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Preface

The work reported herein was conducted as part of the Upper Mississippi
River - Illinois Waterway (UMR-IWW) System Navigation Study. The
information generated for thisinterim effort will be considered as part of the plan
formulation process for the System Navigation Study.

The UMR-IWW System Navigation Study is being conducted by the U.S.
Army Engineer Districts, Rock Island, St. Louis, and St. Paul, under the authority
of Section 216 of the Flood Control Act of 1970. Commercial navigation traffic
isincreasing and, in consideration of existing system lock constraints, will result
in traffic delays which will continue to grow into the future. The system
navigation study scope is to examine the feasibility of navigation improvements
to the Upper Mississippi River and Illinois Waterway to reduce delaysto
commercia navigation traffic. The study will determine the location and
appropriate sequencing of potential navigation improvements on the system,
prioritizing the improvements for the 50-year planning horizon from 2000
through 2050. The final product of the System Navigation Study is a Feasibility
Report which is the decision document for processing to Congress.

The study was performed by members of the staff of the U.S. Army Engineer
Research and Development Center (ERDC), Waterways Experiment Station
(WES), Coastal and Hydraulics Laboratory (CHL), during 1997-1998. The study
was under the direction of Dr. James R. Houston, Director, CHL; Mr. Charles C.
Calhoun, Jr., Assistant Director, CHL; and Mr. C. E. Chatham, Jr., Chief,
Navigation and Harbors Division (NHD), CHL. The study was conducted by
Dr. S. T. Maynord, Navigation Branch, NHD.

At the time of publication of thisreport, Dr. Lewis E. Link was Acting
Director of ERDC. COL Robin R. Cababa, EN, was Commander.

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.



1 Introduction

Background

The Upper Mississippi River-1llinois Waterway System (UMR-IWWS)
Navigation (Feasibility) Study will evaluate the justification of providing
additional lockage capacity at sites on the UMR-IWWS while maintaining the
social and environmental qualities of the river system. The system navigation
feasibility study will be accomplished by executing the Initial Project
Management Plan (IPMP) outlined by the U.S. Army Engineer Districts
(USAED), St. Paul, Rock Island, and St. Louis (1994). The IPMP outlines
Engineering, Economic, Environmental, and Public Involvement Plans.

The Environmental Plan identifies the significant environmental resources on
the UMR-IWWS and probable impacts in terms of threatened and endangered
species, water quality, recreational resources, fisheries, mussels and other
macroinvertebrates, waterfowl, aquatic and terrestrial macrophytes, and historic
properties. It considers system-wide impacts of navigation capacity increases,
while also assessing in preliminary fashion potential construction effects of
improvement projects.

One element of the Environmental Plan addresses the impacts of navigation on
larval and adult fish. Part of the fish study evaluates the impact of early life stages
of fish passing near the hull of the vessel where they could be exposed to shear
stress that could lead to mortality. The waterway zone passing adjacent to the hull,
the distribution of larval fish in the hull passage zone, the quantity of water
passing through the zone having lethal values of shear, and the mortality of larval
fish under shear stress are all parts of the larval fish study.

Objective

This study is a component of the larval fish study, and the objectiveisto
define the variation of shear stress in the zone between the hull of the tow and the
channel bottom and to define the quantity of water in this zone for typica UMRS
tows.

Chapter 1 Introduction



2 Factors Affecting Flow
beneath Vessels

The flow patterns beneath the hull of a moving tow are quite complex,
particularly with low underkeel clearance (UK C) and with ambient currents that
are either against the tow (upbound tow) or with the tow (downbound tow).
Return velocity is the flow created by the tow’s motion and has a direction
opposite to the direction of the tow. Return velocity increases with vessel speed
relative to the water and decreases with increasing area of the cross section. In
navigable rivers, low-flow periods generaly result in low UKC, high return
velocity, and low ambient velocities. Conversely, moderate- to high-flow periods
result in large UKC, low return velocity, and high ambient velacities. The ambient
flow conditions are often important because they can act in the same or opposite
direction to the return flows.

In Maynord (1990), a near-bed displacement velocity was identified as the
large peak in velocity acting opposite the direction of the tow just astern of the
end of the rake near the bow of the tow in slack water conditions. The
displacement velocity is caused by the contraction of flow at the rake of the lead
barges and is relatively short lived. For barges having poorly formed rakes,
separation at the bow could increase the displacement flow. Return velocity lasts
for the duration of the passage of the tow.

Consider near-bed velocities beneath a downbound tow. The displacement
velocity and the return velocity attempt to move flow upstream, the ambient
velocity is downstream, and the shear along the hull is dragging water in a
downstream direction. Unless the displacement vel ocity exceeds the ambient
velacity, near-bed velocity will remain in a downstream direction near the bow of
the tow. Unless the return velocity exceeds both the ambient velocity and the hull
shear effects, near-bed velocity along the length of the vessel will remainin a
downstream direction.

For an upbound tow, the displacement velocity and the return vel ocity attempt
to move flow downstream, the ambient velocity is downstream, but the shear
along the hull is dragging water in an upstream direction. Near-bed vel ocity
beneath the upbound tow will generaly be in adownstream direction except for
low depth/draft ratios where the hull shear effects can dominate flow beneath the
vessel and cause flow in an upstream direction.

Chapter 2 Factors Affecting Flow beneath Vessels



3 Shear Stress Along Hull of
Tows

General

When water flows past a solid boundary, the friction aong the boundary
retards the motion of the water next to the boundary. The zone of retarded flow is
called the boundary layer. As shown in the Figure 1 schematic, the velocity in the
boundary layer is zero at the boundary (hull) and the shear stressis a maximum at
the boundary. The limit of the boundary layer is generally defined as the point
where the velocity is equal to 0.99 times the velocity outside the boundary layer.
At the limit of the boundary layer, the velocity is at a maximum and the shear
stressis near zero. Since the boundary thickness grows with distance from the
point of initiation, the amount of flow in the boundary layer increases with
distance from the initiation point. The flow in aboundary layer of avessel is
turbulent except for a short distance near the bow. Turbulent flow along ahull is
characterized by eddies having size ranging from minute to about the size of the
boundary layer thickness. These eddies will thoroughly mix the boundary layer in
arelatively short distance, which is on the order of 20 to 50 times the boundary
layer thickness.

u VELOCITY IN BOUNDARY LAYER PARALLEL TO AXIS OF TOW

U,» = VELOCITY OUTSIDE BOUNDARY LAYER
= VESSEL SPEED RELATIVE TO WATER (Vw) + Vr
Vr = RETURN VELOCITY CAUSED BY VESSEL
X = LONGITUDINAL DISTANCE FROM DOWNSTREAM END OF RAKE
Yy = LATERAL DISTANCE FROM HULL
8 = BOUNDARY LAYER THICKNESS

e

RAKE / ly VELOCITY ¥
DOWNSTREAM END OF RAKE PROFILE IS
BOUNDARY LAYER u =099U,, SHEAR
VARIATION
P‘_,
UDO
—

CHANNEL BOTTOM

Figure 1.  Schematic of boundary layer along hull of vessel
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Boundary layer equations for flow in a devel oping boundary layer were used to
determine the variation of shear with distance from the bow of the vessel and the
variation with distance measured perpendicular to the hull. The analysis uses
equations for zero pressure gradient which is standard in vessel resistance
analysis. The analysis presented herein ignores the discontinuities at the junctions
between barges. While these junctions certainly have some local effect, they do
not eliminate the zone of retarded flow near the hull, and the analysis that follows
uses a continuous hull surface. The ultimate objective is to compare the computed
shear stress in the boundary layer near the hull with the lethal values of shear
stress from Morgan et a. (1976) and additional mortality studies conducted as part
of the UMR-IWWS studies. The following analysis will address both
hydraulically smooth and rough hull assumptions.

Hydraulically Smooth Hull--Large Underkeel
Clearance

The smooth boundary equations from Nikuradse (Schlichting 1968, p 605)
were used because they are applicable to large Reynolds numbers. The equation
from Schlichting for the velocity profile on a hydraulically smooth surfaceis

,.0.1315

u Xy 0
U =073782 2 (1)
v, G

where

u = velocity at distance y away from the boundary

U4 = velocity outside the boundary layer and set equal to the vessel speed
plus the computed return velocity

d; = displacement thickness

Nikuradse found velocity profiles are similar and independent of Reynolds
number when /U4 is plotted against y/d;. U4 is computed with the return
velocity rather than the displacement velocity, because the displacement velocity
acts over only asmall portion of the vessel hull. A schematic is shown in Figure 1.
The displacement thickness from Nikuradse is determined from

d, =0.01738 %= )
1 X U

¥

where

Ry = Reynolds number defined as U4 x/n
n = kinematic viscosity of water

x = distance from the beginning of boundary layer devel opment

Chapter 3 Shear Stress Along Hull of Tows



The displacement thickness indicates the distance by which the external
streamlines are shifted because of the formation of the boundary layer. The local
friction coefficient c¢ from Nikuradse is defined as

cf = 002296 R, *** 3)

The boundary shear stresst is given by
t =1/2r c¢U? (4)

wherer isthe water density.

Equation 4 can be used with smooth or rough hulls and the local skin friction
coefficient to define the shear as a function of distance along the hull or with the
total skin friction coefficient to define the average shear over the hull for either
rough or smooth hulls. (Nikuradse also provides an equation similar to Equation 3
for the total skin friction coefficient on a smooth boundary.) If the boundary layer
thickness d is defined as the point at which the velocity in the boundary layer is
0.99 times the vel ocity outside the boundary layer, Equation 1 resultsin

d =9,433d, ©)

Similar to an open channel, alinear variation of shear from the boundary to the
limits of the boundary layer (d) where shear is near zero is afair approximation
(Schlichting 1968, p 532). The discharge within the boundary layer or any portion
of the boundary layer can be determined from integration of Equation 1 over y and
substitution of Equation 5 resulting in

d 0.1315
¢ =087 (Ej dU, (6)

where

d = distance away from the boundary (must be less than d) over which the
discharge isto be determined

g = unit discharge within d

Thetotal discharge Q over the hull is
0=q(B+2D) (7

where

B = vessal width
D =vessd draft

While the sides of the vessal do not have the effects of the channel bottom, both
are treated the same because the flow patterns are similar.

Chapter 3 Shear Stress Along Hull of Tows



A typical UMRS vessel with length of 297 m (975 ft) (5 barges long), beam of
32 m (105 ft) (3 barges wide), draft of 2.74 m (9 ft), waterway width of 305 m
(1,000 ft), waterway area of 930 sq m (10,000 sq ft), and vessel speed of
3.05 m/sec (10.0 ft/sec) was used to evaluate the flow in the boundary layer. The
computed return velocity for thistow is 0.58 m/sec (1.9 ft/sec), giving a U4 of
3.6 m/sec (11.9 ft/sec). The boundary layer thickness and displacement thickness
for the smooth hull assumption are shown in Figures 2 and 3, respectively.
Boundary layer growth is assumed to begin at the downstream end of the rake
because the contraction of the rake is assumed to inhibit the growth of the
boundary layer. Note that the boundary layer thickness often reaches a magnitude
that extends to the channel bottom. Past this point, these methods begin to lose
their vaidity.

— HYDRAULICALLY SMOOTH BOUNDARY( NIKURADSE)
— — NONHYDRAULICALLY SMOOTH BOUNDARY
KARLSSON( 1978) AND GRANVILLE( 1987)
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Figure 2.  Boundary layer thickness versus distance from downstream end of
rake, vessel speed relative to water = 3.63 m/sec

Nonhydraulically Smooth Hull--Large Underkeel
Clearance

The assumption of a hydraulically smooth hull is generally not met on the hull
of abarge but does represent alower bound for the shear stress. Karlsson (1978)
conducted resistance tests on four different surfaces typical of that found on
vessdls. Local skin friction was measured with the “floating el ement method”
which involved measuring the drag on a small plate positioned at various points

Chapter 3 Shear Stress Along Hull of Tows



—— HYDRAULICALLY SMOOTH BOUNDARY(NIKURADSE)
— — NONHTYDRAULICALLY SMOOTH BOUNDARY
KARLSSONC 1978) AND GRANVILLE( 1987)

4

/
.25

/
/

@

o
N
)

L.

/

Q
@
hS

DISPLACEMENT THICKNESS, m
Q
o
~Y

Q

Q

Ol
N

/

© 50 100 150 200 250 300 350 400 450 509
DISTANCE FROM DOWNSTREAM END OF RAKE, m

Figure 3.  Displacement thickness versus distance from downstream end of
rake, vessel speed relative to water = 3.63 m/sec

along the developing boundary layer. One of the four surfaces tested, surface 3,
“is from an older ship and is probably painted without prior sandblasting.”
Surface 3 was selected for the analysis herein because its high roughness
represents aworst case in terms of boundary layer shear stress.

For surface 3, the downward shift of the logarithmic velocity distribution DB
for R, > 17is

DB =244 Ln R, - 305 (8)

where
R, =U*. k/n
U*, = rough surface shear velocity = (t/r )2

Note that B is defined as width previously. DB is retained herein to be consistent
with Karlsson (1978). Karlsson (1978) defined k as the root mean square value of
the roughness height and was equal to 0.183 mm for surface 3. The limitation of
R, > 17 for surface 3 resultsint > 74 dynes/sq cm which is exceeded for any
typica UMR-IWWS vessel and speed based on measured and cal culated shear
presented later in this report. Karlsson gives the relationship of DB to the smooth
surface shear velocity U*, and U*, as

Chapter 3 Shear Stress Along Hull of Tows



DB:&_ & (9)
U*  U*,

Karlsson presents an equation from Coles (1953) to define the skin friction for
smooth walls as

2
2(U*£J [U¥x +2g R ek(Cz/Cl)} _

U, n k?

2
2Ce MW KO Un) g vh(2,6),2(v% ) (1,6 (10)
! u, \k ¢ ) klu, )k ¢

where the constants are defined as C;=4.05, C,=29.0, k = 0.4, and f (1) = 7.9.

Equation 10 is solved for U*¢ by an iterative method and c¢; is determined
from Equation 4 with t = (U*Jr)*®. The hull shear for asmooth hull based on
Equation 10 is shown in Figure 4 for the typical UMRS tow used in the boundary
layer calculations above. The Figure 4 shear stressis nearly identical to values of
shear stress obtained from Nikuradse's Equations 3 and 4.

500
~ 450
O
g 400
o
L 350
z
—
0 300
-
< 250
I \
Z 200
O \ T~ | Vw =m/sec(ft/sec)
% 150 — 3.18¢17.0)
5 100 \ T 442345
3.63C11.9
50
%)
%] 50 100 150 200 250 300 350 400 450 500
DISTANCE FROM DOWNSTREAM END OF RAKE, m

Figure 4.  Shear on hull versus distance from downstream end of rake versus
speed relative to water (equal to vessel speed plus return velocity),
hydraulically smooth hull
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Knowing U*s Uy, k, and n for each x alows determination of U*, by using
Equations 8 and 9. The hull shear for the nonhydrodynamically smooth hull based
on the Karlsson surface 3 is given in Figure 5. The nonsmooth hull shear for
Karlsson's surface 3 is about one-third greater than the smooth hull shear.

500 ‘
~ 450 \
Q
g 400 \
*
L 350
rad
RN
0 300
3 250 \ "
2 \ T —r——1 | Vw = M/SEC(FT/SEC)
2 200 o 5.18<17.0)
¥ \ T T ——| 442045
< 160 ———
T R Ea e S , ,
S 100 3.6311.9)
50
% 50 100 150 200 250 300 350 400 450 500
DISTANCE FROM DOWNSTREAM END OF RAKE, m

Figure 5.  Shear on hull versus distance from downstream end of rake versus
speed relative to water (equal to vessel speed plus return velocity),
based on Karlsson (1978) for hulls that are not hydraulically
smooth, Karlsson surface 3, K=0.183 mm

Karlsson did not provide a method for calculating boundary layer or
displacement thickness for the nonsmooth boundary. Using local skin friction
coefficients based on the Karlsson equations for smooth and rough boundaries
(surface 3), Granville (1987) was used to calculate the boundary layer thickness
and displacement thickness as shown in Figures 2 and 3, respectively. Both
thicknesses for the rough boundary differed little from the corresponding
thicknesses for the smooth boundary.

Small Underkeel Clearance

As stated above, the boundary layer equations are not valid when the distance
between hull and the channel bottom becomes less than the boundary layer
thickness which is frequently the case on UMRS tows. UKC of aslittleas 0.6 m
are common. One factor that will affect the hull shear and the number of larval
fish passing through the shear zone is the small amount of flow that is actually

Chapter 3 Shear Stress Along Hull of Tows
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going under the vessel when UK C becomes small, because alarge portion of the
flow is diverted around the sides of the vessdl.

To determine hull shear for the condition of low UKC, physical model
experiments were conducted in the Navigation Effects Flume shown in Figure 6.
Hull shear was measured using hot film anemometers mounted in the plexiglas
barge as shown in Figure 7. The removable rake shown in Figure 7 was attached
to the lead barge. The model tow was constructed from five of the plexiglas
barges shown in Figure 7. The draft was 0.098 m except for one test that had a
0.028-m draft. The position of the two hot film gauges was changed by
positioning the barge having the gauges at the bow of the tow, the middle, and at
the stern. The cross section used in the middle 61 m of the Navigation Effects
Flume is shown in Figure 8 (prototype dimensions are shown based on ascale
ratio of 1:25) and was constructed of plastic-coated plywood. The hot film
anemometers were calibrated in a 1.27-cm by 22.86-cm rectangular plexiglas duct
with alength of 4.6 m. Pressure taps along the length of the duct established the
pressure gradient which was used to compute the shear stress. The calibration duct
had turbulent flow and a usable calibration range of 2 to 47 dynes/sq cm.

Unless noted, all quantities regarding the physical model in this section are
presented in model dimensions. The approach used herein isto determine the ratio
of local friction coefficient measured in the model for low depth/draft to local
friction coefficient computed using the equation for a smooth flat plate. Since
viscous forces are significant, the ratio must be determined using model quantities
for both parameters. Thislocal friction coefficient ratio will then be used to
modify friction coefficients determined using flat plate equations and prototype
dimensions. Results from the hull shear experiments are shown in Tables 1 though
3.

TOWING CARRIAGE

124.97 m

Experiment Section

c

\ —01.12 M
PUMPS NOTE: DIMENSIONS SHOWN ARE MODEL QUANTITIES TOW

Figure 6.  Navigation effects flume
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198 M

CENTER LINE OF BARGE 0.52 M
0.03 M FROM CENTER LINE—"
HOT-FILM
0.7 M FROM CENTER LINE— GALIGES

PLAN VIEW OF SINGLE BARGE

0183 M

SIDE VIEW OF SINGLE BARGE

1.28 M

I 034 M|
AR = 0es M

A ~ 0046 M
0,183 M
A
00257 M

| | anGle a = 26 DEG
041 M

SIDE VIEW OF RAKE

Figure 7.

Hot-film gauge locations and barge dimensions
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RIGHT BANK
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T
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Figure 8.
1:25 scale model
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Table 1

Measured Shear at 0.52 m from End of Rake

Shear’ at Gauge 1, Gauge 2 in dynes/cm?

Depth, m Draft, m gt::ftthl Vy,=0.366 m/sec 0.548 m/sec 0.610 m/sec 0.854 m/sec
0.364 0.028 13.0 3.8,3.6 - 10.5,10.0 16.5,13.4
0.364 0.098 3.71 3327 - 9.7,8.2 15.9,12.9
0.292 0.098 2.98 4345 - 10.3,10.8 22.0,18.8
0.220 0.098 2.24 47,48 - 10.5,10.9 20.5,17.1
0.172 0.098 1.76 6.0,5.5 - 12.7,10.9 2
0.136 0.098 1.39 9.1,6.3 14.1,11.3 2 2
* Average of three replicates at each gauge.
2 Vessel speed greater than limiting speed.
Table 2
Measured Shear at 4.48 m from End of Rake
Shear' at Gauge 1, Gauge 2 in dynes/cm?

Depth/
Depth, m Draft, m Draft Vy=0.366 m/sec 0.548 m/sec 0.610 m/sec 0.854 m/sec
0.364 0.028 13.0 3.7,4.0 - 7.5,8.5 10.5,9.4
0.364 0.098 3.71 28,25 - 9.3,6.9 12.9,10.7
0.292 0.098 2.98 15,23 - 8.0,7.0 16.4,12.3
0.220 0.098 2.24 3.0,2.6 - 9.8,7.3 16.2,13.4
0.172 0.098 1.76 4.7,3.6 - 10.8,8.5 2
0.136 0.098 1.39 4.0,3.2 7.6,7.2 2 2

* Average of three replicates at each gauge.
2 vessel speed greater than limiting speed.

12
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Table 3

Measured Shear at 8.4 m from End of Rake

Shear'at Gauge 1, Gauge 2 in dynes/cm?
Depth/

Depth, m Draft, m Draft V,=0.366 m/sec 0.548 m/sec 0.610 m/sec 0.854 m/sec
0.364 0.028 13.0 1.8,1.9 5.4,55.2 10.7,10.4
0.364 0.098 3.71 6.9,2.4 7.4,6.3 15.2,11.2
0.292 0.098 2.98 22,26 6.6,6.1 10.9,10.8
0.220 0.098 2.24 29,31 6.9,7.7 14.3,13.9
0.172 0.098 1.76 26,23 - 6.9,6.7 2

0.136 0.098 1.39 18,15 4.4,3.6 2 2

*Average of three replicates at each gauge.
2 Vessel speed greater than limiting speed.

Hot film anemometry can be difficult in an environment like the Navigation
Effects Flume which is exposed to dust and dirt blowing into the flume and has
uncontrolled temperature. Considering these difficulties, the two gauges give
relatively similar results. The shear from the two gauges was averaged and the
local friction coefficient c¢s was computed using Equation 4 with U, equal to
vessel speed plus return velocity (average over the entire cross section) computed
from Maynord (1996). For depth/draft of 13.0 and 3.71, c¢sis plotted against Ry
in Figure 9 along with the Nikuradse smooth boundary equation given by
Equation 3. The two highest depth-over-draft ratios were used because they would
be least influenced by the channel bottom and most likely to fit the standard
boundary layer equations. The agreement between the shear from the experiments
where the hull is far from the bottom and the Nikuradse Equation 3 is good. The
observed values average about 15 percent greater than the smooth curve which is
likely the result of the joints between barges, the difference between the shape of
the barge rake and the entrance shape of aflat plate, and typical deviations with
hot film anemometry. The c¢; from Equation 3 was used to normalize all c¢s
determined using the measured shear stress, and thisratio is plotted versus
depth/draft ratio in Figures 10 through 12 for each location along the tow.
Depth/draft = 13.0 was not plotted because Figures 10 through 12 focused on the
depth/drafts where low UK C is expected to cause increased shear stress. In the
zone near the bow of the tow (0.52 m from end of rake), the hull shear increases
significantly with decreasing depth/draft as shown in Figure 10. The best fit line
in Figure 10 is given by

Kb 105 g R0t
c¢ (Nikuradse) Draft

(11)

Chapter 3 Shear Stress Along Hull of Tows
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SHEAR MEASURED AT 4.48 M FROM END OF RAKE
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Figure 11. Friction coefficient ratio versus depth/draft, 4.48 m
from end of rake
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Theright hand side of Equation 11 is a minimum of 1.0. Since the physical
model is scaled on UMR-IWWS tows at a scaleratio of 1:25, Equation 11 is
applicable to apoint on the full-scale vessel hull 25(0.52) = 13 m from the end of
the rake.

In the zone near the middle of the tow (4.48 m from end of rake), the hull
shear also increases, but at alesser rate than at the bow, as shown in Figure 11.
The best fit line description is

¥ 155 010522
c¢ (Nikuradse) Draft

(12)
and is also limited to a minimum value of 1.0. Equation 12 is applicable to a point
on the hull of the full size vessel at 25(4.48) = 112 m from the end of the rake.

Near the stern of the tow (8.4 m from end of rake in the model or 25(8.4)
=210 min the full size tow), the shear shows no significant change until a
decrease at depth/draft less than 1.8 as shown in Figure 12. This decrease is
possibly the result of flow being forced from beneath the vessel by the low UKC
or the flow approaching an equilibrium close to a Couette flow where the shear on
the channel bottom and the hull are closeto equal.

The lowest depth/draft used in the hull shear experiments was 1.39, which is
greater than low water conditions which can have depth = 3.35 m and draft
= 2.74 m or adepth/draft = 1.22. Values of depth/draft less than 1.39 were not
used because of physical model floor irregularities which resulted in groundings
of the model tow. In addition, as discussed under scale effects by Maynord and
Martin (1997), the boundary layer isrelatively larger in the physical model thanin
the prototype. Because the boundary layer begins development at the bow, the
effective draft at the bow will be equal to the actual draft in the model. At the
stern the difference between boundary layer effects (quantified by the difference
in displacement thickness) in model and prototype will be about 0.012 min the
model and 0.30 min the prototype. The effective draft at the stern in the model
becomes 0.098 + 0.012 m = 0.11 m using the largest model draft in Tables 1
through 3. In the prototype, this correspondsto a 2.75-m draft which istypical of
loaded UMR-IWWS tows. The actual draft of 0.098 m (model) or 2.44 m (proto-
type) is used herein to provide some conservatism. Application of Equations 11
and 12 to depth/draft of 1.22 requires only a modest extrapolation of the data
which ranges from 3.7 to 1.39 for loaded tows. Tables 1 through 3 show three
conditions which are labeled “vessel speed greater than limiting speed.” Thiswas
true for the channel size and model tow used in the physical model experiments
but Equations 11 and 12 are applicable to any low-flow beam, draft, vessel speed,
and depth combination occurring on the UMR-IWWS.

Analysis of Couette Flow

Because of the geometric similarity of small UK C beneath a 250- to 300-m-
long tow to Couette flow and after comments by one of the reviewers, the flow
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beneath the vessel was evaluated to seeif the analogy of Couette flow would
provide a useful analysistool. For the model barges having atotal length of

10.24 m and a clearance of (depth = 0.136 m) - (draft = 0.098 m) = 0.074 m, the
length/clearance ratio of 10.24/0.038 = 269 makesit very tempting to assume
fully developed flow in the small gap, since pipe flows become fully devel oped
after alength of 20 to 40 pipe diameters. The length/clearance ratio for some tows
on the river can be up to 500. In pipe flow, the flow is caused by the pressure
gradient along the pipe and flow development only requires a rearrangement of
the velocity profile by the boundary roughness. In Couette flow, the flow is caused
by the motion of one boundary relative to the other and the distance required to
develop Couette is not analogous to, and is greater than, the distance required to
develop pipe flow. Complicating and maybe even dominating the lack of
formation of Couette flow beneath atow is the influence of return currents which
acts opposite to the direction of travel of the tow. If fully developed Couette flow
exists beneath the tow, all velocities relative to the bed between the bed and hull
will bein the direction of tow travel. Return velocity relative to the bed actsin a
direction opposite to tow travel and will low down or prevent the formation of
developed Couette flow. To check this hypothesis that Couette flow does not have
the required length to form and/or that return currentsinhibit formation of Couette
flow, physical model measurements of shear stress were compared on the hull and
on the bed. If Couette flow exists, the shear values should be similar in

magnitude. Bed shear stress measurements in the Navigation Effects Flume were
measured, as shown in Table 4, along with values from Tables 2 and 3 (Maynord
in preparation). Results show that the shear is not equal on bed and hull and
Couette flow has not yet formed for the conditions shown. The shallowest depth
for which hull shear measurements were made, 0.136 m, shows hull shear
approaching bed shear near the stern, suggesting that Couette flow conditions are
being approached. As an additional check, the shear stress was calculated between
the hull and bed, assuming the Couette flow for the hull shear experiment had a
0.136-m depth and using a velocity of 0.4 m/sec to compare to Table 4. For
Couette flow conditions, the velocity at midway between the hull and bed, relative
to the hull or relative to the bed, will be one-half the vessel speed relative to the
ground. Using the logarithmic velocity distribution for a smooth boundary with y
= 1/2 of the clearance = 0.019 m, velocity = 1/2 of the ground speed = 1/2(0.4)

= 0.2 m/sec, and n = 0.000001 m?/sec, the computed shear for Couette flow
conditionsis 1.1 dynes/sq cm. Using Couette flow equations for rotating
concentric cylinders from Lathrop, Fineberg, and Swinney (1992) and substituting
vessel speed for cylinder rotation speed and clearance for gap width between
cylinders, the computed shear beneath the model tow is 1.4 dynes/sq cm. The
computed Couette flow shear values are less than measured on the hull showing
that Couette flow conditions have not been achieved. The Couette flow analogy
does not provide a useful analysistool, because Couette flow has not formed for
most tows on the river. Even for the lowest clearances on the river where Couette
flow may form near the stern, the analogy is not useful because the highest shear
stresses having potential for mortality are located forward, where Couette flow
conditions have not formed.
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Table 4

Bed and Hull Shear Stress Comparison(given in model quantities)

Depth, m, Hull Shear, dynes/sq cm
Depth, m, and and Speed,
Speed, m/sec, m/sec, in Hull | Bed Shear
in Bed Shear Shear beneath
Barge draft, Experiments, Experiments, Barges,'

m m m dynes/sq cm 4.48 m 8.4m
0.098 0.146, 0.4 0.136, 0.4 »1? 4.3 213
0.098 0.183, 0.6 0.172,0.61 »12 9.7 6.8

! Bed shear beneath barges was relatively constant after passage of the sharp peak at the bow.
2 This value is approximate, because shear this low is below the range in the calibration facility.
% Interpolated from Tables 2 and 3.

The correction ratios given by Equations 11 and 12 are based on hydraulically
smooth boundariesin a 1:25 scale model where viscous forces are significant.
These ratios are proposed for use in the prototype where viscous forces are
generaly insignificant. By using ratios rather than scaling up model valuesto
prototype values, we avoid many of the problems with viscous forces in the model
being larger than the prototype. But are these ratios affected by the viscous forces
in the model to the extent that they would be significantly different if determined
in the prototype? The mechanisms causing hull shear to increase because of low
UKC isastegper velocity gradient at the hull and/or increased turbulence near the
hull because of the presence of the channel bottom. The lack of significant shear
on the channel bottom presented in Table 4 suggests that turbulent fluctuations
emanating from the bed and causing increased shear stressis not a major factor.
The remaining factor, a steeper velocity gradient because of the confining effects
of the channel bottom, will have some scale effectsin a 1:25 Froude model
because of the excess viscous forces. The differences because of excess viscous
forcesin the model are insignificant at the bow of the tow and much larger near
the stern. Since Equations 11 and 12 are based on conditions near the bow and
near the middle of the barges, they are based on data taken away from the stern
where scale effects are most significant, and Equations 11 and 12 should not be
strongly affected by scale effects. These correction ratios are simplifications of a
complex problem that can only be fully addressed with a hydrodynamic model
that incorporates a moving vessel, free surface effects, nonhydrostatic pressure,
and channel geometries having low UKC. To the author’ s knowledge, ship
hydrodynamicists have not developed such a model that has been verified with
observed data. Lacking such amodel, these ratios are recommended for
determining the shear increase that occurs for nonsmooth, prototype hulls having
low UKC.
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Application to UMRS Tows

The following application demonstrates how these model-derived ratios are
used to adjust prototype shear for low UKC as follows:

a. Compute shear for smooth surface using Equation 3 for the desired vessel
speed and length.

b. Increase smooth surface shear equation by one-third to represent the
Karlsson surface 3 rough surface. (Alternatively, the first two steps could
be replaced by solving Equations 8 through 10 for surfaces other than
Karlsson's surface 3.)

c¢. Useratios from Equations 11 and 12 to determine shear increase for low
UKC. Note that this step provides the shear and the local skin friction
coefficient at two points along the hull, one near the bow and one near
midship.

d. Usethelocal skin friction coefficient at these two points to determine an
equation having the form of Equation 3 that applies to the entire length of
the hull. This equation will only be applicable to the selected vessel speed
and length.

These steps are used in the following example.

Consider Karlsson's surface 3 which is adopted herein as representative of
UMR-IWWS barge hulls. Hull shear for Karlsson's surface 3 can be determined
approximately using a 33-percent increase of the smooth hull Equation 3 or

c§ =0031R;*™ (13)

For atypical vessdl speed relative to water on the UMR-IWWS of 3.63 m/sec,
Equation 13 iswithin 5 percent of the Karlsson equations except near the initial

3 m from the end of the rake. Equation 13 is used herein because of its much
simpler nature, but note that Equation 13 is only applicable to Karlsson's

surface 3. Let V,, = 3.63 m/sec (11.9 ft/sec) and UKC = 0.61 m with a vessel
having a2.74-m draft resulting in a depth/draft ratio = 1.22. While the minimum
depth/draft ratio used in the experiments reported herein was 1.39, this represents
the best available method and is used for lesser ratios.

a. First point near bow(Eq 11): At x = 13 m from the end of the rake, R,
= 4.72(10)" and c¢; from Equation 13 = 0.00266. Using Equation 11,
which is applicable to x = 13 m, resultsin aratio of 1.72 and c¢:
@depth/draft ratio of 1.22 = 1.72(0.00266) = 0.00458.

b. Second point near midship(Eq 12): At x = 112 m from the end of the
rake, R,=4.07(10)® and c¢;, from Equation 13 = 0.00197. Using
Equation 12, which is applicableto x = 112 m, resultsin aratio of 1.42
and c¢ @depth/draft ratio of 1.22 = 1.42(0.00197) = 0.00280.
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These two points provide two c¢. and their respective R, that define the
equation

c$ at depth | draft ratio of 122 =0259 R;*** (14)

Note that this equation is only applicable to the selected vessel speed and length
and Karlsson's surface 3. The same analysis produced the following equation for
depth/draft ratio of 2.0

c§ at depth | draft ratio of 20=0.159 R %% (15)

Equations 14 and 15 are based on the points at 13 m and 112 m rather than at
210 m, because the shear is highest near the bow of the vessel and this approach
provides a conservative estimate at 210 m. Hull shear for depth/draft ratios of 2.0
and 1.22 are shown in Figure 13 for a vessel speed of 3.63 m/sec and Karlsson's
surface 3. Figure 5 is recommended for depth/draft of 5.0 or greater. Figures 5 and
13 are the recommended hull shear results for typical tows on the UMR-IWWS.
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Figure 13. Shear on hull versus distance from downstream
end of rake, based on Karlsson (1978) for hulls that
are not hydraulically smooth, Karlsson surface 3, K
=0.183 mm, V,, = 3.63 m/sec

Channel Bottom Shear Stress beneath Tows

The dominant channel bottom shear stress beneath the hull of avessd is
located at the rapid velocity change near the bow as the displacement velocity
builds to apeak. This peak in shear stressis also accompanied by arapid decrease
in pressure. The magnitude of these effects increase with decreasing depth/draft.
Just astern of this peak, the bed shear stress depends on the net velocity from the
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return velocity, the ambient velocity, and the hull shear dragging flow in the same
direction as the tow. Physical model experiments were conducted in the
Navigation Effects Flume to measure the shear stress on the channel bottom and
are reported by Maynord (technical report in preparation).

Flow Quantity between Hull and Channel Bottom

The quantity of flow in the zone between the hull and the channel bottom must
be defined. Equations 6 and 7 are recommended for UKC greater than 5.0. The
following experiments provide a method for UKC < 5.0.

Physical model experiments were conducted to define the zone that passes
under the hull of the vessel using dye injections at various distances from the tow
center line (CL). The experiments were conducted in the previously described
Navigation Effects Flume at a scale of 1:25. In this section of the report, al
dimensions are expressed in their prototype equivalent. The model tow consisted
of barges having the same dimensions as in the hull shear experiments. All
experiments were conducted with adraft of 2.44 m. As stated in the previous
section “Small Underkeel Clearance,” the effective draft at the stern is about equal
to the commonly found loaded draft of 2.74 m. The actual draft of 2.44 m was
used in the data analysis of this section to ensure some conservatism. The
experiments were conducted with ambient currents and the inflow zone was
determined for both upbound and downbound tows. The dye was injected on the
channel bottom and spread |aterally and vertically prior to arrival of the tow. The
tow was passed through the dye cloud and the injection point location at which
the center of the dye cloud passed along the edge of the barges was recorded.
Results are shown in Table 5.

Table 5
Inflow Zone to Flow Beneath Barges
Tow Speed Distance from
Relative to Ambient Velocity, | Direction, Up or Tow CL to Edge
Depth, m Ground, m/sec m/sec Down of Inflow Zone, m
3.35 1.83,2.74 0.6 Up 4.8
3.35 2.74,3.0 0.6 Down 5.7
4.0 2.74 0.55 Up 5.1
5.5 2.74 0.45 Up 7.6
55 3.66 0.45 Down 10.8
7.3 2.74 0.35 Up 10.5
7.3 2.74 0.35 Down 12.4
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Figure 14 presents the percent of flow passing under the barges as a function
of depth/draft. The flow passing under the bargesis determined by doubling the
distance from the last column of Table 5 and multiplying this distance by the
depth and then by the vessal speed. For example, an upbound vessel traveling at
3.0 m/sec relative to a 3.35-m depth of water has a discharge passing between the
hull and the channel bottom of (4.8)(2)(3.0)(3.35) = 96 m®/sec. The percent
shown in Figure 14 is flow under the barges described above divided by the flow
being intercepted by the barges defined as (beam)* (depth)* (vessel speed relative
to water). In equation form, the flow beneath the vessdl is defined as

O(beneath hull,low UKC)=F, V, B Depth (16)

pc " w

where Fis the percent of flow under the barge hull and is given by Figure 14.
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Figure 14. Percent of flow under barges versus depth/draft

Figure 14 is only applicable to UMR-IWW tow configurations and the typical
speeds shown in Table 5. To apply the results in Figure 14 to the minimum depths
and maximum drafts found on the UMR-IWW requires a small amount of
extrapolation from depth/draft = 3.35/2.44 = 1.37 (minimum used in experiments)
to depth/draft = 3.35/2.74 = 1.22 (minimum on UMR-IWWS). Since the curves
on Figure 14 must go to F,. = 0 at depth/draft = 1 and the effective draft is larger
than 2.44 m over most of the tow, the extrapolation in Figure 14 will be conserva-
tive. The alternative to this approximate procedure was to measure detailed
velocity profiles beneath the vessel and integrate the velocity over the area
beneath the hull to define the discharge. This approach was not adopted because it
could not be used for the shallowest of depths because of the physical size of the
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velocity meter and because the measurements would have been quite difficult.
This analysis treats the flow beneath the hull as a constant which is not the case
for certain conditions. The dye streak beneath the barges after passage of the end
of the rake remained parallel to the vessel and in a downstream direction for all
downbound experiments, thus indicating that flow was not leaving the zone
beneath the hull. For a 3.35-m depth and an upbound tow, the dye streak showed
flow leaving the zone beneath the hull. The angle of the dye streak away from the
tow center line increased with increasing distance from the bow. For evaluating
larval fish mortality, the flow quantity is assumed to remain constant along the
length of the barges.

In another UMR-IWWS report (Maynord in preparation), the author defined
the zone of inflow to the propellers for the purpose of defining which region of
the waterway was subject to passage through the propellers of atypical UMR-
IWWS towboat. That report concluded that just ahead of the tow, awidth of 25 m
on either side of the center line of the tow could go through the propellers, but it
did not state that all of the flow in that zone went through the propellers. Mixing
between the bow and stern caused this zone to be wider than the zone defined
herein. To assess the effects of tow traffic, biologists defined the concentration of
larval fish and eggs in the 50-m-wide zone that was subject to passage through the
propellers. A separate set of equations defined the quantity of flow through the
propellers. The equations presented herein are used to determine the quantity of
flow that will go through the hull shear zone and the width ranges from 10 to
25 m, depending on depth.
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4 Discussion of Results and
Conclusions

Flat plate shear equations and physical model experiments were used to
determine hull shear beneath shallow-draft barge hulls. Results presented in
Figures 5 and 13 quantify the hull shear for nonsmooth barge hullsin deep water
and where UKC isas low as 0.6 m, which is common on the UMRS. Low UKC
of about 0.6 m resultsin hull shear up to 50 percent greater than deep water hull
shear.

Discharge between the hull and the channel bottom increases with increasing
UKC or depth/draft.

Hull shear and quantity of flow between the hull and the channel bottom
provide two of the needed parameters to compare to the shear causing mortality in
larval fish. The third parameter, channel bottom shear, is provided by Maynord (in
preparation).
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