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Analytical solutions for the characteristic scales of a turbulent wake in shallow
flows are presented for two asymptotic cases: in one case, boundary-layer effects
dominate whereas in the other, wake effects prevail. The latter case degenerates
into the solution valid for an unbounded two-dimensional wake. These solutions
show that the momentum deficit decreases exponentially in the longitudinal direction
while the transverse velocity profile reveals a wake region characterized by a reduced
velocity deficit compared to that of an unbounded wake. When wake-turbulence
dominates there is a non-uniform turbulent viscosity in the longitudinal direction.
These analytical solutions are compared with experimental data showing good
agreement.

1. Introduction

Free turbulence has been widely investigated in the last forty years. A number
of analytic solutions describing phenomena such as wakes, jets and mixing layers
are well established and provide a solid foundation for further studies on small-scale
properties of turbulent flows (Bearman 1967; Tennekes & Lumley 1977). The common
feature of free turbulence is the slow longitudinal flow variability as compared to
the variability in the transverse direction. In some cases of environmental relevance,
wakes develop in a confined ambient where the flow can be treated as shallow. Basic
knowledge of shallow wakes is still limited: unlike the case of unbounded wakes,
no analytical solutions for the fundamental variables (e.g. velocity deficit, transverse
dimension of the wake and wake velocity profile) are yet available.

In nature, shallow flows are ubiquitous, and important examples include nearshore
waters, rivers, the lower layer of the atmosphere (see figure 1) and the upper layers
of the oceans. Shallow-wake flows are observed at different scales, for example
downstream of invested structures such as columns of bridges, coastal protection
structures (e.g. piers interrupting longshore currents), and islands immersed in oceanic
currents such as the Gulf Stream. In this case, the slow variability of the flow in the
longitudinal direction is preserved, while the vorticity production is not only generated
by the presence of the wake, but also by bottom friction (Grubisic, Smith & Schar
1995).

In shallow flows, friction plays a role on the stability of the wake similar to viscosity
in the transition from laminar to turbulent flow. Instabilities can be generated,
which sometimes lead to the production of two-dimensional coherent structures (see
Jirka 2001). Schlichting & Gersten (2000) investigated the asymptotic behaviour
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FIGURE 1. An example of a shallow wake. Aerial picture of the Canary Islands (NASA). The
lower layer of the atmosphere shows typical features of a shallow flow. A von Karman vortex
street with large coherent structures downstream of the islands can be clearly seen thanks to
the presence of clouds.

of boundary-layer solutions far downstream of their inception. The large-distance
expansion for wakes behind two-dimensional bodies has been given by Tollmien
(1931). Berger (1971) extended similar solutions in the near-inception region. Hinze
(1975) and Tennekes & Lumley (1977) were able to obtain an analytical expression for
the transverse velocity profiles of free turbulent wakes. Furthermore, Schlichting &
Gersten (2000) showed that a class of turbulent unbounded two-dimensional flows,
which satisfy self-preservation, always lead to the same form of the differential
equation for the transverse velocity profile, whose solution is the well-known Gaussian
profile (see also Pope 2000). Tennekes & Lumley (1977) and Schlichting & Gersten
(2000) also compared these results with experimental data and found good agreement.

Similar to other two-dimensional flows, the transverse distribution of the
velocity deficit in shallow wakes induced by various obstacles has been described
using Gaussian distributions (Hinze 1975; Pope 2000), although other functional
dependencies, e.g. trigonometrical or even polynomial, have also been proposed
(Chen & Jirka 1997; Carmer 2005).

Here we summarize the results of an analytical study of the shallow-water equations
aimed at deriving a general expression for the characteristic scales of a shallow wake,
ie. for the velocity deficit, for the transverse dimension of the wake and, finally,
for the transverse wake velocity profile including the effect of acceleration due to
gravity and bottom friction. Our analytical approach follows closely that of Hinze
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(1975), Tennekes & Lumley (1977) and Schlichting & Gersten (2000). Two asymptotic
cases are distinguished on the basis of the mechanism of turbulence production. An
analytical solution is first derived closing the turbulent shear stress term with an
expression for the turbulent viscosity vr typical of free turbulence. In the second case,
the turbulent viscosity is modelled assuming that the dominant turbulence production
mechanism is the no-slip condition at the bottom.

Following closely the route of Tennekes & Lumley (1977) for unbounded wakes,
we propose an analytical solution for shallow wakes which can also be used as a
suitable basis for stability analysis, like those proposed by Heurre & Monkewitz
(1990); Williamson (1996); Socolofsky & Jirka (2004).

Some direct examples where the above solution is useful are related to mixing
processes induced by obstacles in shallow flows. For instance, simplified solutions for
the transport of pollutants downstream of bridges in rivers or piers in coastal waters
and for oceanic nutrients (e.g. plankton, micro-algae, etc.) in the lee of islands can be
obtained on the basis of the mean flow structure provided by the present solutions.

In §2, the problem is formulated, the characteristic length scales which govern
the system are presented and a dimensional analysis for the governing equations is
performed to simplify the model. The analytical results obtained under the assumption
of a constant friction coefficient and the comparison with experimental data (Carmer
2005) are discussed in §3.3 when free turbulence is dominant (case I), and in §3.4
when wall turbulence dominates (case II). In §3.5, a brief comparison of the results
for shallow wakes with the results for unbounded wake flows is made. Section 4
summarizes the results and includes some concluding remarks.

2. Formulation of the problem
2.1. The flow scales

In a turbulent unbounded wake, two distinct length scales can be identified. The first
one, I(x), is the transverse width of the wake from the centreline, which is typically
defined as the distance from the centreline, where the velocity deficit becomes a
percentage (e.g. 60 %) of the maximal value of the velocity deficit. The second one, L,
is the longitudinal scale, which represents the downstream distance over which flow
properties, such as the velocity deficit, undergo a sensible variation (see figure 2). A
more detailed definition of such a length scale is given in §3.1.

The study of free turbulence is, generally, based on an order-of-magnitude
analysis of the terms appearing in the equations of motion and in the continuity
equation. In the case of turbulent wakes, as confirmed by experimental observations
(Tennekes & Lumley 1977), the equation of motion in the longitudinal direction
reduces to a balance between longitudinal convection and the transverse flux of the
turbulent shear stress.

If the flow under investigation is shallow, another characteristic length scale can be
defined, i.e. the water depth h¢. In this case, the above length scales range as follows:

ho<LIKLL.

Further scales are also required to characterize velocity and turbulent quantities.
In turbulent wakes an obvious scale is provided by the ambient velocity u., which
is used for the mean flow in the streamwise direction. Another scale is introduced
for the cross-stream variation of the same velocity component, namely the ‘velocity
deficit’” u,( < uy,).
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FIGURE 2. Sketch of a wake downstream of an obstacle with the notation in use. /(x) is the
transverse width of the wake from the centreline, L is the longitudinal characteristic scale, u
is the instantaneous velocity, u, is the ambient velocity in the longitudinal direction and u; is
the velocity deficit with respect to the ambient value.

The order of magnitude of the instantaneous streamwise velocity u(x, y) = us, — ug
is O(u) = u, while those of the velocity gradients are du/dy = O(u,/l) and du/dx =
O(uy/L); furthermore, the continuity equation provides the following estimate for the
cross-stream velocity component: v = O(uyl/L).

Shallow flows, with small vertical gradients, are typically averaged over the depth
h of scale hy. This is much smaller than the planimetric scale / and this assumption
allows us to evaluate the scale for the vertical component of the velocities:

ho ho

wo = TMOO, T<<1 (21)

In addition, a scale for the Reynolds stresses is introduced in the following form
AT =i =7 = O(w?)

where w is assumed to be proportional to the ambient velocity u., through a constant
k.

2.2. The model equations

Following a standard procedure used for shallow flows, we pose the problem in terms
of the depth-averaged mass conservation equation and Reynolds equations. Bottom
friction is included, while the viscous term is neglected, since, for large enough
Reynolds numbers, turbulent friction dominates. The above equations read:

oh  d(hu) = 9(hv)

ot ax dy

0, (2.2)

ow _ow 9w oh . f_ ;54— 1[0, — 8 __
RANES, RATE A S S — | —(hu'u)+—(hu'v)|=0, (2.3
o7 —i—uax—l—vay—l-gax glp+8hu u-4v +h 8x(uu)—kay(uv) (2.3)
w oW W dh f s [
— — 47— — — | —(hu'v') + —(hvv)|=0. (24
8t+uax+vay+g8y+8hv u-+v —i—h ax(uv)—i-ay(vv) 2.4)
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Here, # and v are the components of the depth-averaged velocity vector along x
and y respectively, & is the local water depth, g the acceleration due to gravity, f
is the Darcy—Weisbach friction parameter, ir is the longitudinal bed slope and ¢ is
time. Moreover, the overbar indicates quantities averaged over the depth and the
prime denotes the turbulent fluctuations. The momentum equations can be rewritten
in conservative form as follows:

d(hm) , d(him)  d(hav) D (gh

)-I-—(h u/)-l-%hu V)= gl/llF—%M\/ﬁz'i'ﬁz,

ot 0x ay ax \ 2

(2.5)
0(hv) | 3(hiwv) | o(hvv) | 3 gh +4h/')+ (hvv/)—: 4. (26)
ot ax dy dy

2.3. The simplified model

The scaling arguments introduced in the previous subsection allow for simplification
of the governing equations (2.2), (2.3) and (2.4). Since hy <! < L, uy K uy and v, =0
and assuming steady mean flow, the following estimates can be obtained:

U=Up —Us ~Up, V=Vt U =10 LUy (Us<<us)y
h=hy,—38h~ hy.

We also assume the friction factor f to be constant, as it is appropriate for a
far-wake flow, where the bottom friction slowly varies in space and a self-similar
behaviour is approached (e.g. Negretti 2003). We note that the above approximation
does not hold in the near field of wakes with low velocities or high strain rate, as has
been shown by the numerical solution of Stansby (2003).

An order of magnitude analysis of terms appearing in the cross-flow equation (2.4)
leads to the following estimates:

v _Jdv _0Jv oh  f _ o, 1[0 — o . — |

3t+ L +U8y +g8y + T +7 +h [ax(huv)—l- 8y(hvv)} =0 (2.7)

A w? w?
e YT 8T R, L I
Hence, at the leading order of approximation, (2.7) reduces to the following balance:
/S N — 3 (gh? R
L T (W) =0 — (== —(hv'v') = 0. 2.8
ay-l—ha(vv) = 8y(2>+3y(vv) (2.8)

Formal integration of (2.8) with respect to y and subsequent derivation with respect
to x leads to:

A(hv'v)
h— =0. 2.9
ox + ox 29)
Substitution into (2.5) gives:

ou u =y _ 0

Uu— +v— —gir+ —u\/ u-v —I— hu w'—hv'v') + —(hu'v')| =0, (2.10)
ax ay dy
for which the following scaling holds
Ul Us Vs . f 9 w2 w2

- — — 2.11
L1 % osnt L 11)
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The above estimates suggest that the second and the fifth terms in (2.11) can be
neglected so that (2.10) reduces to:

8(huu) 7(}1 W) — ghiy + ﬂ,m =0. (2.12)

Far from the wake zone, i.e. for y — oo, equation (2.12) reads:

—ghoir + g 2 = 0. (2.13)

Hence, subtracting (2.13) from (2.12), we find:
a(h
(8””) —(h W) + g(u\/u + 02— ) + glhy —h)ip =0.  (2.14)
X

Simple algebraic manipulations and scaling arguments lead to a simplified
expression for the third term appearing in (2.14) which takes the following form:

U + 0 — Ut ~ =2 (U — ).

Substituting into (2.14) gives:
d(huu)
ax

Using the steady form of the continuity equation (2.2), the first term of (2.15) can
be rewritten as:

+ aay(hu’v’) + %(ﬁ—ﬁw)wr g(hy —h)ip = 0. (2.15)

g, Q) (i) _ - 00iv) _ dlhusin) (2.16)
0x ox 8)7 dx

Furthermore, integration of (2.15) in the transverse direction with use of (2.16)
leads to:

_/ uwa(ahy”)dy / 8(’“‘ “ 4 /uudy+ %(hu’v’)dy-l—g/ (ho—h)ip dy=0.
- - (2.17)

One can readily see that the first and the fourth terms appearing in (2.17) vanish
because the flow deficit vanishes far from the axis of symmetry. The last integral
requires a more detailed analysis. Using the continuity equation and (2.13) we obtain
the following estimate:

hoctts _ S (Tt uy). (2.18)

Ue 8

glhy —h)ip = gipdh ~ gir

The second integral in (2.17) can be rewritten as follows:

* 0(hugu) d[(ho, — Sh)u,u] # 9 [(hoe — "2 Ju ]
/OO 0x dy=/30 0x dy~/oc dx dy

P +o0 +o0 M2
= [/ hoou,tidy +/ hocudy] . (2.19)
_ _ Ug

0x - -

Using (2.18) and (2.19), equation (2.17) reduces to:

9 +o0 +o0 uz f +o0 +o0
— / hwujudy—l-/ ho—=udy| =—= / usudy—/ urdy|. (2.20)
dx —00 —o0 Uop 8 —0 —0
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Finally, neglecting the small contribution associated with terms proportional to u?,
equation (2.20) becomes:

8 o0 o0
ax | fewsidy = —8hfx [ e dy, (2.21)

which is the final approximate form of the streamwise momentum equation that is
used below.

3. Results and discussion
3.1. The momentum deficit

The first novelty introduced by the shallow-water character of the present analysis is
in the expression for the wake momentum deficit .# = ffZ uugh, dy. In terms of .,
equation (2.21) can be rewritten in the form:

d.# f
a__8hw%’ (3.1)
whose solution is the exponential function:
M (x) = Moexp (—S}J;x) , (3.2)

where ./ is the momentum deficit at the initial section. Equation (3.2) is significantly
different from the analogous relation derived in the context of free turbulence, where
M stays constant in the x-direction. In shallow wakes, the momentum exchange
between the ambient region and the wake zone behind the obstacle is still based
on the generation of two-dimensional coherent structures; furthermore, the bottom
friction dissipates the turbulent kinetic energy of the wake turbulence though its effect
is weaker than in the ambient flow owing to the smaller value of the velocity. As a
result, the x-momentum deficit decreases exponentially. Using the rigid-lid assumption,
Carmer (2005) derived an integral far-wake model with a momentum deficit equation
similar to (3.2) that overestimates the frictional effect by a factor 2. Indeed, equa-
tion (2.18) shows that gravity plays an important role, halving the effect of bottom
friction.
Equation (3.2) can be reinterpreted in terms of the stability number S
f D

§=2=
4 h.,

which has been used to describe the stability of a shallow flow around an obstacle,
like a circular cylinder of diameter D (Chen & Jirka 1995). S represents the ratio
between the loss of turbulent kinetic energy due to bed friction and the production
of coherent kinetic energy due to lateral shear. Chen & Jirka (1995) have shown
experimentally that three different types of wake pattern in shallow-water flows can
occur depending on the value of the stability number. For § < 0.2, a vortex street-like
wake develops, which is the most unstable wake. For § > 0.5, a wake with an attached
steady bubble develops. The transition case, 0.2 < S < 0.5, is represented by a wake
with an attached unsteady bubble behind the obstacle (see figure 3).
We than obtain
S

M(x) = Myexp < 2Dx) . (3.3)
It appears that the more stable the wake (that is, the larger S is) the faster is the
decrease of the momentum deficit in the longitudinal direction. This means that in
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FiGure 3. Top view (instantaneous photographs) of different wake patterns in shallow flows
visualized by dye injected at the upstream cylinder shoulders. Vortex street-like wake (left),
unsteady bubble (middle), steady bubble (right). Adapted from Carmer (2005).

a vortex street-like wake, the region affected by a deficit of the velocity can extend
further downstream with respect to the case of a wake with a stable bubble.

Equation (3.2) also suggests a suitable definition for the longitudinal length scale
L:

8h..
=—=. 34
L== (3:4)

Hence, using the dimensionless variables x; = x/L and M = .# /.4, equation (3.2)
reduces to the simple dimensionless form:

M(xp) = exp(—x.). 3.5)

3.2. Dimensional analysis

A suitable definition of the velocity profile in the cross-stream direction for a shallow-
wake flow has been empirically obtained by many authors (see for example Chen &
Jirka 1997). Here the attempt is pursued to derive simplified analytical relations for
the above velocity profile, for the transverse length scale / and for the velocity deficit
u,, based on the analysis of the order of magnitude of the terms appearing in (2.15),
which is now rewritten in the form:

8_ 8 Iy (Sh

ﬁ_u (uv)+i(ﬁ_uoo)\/ﬁ2+ﬁ2+g—ip=0. (3.6)
ox 0y | 4h N

SN~~~ ——

1 I 111 v

Recalling that the assumption u; < u,, is valid within a region sufficiently far from
the obstacle, the following scaling holds:

I: ug—z ~u T = % X (%) : (3.7)
I L paaLie (“s;;;f ) REYS
111 %(E— U )V +7° ~ 4ihousuoo =2x (%) , (3.9)
v: g%iF ~ g:—;ip —1x (”%”h"zf) . (3.10)

From this, it follows that terms I, III and IV have the same order of magnitude,
while no statement can be made on the size of II. A self-similar solution of equation
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Case I: dominance of ; Case II: dominance of
free turbulence, wall turbulence

Nearer far-wake region  Far far-wake region

FIGURE 4. Definition of case I (dominance of wake turbulence) and case II (dominance of
wall turbulence). The cross-section x ~ L represents the transition from case I to case II.

(3.6) is sought in the form:
Uy = e, — u(x, y) = sp({) (3.11)

where the overline is omitted for simplicity, { =y/l is the transverse coordinate
normalized with the local wake width [, and ¢(¢) represents the function which
describes the transverse velocity deficit profile. Terms I, III and IV of (3.6) can be
given the following form, respectively:

ou dii, iy dl do
S ST f S S
- — Uy ~N———UU = UU ~ ——— U Uy, 1
4h(u Up)Vu?+v 4huu 4hw(1_us/uw)uu 4h@u u (3.13)
Sh .
gle = %uwur (3.14)

Substituting (3.12), (3.13) and (3.14) into (3.6) gives:

dii iy dl dg ow')  f . 315
YT T de¢ dy  8h, sl (315
The solution of (3.15) requires the introduction of a suitable closure relationship
for the turbulent term du’v’/dy, which is given here through a simple diffusive model,
such that —u’v' = v,(du/dy).

As pointed out in § 1, in shallow wakes two distinct mechanisms can be responsible
for turbulence production. Hence, in the following, two asymptotic cases are treated.
In case I, it is assumed that turbulence is essentially caused by the development of
the wake (this occurs in the nearer far wake). In case 1I, bottom friction dominates
turbulence production, which is a configuration occurring in the extreme far-wake
region. The distinction between the two cases can be set in terms of the dimensionless
variable x;, such that the former occurs in the asymptotic limit x; < 1, while the
latter corresponds to x; > 1. As a consequence, a shallow wake transits from case |
to case II as it develops downstream (see figure 4), since the wake exponentially
decreases while the effect of bottom friction remains nearly constant.
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FIGURE 5. Transverse dimension of the wake normalized with the cylinder diameter (cf.
equation (3.31)). Analytical solution (dashed line, S =0.02; continuous line, § =0.06) in the
case of free turbulence dominance (case I) is compared with the experimental data of Carmer
(2005): S = 0.02 (circles); S = 0.06 (crosses).

3.3. Self-similarity and mean velocity profile: dominance of free turbulence (case 1)

In this case, it is assumed that turbulence production by bottom friction is negligible
compared to the turbulence generated by the wake. This is expected to happen in the
nearer far-wake region i.e. for x; < 1 (see figures 4 and 5). The turbulent viscosity v,
is then evaluated using the typical closure law for free turbulence:

v, = kil (3.16)

where « is a proportionality constant. Hence, the momentum flux due to transverse
velocity fluctuations can be rewritten as:

B(W) 19 Vi aus 1 A2 1
3 _ Yo (vdus] 1, 3.17
3y 193¢ [l ag] s @ G.17)

l

Using this expression and approximating the velocity in the wake u with the ambient
velocity u.,, equation (3.15) becomes:
[uool dii,

u? dx

2
”oodl} dp __ d (3.18)

Uy
i el it

Self-similarity requires that the normalized profiles of the velocity deficit and of
the Reynolds stress must be the same for all x, which implies that the coefficients in
square brackets must be constant:

uyl ditg us f1 1

i dx ' 8h, 4, (3.19)
o O _ (3.20)
i, dx

To proceed with an analytical treatment of the problem, a further relationship
between the two constants n and m is obtained on the basis of dimensional arguments.
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Dividing (3.19) by (3.20) it follows that:

Ul uy, f1

A2 A

u;L u8h, _ 1

7% ATy Rt (3.21)
asL R

Both terms on the left-hand side of (3.21) have size O(1), hence the two constants
appearing at the right-hand side are of the same order of magnitude. Therefore,
with no loss of generality, we can be set |n| = |m|. Furthermore, the first term on
the left-hand side of (3.19) contains the derivative of u; with respect to x, which is
expected to be negative because the deficit decreases with increasing distance from the
obstacle. On the contrary, the left-hand side of (3.20) is positive, since the transverse
dimension of the wake [ increases with increasing distance from the obstacle. This
implies that n and m must have opposite signs and the following relationship can be

introduced:
m

— =—1. (3.22)
n
Suitability of the above assumption is verified a posteriori through comparison of
the analytical solution with experimental data.

From (3.20) it follows that
d! m d?l m diig
— =y => = ——
dx  wu, dx? u., dx

Substituting (3.23) into (3.19), an ordinary differential equation for the function /(x)

is obtained, which reads:
d21 £ odl dr\?
= =) =o. .24

dle+8hxdxl+<dx> 0 (3.24)

Note that the structure of the differential governing equation has been highly
simplified in view of the assumption (3.22). From a mathematical point of view,
this means that the above assumption leads to a restriction of the family group of
solutions for the governing equation. From a physical point of view, dimensional
analysis suggests that only these solutions are of interest.

The solution of (3.24) is:

(3.23)

f

from which the solution for the velocity deficit is readily obtained in the form

I(x)= \/16Ah$O [1 —exp(—x.] — B), (3.25)

A exp(—xy)
" JT6AR,[TTT —exp(—x.)] — B

Use of the variable ¢, defined in terms of the conventional length /, does not allow
us to set the boundary conditions directly, so the integration constants A and B must
be determined through a different approach. To this purpose we observe that in the
case of a smooth bottom (f — 0), the structure of (3.25) should tend to the solution
obtained by Tennekes & Lumley (1977) in the case of free turbulence, i.e. to:

iy(x) = (3.26)

1= FyZJx, (3.27)
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FIGURE 6. Velocity deficit along the centreline #;; normalized with the ambient velocity u...
Analytical solution in the case of dominance of free turbulence (case I) for S = 0.02 (continuous
line). Symbols denote experimental data (Carmer 2005) of a vortex street-like wake in a shallow
flow with § = 0.02 (Carmer 2005).

where F =0.25 is a constant determined by Tennekes & Lumley through a comparison
with available experimental data (cf. Tennekes & Lumley 1977, p. 116). Hence, A and
B can be estimated by imposing that (3.25) reduces to the above solution in the limit
of negligible bottom friction. However, solution (3.25) presents a singularity in the
limit of vanishing bottom friction; hence, a Taylor expansion of equation (3.25) is
introduced:

_ = L A2 2
I(x) = /=B + 2Ax 16mf+0(f ), (3.28)

lim (x) = /=B +2Ax. (3.29)

We note that (3.29) reproduces (3.27) provided that B = 0.
Furthermore, using the stability number S, (3.25) and (3.26) can be given the
following form

ey = AL ) S ORORIA

which, for f — 0, reduces to

where I; is the transverse wake width normalized with the cylinder diameter D and
iy is the velocity deficit, normalized with the ambient velocity u.,.

According to the standard fitting procedure used for self-similar solutions (see
Tennekes & Lumley 1977) the constant A is determined through the comparison
of solution (3.30) with the experimental data of Carmer (2005). Such comparison,
reported in figure 5, reveals that the best match is obtained if we set A = D/32.

The resulting solution then reads:

[1 —exp(—x.)]
8 ’

exp(—xz)
32ml;

The analytical solution for u, (continuous line) compares satisfactorily with experi-
mental data for a vortex street-like wake (S = 0.02) as shown in figure 6.

ZI(XL) = ’/;txl(xL) = (3.31)
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Once the above solutions have been obtained, the transverse velocity profile can be
derived from (3.18) which is now rewritten in the following form:

74_*;—74_;(/):0. (3.32)

dg? d¢
Equation (3.18) has the non-trivial solution:
1
ote) =exp(~ue), (333
where
=" (3.34)
K

The constant u can be set arbitrarily since its value defines the transverse length /,
which has been left unspecified. If we set © = 1, we obtain

p(c =1)=¢?=0.61,

which implies that [ is defined as the distance from the centreline for which the
velocity deficit is 61 % of the deficit along the centreline.
The constant m can be estimated recalling the definition of momentum deficit:

+o0 +o0
M = / uugh,, dy :/ Ugptisghy,, dy, (3.39)
where the contribution associated with the longitudinal turbulent flux and the term
proportional to u? have been neglected. Using (3.2), (3.25), (3.26) and (3.33), we

obtain:
2mku> Dh o
m = (“"”30“> . (3.36)

324

The constant « has been determined by fitting experimental data for the transverse
velocity profiles with the exponential function (3.33). Results of the above procedure
are reported in figure 7 for a vortex street-like wake (S = 0.02). Note that sufficiently
far from the obstacle, i.e. in the region of validity of this analytical formulation, &
seems to assume a constant value roughly equal to 2.

The resulting velocity profile in the transverse direction (3.33) is in good agreement
with experimental data for shallow wakes behind cylindrical obstacles (see figure 8).
No major discrepancies at the wake outer edge, typically characterizing planar
turbulent wakes immersed in an irrotational flow, can be observed for the shallow
wake at hand. The outer flow is not irrotational, but turbulent because of bottom
friction effects. However, this cannot be so easily explained and thus it remains an
open issue.

Equation (3.34) suggests that v, must decrease with x, because so does the product
usl. This is shown in figure 9: sufficiently away from the obstacle, the turbulent
viscosity decreases until it vanishes as the effect of the turbulent wake becomes
negligible. Furthermore, the Reynolds number built with u; and [ does not remain
constant: it exponentially decreases with the product u,l. This means that the wake
in the case of free turbulence decreases in the x-direction and the flow asymptotically
reaches the conditions of the turbulent ambient region, unlike the case of a plane
unbounded wake where the Reynolds number remains constant (cf. Tennekes &
Lumley 1977).
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FIGURE 7. The constant « for a vortex street-like wake (S =0.02) behind a circular cylinder
in shallow flows.
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FiGure 8. Comparison between the analytical solution for the transverse velocity profile ¢(¢)
obtained for the case of dominance of free turbulence and experimental data (Carmer 2005)
of a vortex street-like wake in shallow flow (§ = 0.02).

3.4. Self-similarity and mean velocity profile: dominance of wall turbulence (case 1I)

For large values of bottom roughness, turbulence production in shallow wakes is
essentially caused by the bottom friction, while vorticity induced by the wake flow
becomes negligible. This happens in the extreme far-wake region, i.e. for x; > 1
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FIGURE 9. The turbulent viscosity v, for two vortex street-like wakes behind a circular cylinder
in shallow flows. (a) S = 0.02; (b) S = 0.06. The values are obtained from experimental data
(Carmer (2005)) and are calculated as the ratio between the measured Reynolds stresses and
the velocity gradient between two longitudinal sections. Experimental data are interpolated
through exponential functions (dots).

(cf. figure 4). In this case, the velocity and length scales of the kinematic turbulent
viscosity can be defined as in the classical wall-law, such that v, takes the following
form:

(3.37)

Furthermore, the momentum flux due to turbulent fluctuations can be given in the
form

V, = QU ho

dwv) 19 [vou] 1 . d%p
Substituting into (3.11), it follows that
> da,  fI7] [ dI] do d’p
— = — = =—a—. 3.39
fh, dx Tz |?T {hx dx] TS (3:39)

Self-similarity requires that the terms in the square brackets be constant, i.e. that:

2oda, f
Tha sl (3.40)
[ dl

The latter condition leads to the following expression for /(x):

l11(x) = \/2rhex + 2A". (3.42)

Substituting (3.42) into (3.40), an ordinary differential equation for i, is obtained:

(2rhox +2A") dii n f
i dx 8h

(2rhox +2A") = thy, (3.43)
whose solution is

i1 (x) = Blexp (‘81{)‘) (rhoox + AT/, (3.44)
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where A’ and B’ are integration constants which have to be determined through
comparison with experimental data.
The same arguments used for case I suggest that the solution for ¢ can be obtained

only if we set t/r = —1; it follows that (3.39) can then be rewritten as:
9 r do r
bl AT s IR g | | 3.45
d¢? + a” de + o’ (343)
whose non-trivial solution is
1
@(5) =exp (—2M§2>, (3.46)
where
w="_. (3.47)
a

Note that (3.46) coincides with (3.33); hence, as in §3.3, the value of u can be
arbitrarily chosen. Furthermore, the constant & should be determined experimentally;
though no experimental data are presently available.

As for the case of dominant free turbulence, v, is constant along the longitudinal
direction, because the product u..h, is. Furthermore, the Reynolds number set in
terms of u; and [ decreases in the longitudinal direction.

3.5. Comparison with unbounded wakes and discussion

In the present work, an analytical solution for shallow-wake flows has been derived
including the effects of bottom friction and acceleration due to gravity. Its structure
depends on the relevant characteristic scales of the problem; however, the momentum
deficit has invariably been found to decay in the longitudinal direction owing to
bottom friction.

Two limiting cases have been considered which correspond to a different choice
of the closure relationship for turbulent shear stress: the former limit is approached
when wake turbulence dominates over the wall turbulence, which is the case in
the nearer far-wake region, whereas in the latter, the phenomena is dominated by
boundary-layer effects and happens in the extreme far-wake region. In the former
case, the analytical solution degenerates, in the frictionless asymptotic limit, into the
solution obtained by Tennekes & Lumley (1977) which is valid for unbounded wakes
with a perfectly smooth bottom.

The present results suggest that the flow structure of shallow wakes behind
cylindrical obstacles displays several distinctive features with respect to that
characterizing unbounded wake flows. The above differences are highlighted in the
comparison reported in table 1.

A first noticeable difference is the behaviour of the momentum deficit .# =
fjf uugddy (cf. §3.1), which follows an exponentially decreasing trend in the
longitudinal direction, while it remains constant in an unbounded wake. It could be
argued that such behavior should imply a production of total momentum. However,
the reduction of the momentum deficit in shallow wakes does not lead to a momentum
growth, but is dissipated by bottom friction. On the other hand, the dissipative effect
of the bottom friction is reduced by the counteracting effect of the gravitational term
(cf. (2.18)); dimensional analysis suggests that the above effects have the same order
of magnitude.

Furthermore, the transverse displacement of shallow wakes is smaller than that
of an unbounded wake (cf. equation (3.30)). In fact, bottom friction inhibits the



On shallow-water wakes 473

Description Shallow wake: case II Shallow wake: case I Unbounded wake
Valldlty XL = 1 XL < 1 f =0
Momentum deficit Decreasing Decreasing Constant
Transverse wake length ~x!/? ~(1—e )12 ~x!7?

. . e e |

~— ~N—— ~x~ 12
Velocity deficit L A—c)e X
Velocity profile Gaussian Gaussian Gaussian
Closure turbulent term Vr = aoho vr = Kiigl vr = —U,lF(¢)
Turbulent viscosity Constant Decreasing with x Constant
il
Rer = —=— Constant Constant Constant
vr

iigl . . . .

Re = — Decreasing with x Decreasing with x Constant

v

TaBLE 1. Comparison between the present analytical solutions for a shallow wake and that
corresponding to an unbounded wake.

development of two-dimensional structures, which are mainly responsible for the
spreading of the wake, since it subtracts turbulent energy from the large scales. In
other words, the exchange of momentum deficit between the ambient region and the
wake zone, owing to turbulent fluctuations associated with two-dimensional coherent
structures, is hampered by bottom friction. Moreover, the decrease of the velocity
deficit in a shallow wake is faster than that of an unbounded wake (cf. equation (3.30)),
which implies that in shallow wakes, the region characterized by velocity deficit does
not persist over large distances far from the body. This finding also indicates that
bottom friction tends to stabilize the flow, improving the energy transfer from the
large to the small scales. In this respect, friction plays a role in the stability of
shallow flows similar to that played by viscosity in the transition between laminar
and turbulent states in an unbounded flow.

The present analysis also shows that shallow wakes belong to that class of flows
for which a self-similarity assumption can be stipulated, both in the case of dominant
free turbulence and in the case of dominant friction. Solutions (3.33) and (3.46) differ
in that the above limiting conditions are characterized by different length and velocity
scales.

Equation (3.34) also states that, for a shallow wake, the turbulent viscosity in
the case of dominant free turbulence is decreasing in the longitudinal direction,
as the product ii,/, while it remains constant both for the case of dominant wall
turbulence and for an unbounded wake. As a consequence, in the case of dominant
free turbulence, the Reynolds number defined in terms of the velocity deficit, the
transverse length scale of the wake and the kinematic viscosity also decreases in
the longitudinal direction. On the contrary, the turbulent Reynolds number set in
terms of the turbulent kinematic viscosity is constant for both shallow wakes and for
unbounded wakes.

4. Summary

An analytical study of shallow-wake flows is proposed, and general solutions for
the characteristic scales governing this problem are obtained, including the effect
of bottom friction and of the acceleration due to gravity. The solution is obtained
by solving, through a simplified procedure, the St Venant equations of motion. An
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expression for the momentum deficit is derived and the solution shows a decay in the
longitudinal direction owing to friction. Two limiting cases have been distinguished
which correspond to different choices of turbulence closure. The first case, for which
the wake turbulence dominates boundary-layer effects, is valid in the nearer far-
wake region while the second limit is approached further downstream where the
phenomenon is dominated by boundary-layer effects. Matching between the solutions
valid in the asymptotic limits considered in our paper is obviously not possible, since
in the former case (dominance of wake turbulence) the effect of the bottom friction
related to the velocity deficit is discarded.

The presented solutions show that the velocity deficit decreases faster and the
transverse dimension of the wake increases more slowly when compared to that of
unbounded wakes. Furthermore, the momentum deficit exponentially decreases in the
longitudinal direction owing to the roughness of the bed. The exchange of momentum
deficit between the ambient region and the wake zone, owing to turbulent fluctuations
of the two-dimensional coherent structures, is hampered by the bottom friction, which
dissipates the turbulent kinetic energy of these structures. The dimensional analysis
of the equations of motion shows the importance of the gravitational term, which has
the same order of magnitude as the friction term.

A comparison with experimental data is also performed and a good match is
found. For the case of wall turbulence dominance, a comparison with experimental
data is not possible since such data are not available. In table 1, all the results are
summarized.

Finally, it is worth noting that the analytical solution derived herein for the
transverse structure of the velocity profile can be used as a suitable starting point to
characterize further hydrodynamic properties of the wake flow, as well as to perform
stability analysis of the wake flow such as those performed by Chen & Jirka (1997)
or Socolofsky & Jirka (2004).

The authors would like to thank Carl F. von Carmer for making available
experimental data and Kevin Tetz for proof-reading. Further acknowledgements
go to the German Science Foundation (DFG Ji 18/4) for its support in conducting
this research.

REFERENCES

BEARMAN, P. W. 1967 Investigation of the flow behind a two-dimensional model with blunt trailing
edge and fitted with splitter plate. J. Fluid Mech. 21, 241-255.

BERGER, S. A. 1971 Laminar Wakes. Elsevier. 335 pp.

v CARMER, C. F. 2005 Shallow turbulent wake flows: momentum and mass transfer due to large-scale
coherent vortical structures. Dissertationsreihe am Institut fiir Hydromechanik der Universitat
Karlsruhe (TH), 3-937300-63-5, 1439-4111, Universititsverlag Karlsruhe, Germany.

CHEN, D. & Jirka, G. H. 1995 Experimental study of plane turbulent wakes in a shallow water
layer. Fluid Dyn. Res. 16, 11-41.

CHEN, D. & JirkA, G. H. 1997 Absolute and convective instabilities of plane turbulent wakes in a
shallow water layer. Fluid Dyn. Res. 338, 157-172.

GRUBISIC, V. & SMITH, R. B. & ScHAR, C. 1995 The effect of bottom friction on shallow flow past
an isolated obstacle. J. Atmos. Sci. 48, 1985.

HUERRE, P. & MoNKEWITZ, P. A. 1990 Local and global instabilities in spatially developing flows.
Annu. Rev. Fluid Mech. 22, 473.

Hinze, J. O. 1975 Turbulence, McGraw-Hill. 2nd edn.

JirkA, G. H. 2001 Large scale flow structures and mixing processes in shallow flows. J. Hydraul.
Res. 39-1, 567-573.



On shallow-water wakes 475

NEGRETTI, M. E. 2003 Analysis of the wake behind a circular cylinder in shallow water flows,
pp. 70-80. Master Thesis, University of Trento.

Popg, S. B. 2000 Turbulent Flows. Cambridge University Press.

SCHLICHTING, H. & GERSTEN, K. 2000 Boundary Layer Theory. Springer.

SOCOLOFSKY, S. A. & JIrRKA, G. H. 2004 Large scale flow structures and stability in shallow flows.
J. Environ. Engng Sci. 3, 451-462.

StansBY, P. K. 2003 A mixing-length model for shallow turbulent wakes J. Fluid Mech. 495, 369-384.

TENNEKES, H. & LUMLEY, J. L. 1977 A First Course in Turbulence. Cambridge MIT Press.

ToLLMIEN, W. 1931 Grenzschicht Theorie. Handbuch der Experimentalphysik, vol. 4, part 1. Leipzig.

WiLLiaMSON, C. H. K. 1996 Vortex dynamics in the cylinder wake. Annu. Rev. Fluid Mech. 28,
477-539.





