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Flow Around Islands in Rupert Bay:
An Investigation of the Bottom Friction Effect
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Aerial photographs of transverse shear flows around islands in Rupert Bay, a shallow and turbid
estuary in northern Quebec, were studied for the effect of bottom friction. The island wake depends on
the stability of the transverse shear layers developed along the two sides of the island. Two basic patterns
of wake flows were observed. A vortex street wake was formed when transverse shear was large, as in
flows around small islands. On the other hand, for small transverse shear, as in flows around large
islands, the shear layers were stabilized by bottom [riction and, in that case, a clear water wake of low
turbulence and low sediment concentration was observed. Laboratory demonstration of the bottom
friction influence on the turbulent wake in shallow water was made using a shallow water table. A
similarity solution was obtained for the wake flow in the far-field region, and numerical calculations were
made of the recirculating flow in the wake bubble. A wake stability parameter was introduced for wake
classification and for correlation of field and laboratory data. In Rupert Bay, vortex street wakes were
observed in nine out of 27 events when the wake stability parameter was less than a critical value. This

result is consistent with the laboratory and numerical simulations.

1.

Rupert Bay is a shallow, turbid river estuary located off the
southeast corner of James Bay (northern Canada), approxi-
mately 60 km long and 20 km wide. It receives a mean annual
freshwater input of 2340 m?/s from four rivers: the Nottaway
(1020 m3/s), Broadback (320 m3/s), Rupert (870 m?3/s), and a
small river, the Pontax (130 m?/s). The general orientation of
the bay is in a NW-SE direction.

The presence of a large number of islands and turbid waters
make Rupert Bay ideal for flow visualization in a natural
setting (Figure 1). Vortex motions, with a horizontal length
scale hundreds of times larger than the depth of water, are
observed occasionally as the flow passes around the islands.
The estuary is quite shallow, with depths (low water) of 3 to 5
m characterizing most of the region (Figure 2). Downstream of
Stag Rock, three deeper channels extending inland from James
Bay can be found. Maximum channel depths are approxi-
mately 15 m.

Tides in Rupert Bay are comparable in magnitude to the
depth, with a mean semidiurnal range at Stag Island of 2 m
and spring tides of up to 3 m. Average tidal current speeds in
the central bay area range from 50 to 100 cm/s, which are an
order magnitude greater than the mean flow (5-10 cm/s).

During the ice free period, high turbidity prevails in most
sections of the bay. Patterns in the flow field are often shown
by the turbidity difference between masses of water from dif-
ferent sources. Mixing in the transverse direction is limited in
length scale, possibly by the stable influence of bottom fric-
tion.
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Two basic patterns of wake flow around the islands are
observed, depending on the size of the island: (1) a turbulent
wake bubble trailed by a vortex street wake as shown in Fig-
ures 3a—3c or (2) a clear water wake bubble of low turbulence
and low sediment concentration as in Figures 3d-3f. The
aerial photographs shown in Figure 3 were taken by the
Canada Centre for Remote Sensing from an altitude of 3050 m
using a Wild RC10 Camera, directed down from the underside
of the aircraft. Oceanographic field studies were under way in
Rupert Bay at the time of overflights and were used to provide
sediment, current, and salinity information as ground truth in
some of the areas.

The turbulent motions in the bay consist of two distinct
length scales. The large-scale vortex motions are created by
the transverse shear. The small-scale motions, created by
bottom shear and limited by water depth, are not visible be-
cause of their small length scale when compared to the resolu-
tion of the photographs. From a depth-averaged point of view
the transverse shear flow is laminar if the scale of turbulent
motion is limited by the depth of flow. The flow becomes
turbulent as the transverse shear flow becomes unstable.

Although the Reynolds numbers are very large (typically
107-10!°, based on cross-stream diameter), the flow around
the islands is remarkably similar in appearance to the two-
dimensional wake flow observed in the laboratory at low
Reynolds number (see, e.g., Batchelor [1967, Figure 4.12.6]).

The low Reynolds number flow in the laboratory is strongly
influenced by molecular viscosity: The stability of the wake
bubble depends on the stability of the shear layers along the
two sides of the wake bubble. The shear layer is stable at a
low Reynolds number of about 10. As the Reynolds number
increases, the shear layers become less stable, and oscillation
begins. The interaction of the two unstable shear layers is the
cause for the formation of the well-known Karman vortex
street. At still higher Reynolds numbers, vortex motion begins
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Fig. 1.

Landsat photograph of Rupert Bay (James Bay, Canada).
Water masses from the four rivers of different sediment con-
centrations remain distinct over a major portion of the bay.

to cascade its energy toward smaller scale, and a more turbu-
lent wake emerges.

The island wakes in Rupert Bay are definitely not affected
by molecular viscosity, but are subject to the stabilizing influ-
ence of bottom friction. In an analysis of laminar and parallel
flows in shallow depths, Chu et al. [1983] introduced a bottom
friction stability parameter

S =c,U/2hU,

in which ¢, is a bottom friction coefficient, h is the water
depth, U and U, are the velocity and velocity gradient at the
inflexion point, and y is the coordinate in the transverse direc-
tion. This bottom friction stability parameter is a relative mea-
sure of the stabilizinig effect of bottom friction and the desta-
bilizing effect of the transverse shear. Chu et al. [1983] ob-
tained critical values for stability of transverse shear flows:
Transverse shear flow is stable if the stability parameter S
exceeds 0.120 and 0.145, for hyperbolic tangent and hyperbolic
secant velocity profiles, respectively.

The flow around an island in Rupert Bay is more complex
than parallel flow. However, the bottom friction parameter is
still a useful indicator for the relative influence of bottom
friction and transverse shear. In general, the flow around the
larger islands is more stable because the magnitude of the
transverse shear, l7y, being inversely proportional to the hori-
zontal length scale of the shear flow, is smaller. When both the
length and velocity scales are correctly chosen, a wake stabili-
ty parameter can be introduced for the classification of flows
around islands in a shallow body of water.

The flow around an island has been of considerable interest
for some time. Similar flow patterns have been observed in the
Earth’s atmosphere and in various coastal waters. Earlier
work was primarily concerned with the similarity of these
flows with laboratory observations of two-dimensional shear
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Fig. 2. Bathymetry of Rupert Bay in meters. The island locations
are identified by numbers N, which are used in the rest of the paper
and in Table 1; the short dashes denote the 3-m depth contour, and
the long dashes denote the 6-m depth contour.

flow [e.g., Chopra and Hubert, 1965; Burger and Wille, 1972].
But recent studies have recognized the distinctive nature of
these natural shear flows from the conventional laboratory
problem. Perhaps the most relevant study was that of Wol-
anski et al. [1984a, b], who introduced a parameter P to ac-
count for the friction influence of the bottom boundary layer
inside the island wake bubble, defined as follows:

P =U,h*/v,D

where h is water depth, U, is the free stream velocity, D the
cross-stream diameter of the island, and v, = 0.15aU is an
eddy viscosity related to the bottom friction velocity. They
suggested that a critical value P,, of order of unity, should
exist and that a vortex street wake is not possible for P « P,.

The principal objective of this paper is to present a col-
lection of aerial photographs of the flows around islands in
Rupert Bay and to show how the length scale of turbulent
motion in the bay is limited by the stabilizing influence of
bottom friction. To this end, the flows around small and large
islands are described analytically and compared with both
laboratory and field observations.

The study begins with an analytical description of the
vortex street wake. It is shown how the vortex street wake
may be formed behind small islands and how it is “nullified”
eventually in the far-field region by the presence of bottom
friction. The analytical solution of the vortex street wake is
compared with laboratory observations. Similarity parameters
are introduced from the analytical description which are ap-
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Fig. 3a. Vortex street wake, island diameter: 160 m.

Fig. 3b. Vortex street wake, island diameter: 280 m.

Fig. 3c. Vortex street wake and clear water wakes near low tide.

Fig. 3. Examples of vortex street wake and clear water wakes. All photos have same scale.
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Fig. 3d. Clear water wakes only in same area as Figure 3¢ near high tide.

plied to the data obtained from the field observations. Results
of a numerical simulation of flow around an obstacle in shal-
low water are also given to demonstrate how a clear water
wake may be formed behind a large island by the “sheltering”
effect.

2. ANALYTICAL DESCRIPTION OF VORTEX
STREET WAKES IN SHALLOW WATERS

2.1

The bottom friction influence on the vortex street wake (i.e.,
on the flow behind small islands) can be readily determined
from a depth-averaged formulation. By depth averaging, the
small-scale turbulent motion is filtered out (as it is invisible in
the aerial photographs); its effect on the depth-averaged flow
field is replaced by a bottom friction term in the equation.

Figure 4 shows a vortex street wake and the associated
depth-averaged velocity profile. The velocity outside the wake
is U,, and the velocity defect in the wake is u. The equation
for the wake, obtained from depth averaging with a rigid lid
approximation, is

U ou oP ¢, w 2 0 ou )
_y _ P o O u
1ox  ox 2h T T Moy

Shallow Water Wake Equation

in which dP/0x is the longitudinal pressure gradient under the
rigid lid, ¢, the bottom friction coefficient, h the water depth,
and v the eddy viscosity. For flow outside the wake, u— 0, (1)
becomes

0=-—_JYy,: @

Eliminating the pressure gradient term from (1) and (2) gives

du c,U i} ou
U5 = —<%>u +3 [vT 5;] )]

which is the turbulent wake equation with a bottom friction
term (or the diffusion equation with frictional damping). In
deriving (3) the far-wake approximation was used, i.e., u <« U,
and 0/0x « 0/dy.

22

Integration of (3) across the wake gives

% I:U1 J ) u dy:l = —<%’)U1 J ) udy )]

Integration with respect to x leads to an expression for the
momentum defect,

Integral Constraint and Similarity Solution

+ o
M=U1f udy=M0exp|:—2—fx:| )
M decays exponentially because of bottom friction. The initial
momentum defect is the drag on the island, ie., M, =4C,
DU,? in which C,, is a drag coefficient and D is the cross-
stream diameter of the island. The wake becomes nullified as
the momentum defect is reduced to zero in the far-field region
(see Chu and Abdelwahed [1981] for the concept of wake nulli-
fication).

Despite the presence of the bottom friction term a similarity
solution for the shallow wake is possible. If the eddy viscosity
is assumed to take the form

vo(x) = U ,(dd/dx)3/(2 In 2) (6)

the similarity solution would be the Gaussian profile
u/u,, = exp [—(In 2)(y*/5%)] @)

in which #u,(x) is the maximum velocity defect along the cen-
terline and & is the half width of the wake, defined such that
u=u,/2aty= +4.

The ratio of the two velocity scales, u,, and U,(dd/dx), from
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Fig. 3f. Clear water wake, island diameters: 560, 1310 m.

the similarity solution defines an entrainment coefficient a* as
follows:

U ,(dd/dx) = o* u,, (8)

The overall turbulent activity in the wake depends on the
magnitude of either the eddy viscosity v, or the entrainment
coefficient o*, which are related through (6) and (8).

Solutions for u,(x) and J(x) are obtained using the en-
trainment hypothesis, equation (8), and the integral constraint,
equation (5). For a Gaussian velocity profile, the momentum
defect is given by

+
M=U,u,s f exp [—(In 2)n%] dn
= 2.13U,u,6 = +C,U,2 exp [- %] ©)
Multiplying (8) by 26U, and making use of (9),
ds? o* c.x
U220 = g =-— 2 - 10
T 20*U u,0 XT] CpU, exp[ p ] (10)
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Fig. 4. Definition sketch of wake in shallow depth. Dashed line
shows the cloud pattern downstream of the island of Madeira as
outlined by Burger and Wille [1972].

Integrating this equation with respect to x gives

8% = I aCp, exp I:—Eth] dx

]

(1)

in which &« = a*/2.13 is an alternative expression for the en-
trainment coefficient. Equation (11) can be formulated in
terms of dimensionless variables such that

2 =c, Ix o exp [—X] dX (12

(=]

where

d=co/h F=cx/h O, =U,/u, 13)

2.3. Entrainment Coefficient

As one approaches deep water (c,/A— 0), the entrainment
coefficient becomes constant, and (11) reduces to

8% = 2gCpx (14

The entrainment coefficient for this limiting case, «,, is deter-
mined by comparing (14) with the expression 62 = 0.09x, ob-
tained from fitting the experimental data of a wake behind a
circular cylinder [ Townsend, 1956]; thus a, = 0.09 if C;, = 1.0.

For shallow water the entrainment process is affected by the
stabilizing influence of bottom friction stresses. In general, the
entrainment coefficient a is not a constant, but is dependent
on the local bottom friction parameter

S = c,U/2h0, (15)

in which U and U, are the velocity and velocity gradient at
the inflexion point. In an experimental study of a turbulent
mixing layer in open channel flow, Babarutsi and Chu [1985]
proposed the following expression for the entrainment coef-
ficient:

a=o,[1—(S/S.])]
a=0

§<S,
S>8,

(16)

Here the entrainment coefficient decreases as the bottom fric-
tion parameter increases, becoming zero once S exceeds the
critical value of S.. For the turbulent mixing layer the critical
value S, was approximately 0.085. The value for a turbulent
wake is unknown, but can be estimated from stability con-
siderations, as in Chu et al. [1983]. Calculations shown in the
appendix give a critical value of S, ~ 0.16 ~ 0.17.

At the inflexion point of the Gaussian velocity profile,
u=061u,, @,=071u,/5, and U=U, —u=U, — 061y,
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Making use of these relationships, we can express the bottom
friction parameter in terms of dimensionless variables § and
U, as follows:

S = 0.7008[ U0, — 0.6065] a7
in which

5 _2213) 8

U, = c, D~exp [+x] (18)

according to (9). Equation (13), together with the expressions
for the entrainment coefficient, given by (14), (17), and (18),
forms a complete set of relationships, which is used to deter-
mine the growth of the wake, i.., the relation § = §(%), unique-
ly.

The development of an island wake in shallow water is
quite different from the two-dimensional wake in deep water.
The width of the two-dimensional wake in deep water in-
creases with distance from the obstacle without bound (equa-
tion (14)). In shallow water the extent of the wake is limited by
the influence of bottom f[riction. The wake width approaches
an asymptote as the bottom f[riction parameter S reaches the
critical value of S,. The momentum defect in the wake contin-
ues to decay exponentially after the asymptotic width is at-
tained.

The extent of the wake depends critically on the en-
trainment hypothesis. A significantly larger asymptote would
be predicted by (13) if the entrainment coefficient were as-
sumed to be a constant instead of dependent on the bottom
friction parameter (through (16)).

In the laboratory and field investigations presented in this
paper, the wake width is obtained from flow visualization. The
location and the extent of the asymptote are used to evaluate
the bottom friction influence on the wake.

3. FLOW VISUALIZATION
ON A WATER TABLE

Flow visualization experiments were carried out on a shal-
low water table in the laboratory. The water table was 196 cm
long and 70.5 cm wide and was illuminated from below by
fluorescent light. A flat plate was placed normal to the shallow
open channel flows. The wake was made visible by injection of
dye upstream of the flat plate. Six tests were conducted. Table
1 summarizes the test conditions.

The friction coefficients for the open channel flow were cal-
culated according to the suggestion by Chow [1959], i.e., use
the smooth pipe flow formula but replace the pipe diameter by
4 times the hydraulic radius (e.g., Re = 4hU,/v). The drag
coefficient of the flat plate, C,, is assumed to have a value of
1.1 (for a body with a small length to diameter ratio or small
h/D).

TABLE 1. Test Conditions
D, h, U 1 Re= sw =
Text cm cm cm/s ¢, 4hU  Jv c,D/h
Al 6.0 14 254 0.07 11,000 0.031
A2 5.0 1.4 254 0.07 11,000 0.026
A3 25 14 254 0.07 11,000 0.013
B1 6.0 09 169 0.10 4,700 0.065
B2 5.0 0.9 16.9 0.10 4,700 0.054
B3 25 09 16.9 0.10 4,700 0.027
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Fig. 5. Wakes on a shallow water table: (@) test A2, (b) test A3, and (c) test B2.

Figure 5 shows the wake structure. The distance between
markings in the photographs was taken to be the visual wake
width b. In Figure 6, one sixth of this visual width, b/6, was
compared with the half width § predicted by integral analysis.
(According to the work of Townsend [1956], in the two-
dimensional wake of a circular cylinder the turbulent intermit-
tency factor is about 5% at a lateral position y = 34. If the
location where the turbulent intermittency factor equals 5% is
taken as the visual boundary, b would be equal to 64.) The
data in Figure 6 follow reasonably well the line obtained from
(12) and (16) by taking a critical value S, = 0.165.

3.1. Asymptotic Wake Width

As the wake approaches the asymptotic width, the en-
trainment coefficient reduces to zero (equation (16)). For tests
A2 and A3 this approach toward asymptotic width occurs at
xc,/h ~0.5. At this position the momentum defect M ~
0.6M,. The wake is far from being nullified. However, the
growth of the wake is arrested, because the bottom friction
stability parameter exceeded the critical value of about 0.165.

Figure 7 summarizes the data for the asymptotic width and
compares them with the prediction by integral analysis. The
data obtained from series A, i.e., Al, A2, and A3, are in good
agreement with prediction. The Reynolds number for the B
series of tests was low (Re = 4h/v = 4680). The results of test
series B were affected to some degree by viscosity. In these
tests a wake bubble forms downstream of the obstacle but is
unable to sustain the oscillation that is necessary for the for-
mation of a trailing vortex (see Figure 5¢). Results of test series
B were included to demonstrate how the oscillation in the
wake bubble can be suppressed, although the suppression of
wake oscillation in this case may be dependent on the stabiliz-
ing influence of both viscosity and bottom friction. In the field
the oscillation of the wake bubble does not occur until Dc,/h
approaches a value of about unity.

3.2. Aspect Ratio of the Vortex Street Wake

The wavelength A of the vortex street was also obtained
from photographs. The vortex street was quite well defined for
test A2, as shown in Figure 5a. The aspect ratios b/4 for the
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ofx
h

Fig. 6. Prediction of wake widths compared with laboratory ob-
servation: (a) test A2, (b) test A3, and (c) test B2. In this figure,
oo = 0.09; solid line, S, = 0.165; dashed line, S, — oo.

three waves in this test were 0.88, 0.96, and 0.79, with an
average value of b/A ~ 0.88. The vortex streets for the other
tests in series A were not so well defined but appear to have
approximately the same aspect ratio. The vortex streets for
test series B were less discernible but appear to have a signifi-
cantly smaller aspect ratio, with b/ of about 0.36.

33.

The mechanism for suppression of a wake oscillation by
bottom friction can be explained by an order-of-magnitude
argument. The oscillation is the result of active interaction
between the shear layers developed along the two sides of the

Wake Stability Parameter
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U, /D. Thus the bottom friction parameter is given by

S = ¢,U/2hU, = L¢,D/h = 48, (19)

If the critical S value for the free shear layer is taken as 0.120
(the same value as obtained by Chu et al. [1983] for a hyper-
bolic tangent velocity profile), the critical value for the wake
stability parameter S,, would be 0.48. Thus a vortex street
wake is expected if the wake stability parameter is less than
the critical value of 0.48. On the other hand, if the wake
stability parameter is sufficiently large, the shear layer devel-
oped along the two sides of the island may be stabilized by
bottom friction and, in that case, a clear water wake bubble
may be observed.

The value of S, for the six tests listed in Table 1 varies from
0.013 to 0.065, which is an order of magnitude smaller than
the critical value obtained above from an order-of-magnitude
argument. The kind of clear water wake observed in Rupert
Bay is difficult to simulate in the laboratory. The laboratory
data were included in this paper primarily for calibration of
the integral model.

4. IsLAND WAKES IN RUPERT Bay

We have seen how bottom friction limits the growth of the
wake on a shallow water table. The flows around the islands
of Rupert Bay are subject to a much stronger influence of
bottom friction. A total of 27 different flow configurations
around islands in the bay were examined. The cross-stream
diameters of the islands vary from 40 to 8700 m, while the
offshore depth near the islands ranges from 1 to 5 m. Table 2
summarizes the flow conditions around the islands used in this
study. Figure 2 shows the location of the islands mentioned
herein and the general bathymetry in the region. There is

TABLE 2. Summary of Flow Conditions Around Islands of Rupert

wake bubble. The oscillation of the wake bubble is suppressed
if the shear layers are stabilized by bottom friction. At the end
of the bubble the width of the shear layer is ~D, the mean
convection velocity U ~ U, /2, and the transverse shear U, ~

10

T |||||l|| T IIl|||l| 1 T

*  Rupert Bay, kg=2cm

= Test Al A2 A3
. B1, B2, B3

T 1111

cfb” — S, = 0165, %,=009
h L]
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L - 4
- L d . =
.
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h

Fig. 7. Asymptotic wake width, ¢ b /h.

Bay
D, h U, 4hU,v b,, 4 WU?
Event Isltnd m m mfs ¢* x100° m m m™%s® §,
1 1 100 3 0.70 0.0056 84 400 560 87 0.19
2 1 100 3 0.70 0.0056 84 270 460 87 019
3 2 40 1 070 0.0076 2.8 80 250 29 030
4 3 280 3 0.30 00056 3.6 310 1050 111 0.52
5 3 280 3 0.10 0.0056 1.2 390 1050 3000 0.52
6 4 160 2 0.10 0.0063 08 375 1000 2000 0.50
7 4 160 2 030 0.0062 24 375 730 74 0.50
8 5 110 2 040 0.0062 32 150 375 31 0.34
9 6 70 2 040 00062 32 110 270 31 0.22
10 7 3460 2 0.70 0.0062 5.6 no eddies 58 10.7
11 8 560 2 070 00062 5.6 no eddies 58 174
12 9 1310 2 0.70 00062 5.6 no eddies 58 4.07
13 10 1160 1 0.70 0.0076 28 no eddies 29 8.80
14 10 1160 1 0.60 00076 24 no eddies 46 8.80
15 9 1310 2 0.60 0.0062 4.8 no eddies 93 4.07
16 11 8700 2 0.80 0.0062 64 no eddies 39 270
17 12 1150 1 040 00076 16 noeddies 16 156
18 1 40 4 030 00052 4.8 noeddies 148 0.05
19 9 1310 4 030 00052 48 noeddies 148 1.70
20 10 1160 3 0.30 0.0056 3.6 noeddies 111 2.16
21 13 400 4 040 00052 6.4 no eddies 63 0.52
22 14 960 3 040 0.0059 4.8 noeddies 47 1.79
23 15 130 5 040 00049 80 no eddies 78 0.13
24 16 700 5 040 0.0049 8.0 noeddies 78 0.69
25 4 160 4 040 0.0052 64 noeddies 63 0.21
26 8 560 4 030 00052 4.8 noeddies 148 0.73
27 1 70 4 030 00052 48 noeddies 148 0.09

*The value of k, is 2 cm.
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some uncertainty in the offshore depth estimation for many of
the islands because of a sparcity of depth information in the
shallow areas outside of the main channels in this isolated
region of northern Canada. Depths for “lowest normal tides”
were obtained from a Canadian Hydrographic Service [1972]
chart which was constructed from a 1912-1913 survey. Depths
were interpolated and extrapolated from the bathymetric con-
tours with adjustment for tide height fluctuations relative to
the chart bench mark. A further degree of uncertainty occurs
because this area is one of rapid postglacial uplift. For this
reason, depths listed in Table 2 are typically accurate within
+1 m. Island diameter D was determined by measuring the
width of the land area perpendicular to the incident flow in
the aerial photographs. Incident velocity U, was estimated
from current meter values taken at a depth of 2.5 m at seven
locations in the bay. Because of the horizontal separation be-
tween the individual island and the mooring sites, U, values
are assumed to be accurate within +0.10 m/s. The estimated
values compared favorably with those found by Ouellet [1977]
in his numerical model of flow in Rupert Bay. It should be
noted that the same island may have different D and h values
because of varying tidal height and current orientation.

The bottom friction coefficient in Table 2 was calculated by
the Colebrook-White formula for pipe flow. The equivalent
Nikuradse’s sand grain roughness k, was assumed to be equal
to 2 cm. The relative roughness is k,/4h. The value of c, in the
range of 0.0049 to 0.0076, is higher than those obtained by
Sternberg [1968] from the six tidal channels in Puget Sound.
The high friction coefficient comes from the shallow depth of
Rupert Bay. In such a shallow area the roughness is enhanced
by wind-wave induced oscillation at the bottom [Grant and
Madsen, 1986]. The 2-cm sand grain roughness was chosen
largely to fit the field observations. However, the friction coef-
ficient obtained follows the trend of data shown by Sternberg
[1968]. Ouellet [1977] found a Chezy coefficient of C =40
worked best for his numerical model of tidal flow in Rupert
Bay. The value of the Chezy coefficient (C = (2g/c,)"/?) in
Table 2 is in the range of 63 to 51, or slightly higher.

4.1. Vortex Street Wakes

Vortex streets were observed in the island wakes on nine
occasions. Figure 3 shows an aerial view of some of the vortex
streets. Flow conditions, the width of the wake, b, and the
wavelength between wave crests, A, are listed in Table 2. The
aspect ratios are

b,/4A=0.71,0.59, 0.32, 0.30, 0.37, 0.38, 0.51, 0.40, 0.41

for the events 1-9, respectively. These values are comparable
in order of magnitude with the laboratory observations, where
b, /A~ 09 for test A2, while b_/A ~ 0.36 for the nearly col-
lapsed wake, test B2.

According to the stability analysis of parallel flow, given in
the appendix, the most unstable wave has a wave number

k =2md/3 ~ 0.8

This leads to a value of §/2 ~0.13, or an aspect ratio
b/A = 0.78 if the visual width b is equal to 60.

The wake stability parameter, S, = c,D/h, for the nine
events ranges from 0.19 to 0.52 (Table 2). These values are one
order of magnitude larger than the laboratory values listed in
Table 1. The vortex wake in Rupert Bay is clearly much more
stable than those observed in the laboratory.
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Fig. 8. Flow conditions of the 27 wake events in Rupert Bay.
Solid circles identify the vortex street wake. (@) Classification by S,
(b) Classification by P.

A comparison of the asymptotic wake width ¢ b_/h with
the integral analysis is given in Figure 7. The solid line is the
asymptotic wake width, 65_.c,/h, obtained from (12) and (16)
with S, = 0.165 and «, = 0.09.

4.2. Stability of the Wake Bubble: Classification

Vortex wakes were not observed for the remaining 18
events. The question of whether a vortex street forms depends
on the value of the wake stability parameter S, as discussed
in section 3.3.

Figure 8a shows the values of the wake stability parameter
for the 27 cases found in Rupert Bay. Vortex street wakes were
observed over a range of S, varying from 0.19 to 0.52. This is
consistent with the order-of-magnitude argument in section
3.3, where a critical S,, value of 0.48 was obtained. For a wake
stability parameter greater than about 0.5 the shear layer is
stabilized by bottom friction, and generation of a vortex street
wake is impossible.

However, there are four events (18, 23, 25, and 27) which do
not follow the rule. The wake stability parameters for these
four events were 0.05, 0.13, 0.21, and 0.09, respectively. Al-
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though they were below the critical value of about 0.5, vortex
streets were not observed.

To understand the reason for this discrepancy, one must
consider the hydrodynamic conditions at the time of the ob-
servations. Aerial photographs were obtained over a 2-3 h
period on two different days. On one occasion this corre-
sponded to a tidal phase range from 4 h after high tide (H + 4)
to low tide (L), while the second flight took place from just
after H to H + 2. The four events which do not fit the S,
dependence occurred in the second series. During the period
from H to H + 3 the water column is weakly stratified with a
pycnocline depth of about 2 m in the area downstream of Stag
Rock (island 3). Salinity differences across the pycnocline over
this interval are typically 1-2 g/kg. For the remainder of the
tidal cycle the water column approximates vertical homoge-
neity. Thus the four low-S,, events for which no vortex street
was generated occurred during a period of water column
stratification. Events 8 and 9, with vortex streets, also oc-
curred during this period but in areas with much smaller
depths. The offshore area near these two islands was above
water at low tide. In looking for another criterion which may
be applied at the same time as the S, dependence to determine
if a vortex street will be generated, we consider the h/U3 re-
lationship formulated by Simpson and Hunter [1974]. Parame-
ter values of order 60 (mks units) and greater signify a strati-
fied water column. Given the imprecision in the depth and
velocity estimates, one finds the four nonvortex street events
occurred at times of a stratified water column, as determined
by the Simpson-Hunter parameter (Table 2). Stratification will
both limit the upward resuspension of bottom sediments, thus
making vortex visualization by aircraft difficult, and modify
the frictional effects by introduction of a pycnocline. In exam-
ining the cases when a vortex street was generated in spite of a
high h/U? value, one finds four events (4, 5, 6, and 7). At the
time of these events (H + 5 to L) the water column was com-
pletely fresh at each location, so the stratification parameter
value is not appropriate. These events can be considered to
have occurred for vertically well-mixed conditions, similar to
the others observed.

An alternate method of classification according to Wolanski
et al. [1984a] is given in Figure 8b. They proposed the use of
the parameter

P = U,k*/v;D
in which vy = 0.15hU,, = 0.15hU (c,/2)*’*. Thus
P= [(20,)1/2/0.15]5“,_1

Since the variation of ¢, is not large, P is directly related to
S, Thus the two methods of classification, by S, or by P, are
practically the same. The values of P for the nine events with
vortex streets range from 1.3 to 3. Again, there are four events
with a P value greater than 1.3 but without the sighting of a
vortex street. This discrepancy can be accounted for using
similar aguments to those of the S,, dependence.

4.3. Sheltering Effect of Large Islands

For flow around large islands the transverse shear is very
weak. In this case the shear layers are practically laminar and
are strongly affected by the stable influence of bottom friction.
Typical flows around large islands are shown in Figures 3e
and 3f. A clear water wake of limited extent with low turbu-
lence and low sediment suspension is observed on the lee side
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of the island. The wake stability parameter, S,, was large in
both cases.

A qualitative simulation of the flow within the recirculating
bubble can be made by a simple finite difference calculation.
For simplicity the calculations were made for flow around a
rectangular island. Figure 9 shows the typical streamline pat-
tern for three values of wake stability parameter. The Reyn-
olds number for all cases is DU, /v, = 300.

The calculation was made using the stream function and
vorticity formulation technique as described by Peyret and
Taylor [1983]. A 20 x 80 grid was used to cover one half of
the flow field. The width of the obstacle shown in the figure is
D/2. For the values of S, = 0.012, 0.12, and 1.2 the length of
the eddy is L/D = 4.39, 2.74, and 0.601, respectively. The re-
duction of circulation in the wake bubble is quite noticeable
as the wake bubble is stabilized by the influence of bottom
friction. For large S, the flow in the wake bubble is sheltered
by the island to form a zone of “dead water” with low turbu-
lent activity and suspended sediment concentration.

The stabilizing influence of bottom friction is different from
the stabilization influence of viscosity. The effect of changing
viscosity is demonstrated in Figure 10. While the length of the
eddy depends on the change in Reynolds number, the flow
recirculation within the wake bubble is relatively unaffected.

It should be pointed out that this numerical simulation,
with uniform eddy viscosity throughout the flow field, is not
quite realistic. Nevertheless, it demonstrates how a dead water
area of very low circulation velocity can be created not by the
stable influence of viscosity but by bottom friction.

5. CONCLUSIONS

Rupert Bay is an unusual natural setting for visualization of
transverse shear flows in shallow depth. By analyzing the

Fig. 9. Flow separation behind an obstacle in shallow water;
Reynolds number is DU, /v, = 300; flow rates between streamlines
are Ay = 0.05 and 0.005, respectively, for flows inside and outside of
the wake bubble. (a) S, = 0.012,(b) S, = 0.12,and (¢) §,, = 1.2.
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Fig. 10. Flow separation behind an obstacle in shallow water;
wake stability parameter S, = c.D/h=0.12; (a) DU,/v; = 60, (b)
Du,/v; =120, (¢) DU,/vy =300, and (d) DU ,/v; = 600. Flow rates
between stream lines are Ay = 0.05 and 0.005, respectively, for flow
inside and outside the wake bubble.

aerial photographs of island wakes in Rupert Bay and com-
paring them with laboratory observations and an analytical
description of wakes in shallow water, we have been able to
piece together a consistent picture on the scale of transverse
shear flow and how it is limited by the effect of bottom fric-
tion.

Similar transverse shear flows, with a large horizontal
length scale compared to depth, are observed in the Earth’s
atmosphere and oceans. The length scales of these shear flows
may be very different from those in Rupert Bay. Some may be
affected by buoyancy, Coriolis effects, and other dynamic pro-
cesses. But a similar stabilizing eflect on the turbulent motion
is anticipated.

The presence of this stabilizing effect of bottom friction, or
of interfacial friction in stratified flows, makes the energy-
cascading process of the large-scale transverse shear flow, in
the Earth’s atmosphere and oceans, very different from the
conventional turbulent flow problem. Transverse motion, with
a length scale large compared with h/c,, cascades its energy
directly toward the very small scale through bottom friction.
As a result, there is a lack of motion in a range of length scale
from the mean flow to the scale h/c, (h being the depth of the
flow and ¢, the friction coefficient). Perhaps this is also the
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reason for the laminar appearance of atmospheric flow and
oceanic motions commonly observed using aerial photo-

graphy.

APPENDIX: STABILITY ANALYSIS

Chu et al. [1983] analyzed the stability of parallel shear
flows with hyperbolic tangent and hyperbolic secant velocity
profiles and found critical values of the bottom friction stabili-
ty parameter to be 0.120 and 0.145, respectively. A similar
analysis is carried out here for the Gaussian velocity profile, so
as to simulate the wake flow. The Gaussian profile is

U=0U, +exp [—(n 2)7?] (A1)
in which U, U,, and §j are dimensionless variables, normalized
by the velocity scale u,, and the half width é. Following the
classical approach, one can introduce a small disturbance into
the mean flow. The condition for neutral stability is deter-
mined by numerical methods as described by Chu et al.
[1983]. In general, the stability of the parallel flow depends on
the wave number

k = 2né/A
and the bottom friction stability parameter
S =c,U/2hU,

in which ¢, U, and U, are, respectively, the friction coefficient,
the velocity, and the velocity gradient evaluated at the in-
flexion point of the Gaussian profile. There are two modes of
oscillations for the Gaussian velocity profile. The sinuous
mode is most unstable. Figure Al shows the neutral stability
curves for the sinuous mode. The most unstable sinuous waves
are those with a wave number k ~ 0.8. The flow is stable when
the bottom friction parameter exceeds the critical value S, of
about 0.16 ~ 0.17.

It should be pointed out that this result, presented in Figure
Al, is for parallel and laminar flow. A similar influence of
bottom f[riction on the island wake is anticipated, although the
flow around the island is turbulent and not quite parallel.

U=251 -

Neutral stability curves for a Gaussian velocity profile.
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