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Abstract: The flow in rivers is turbulent. The main parameter related to turbulence in rivers is the
eddy viscosity, which is used to model a turbulent flow and is involved in the determination of both
velocities and sediment concentrations. A well-known and largely used vertical distribution of eddy
viscosity in free surface flows (open channels and rivers) is given by the parabolic profile that is
based on the logarithmic velocity profile assumption and is valid therefore only in the log-law layer.
It was improved thanks to the log-wake law velocity profile. These two eddy viscosities are obtained
from velocity profiles, and the main shortcoming of the log-wake profile is the empirical Coles’
parameter. A more rigorous and reliable analytical eddy viscosity model is needed. In this study, we
present two analytical eddy viscosity models based on the concepts of velocity and length scales,
which are related to the exponentially decreasing turbulent kinetic energy (TKE) function and mixing
length, namely, (1) the exponential-type profile of eddy viscosity and (2) an eddy viscosity based on
an extension of von Karman’s similarity hypothesis. The eddy viscosity from the second model is
Re-independent, while the eddy viscosity from the first model is Re.-dependent (where Re; is the
friction Reynolds number). The proposed analytical models were validated through computation
of velocity profiles, obtained from the resolution of the momentum equation and comparisons to
experimental data. With an additional correction function related to the damping effect of turbulence
near the free surface, both models are similar to the log-wake-modified eddy viscosity profile but
with different values of the Coles’” parameter, i.e., IT = 0.2 for the first model and IT = 0.15 for the
second model. These values are similar to those found in open-channel flow experiments. This
provides an explanation about the accuracy of these two analytical models in the outer part of free
surface flows. For large values of Re, (Re, >2000), the first model becomes Re, independent, and
the two coefficients reach asymptotic values. Finally, the two proposed eddy viscosity models are
validated by experimental data of eddy viscosity.

Keywords: river flow; open channels; eddy viscosity; parabolic profile; streamwise velocity distribu-
tion; turbulent kinetic energy (TKE); mixing length; log law; log wake

1. Introduction

Determination of velocity distribution in open-channel flows and rivers is a topic of high
interest and is involved in different practical applications [1-7]. However, the hydrodynamic
in rivers and open-channel flows is strongly influenced by turbulence [8-11]. Different
experimental studies were conducted to better understand the effect of turbulence on the
streamwise velocity distribution [12-16].

Open-channel flow studies are considered an important preliminary step to investigate
more complex river flows. The main interest in laboratory investigations of free surface
turbulent flows is related to the experimental conditions that are chosen to be in agreement
with the assumptions related to the models. Therefore, experiments in laboratory flumes
allowed analytical models of turbulence to be developed that are in the form of analytical
solutions, semi-theoretical or empirical relationships [17-20]. These models were proposed
for mean velocities, turbulent kinetic energy (TKE), mixing length, eddy viscosity with their
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link to flow parameters (flow depth, friction velocity) [11,18]. The developed analytical
models are mostly two-dimensional and for uniform flows, while free surface turbulent
flows in rivers are generally strongly three-dimensional and non-uniform. Even if the
assumptions are far from the real-life conditions in rivers, and the developed analytical
models cannot account for the full complexity of turbulent river flows, these models present
high practical interest. For example, measured data in the central part of rivers are well
described by the analytical expressions obtained from laboratory open-channel flows [21].

In open-channel flows and rivers, in the classical two-layer approach, the flow is
divided into two regions: an inner (¢ < 0.2) and an outer (§ > 0.2) region (where § = y/h
is the ratio of the distance from the bed y to flow depth k). For smooth open-channel
flows, log law allows accurate description of mean streamwise velocities U™ (y 1) in the
logarithmic layer (30 < y* < 0.2Re or 30/ Re. < ¢ < 0.2, where in wall unit y* = y u, /v,
1, is the friction velocity, v the kinetic viscosity, and Re. = h u, /v is the friction Reynolds
number) [11]. For river flows, Franca and Lemmin [22] found from analysis of experimental
data from a field study of extremely rough, three-dimensional river flows, that in more
than 65% of the profiles, the log law can be applied up to ¢ = 0.4, while above this value,
mean velocities show deviations from the logarithmic profile.

In the outer region, in addition to the simple power law [23,24], the log-wake law
is largely used. It is an extension of the log law by adding the Coles” wake function,
which contains the Coles’ parameter I1 [25,26]. However, this method is empirical and no
physical-based approach is available to determine the Coles” parameter I1 [27]. The value
of I1 is therefore not universal. From experiments in zero-pressure-gradient boundary
layers, Cebeci and Smith [28] found that IT increases with the Reynolds number and
becomes IT = 0.55 at high Reynolds numbers. For open-channel flows over smooth beds,
the following values were found: I1 increases from zero with Re, and becomes I1 ~ 0.2 for
Re, = 2000 [18], IT ~ 0.08 [29], IT = 0.1 [30], IT = 0.3 [31], IT = 0.45 for velocity distribution
with dip-phenomenon in narrow open channels [32].

However, the more rigorous method for the prediction of velocity profiles is based
on the resolution of the momentum equation. This method needs a reliable model for the
eddy viscosity, which is the main parameter related to turbulence used in free surface flows
since it is involved in the determination of both velocities and sediment concentrations
(through the sediment diffusivity, i.e., the product of the eddy viscosity by the inverse of the
turbulent Schmidt number) [33,34]. A well-known and largely used vertical distribution of
eddy viscosity in free surface flows (open channels and rivers) is given by the parabolic
profile [11]. This profile is based on the logarithmic velocity profile assumption and is valid
therefore only in the log-law layer. It was improved thanks to the log-wake law velocity
profile. These two eddy viscosities are obtained from velocity profiles. As for velocity
profiles in the outer region, the main shortcoming of the log-wake eddy viscosity profile is
the non-universal Coles” parameter I1.

An analytical eddy viscosity model is therefore needed to predict velocity profiles. In
this study, we present two eddy viscosity models based on the concepts of velocity and
length scales, which are related, respectively, to the exponentially decreasing turbulent
kinetic energy (TKE) function [11] and mixing length, namely, (1) the exponential-type
profile of eddy viscosity [35,36] and (2) an eddy viscosity based on an extension of von
Karman's similarity hypothesis [37-39]. An additional correction is used in order to account
for the damping effect of turbulence near the free surface. The proposed analytical models
are validated through computation of velocity profiles, obtained from the resolution of
the momentum equation, and comparisons to experimental data. This study aims to
provide an explanation and a theoretical foundation to the empirical well-known eddy
viscosity profiles.



Hydrology 2021, 8, 126

30f16

2. Literature for Eddy Viscosity Models for Open-Channel Flows
2.1. Parabolic Eddy Viscosity

The widely used eddy viscosity (v;) formulation is the parabolic profile given
by [40,41]

v (y) = Ku*y(l — %), @

where y is the vertical distance from the bed, « is the von Karman constant, / the flow
depth, and u, the friction or shear velocity. Equation (1) is based on shear stress, which
decreases linearly with distance from channel bed y and a logarithmic velocity profile [33].

2.2. Log-Wake-Modified Eddy Viscosity Profile

When used for the resolution of the momentum equation, the parabolic eddy viscosity
profile (1) is unable to predict accurately velocities outside the log layer [36]. In order to
improve the parabolic eddy viscosity (Equation (1)), it is corrected in accordance with
Coles’ log-wake law for velocities as [18]

2

_ray(1—3)
uly) = 1+ Il %sin(%)

where I1 is the Coles” parameter. In Equation (2), the eddy viscosity (1) is corrected by
dividing the parabolic eddy viscosity profile by the term 1+ 7I1(y/h) sin(rty/h) of the
log-wake velocity profile.

2.3. Mixing Length and Mixing Velocity

In order to predict the velocity profile over the entire flow depth, it is more suitable to
define the eddy viscosity from the concepts of velocity and length scales, which are here
given by mixing velocity and mixing length as

Vi = Wil 3)

From the parabolic profile given by Equation (1), mixing length and mixing velocity

are given, respectively, by I, = xy\/1 —y/h and w;, = u«/1 — y/h. The eddy viscosity
of Equation (2) allows for the following expression:

ky+/1—y/h )

In(y) = 1+ nll(y/h)sin(mty/h)

Equation (4) consists of a correction of the “parabolic” mixing length xy\/1 —y/h
by dividing it by the term 1 + 7II(y/h) sin(7ty/h) as in Equation (2). The related mixing
velocity is given by wy,, = u,+/1 —y/h [42].

3. Proposed Eddy Viscosity Models for Free Surface Flows
The eddy viscosity is related to turbulent kinetic energy (TKE) as

where k is the turbulent kinetic energy (TKE), and C;, = 0.09.

3.1. Mixing Velocity from TKE Profile
A semi-theoretical function for TKE is given by [11]:

k(§) = Dyu,Pe 246 6)

where ¢ = y/h, Cy and D; are empirical constants, Dy = 4.78, and C, = 1 [11].
Equation (6) was validated by direct numerical simulation DNS data [43]. Instead of
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the mixing velocity given in the above section by w;;, = u4+/1 — y/h, the shape of mixing
velocity should be supported by turbulence intensity measurements [38] and in agreement
with the TKE formulation of Equation (6).

From Equations (3) and (5), the mixing velocity is related to TKE as follows:

Wy = Cyi\/% = CM% \/Dku*efckg (7)

With the assumption /Dy = 1/ CM% (based on log-law and local equilibrium assump-
tion [39]) and with C = 1, the mixing velocity reverts to

Wi (&) = use8, 8)

which shows that the mixing velocity decreases exponentially with distance from the bed
and is in agreement with observations of turbulence intensity and TKE.

3.2. Damping Function for Free Surface

An additional correction is required in order to account for the damping effect of
turbulence near the free surface [44—46]. In order to decrease turbulent viscosity near the
free surface, Hosoda [47] proposed a damping function as

f(@)=1-e 80179 )

where By is a damping coefficient.
If we include the free surface damping function in Equation (3), the eddy viscosity
reverts to

vt = Wil f(§) (10)

In the following sections, two eddy viscosity formulations will be presented.

3.3. First Formulation: Exponential-Type Profile of Eddy Viscosity

In the equilibrium region, where TKE production is balanced by dissipation, the

/
velocity gradient is given by %1 = C“ll:ﬁ. In the log-law layer, %I = Ku;, and with a TKE
given by vk = C,, =4, f(y), the mixing length should read as I, = xyf(y) [38]. Since in
the equilibrium region (y* > 50), TKE is given by Equation (6), and the velocity profile is

Vk o ux

Ty T Ky
show that the mixing length should be as I,, =  y e~/ The 1st eddy viscosity is
therefore given by

given by the log law for (y* > 30). These two conditions that are given by %I ~

v (y) = xyxusye 16 (11)

where «; and C; are two coefficients, o is related to C,, and Dy, while Cj is related to
Ck. Equation (11), i.e., the exponential-type profile of eddy viscosity is consistent with the
exponentially decreasing mixing velocity (8). Equation (11) was proposed empirically and
was used in the planetary boundary layer [48] and coastal engineering [49-53]. However,
in order to allow accurate description for different flow conditions, Equation (11) was
written in a Re.-dependent form as [35,36]

y T +0.34Rex —11.5

Ue(y) = uye” O S 12)

where in the wall units, y* = yu. /v, and the friction Reynolds number Re, = hu, /v. In

other words,
"
v +034Res —11.5
vt (yJF) = ere* 0.46Res ~598
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where 14" = v;/v. The link between Equations (11) and (12) is given by

C ~ 03eRe 3% and C Re,
fr (x K = e . Ex —I. an = —
x— " 1™ 0.46Re, — 5.98

3.4. Second Formulation: Eddy Viscosity Formulation Based on Miwing Length Equation from
Similarity Hypothesis
This formulation uses a mixing length, which was derived from an extension of von

Karman’s similarity hypothesis, energy equilibrium assumption, and Nezu and Naka-
gawa’s (1993) TKE function as [37-39,54] (Appendix A)

In(¢) = xh (1 — e’é) (13)
Using Equations (8)-(10) and (13), the second proposed eddy viscosity is given by
v (&) = khue® (1 - e*‘f) (1 _ e—Bf<1—é‘)) 14)

4. Results

The following ordinary differential equation for velocity distribution U in open-
channel flows was obtained from analysis of the Reynolds-averaged Navier-Stokes

equations [32,55].
au u? y y
@—vw[(l*z)*“z] (15)

where « is a parameter related to dip-phenomenon. For wide-open channels (ratio of
channel width to flow depth >5) a = 0, and Equation (15) reverts in the outer region (in

the wall units) to the following;:
+ +
du 1 (1 Y ) (16)

Ayt u+t U Re.

Mean streamwise velocities are obtained from the numerical resolution of
Equation (16). To solve Equation (16), the eddy viscosity v;" is calculated using the
two proposed analytical eddy viscosity models given above, i.e., the first is given by
Equation (12), while the second by Equation (14).

Both proposed models are validated by experimental data of velocities in open-channel
flows for 923 < Re, < 6139 [18]. The measurements were carried out in a rectangular cross
section and a hydraulically smooth wall open channel. The total length of the channel is
20 m with a cross-sectional size (60 cm wide x 65 cm deep). The width of the channel
is sufficiently large to neglect the wall effect. A flow depth of 10 cm was kept constant
with varying discharge to examine at various Froude and Reynold numbers. Moreover,
measurement was carried out at a length of 18 m from the inlet position. Laser Doppler
Anemometer (LDA) was used to carry out velocity measurements under different flow
conditions. Table 1 summarizes experimental hydraulic conditions. The flow conditions
are listed in Table 1 [18].

Table 1. Flow conditions [18].

Depth of Flow,

Width to Depth

1 Re=4RUm — Un_ - _hu

Case h (cm) Ratio Reynolds Number ', Re=="_ Froude Number, Fr= \/‘;Lh Friction Reynolds Number, Rex=="
P2 10.3 5.9 5.5 x 10* 0.189 923
P3 10.0 6.0 14.3 x 10* 0.488 2156
P4 10.0 6.0 21.0 x 10 0.704 3001
P5 10.5 5.7 44.0 x 10* 1.170 6139

! Up = mean bulk velocity, R = hydraulic radius.
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4.1. Velocity Profiles from the First Eddy Viscosity Formulation: Exponential-Type Profile

Computed mean streamwise velocity profiles are obtained from (16) with the first
eddy viscosity given by Equation (12) and are validated by experimental data [18]. The
following boundary condition for the velocity is applied at { = 0.2 (or y© = 0.2 Rey):
Ut (y" =0.2Res) = (1/x) In(0.2Res) + B; where x = 0.41 and B = 5.29 [11].

Figures 1 and 2 show comparisons between computed velocity profiles (red solid
lines) and experimental data (symbols). The model allows the prediction of log law (black
thin dashed lines) to be improved in the outer region.

In order to improve the results, the first eddy viscosity given by (12) is used with the
condition of an eddy viscosity equal to zero at the free surface, which requires the use of
the damping function given by Equation (9), Equation (12) reverts to

+ +
4t 1034Res —11.5 y
vt = y+g_ 046Re, —598 (1 _ e—Bf(l—Re*)> 17)

Results obtained with Equation (17) (magenta thick dashed curves) allow the predic-
tion to be improved, particularly for high Reynolds numbers.

45 LA | T T T T T T T UL |
40 T
"ol -7
35+ el - .
w’*’*ﬁf == S
30— // % //// ///// —
25;/// //// Bf//// ]
+ - < = -
D -7 el -~
///Ufﬂ@ dope
15p-~ @3:600 O P2data
_ = O P3data
10 -~ P4 data -
* P5 data
5k — — —log-law |
_lstz/t
O IR | 1 1 L PR R | 1 1 1 P SR | L 1 1 PR T R A
10" 10 10° 10*

_+_

Y

Figure 1. Velocity profiles (red solid lines) obtained from (16) with the first eddy viscosity (12); symbols: experimental
data [18]; dashed lines: log law (profiles shifted by 5 units).
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O P2 data !
09F O P3data i
P5 data
0.8 ———log-law .
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5 20
U/u

*

40

Figure 2. Velocity profiles obtained from (16) with the first eddy viscosity (12) (red solid lines) and from (16) with (17)
(B = 6) magenta thick dashed lines; symbols: experimental data [18]; dashed lines: log law (profiles shifted by 5 units).

4.2. Velocity Profiles from the Second Eddy Viscosity Formulation Based on Von Karman's
Similarity Hypothesis

Computed mean streamwise velocity profiles are obtained from (16), and the second
eddy viscosity given by (14) and are validated by experimental data [18] (Table 1). The
same boundary condition is applied (velocity equal to the log-law value at y™ = 0.2 Re,).
Figure 3 shows comparisons between computed velocity profiles (red solid lines) and
experimental data (symbols). The model allows log-law profiles (black thin dashed lines) to
be improved in the outer region. Figure 3 shows that computed velocity profiles (red solid
lines) show good agreement and improve the prediction of log law (black dashed thin lines).
In order to improve the results, the momentum equation is resolved with a second boundary
condition at the lower limit of the logarithmic layer, i.e., y© = 30, where the velocity is
given by the log law as U™ (30) = (1/x) In(30) + B. Results (magenta thick dashed curves)
allow the prediction to be improved, particularly for high Reynolds numbers.
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1 | .
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Figure 3. Velocity profiles obtained from (16) with the second eddy viscosity (14) (Bf = 4) with the first boundary
condition at ¢ = 0.2 (red solid lines), and the second boundary condition at y*+ = 30 (magenta thick dashed lines); symbols:
experimental data [18]; dashed lines: log law (profiles shifted by 5 units).

4.3. Eddy Viscosity Profiles

In order to compare the two proposed analytical eddy viscosity models (Equations (12),
(14) and (17)) with the existing parabolic and log-wake-modified eddy viscosity profiles
(Equations (1) and (2)), all equations are written in the same dimensionless form as

Vt Y y
5\ T 1
hous Kh( h) (18)
Y1 -Y
T Kh(y -h)ﬂy (19)
hu. 1+ 7l sin(57)
n g o
A *% _ —Bf(1=0)
hu, ge (1 e ) 1)
Yt e (1 —e ) (1— e Br(1-0)
hu xe (1 ¢ )(1 € ) (22)

We notice that eddy viscosities from Equations (18), (19), and (22) are Re.-independent,
while Equations (20) and (21) are Re, dependent.

Figures 4 and 5 show comparisons of the vertical distribution of the different eddy vis-
cosity models. The three Re,-independent Equations (18), (19), and (22) are first compared.
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Figure 4 shows that the shape of the eddy viscosity given by the second model (Equation
(22)) (red solid line) is similar to the parabolic profile (green dashed line), where the maxi-
mum value is located at the same position, i.e., half water depth (¢ = 0.5). Even though
the second model exhibits a similar shape, it predicts smaller values than the parabolic
profile. The profile obtained from the second model is compared to log-wake-modified
(dash-dotted lines) profiles. The magenta dash-dotted curve is from the log-wake-modified
eddy viscosity given by Equation (19) with a Coles’ parameter I = 0.2. With a smaller
value of I, the blue dash-dotted curve (for IT = 0.15) is closer to the eddy viscosity given
by the second model. This value (IT = 0.15) is close to values found for open-channel flow
experiments [18,30]. This provides an explanation about the accuracy of the computed
velocity profiles obtained by the second model in the outer part of free surface flows.

Parabolic NN 4
————— Wake-modified, II =10.2 KUY
2nd v, AN

----- Wake-modified II=0.15 i

0.02 0.04 0.06 0.08 0.1 0.12
v/hu
t %k

Figure 4. Vertical distribution of eddy viscosity; green dashed line: parabolic eddy viscosity (Equation (18)); dash-dotted

lines: log-wake-modified eddy viscosity (Equation (19)); solid line: second eddy viscosity (Equation (22)) with By = 4.
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Re_ =923 Re_ = 2156
] ] \
Q
< <
S 0.5 S 0.5
0 - - 0 - -
0 005 0.1 0.15 0 005 0.1 0.15
v/ hu v/ hu
t * t *
Re, =3001 Re, = 6139
1 \ 1 A\
.\0\’ .\0\’
< <
N - N F
S 0.5 S 0.5
0 ' ' 0 ' :
0 0.05 0.1 0.15 0 005 0.1 0.5
v /hu v/hu
t * t *

Figure 5. Eddy viscosity profiles; thick red solid lines: first eddy viscosity (Equation (20)); thin magenta solid lines: first

eddy viscosity with free surface damping function (Equation (21)); blue dash-dotted lines: log-wake-modified eddy viscosity

(Equation (19)) with IT = 0.2; green dashed lines: parabolic eddy viscosity (Equation (18)).

For the Re,-dependent eddy viscosity given by the first model (Equations (20) and (21)),
Figure 5 shows comparisons for the vertical distribution of the eddy viscosity for the four
friction Reynolds number. The eddy viscosity curves (thick red solid lines) obtained from
the first model (Equation (20)) show that the eddy viscosity increases from the bed—the
maximum value is located at around the half water depth and then decreases until the free
surface. However, the eddy viscosity does not vanish at the free surface. With the condition
of an eddy viscosity equal to zero at the free surface, the profiles with the damping function
(Equation (21)) predict everywhere smaller values than the parabolic eddy viscosity (thin
magenta solid lines) and have a shape similar to the log-wake-modified eddy viscosity
profile (blue dash-dotted lines). Interestingly, with a value of Coles’ parameter IT = 0.2,
eddy viscosities from both the first model (Equation (21)) and log-wake-modified profile
(Equation (19)) are almost superimposed. The value I1 = 0.2 of Coles’ parameter is
the same as that proposed from open-channel flow experiments [18]. This provides an
explanation about the accuracy of the computed velocity profiles obtained by the first model
(Equation (21)) in the outer part of free surface flows.

The profiles obtained for the four Re,. numbers seem similar. For large values of
Re,, the two coefficients C, = a1k and Cj. of the first model reach asymptotic values
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equal, respectively, to Co = ayx = e~ (034/046) — 0 477 and C; = 1/0.46 = 2.17 (Figure 6).
Equations (20) and (21) reverts to the following Re.-independent forms:

Vt - -
. = Cate G (23)
h”;* = Cof (1 - e—BfU—C))e*Clé‘ (24)
where Co = 0.477 ,C; = 2.17, and Bf = 6.
0.7 - - 2.8
@ 0.65 1 6
N -
S 0.6 -
I _ @) 2.4
Dd 0.55
05! 227
0.45 : : 2 : '
0 2000 4000 6000 0 2000 4000 6000
Re, Re,

Figure 6. Asymptotic behavior of the two coefficients of Equations (23) and (24): C = ok = 0.477 and C; = 2.17.

Figure 7 shows the comparison between the two proposed eddy viscosity models
(24, 22), both with free surface damping function and parabolic and log-wake-modified
eddy viscosity profiles. Figure 7 shows that with the free surface damping function both
exhibit smaller values than the parabolic profile. Both models predict profiles similar to
log-wake-modified eddy viscosity (Equation (19)). The first model (Equation (24)) (red solid
line) is similar to (Equation (19))with a Coles’” parameter Il = 0.2 (red dash-dotted line),
while the second model (Equation (22)) (blue solid line) is similar to (Equation (19))with a
Coles’ parameter IT = 0.15 (blue dash-dotted line). Interestingly, the two coefficients of
the first model are found to be equal, respectively, to Cx = xyx = 0.477 and C; = 2.17.
The value of the first coefficient C results in o; = 1.16 (with ¥ = 0.41), which is close
to oy = 1 (related to the assumption /Dy = 1/ C;,%) (see also [49,50]). The value of
Cq is also between the two values 0.41 < 0.478 < 0.49 obtained, respectively, with the
assumption /Dy = 1/Cy%, \/DikCM%K = x = 0.41 and the empirical value Dy = 4.78 [56],
vV DrCy ix = 0.49. The value of the second coefficient allows the coefficient in TKE to be
defined as Cy = C;/2 = 1.088, which is close to the empirical value C; = 1 [55].

Figure 8 shows a comparison between the two proposed eddy viscosity models
(24, 22) and experimental data of eddy viscosity [18,57]. In addition to the experimental
data of Nezu and Rodi [18], data from experiments of Ueda et al. [57] are used, which seem
to confirm the same behavior. Figure 8 shows that profiles obtained from both models
show good agreement with experimental data of eddy viscosity.
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Figure 7. Eddy viscosity profiles; red solid line: first eddy viscosity (Equation (24)); blue dashed lines:
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5. Conclusions

The parabolic eddy viscosity is based on the log-law velocity profile and is valid only
in the log layer. The improved log-wake-modified eddy viscosity was obtained from the
log-wake law velocity profile. However, both were obtained from velocity profiles. The
main shortcoming of the log-wake profile is the uncertainty in the value of the empirical
Coles’ parameter.

In this study, the eddy viscosity is defined as a product between a velocity scale
(related to the root-square of TKE, which is given by a semi-theoretical exponentially
decreasing function) and a length scale (related to mixing length). From this definition, two
analytical eddy viscosity models are proposed, namely, (1) the exponential-type profile of
eddy viscosity and (2) an eddy viscosity based on an extension of von Karman’s similarity
hypothesis with an additional correction in order to account for the damping effect of
turbulence near the free surface. As for the parabolic and log-wake-modified profiles, the
eddy viscosity from the second model is Re, independent, while the eddy viscosity from
the first model is Re. dependent. The proposed analytical models are validated through
computation of velocity profiles, obtained from the resolution of the momentum equation
and comparisons to experimental data.

Mean streamwise velocity profiles were obtained by solving the momentum equation.
For both the first and second proposed analytical eddy viscosity models, a boundary
condition is applied at the lower limit of the outer region, i.e., y© = 0.2 Re, or & = 0.2,
where the velocity is given by the logarithmic law. Computed mean velocities are compared
to experimental data of open-channel flows for 923 < Re, < 6139. Computed velocity
profiles show good agreement in the outer region.

In order to improve the results, the first eddy viscosity was used with the free surface
damping function. Results allow the prediction to be improved, particularly for high
Reynolds numbers. For the second analytical eddy viscosity model, a second boundary
condition was used at the lower limit of the logarithmic layer, i.e., y© = 30 where the
velocity is given by the log law. Results allow predicted velocity profiles to be improved,
particularly for high Reynolds numbers. The results for velocity profiles show the ability
of these analytical eddy viscosity models to predict accurately the velocities in the outer
region from the momentum equation.

Finally, the vertical distribution of eddy viscosity from both proposed analytical
models was analyzed. Both profiles from the first and second analytical eddy viscosity
models with the free surface damping function are similar to the log-wake-modified profiles
but with different values of Coles” parameter. I = 0.2 for the first model and I1 = 0.15
for the second model. These values are close to values found from open-channel flow
experiments. This provides an explanation of the accuracy of the computed velocity profiles
in the outer part of free surface flows.

For large values of Re. (Re, > 2000), the first model becomes Re, independent, and
the two coefficients reach asymptotic values equal to C = ajx = 0.477 and C; = 2.17.
Interestingly, with a value of Coles” parameter I1 = 0.2, eddy viscosities from both the
first model and log-wake-modified profile are almost superimposed. The value IT = 0.2
of Coles’ parameter is the same as that proposed from open-channel flow experiments.
The analysis of these two coefficients allowed the models” assumptions to be verified
and former empirical values to be found. The two proposed eddy viscosity models are
validated by two experimental data. The comparison shows that profiles from both models
show good agreement with experimental data of eddy viscosity.
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Appendix A
The von Karman's similarity hypothesis allows writing the mixing length as [58]
dut/dy*
+
where U™ is the streamwise mean velocity. With dU* /dy* ~ vkt /1,,*, Equation (A1)
becomes
vkt /1, +
In™ = —x Kb (A2)
d(\/k+/lm+) Jdy+
Introducing the function f* = vkt /1,,*, (A2) becomes
F+2
S A
T (A3)
We write (A3) in the following form:
dft/dyt  «
T e (A9
The integration of the LHS term of Equation (A4) from A to y*, is given by
vdft /dyt 1 1
——=— Syt = - (A5)
fo =7 = e A
Integrating (A4) from A to y T, provides, therefore, the mixing length as
UM | L, t (Ao)
it () = Vi ([ oyt 2 E A6
' () (Aomy T Ay (A6)
Using Equation (6) for TKE and taking the boundary condition I, * (Ag) = kA yields
Y — oo Cryt/Res [ Res ( Gyt /Re, _Cdp/Re. CiAo/Res
Lt (yF) = xe ( c. (e e ) + Aoe (A7)

Rearranging the terms of (A7) allows writing the mixing length as [37-39,54]
b (y+) = a(Re, — (Re. — Cdg)e Gy = Aol /Re:) A8)

W a / k- SinCE 110 << Re* we Wll.te (18) 1.II a s]' ]~ .
on 0, as Illp l[led 1()rm that j 1

By taking C; = 1, Equation (A9) reverts to Equation (13).
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