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Abstract
This paper aims to be a contribution to the evaluation of the resistance factor of the alluvial 
meandering streams of natural origin. The well-known “divided resistance” approach, commonly 
adopted nowadays for straight streams with a bed covered by ripples and dunes is extended to 
include an additional term that considers the resistance due to the meandering of the stream. For 
the present analysis, 40 laboratory experiments and 285 field observations are evaluated, where it is 
found that the contribution of the meandering of the stream to its overall resistance may vary from 
negligible to very substantial, which depends on the stream geometric and flow conditions.
In addition, it is determined that the most influential components for the resistance factor in 
meandering conditions depend on the relation between channel-averaged flow depth (hav) and the 
average grain size of the bed material (D50), the deflection angle of a meandering flow at the crossover 
Oi (θ0), and also the relation between flow width (B) and the channel-averaged flow depth (hav); these 
relations are used to develop a mathematical expression capable to predict the resistance to flow 
due to the meandering of the stream. It is shown that the equation introduced in this paper leads to 
considerably improved predictions of average flow velocity and conveyance capacity of meandering 
streams, which is of significance for an improved management of inland waterways.

Introduction
River morphodynamics is the study of river bed and plan forms in response to erosion and 
sedimentation. In the context of river morphodynamics, it is essential to study energy losses in 
meandering streams, as they determine the resistance to flow of a stream exhibiting bends or curves 
[1]. 
Over time, several methods have been proposed to establish the additional resistance to flow due 
to the stream meandering. Such methods range from simple, empirically determined adjustments 
of friction factors to more complex, theoretically based formulations in terms of geometric and flow 
variables. According to James [2], the existing methods for predicting stage-discharge relationships 
for meandering channels give conflicting results and none have been reliably verified with independent 
data. 
Some of the most prominent methods to quantify resistance to flow in meandering streams are: Soil 
Conservation Service (SCS) method [3], Linearized Soil Conservation Service (LSCS) method [3], 
and the method of Leopold et al. [4] subsequently modified by James and Wark [5]. These methods 
were developed under different conditions and some of them consider more variables than the 
others. Furthermore, it should be noted that most of the methods do not consider enough geometric 
variables and even the flow conditions are often neglected as parameters of the equations [6]. 
James [2], who tested some of the existing methods against different data, showed that ignoring 
bend losses gives unacceptably high errors in predicting discharge, with some methods giving worse 
results than others. This highlights the fact that it is necessary to analyze previous methods in order 
to verify what is the error level in the results, and seek a new method to solve this kind of problems, 
considering that they also have to be easy to apply routinely in practice [6].
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The general objective of this work is to develop a new method to predict average flow velocity and 
stream conveyance capacity in meandering streams, fully considering the effect of bends on energy 
loss.
The specific objectives are as follows:
• To evaluate the existing methods for predicting average flow velocity and stream conveyance 

capacity;
• To develop a novel approach to quantify bend loss in meandering streams considering geometric 

and flow variables, and use it to implement a new method for predicting the average flow velocity 
and stream conveyance capacity;

• To assess the level of improvement in predictions by using the new method compared to 
previous methods.

Present approach

Fundamentals
In this paper, the resistance to flow will be expressed with the aid of Chézy resistance equation, 
namely:

av c hu c gS R= , (1)

in which c is the (dimensionless) Chézy flow resistance factor.
Following Langbein and Leopold [7], the centrelines of the streams will be idealized as sine-generated 
curves, given by θ = θ0 cos [ 2π ( lc / L ) ], in which θ is deflection angle (see the schematic figure 1), 
θ0 is deflection angle of a meandering flow at the crossover Oi (figure 1), lc is longitudinal coordinate 
along the centreline of a meandering flow (lc = 0 at the crossover Oi), and L is meander length 
measured along the channel centreline. As shown in da Silva and Yalin [6], the centreline curvature 
of sine-generated streams is given by                                                                       B / R = [θ0 
J0(θ0)] sin[2π (lc / L)], where B is the flow width and J0 (θ0) is the Bessel function of the first order and 
zero-th kind of θ0. 
As follows from this expression, sine-generated curves exhibit a continuous variation of centreline 
curvature along the streamwise direction: | B/R | is equal to zero at the crossover Oi and reaches a 
maximum B/Ra at the apex ai:

B / Ra = θ0 J0 (θ0) (2)
The graph of B/Ra is shown in figure 2. Observe how with the increment of θ0, the relative curvature 
B/Ra first increases from zero onwards, reaching a maximum at θ0 = 70° and then decreasing as 
θ0 increases to  ≈ 126° (when the meander loops come into contact with each other, and the 
meandering pattern is destroyed).
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Figure 1. Definition sketch (after da Silva et al. 2008).

Figure 2. Plot of B/Ra versus θ0 (after Yalin and da Silva 2001).

It can also be shown that the sinuosity σ = L/ ΛM, where ΛM is the meander wavelength, is uniquely 
related to θ0, as follows:

σ = 1
J0(θ0)

(3)

Approach
As is well-known, following Einstein and Barbarossa [8], Engelund [9], Yalin [10], etc., the prevailing 
approach to determine the flow resistance factor in a straight stream where the movable bed is 
covered by bed forms (dunes and/or ripples) is based on the division of total flow resistance into grain 
resistance and form resistance. This approach, commonly referred to as the “divided resistance” 
approach, considers the total bed shear stress as the sum of the bed shear stress due to the surface 
roughness (τ0)f and the bed shear stress due to the bed forms (τ0) ∆, i.e. 

τ0 = (τ0)f  + (τ0) ∆ (4)
It follows that the resistance factor c of flow can be expressed as 
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1
c2

= 1
c f
2 +

1
cΔ
2 (5)

where 1/c2
f is the pure friction component of 1/c2 and 1/c2

∆  is the component of 1/c2 due to bed 
forms.
Consider now a meandering stream. On the basis of the aforementioned, the increased resistance 
to flow can be treated as an increment of the bed shear stress τ0 due to the stream plan geometry, 
yielding 

τ0 = (τ0)f  + (τ0) ∆ + (τ0)M (6)
where (τ0)M  is the bed shear stress due to the meandering of the stream. Eq. (6) in turn implies 

1
c2

= 1
c f
2 +

1
cΔ
2 +

1
cM
2 (7)

where 1/c2
M is the component of 1/c2 due to the meandering of the stream.

In the following, a suitable expression for 1/c2
M is developed on the basis of dimensional considerations 

and all the available laboratory and field data.
However, before proceeding further, the following should be noted.
1. The meandering of a stream induces the growth, in the vertical z-direction, of laterally adjacent 

deposition bars and pools (illustrated in figure 3). In the case of sine-generated streams, each 
bar+pool complex forms a large-scale erosion-deposition zone having the length L/2. Elements 
of bed topography due to reasons other than the meandering of the stream, namely dunes and/
or ripples, can be superimposed on the large-scale bed deformation due to meandering. The 
term 1/c2

∆ in Eq. (7) is thus to be viewed as incorporating the effect of both dunes and ripples, 
as well as that of the meandering bed deformation. However, the bars and pools are, as a 
rule, rather flat at any stage of the meandering bed development. Their longitudinal and radial 
steepness can be expressed as                                                                    δl ≈ ∆ / (L/2) < 2hav 
/ L and δr = ∆ / (B/2) < 2hav / B, respectively. Here ∆ (= ∆b or ∆p) implies the height of bars and 
the depth of pools, respectively. The contribution of the pools and bars to the overall resistance 
to flow is thus of secondary importance only. Considering this, in the following, this contribution 
will be disregarded – i.e. the only bed forms that will be considered are ripples and dunes.

2. As is well-known, the friction factor cf of a flow past a flat bed can be determined from the 
following expression (see e.g. [11], [6]): 

c f =
1
κ
ln 0.368

hav
ks

⎛

⎝⎜
⎞

⎠⎟
+Bs

,
(8)

when κ is von Kármán constant (≈ 0.4), ks is granular roughness of the bed surface and Bs is the 
roughness function. Following Kamphuis [12] and Yalin [13], in this work ks is identified with 2D50 
(2D50 = average grain size of the bed material); and Bs is determined from the following equation, 
due to da Silva and Bolisetti [14] (see also [6]) 

Bs = 2.5lnRe*+5.5( )e−0.0705(lnRe* )2.55 +8.5 1−e 0.0594(lnRe* )2.55⎡
⎣⎢

⎤
⎦⎥ (9)

where Re *  is the roughness Reynolds number (= ν * ks / ν, where ν * = (g Sc hav)1/2 is shear velocity, 
and ν is fluid kinematic viscosity, in this work identified with 10-6 m2/s).
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3. Following Yalin [10] and Engelund [9], the following expression is adopted for 1/c2
∆: 

1
cΔ
2 =

1
2hav

(δd
2Λd +δ r

2Λr ) (10)

where δd is dune steepness, Λd is dune length, δr is ripple steepness and Λr is ripple length. 
In this work, the equations by da Silva and Yalin [6] for δd, Λd, δr and Λr were adopted (see [15]).

Figure 3.  Example of typical features of a meandering river. Left: in the red circle its 
possible to see a point bar in the inner bank of the meander; right: zoom on the same 

point bar shown on the left picture. Brazos River, West of Monaville, Texas, United 
States of America. Image source: Google Earth, Landsat Copernicus, 2018. 

Variables determining 1/cM
2 

 In this section, dimensional analysis is used to establish the variables upon which 1/c2
M might 

depend.
The flow in a sine-generated channel having a naturally acquired deformed bed, centreline slope Sc 
and the granular roughness ks is determined by the following n = 8 characteristic parameters: ρ, ν, 
θ0, ΛM, B, ks, gSc, hav, where ρ is fluid density, ν is fluid kinematic viscosity, θ0 is deflection angle at 
the crossover (at lc = 0), ΛM is meander wavelength, B is flow width, g is acceleration due to gravity, 
Sc is stream centreline slope and hav is channel-averaged flow depth. Hence any characteristic A of 
a sine-generated alluvial stream can be expressed as 

A = fA (ρ, ν, θ0, ΛM, B, ks, gSc, hav) (11)
Using ρ, ν, and hav as repeaters, and replacing gSc by * v , we determine for the dimensionless 
counterpart ΠA of A 

∏A = ρ xv yhav
z A=ϕA(θ0 ,ΛM /B ,B /hav ,hav /ks ,v*ks /v)  (12)

Let us now identify A in Eq. (11) with the channel-averaged flow velocity uav and thus ΠA in Eq. (12) 
with hav uav/ν. Taking into account that uav = c.v * , and also that the characteristic wavelength ΛM of 
natural alluvial streams and the flow width B are not independent, but rather related as     ΛM  = const 
. B (where, according to Yalin 1992, const ≈ 2π), one obtains

1
𝑐𝑐! = 𝜑𝜑(𝜃𝜃", 𝐵𝐵/ℎ#$	, ℎ#$/𝑘𝑘%, 𝑣𝑣∗𝑘𝑘%/𝑣𝑣) 

 
(13)
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Eq. (13) implies that 1/c2
M in Eq. (7) must be expected to be at most a function of the four 

dimensionless variables on the right-hand side of Eq. (13), i.e. that

1
𝑐𝑐!"

= 𝜑𝜑(𝜃𝜃#, 𝐵𝐵/ℎ$%	, ℎ$%/𝑘𝑘&, 𝑣𝑣∗𝑘𝑘&/𝑣𝑣) 

 

(14)

[The fact that 1/c2
f is determined by hav/ks and v * ks/ν does not exclude the possibility that 1/c2

M  too, 
may depend on these two variables].

For the case of fully rough flows, for which the conditions become independent of v * ks/ν, Eq. (14) 
reduces to 

1
𝑐𝑐!"

= 𝜑𝜑(𝜃𝜃#, 𝐵𝐵/ℎ$%	, ℎ$%/𝑘𝑘&) 

 

(15)

It is noted that since ks ≈ 2D50, hav/ks in Eq. (15) is equivalent to hav/D50, i.e. Eq. (15) is equivalent to

1
𝑐𝑐!"

= 𝜑𝜑(𝜃𝜃#, 𝐵𝐵/ℎ$%	, ℎ$%/𝐷𝐷&#) 

 

(16)

Experimental Data

Description of Data
The dataset used in this work consists of a total of 40 laboratory experiments and 285 field 
observations, reported by various authors. The data are summarized in table 1, where N is number 
of experiments or observations by a given author, Q is flow rate, D50 is representative grain size, B is 
flow width, hav is channel-averaged flow depth, Sc is bed slope along the centreline of a meandering 
flow, and θ0 is deflection angle of a meandering flow at the crossover Oi.
Some authors provided the value of stream sinuosity σ instead of θ0. For the present purpose, σ was 
converted to θ0 with the aid of Eq. (3); the Bessel function J0 (θ0) was calculated from the following 
polynomial approximation (see [6]):

𝐽𝐽!(𝜃𝜃!) ≈ 1 − 2.2499997-
𝜃𝜃!
3 /

"
+ 1.2656208-

𝜃𝜃!
3 /

#
− 0.3163866-

𝜃𝜃!
3 /

$

+ 0.0444479-
𝜃𝜃!
3 /

%
− 0.0039444-

𝜃𝜃!
3 /

&!
+ 0.0002100 -

𝜃𝜃!
3 /

&"
 

 

(17)

where θ0 is in radians.
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Table 1.  Summary of the dataset used in this work (total of 40 
laboratory experiments and 285 field observations).

Preliminary analysis of data
In view of Eq. (16), a preliminary analysis of the data was carried out to assess whether 1/c2

M is a 
function of all of the dimensionless variables in the equation, namely θ0, B/hav and hav/D50.
In this analysis, only the data from controlled laboratory experiments is considered, as a means to 
eliminate data scatter that may obfuscate data trends. In all subsequent plots in this section,  1/c2

M  
was obtained from the relation (see Eq. (7))

1
cM
2 = 1

c2
− 1
c f
2 −

1
cΔ
2 (18)

in which 1/c2 was identified with the measured value of (v * /v)2, and 1/c2
f and 1/c2

∆ were calculated 
from Eqs. (8) and (10), respectively. In the absence of observations on bed forms, the methods by 
[6] (see [15]) were used to establish whether dunes and/or ripples were present, and determine their 
geometric characteristics (δd, Λd, δr, Λr) appearing in Eq. (10).
Consider first figure 4, showing the plot of (measured) (1/c2

M)/(1/c2) versus θ0. This figure provides a 
measure of the contribution of the meandering of the stream to the overall resistance to flow. Note 
that, for the data under consideration, (1/c2

M)/(1/c2) varies from ≈ 0.02 to ≈ 0.86, indicating that the 
contribution of the meandering to the overall flow resistance varies from very small to substantial, 
depending on the conditions in the stream.
Figure 4 indicates also that the greater contributions due to meandering occur for intermediate 
values of θ0 (55° < θ0 < 85°), and that this contribution rapidly decreases for both small and large 
values of θ0, as the deviation of θ0 from ≈ 70° increases. The same can also be inferred from figure 
5, showing plots of measured values of 1/c2

M versus θ0. For the purposes of the present discussion, 
consider only the data in these plots: the solid lines will be introduced later, and for now they should 
be taken only as providing a means to highlight the data trend. Each plot in figure 5 includes the data 
within a given range of B/hav values.
In addition, to show the above described trend of 1/c2

M with θ0, figure 5 shows that 1/c2
M is affected 

also by B/hav. Indeed, note how in the plots in figure 5 the maximum value of 1/c2
M  becomes smaller 

as B/hav increases. For example, in the plot at the top left in figure 5, corresponding to 5<B/hav≤15, 
the average of 1/c2

M  values of the data for θ0 = 70° is 0.022; while in the plot at the bottom right, 
corresponding to 40<B/hav≤70, it is 0.008.
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The dependency of 1/c2
M  on B/hav is also evident from figure 6, in which the measured values of 1/

c2
M  are plotted versus B/hav and the data are sorted by values of θ0. Note that the solid and dashed 

lines in this figure were added merely to highlight the data patterns. Figure 6 clearly indicates that for 
any given value of θ0, 1/c2

M  decreases with the increment of B/hav, eventually becoming independent 
of B/hav when B/hav becomes sufficiently large.
As is well-known, the intensity of cross-circulatory motion in a bend depends directly on B/R (the 
stream curvature) and decreases with increasing values of B/hav. The form of variation of 1/c2

M  with θ0 
described above and its decrease with B/hav are consistent with the known form of variation of the 
intensity of cross-circulatory motion with these variables (recall in figure 2, showing the graph of B/
Ra versus θ0 for sine-generated streams).

Figure 4.  Plot of (measured) (1/c2
M)/(1/c2) versus θ0

Figure 5.  Variation of 1/c2
M versus θ0, with the data sorted by B/hav.
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Finally, consider figure 7, showing the plot of measured 1/c2
M  values versus hav/D50. Like in figure 6, 

the dashed line was added merely to highlight the data pattern. From figure 7, it is clear that 1/c2
M  

is also affected by hav/D50, as the data exhibit a clear trend. Since the intensity of cross-circulatory 
motion is also affected by hav/D50, it should not be surprising that 1/c2

M is affected by it. 
From the aforementioned, it follows that all three of θ0, B/hav and hav/D50 affect 1/c2

M. Accordingly, the 
new equation was developed on the basis of Eq. (16) as it stands.

Figure 6. Dependecy of 1/c2
M on B/hav

Figure 7. Plot of measured 1/c2
M values versus hav/D50.
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Equation for 1/c2
M 

By analyzing the data patterns in view of Eq. (16) (see [15]), it was concluded that 1/c2
M can be 

adequately represented by the following equation:

1
cM
2 = a1 ⋅ϕ

hav
D50

⎛

⎝⎜
⎞

⎠⎟
⋅ B
hav

⎛

⎝⎜
⎞

⎠⎟

−0.625

e−(2.5θ0−2.924)
2

,
(19)

where:

1 0.1a = if 5≤B /hav ≤20  , (20)

1 0.062a = if B /hav >20  , (21)
and:

ϕ
hav
D50

⎛

⎝⎜
⎞

⎠⎟
= −1.03⋅log

hav
D50

⎛

⎝⎜
⎞

⎠⎟
+3.03 if hav

D50
≤500 , (22)

ϕ
hav
D50

⎛

⎝⎜
⎞

⎠⎟
=0.25 if 

50

500avh
D

> . (23)

The graphs of Eq. (18) for B/hav = 10 and 5000 (and B/hav = 10, 17.5, 30 and 55) are shown in figure 
8.
It should be noted that the solid lines on the plots in figure 5 are the graphs of Eq. (19). In each of 
these plots, the solid line was determined from Eq. (19) using as B/hav value the average of the B/hav 
and B/hav values of the data in each plot.

Figure 8.  Graphs of present 1/c2
M  -equation (Eq. (28)) for hav/D50 = 10 

(left) and hav/D50 = 5000 (right), and selected values of B/hav.

Results

Results of new method
The results of application of the new method to the dataset previously described are shown in figures 
9 and 10.Figure 9 (top left) shows the plot of (uav)Calculated versus (uav)Measured in which uav is average flow velocity; 
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Figure 9 (top right) depicts the residual plot, in which the abscissa is (uav)Measured and the ordinate is 
[(uav)Measured – (uav)Calculated]/(uav)Calculated; and figure 9 (bottom) shows the probability density function of 
the residuals in the figure of the top right. For the laboratory data, the equation yields 80 and 98% 
of the data falling in the 20 and 40% error ranges, respectively; and for the field data, it yields 54 
and 78% of the data falling in the same error ranges (see table 2). By considering the totality of the 
data, it yields 57 and 80% of the data falling in the 20 and 40% error ranges, respectively (table 2). 
The data are reasonably well distributed around the perfect agreement line (in figure 9 top left); the 
residuals do not exhibit a trend (figure 9 top right) and they closely follow a normal distribution (figure 
9 bottom). These characteristics of the residual plot and the residuals probability density function 
indicate that the present equation is properly formulated.
Figure 10 shows the plots of calculated versus measured flow rate Q. Two plots are presented, one 
corresponding to 0.0001 m3/s ≤ Q ≤ 0.1 m3/s and 0.1 m3/s ≤ Q ≤ 100 000 m3/s, so as to make the 
data in each plot clearly visible. It should be noted that since Q = uav hav B, the percentages of data 
falling within the 20 and 40 % ranges are the same as for uav (i.e. as shown in table 2).

Figure 9. Comparison of calculated versus measured values of average flow velocity. Top left: plot of 
calculated versus measured uav; top right: residual plot; bottom: probability density function of the residuals.
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Table 2.  Percentages of calculated uav values within different error ranges for the present method.

Error Range (%) Field (%) Laboratory (%) Total

0 - 20 % 54 80 57

0 - 40 % 78 98 80

0 - 60 % 87 100 89

Figure 10.  Plot of calculated versus measured flow rate for the present method.

Comparison with previous methods
We start by comparing the new method, in which 1/c2 is given by Eq. (7) with 1/c2

M as defined by Eq. 
(19), with the previous method by da Silva and Yalin (2017) and based on Eq. (5). For this purpose, 
plots of (uav)Calculated versus (uav)Measured and QCalculated versus QMeasured, similar to those in figure 9 and 
10, were produced as shown in figure 11 and 12, respectively. The related residual plot and the 
probability density function of the residuals can be consulted in Appendix C from Gamboa (2018).
As can be inferred from figures 11 and 12, the non-inclusion of a term to consider the meandering 
of the stream when calculating the resistance factor c leads to systematic over-estimation of the flow 
velocity and, consequently, flow rate. Note from figure 11 that the data plot around the upper 20% 
error range line, instead of being aligned with the perfect agreement line. This means that by not 
including the term 1/c2

M, velocity and flow rate are overestimated on average by 20%.

Figure 11.  Comparison of calculated versus measured values of average flow 
velocity. Left: plot of calculated versus measured uav; right: residual plot.
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Figure 12.  Plots of calculated versus measured flow rate for da Silva and Yalin method.

We proceed now to evaluate the present method against previous methods [3] and [5].
The SCS and LSCS methods require selection of the value of Manning’s n; and the method by 
James and Wark [5] requires adoption of the value of Darcy-Weisbach friction factor f. In the absence 
of detailed information on the streams, for the present purposes, the value n = 0.03 was adopted 
for all cases (laboratory and field data). This is justified on the basis of Arcement and Schneider [16] 
and Villon [17].
The following expression, due to [18] (see also e.g. [19]) was adopted for f:

 

1
f
=2.0log

hav
D50

⎛

⎝⎜
⎞

⎠⎟
+1.0 (24)

where D84 is 84th percentile used to represent the coarse fraction. The values of D84 of the bed 
material of the streams in the database are, in general, not known. For this reason, f was determined 
from Eq. (24) using D50 instead of D84. A sensitivity analysis was carried out to evaluate differences in 
the results by adopting instead of D84 both D50 and ks = 2D50. It was found that the results obtained 
with 2D50 are substantially worse than those obtained with D50 (hence the reason to adopt D50 in the 
calculation). 

Similarly to figure 11, figures 13, 14 and 15 show the plots of (uav)Calculated versus (uav)Measured (figures 
on the left) and the residual plots (figures on the right). The probability density functions of the 
residuals and the plots of calculated versus measured flow rate Q can be consulted in Appendix C. 
The percentage of calculated uav-values falling within the 20, 40 and 60% error ranges for the three 
methods under consideration are shown in table 3.
As follows from figures 9 and 13-15:
• The present method yields substantially improved results for the laboratory data.
• The present method eliminates the trends of previous methods to underestimate both velocity 

and flow rates.
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Figure 13.  Comparison of calculated versus measured values of average flow 
velocity. Left: plot of calculated versus measured uav; right: residual plot.

Figure 14.  Comparison of calculated versus measured values of average flow 
velocity. Left: plot of calculated versus measured uav; right: residual plot.

Figure 15.  Comparison of calculated versus measured values of average flow 
velocity. Left: plot of calculated versus measured uav; right: residual plot.
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Table 3.  Percentages of calculated uav values within different error ranges for 
the SCS method, LSCS method and James and Wark method.

Soil Conservation Service Method (SCS) 1963

Error Range (%) Field (%) Laboratory (%) Total

0 – 20 % 42 23 40

0 – 40 % 84 50 80

0 – 60 % 91 90 91

Linearized Soil Conservation Service Method (LSCS) 1963

Error Range (%) Field (%) Laboratory (%) Total

0 – 20 % 43 23 40

0 – 40 % 85 53 81

0 – 60 % 91 90 91

James and Wark Method 1992

Error Range (%) Field (%) Laboratory (%) Total

0 – 20 % 48 43 47

0 – 40 % 75 78 75

0 – 60 % 94 100 94

Conclusions
According to the analysis and discussion made previously, it is possible to conclude the following:
• The contribution of the meandering of the stream to the overall resistance to flow varies from 

negligible to very substantial, depending on the stream geometric and flow conditions: negligible 
in small and large sinuosity streams having large values of the width-to-depth ratio, and very 
substantial in streams having intermediate values of sinuosity and values of width-to-depth ratio 
less than ≈ 20.

• The additional resistance to flow due to meandering of the stream is directly linked to the 
intensity of cross-circulation, and thus exhibits a similar form of the variation with θ0 and a similar 
decrease with B/hav. The convective behaviour of flow because of curvature variation along lc has 
a comparatively small effect on the overall resistance to flow.

• The present work proves that the resistance to flow term due to the meandering of the stream 
depends on the width-to-depth ratio (B/hav), depth-to-grain size ratio (hav/D50) and the values of 
deflection angle of a meandering flow at the crossover Oi.

• According to the graphs and the error ranges that were shown previously, it is possible to 
conclude that the present equation approach has a higher accuracy than the other methods that 
were jointly analyzed.

• Finally, it is important to mention that for using the present equation it is not necessary 
to make assumptions in any case, which does not occur in the other methods that 
were jointly tested; while the other methods require selection of Manning’s n values from 
different tables that use a random and personal criterion, which varies depending on the 
evaluator. Besides, the James and Wark method requires the Darcy Weisbach coefficient, 
which depends on Reynolds number, making the calculations difficult in some cases.
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