid point before moving to the next
location. The velocity time series in the two orthogonal horizontal directions at
each point are averaged to provide two components of the velocity vector.
Sampling rate and duration are adjustable, but typically data are collected at a
100-Hz rate for 10 sec at each point. Because the flow is quasi-steady, the final
result is a map of velocity vectors detailing the flow throughout the measurement
region.

R

Figure 5. View of traversing system looking down through glass bottom

Velocity measurements using the traversing LDV system require a
transparent horizontal bottom so that the four individual laser beams will have
equal refraction and converge at a point. Consequently, velocity measurements
cannot be made when actual bathymetry is carved into Plexiglas and placed over
the horizontal glass bottom because the laser beams would not converge to a
point. However, a compromise is possible if the bathymetry is idealized as a
series of stepped horizontal surfaces fabricated of Plexiglas. Flow quantification
for models incorporating complex bathymetry must be done using surface-
piercing instruments such as LDV probes, microimpellers, or by using time-lapse
photography of surface tracers.
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3 ldealized Cook Inlet Models

Field observations of flow patterns in upper Cook Inlet, visualized by ice
breakup in the spring, had previously indicated that large-scale flow separation
occurred at major headland features. The flow separation generated 3-D flow
structures, and it was hypothesized that this might be a mechanism responsible

- for the formation of deep scour holes and sedimentation in the Port of
Anchorage.

Overview of Idealized Models

Two idealized scale models of a portion of upper Cook Inlet, AK, were
constructed and tested on the CHL precision flow table. The purpose of these
models was to observe and identify the predominant large-scale tidal flow
patterns responsible for sediment erosion and deposition in the vicinity of the
Port of Anchorage.

These models were termed “idealized” because actual bathymetry in the
modeled region was represented by several horizontal surfaces situated at
selected depth contours. Transitions between different &epths were vertical, and
the shoreline was also vertical rather than sloping. So, in essence, the bathymetry
had a “terraced” look. There were three reasons for this bathymetry compromise:

a. The models would be inexpensive and easy to build.
b.  The models could be rapidly constructed based on nautical charts.

c¢. The horizontal surfaces constructed of clear Plexiglas would allow
velocity measurements to be obtained throughout most of the flow
regime using the laser Doppler velocimeter.

It was judged that the idealized bathymetry would produce flow patterns
similar to models having actual bathymetry, but it was recognized the vertical
shoreline and vertical transitions between depths would have some impact on the
3-D flow structure, thus compromising model results.

The second major concession in the idealized models was geometric
distortion. Both idealized models had significant geometric distortion with the
horizontal scale much larger than the vertical scale. The reason for the distortion

~ was to be able to model a vast horizontal portion of Cook Inlet at the small size
of the flow table. In general, smooth steady and unsteady nonoscillatory flow is
not compromised by geometric distortion. However, this was not the case for
regions of the flow where vertical velocities and accelerations were significant,
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such as in the region of flow separation. The impact of model distortion on
the turbulent flow regions was unknown during testing of the idealized models.
That question was subsequently examined in a later portion of this study (see
Chapters 4 and 5).

Despite the mode! distortion and idealized bathymetry, the two idealized
models produced flow patterns that were visually similar to those observed in the
field, and this lent credence to the observations made and hypotheses developed
during testing of the idealized models.

The two idealized models were referred to as the large-area model and the
small-area model as delineated in the map in Figure 6. The large-area model was

Figure 6. Area coverage of large-area and small-area idealized models
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intended to give a broad overall representation of the flow patterns, whereas the
small-area model would permit a closer look at the flow features in the general
vtc;n;iy of the Port of Anchorage.

Large-Area Model Description

The seaward boundary of the large-area idealized model reproduced about
10.3 nautical miles (n.m.) on a transect through Fire Island as shown in Figure 6.
The shoreward boundary extended a distance of about 5 n.m. upstream of the
Port of Anchorage. This area was scaled to fit within the 1.22-m (4-ft) width and
2.44-m (8-ft) length of the CHL flow table. Relevant scale ratios' for the large-
area model are listed in Table 2 along with approximate model equivalences.

Table 2

Scale Ratios for Large-Area Model

Scale Scale Value C Model Equivalence

Horizontal Scale Ny = 15,625 1,300 ft = 1 in.

Vertical Scale Nz =480 40ft=1in.

Velocity Scale N Vz\/N—Z =219 2.2 misec = 10 cmisec

Discharge Scale N Q= Nx”zm = 164,316,767 203,000 cu mfsec = 1.24 lifers/sec

Depths in the model were idealized by a horizontal surface located at an
elevation corresponding to depths of el 0 and by the glass bottom of the flow
table, which represented el -60.> Transitions between the two depths were
vertical. Figure 7 shows the modeled region as it was situated on the flow table.
The red lines represent the shoreline, and the blue lines are el 0.

The ERDC Model Shop converted the shoreline and el 0 contours into
appropriate commands for cutting by a computerized router. The components for
the idealized model were then cut from blocks of 3.81-cm (1.5-in.-) thick
Plexiglas (Figure 8). Figure 9 shows the large-area model during assembly.

The scaled idealized model was operated by placing it on the flow table,
turning on the recirculation pump, and adjusting the valves to give the
appropriate total discharge. The adjustable downstream weir was used to set the
constant water level. Thus, the model simulated steady tidal flow of given total
discharge at the selected tide elevation. Simulation of a variable-flow tide
hydrograph was not supported at this time. Changing between ebb and flood tide
was accomplished by rotating the entire model by 180 deg on the flow tahle 50
the water flowed across the model in the opposite direction.

! Scale ratios are defined as the value of a parameter in the prototype divided by the value in the
model. For example, the scale ratio of the characteristic horizontal length X is:

_g_ Value of X in Prototype

NX Value of X in Model

% All elevations (el) cited herein are in feet referred to mean lower low water (milw) datum (to
convert feet to meters, multiply number of feet by 0.3048).
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Figure 7. Idealized bathymetry in large-area model

Chapter 3 Idealized Cook Inlet Models

12



Figure 9. Assembly of large-area model
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Complex flow patterns were visualized using injected dyes and tracers
introduced into the upstream flow. The dye revealed the 3-D nature of the
turbulence, and it was injected using different sized syringes. One method is to
squirt a line of dye across the principle flow direction to observe how it translates
downstream. A second method is to continually introduce dye at an upstream
point so a path line forms as the dye moves downstream.

Baby powder worked well as a tracer. Quite by accident it was learned that
one brand of baby powder had small particle sizes so the flakes floated on the
surface, whereas another brand of powder had larger flakes that sank to the
bottom before moving downstream.

Large-Area Model Observations

During the week of 6-10 May 2002, engineers from the Alaska District
arrived at ERDC to examine ebb and flood general flow patterns using the
idealized flow table models. Testing commenced with the large-area model
placed on the flow table to represent the peak flood flow condition. According to
the Alaska District engineers, the large-area model

“...appeared to reproduce reasonably well known surface conditions.
The most important of these conditions are the gyres/eddies around
the Port of Anchorage, Point Woronzof, and Point MacKenzie.”

It was also noted that upstream model boundaries influenced the flow patterns
downstream. Various solid objects were used to represent boundary changes
such as shifting shoals. For example, a lateral movement of Fire Island shoal an
equivalent of 914.4 m (3,000 ft) changed the downstream location of a cross-
channel current by about 1,828.8 m (6,000 ft).

Generally, the flood and ebb surface currents moved as expected with large
gyres forming in the lee of Point Woronzof, Point MacKenzie, and Cairn Point.
Figure 10 shows the large-area model during flood tide with surface flows
visualized by tracers. The closer view offered by Figure 11 shows tracers
trapped in the reduced flow area to the lee of Point MacKenzie.

Dye injection indicated significant 3-D flow structure within the large gyres
(Figure 12). An unexpected observation was formation of a strong cross-channel
current at the bottom during flood tide. This current originated to the north of
Point Woronzof and crossed the channel on a diagonal toward Port MacKenzie as
illustrated in Figure 13. The mechanism for this cross-channel flow appeared to
be flood flow separation at Point MacKenzie, which accelerated the flow at the
separation boundary resulting in a local decrease in water-surface elevation. The
cross-channel water level differential created a momentum imbalance that was
alleviated by mass flowing from the higher side to the lower side at the bottom
where resistance to cross-channel flow was least. Although this phenonomenon
had not been observed in the field, it appeared to be authenic because the
necessary flow separation was known to occur at Point MacKenzie. An
important observation was that the stepped contours in the idealized model
seemed to prevent vertical mixing between the layers.
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Figure 11. Flood flow separation at Point MacKenzie
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Figure 12. Alaska District engineers observe dye patterns in large-area
idealized model

- Point
MacKenzie

Figure 13. Cross-channel flow at Point MacKenzie during flood tide
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Tracer material was placed in “feeder” piles on the bottom of the model and
allowed to move according to prevalent flow patterns. Deposition patterns that
formed in the model at the Port of Anchorage and on the Woronzof Shoal were
noted by the Alaksa District engineers to be similar to those deposition patterns
historically seen at those locations. Deposition of tracer at the Port of Anchorage
during flood flow occurred as a crescent-shaped berm starting on one end and
extending to the other end. Monthly condition surveys indicated that shoaling at
the port occurred in much the same way.

Ebb-tidal simulations with the large-area model reversed on the flow table
indicated that Cairn Point plays an important role in sedimentation of the Port of
Anchorage. A stationary eddy was formed in the lee of Cairn Point as flow
separation occurred at the point. According to the Alaska District engineers,

“The outer edge of the eddy appeared to coincide with the
historical development of sediment accumlation in the vicinity of the
dock face.”

Injected dye captured by the eddy exhibited long residence time in the immediate
vicinity of the port. This would gave fine silts in the water column time to settle,
thus contributing to sedimentation of the Port of Anchorage. ‘

Testing of the large-area model evolved according to the insights provided by
the model with different tide levels being the primary variable. During ebb flow
it was shown that modifying the upstream channel configuration could change
the geometry of the eddy affecting the Port of Anchorage, but most of the eddy
persisted at nearly the same location.

Small-Area Model Description

The seaward flow boundary of the small-area idealized model was situated
Just to the west of Point Woronzof with a lateral extent of approximately 3.6 n.m.
(Figure 6). The upstream boundary was located about 2.6 n.m. upstream of the
Port of Anchorage. This area was scaled to fit roughly into an area with overall
dimensions of 0.91 x 0.91 m (3 ft by 3 ft). Relevant scale ratios for the small-
area model are listed in Table 3 along with approximate model equivalences.

Table 3

Scale Ratios for Small-Area Model

Scale Scale Value Model Equivalence

Horizontal Scale Ny =11,307 940 ft=~ 1 in.

Vertical Scale Nz =480 40ft=1in.

Velocity Scale Ny =‘\[N._Z =219 2.2 misec = 10 cmisec

Discharge Scale - NQ =Ny N7 =118,907,500 203,000 cu m/sec = 1.71 liters/sec
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Depths in the model were idealized by three horizontal surfaces located
at elevations corresponding to depths of el 0, el -30, and el -60 with vertical
transitions between the three depths. The glass bottom of the flow table served
as the el -60 contour. Figure 14 shows the small-area model being cut out of
3.81-cm (1.5-in.-) thick Plexiglas, and Figure 15 illustrates the idealized
bathymetry in the completed small-area model as viewed from the seaward end.

Contours are shown on Figure 16 where the red lines represent the shoreline,
the blue lines are the el 0, and the green lines are the el -30 depths. As
mentioned, the bottom of the flow table represents the el -60 depth. The nearly
right-angle bend in the modeled region resulted in the model being built at a size
smaller than originally intended to allow a more direct inflow path while still
accommodating outflow. The model was designed to be reversed on the table for
ebb and flood conditions as illustrated in Figure 17. Operating procedures for the
small-area model are the same as described for the large-area model.

Small-Area Model Observations

The small-area model was also tested extensively during the May 2002 visit
by Alaska District engineers. Flow patterns recognized in the large-area model
were replicated in the small-area model to see if the more detailed (but still
idealized) bathymetry altered any of the flow patterns substantially.

The small area model produced similar flow patterns as the large-area model,
particularly the three large flow separation and eddy formation features at Point
Woronzof, Point MacKenzie, and Cairn Point. The bottom crosscurrent flowing
diagonally between Point Woronzof and Port MacKenzie was also evident.

The small-area model did not replicate the boundaries as far upstream as the
large-scale model, and tests showed that changes to these boundaries could have
a downstream impact. It was concluded that care must be taken to reproduce
accurate upstream boundaries in flow table models so that flow patterns are
reasonable facsimiles of the actual region being modeled. This was an obvious
constraint in using the small-area model.

The effect of vertical transitions between horizontal layers was investigated
by using modeling putty to place a fairing along the vertical transition between
the layers. This gave a sloping transition, which allowed vertical mixing to
occur between layers. Thus, the main drawback to the idealized bathymetry is
prevention of vertical exchange between depths. This becomes a problem only
for cases that where 3-D flow structures with non-negligible vertical flow
components are known to exist.

Conclusions From ldealized Models

The two idealized physical models of Cook Inlet proved to be valuable in
understanding the complex flow patterns in the vicinity of Anchorage, AK. Even
though the models were very small, constructed at a highly distorted geometric
scale, and represented fairly complex bathymetry by simple horizontal terraces,
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Figure 14. Cutting small-area model pieces with router

Figure 15. Completed small-area model showing idealized bathymetry
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they still produced large-scale turbulent flow features known to exist in upper
Cook Inlet. Furthermore, the location and areal extent of the gyres and eddies
were qualitatively the same as in the prototype. The following conclusions were
drawn from the idealized model task based on visual observations, limited
velocity measurements (not included in report), and discussions among the test
participants:

a. Turbulent flow in Cook Inlet stemming from tidal flow separation at
major headlands introduces substantial turbulence into the flow regime
with some 3-D effects. Vertical mixing was evident as were cross-
channel flows due to water elevation differentials.

b. It appeared that the turbulent flow separation at Cairn Point during
ebb tide was a significant factor in the sedimentation of the Port of
Anchorage, which lies in the lee of the point. Current velocites were
reduced to the point that suspended fine sediments had time to settle in
the port area.

c¢. The apparent importance of the 3-D flow components to shoaling at the
Port of Anchorage may make application of two-dimensional (2-D),
depth-averaged tidal flow numerical models problematic.

d. Upstream boundaries are very important to the flow regime.
Consequently, natural processes such as shifting of major shoals could
have significant impact that might lead to additional maintenance
dredging requirements. Being able to forecast these requirements by
monitoring shoal development would be an important achievement.

e. The terraced bathymetry of the idealized models appeared to inhibit
water exchange between depth levels. More accurate bathymetry will
most certainly produce more reliable flow patterns.

f- Geometric distortion of the idealized models will have some impact on
the turbulent flow structures, although this impact is difficult to quantify.
In general, any vertically-directed turbulent velocities will be greater in
the model than in the prototype. However, the steeper slopes in the
distorted model will tend to generate less vertical fluid motion. Surface
flow characteristics of flow separation and entrainment are in good
similitude, but the 3-D structure farther down in the water column may
have a scale effect. Flow around bends in the absence of flow separation
is reasonably well simulated in a distorted model, and includes more
physical reality than depth-averaged numerical models. However,
bottom roughness may play a critical role in correct similitude of river
bend flows.

g. Idealized flow table models provide useful qualitative insight and semi-
quantitative results at a modest cost. The key points are to be aware of
model limitations and assure that observed flows in the model resemble
those observed in nature.

Based on the May 2002 experiments with the idealized models, the Alaska
District decided to fund construction of another large-scale flow table model
featuring actual bathymetry. Description of the 3-D flow table model and study
results are documented in Chapter 7.
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4 Turbulence Scale Effect in
Distorted Models

Introduction

Although numerical modeling of free surface flows has shown astonishing
growth in the past two decades, one of the few remaining difficulties is
simulating turbulent flow processes such as flow around solid bodies, flow
separation, and flow entrainment. There are specialized numerical models in
developmental stages that can address very localized and specific turbulent
processes; but this capability is not generally available in the numerical models
typically used to investigate coastal engineering problems.

For many years engineers have used small-scale physical models to study
and design coastal engineering projects. The models are useful for understanding
and quantifying flow patterns in the vicinity of projects and for predicting
changes to flow patterns brought about by project modification. Hydrodynamic
forces on solid objects can also be accurately determined using small-scale
physical models. Physical modeling of hydrodynamic phenomena is only
possible because we have an understanding of how to scale the models. With a
properly scaled model, measured and observed responses in the model can be
reliably translated to full-scale values.

Gehe‘rat S’imilitude Requirements

Complete similarity between a physical model and its real-world counterpart
(prototype) requires:

a. Geometric similitude. Ratios of all corresponding linear dimensions
between prototype and model are the same (i.e., model is a small-scale
replica).” E

b. Kinematic similitude. The ratio between components of all vectorial

motions for the prototype and model are the same for all fluid particles at
all times.

c.  Dynamic similitude. Ratios of all vectorial forces between the prototype
and model are the same at all times.

Generally, these three similitude requirements are reasonably met for all free-
surface flows in coastal and riverine environments by geometrically undistorted
Froude-scaled models. The term “geometrically undistorted” means that the
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model’s vertical and horizonta! length scales are the same...in other words the
model is “geometrically similar.”

Undistorted physical models can accurately reproduce the macro-scale
features of turbulent processes, and these physical models are the preferred tools
for studying turbulence-influenced flows provided the region of interest is small
enough and the modeling facility is large enough to accommodate undistorted
Froude scaling. When undistorted models are not feasible because of area
restrictions, an alternative might be a geometrically distorted physical model,
provided the flow conditions meet the necessary criteria.

Geometrically Distorted Models

In the context of free-surface hydrodynamic physical models, a
“geometrically distorted” model is a physical model having a vertical length
scale that is different than the horizontal length scale. Geometric distortion,
in general, invalidates the necessary scaling criteria; but under very specific
conditions the impact of geometric distortion is minimized to the point that
model results can be reliably scaled to prototype dimensions. Specifically,
situations where the vertical components of flow velocities and accelerations
are very small in comparison to the horizontal components can be modeled in
distorted models (Hughes 1993). This implies that water pressure is hydrostatic
throughout the inviscid flow region. Flow conditions that meet this specific
criterion include “long-wave models” (tidal flows) and unidirectional flow
models. However, there are certain restrictions that must be observed.

The main advantage of geometrically distorted physical models is the
flexibility in choosing the horizontal scale so that large horizontal areas can
be modeled in existing model facilities. Without geometric distortion, model
water depths would be very small, and model results could be severely affected
by surface tension effects and bottom friction. Distorted models allow greater
water depths, require less horizontal area, exhibit less frictional losses, and
facilitate more accurate vertical measurements (water-surface elevations).

The main drawback to geometrically distorted models is the inability to
simulate short waves (wind waves) in addition to long waves. Also, boundary
slopes are steeper in distorted models so how this might influence the particular
flow situation being modeled must be considered.

In geometrically undistorted models, macro-scale features of turbulence
are in similitude with the prototype, so overall characteristics of hydrodynamic
processes like breaking waves, hydraulic jumps, and regions of flow separation
are faithfully reproduced by the model. Conversely, in geometrically distorted
models, turbulent processes are not in strict theoretical similitude.

For most distorted physical models, this is generally not a problem either
because the modeled flow situation does not have significant large-scale
turbulence, or because the turbulent processes that do occur have little impact on
the flow features being simulated. However, if flow patterns in the main region
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of interest are strongly influenced by turbulence, a scale effect' will be present in
a distorted model.

If distorted physical models of turbulent flow regions are to be a viable
alternative, the turbulence scale effect must be assessed, and a determination
must be made on how the scale effect will modify model results that are scaled
up to full-size. This understanding could expand the utility of physical
hydrodynamic models for simulating real-world coastal engineering problems.

Turbulence Similitude in Geometrically Distorted
Models

Strict similitude criteria for hydrodynamic modeling are found by casting the
Navier-Stokes equations into nondimensional form and requiring that all
dimensionless coefficients retain the same value in the model as in the prototype.
Following the derivation provided by Hughes (1993), the four govening
eqa:eations for incompressible, free surface flow are given by the continuity
equation and the Navier-Stokes equations, i.e.,

continuity
L M
ox oy oz

x-direction momentum

ou Ou Ou ou_ 10p (523 0’u  0%u }
—tU—FV— W —= +v

+—+
o ox oy 52 p ox ot 8zt
acce@oﬂ terms pressure term viscous shear terms {2)
- Z(w2)+ 2 () + Z ()
Ox dy Oz

~
turbulence terms

! Scale effects are differences between the prototype and model response that arise from the
inability to simulate all relevant forces in the model at the proper scale dictated by the scaling
criteria.
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y-direction momentum
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\ v

turbulence terms

where
t = time
x,y = horizontal coordinates
z = vertical coordinate

u, v = nonturbulent horizontal components of velocity in the x and y
directions, respectively

u’ v = turbulent fluctuating components of velocity in the x and y directions,
respectively

w = nonturbulent vertical component of velocity in the z direction

= turbulent fluctuating component of velocity in the z direction

W
g = gravitational acceleration
p = fluid pressure
p = fluid density
v = fluid kinematic viscosity

Appropriate scaling criteria are derived from the equations of motion by
expressing the equations in nondimensional form using the following definitions
and substituting for the independent and dependent variables:
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where

= characteristic nonturbulent horizontal velocity
= characteristic nonturbulent vertical velocity
characteristic horizontal length

= characteristic vertical length

= characteristic time

o N S
"

= characteristic pressure

Making these substitutions into Equations 1 through 5, multiplying the
continuity equation by X/V, the horizontal momentum equations by X/V?, and the
vertical momentum equation by Z/W yields the nondimensional equations of
motion.

continuity (nondimensional)
ou  ob (m}&y

% %
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x-direction momentum (nondimensional)
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turbulence terms
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Different characteristic lengths and velocities were chosen for the horizontal and
vertical directions to accommodate geometrically distorted hydrodynamic
models. For convenience, the same characteristic velocities were used to
nondimensionalize the turbulent Reynolds stresses.
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y-direction momentum (nondimensional)
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z-direction momentum (nondimensional)
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turbulence terms

If two systems are governed by t