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Abstract
Water flow in a plane bed stream (PBS) is different from the conventional open channels because of a higher ratio of “width 
to depth, (b/h)”. Although much research has been carried out on the hydraulics of flow in PBSs, but the flow characteristics 
have not been fully understood yet. Thus, understanding flow resistance is necessary for flood prediction and flood routing. 
In the present research work, a comprehensive examination of hydraulics characteristics of PBSs is conducted by using both 
physical and Flow-3D numerical models of a wide rectangular channel with various sizes of bed materials. A stage-discharge 
relationship was developed for a PBS using four different types of bed materials. Results of the physical model indicated that 
for the discharges higher than 0.035 m3/s, by increasing the bed roughness, the Manning’s roughness, n, increased within 
3%. Results of the numerical model showed that by increasing the Froude number, Fr, Manning’s roughness, n, decreased 
linearly. Finally, a novel general linear equation for calculating Manning’s roughness coefficient, n, including all related 
parameters, was also obtained that can be used by the hydraulic engineers and institutional river managers.
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Introduction and literature survey

The economy and effectiveness of many water resources 
projects are related to the determination of flow resistance 
in channels (Kumar and Bhatla 2010). The difficulty of flow 
resistance determination is because the flow boundary in 
alluvial channels is not fixed but its characteristic geom-
etry and dimensions through mutual interaction between 
the flow and bed continuously are changing (Kumar 2011). 
Flow resistance affects the velocity and hence flow depth, 
and also, it controls the distribution of shear stress around 
the channel boundary and, therefore, the magnitude and dis-
tribution of bed and bank erosion. Thus, it is an absolute 

control of flow hydraulics in streams and rivers, so a thor-
ough understanding of flow resistance is necessary for flood 
prediction and flood routing and many geomorphological, 
sedimentological, and engineering studies and design of 
channel form, stability and adjustment, ecological habitat 
prediction, sediment routing models, and other scientific and 
practical applications (Ferguson 2007; 2010; 2012; Nitsche 
et al. 2011; Powell 2014; Hou et al. 2019; Iraji et al. 2020; 
Satvati et al. 2020; Zheng et al. 2021).

Flow resistance in open channels can stem from four dif-
ferent factors: (1) surface or skin friction, (2) form resistance 
or drag, (3) wave resistance from free surface distortion, and 
(4) resistance associated with local acceleration or flow 
unsteadiness (Rouse 1965; Yen 2002). The Manning’s 
roughness coefficient, n, can be derived using the well-
known Darcy-Weisbach equation, in the form of n

/
k
1∕6
s  (Yen 

2002). Leopold et al. (1964) divided the resistance into those 
due to skin friction, internal distortion, and spills (Yen 
2002). The Moody diagram is a particular form of the Darcy-
Weisbach equation (Rouse 1965). Flow resistance generally 
depends on the distribution of velocity. According to the 
boundary layer theory, the distribution of velocity u along 
the wall-normal y-direction is adequately described by two 
universal laws; namely, the inner law or law of the wall 
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where the viscous effect dominates, and the outer law or 
velocity defect law)Rouse 1965; Hinze 1975; Schlichting 
and Kestin 1961; Yen 2002). The flow regions of the inner 
and outer law are not entirely separate, and there is an over-
lapping area between them. The logarithmic function of 
well-known Darcy-Weisbach can be applied for the velocity 
distribution in both regions as Eq. 1 (Yen 2002):

where C1 and C2 are constant and u∗ is shear velocity. Based 
on Yen (2002), the resistance due to steady uniform flow 
can only be a function of the Reynolds number and rela-
tive roughness, and the effect of the Froude number may be 
ignored (as Eq. 2):

Equation 2 is also based on the Moody diagram. Equa-
tions of Manning, Chezy, and Darcy-Weisbach (Eq. 3), are 
also widely used to calculate the velocity using the flow 
resistance coefficient (Yen 1991, 2002):

where C, f, and n are the Chezy, Weisbach, and Manning 
roughness coefficients, respectively; R is hydraulic radius; 
S0 is slope; g is gravitational acceleration; and Kn is 1 m1/2/s 
for U and R in SI units, 1.486 ft1/3-m1/6/s for English units, 
and 

√
g dimensionally homogeneous Manning formula (Yen 

2002). Yen (1992) proposed a general expression to rep-
resent the overall resistance of composite channels (Eq. 4)

where m is the number of sub-cross-sections of a combina-
tion of area Ai, wetted perimeter Pi, or the hydraulic radius 
Ri; wi is the ith weighting function, and ni is the ith local 
Manning n value. There are over ten equations based on the 
concept of Eq. 4 that have been proposed (see Mohammadi 
1998 for more detail). In this research, Lotter (1933) equa-
tions were used for determining different roughness of the 
bottom and walls of the model (Eq. 5)

To detect the flow regime (hydraulically smooth, transi-
tional, and rough turbulent flow), the shear Reynolds num-
ber, Re*, is used, as given in Eq. 6 (Powell 2014).
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where ks is the thickness of the roughness. To calculate u*, 
the logarithmic profile of velocity was drawn at each section, 
and the slope of the velocity profile was also calculated. 
Then, by inserting it on a related general equation, the shear 
velocity was obtained as Eq. 7 (Nezu and Rodi 1986).

where M is the slope of the logarithmic profile of the 
cross-sectional velocity and � is the von-Kármán universal 
constant that equals to 0.40–0.41, which is widely used to 
describe the grain resistance of a plane bed on the assump-
tion that the velocity profile is logarithmic (Nezu and Rodi 
1986; Ferguson 2012). Typically, smooth turbulent flow, 
transitional flow, and rough turbulent flow are defined by 
Re* ≤ 3.5, 3.5 ≤ Re* ≤ 68, and Re* ≥ 68, respectively (Powell 
2014).

To determine the type of rivers, the characteristics of the 
geometric shape of the river sections, which include mean-
dering, shape, b/h aspect ratio, and degradation rate, are used 
(Buffington and Montgomery 1999; 2013). According to the 
Rosgen classification, rivers located in the B type are mainly 
wide rivers with plane beds. Wide rivers with plane beds 
have low flow depths and high b/h aspect ratios and occur 
in the middle and end sections of the longitudinal section 
of rivers (Rosgen 1994; 2003; Rosgen and Silvey 1996). 
Some of the recent researches on river type classifications 
are conducted by Kasprak et al. 2016; Horacio et al. 2017; 
2018 and else.

Myers (1982) calculated the friction coefficients for the 
rectangular channels with b/h (aspect ratio) of 1 to 35 and 
examined b/h effects on friction coefficients. Then, Myers 
(1982) reported a low correlation between b/h and friction 
coefficient, likely due to the presence of secondary flows and 
non-uniform shear patterns. Dolgopolova (2001) vastly stud-
ied the flow resistance in the plane rivers using the Darcy-
Weisbach friction factor, f. By providing the cross-sectional 
shape coefficient, m, Dolgopolova (2001) obtained a theo-
retical value for plane rivers to be equal to 2 and compared 
it with the results of field studies related to some Russian 
rivers. The results obtained by Dolgopolova confirmed the 
use of coefficient m = 2 for wide-plane channels. For the 
flows with h∕b ≪ 1 (i.e. b∕h ≫ 1 ), Dolgopolova (2000) 
used f = 0.32n2 and calculated the coefficient of friction in 
several plane rivers. The results of Dolgopolova indicated 
that in the rivers considered, where the aspect ratio, b/h, is 
above 33, and therefore, m = 2 can be applied.

Starting from a plane bed without sediment transport, rip-
ples, dunes, and washed-out dunes develop in large experi-
mental flumes as the flow intensity increases in magnitude 

(6)Re∗ =
u∗ks

�

(7)u∗ =
M.�

2.303
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over a bed of loose sand particles (see Julien 2010 and 
Roushangar et al. 2017; for more detail). Many classic fric-
tion factor models have been developed, which describe the 
complex phenomenon of flow resistance. Meyer-Peter and 
Müller (1948), Einstein and Barbarossa (1952), Taylor Jr and 
Brooks (1962), Raudkivi (1967), Richardson and Simons 
(1967), Smith (1968), Van Rijn (1984), Karim (1999), 
Yang et al. (2005), and van der Mark et al. (2008) have all 
presented expressions for the total friction factor resulting 
from bedform roughness (Roushangar et al. 2017). Moham-
madi (2002) investigated the effect of secondary flows and 
cross-sectional shape on the distribution of boundary shear 
stress and flow resistance coefficients, by performing vari-
ous experimental sets on V-shaped bottom channel cross-
section with vertical walls. Mohammadi (2002) attempted 
to develop a relationship for determining the flow resistance 
in rectangular and circular channels’ cross-sections. Javid 
and Mohammadi (2012) focused on the hydraulic radius 
separation approach used to calculate the flow resistance 
and boundary shear stress in terms of bed and wall shear 
stress proposed in a trapezoidal channel.

Continuous flow measurement in rivers and channels, 
even in normal conditions, is costly and complicated, so 
we need to develop general equations to estimate the water 
discharge based on easily-measurable flow parameters. A 
stage-discharge relationship is a resistance-to-flow rela-
tionship (White et  al. 2005). Several investigators have 
proposed accurate approaches for this purpose. Sefe (1996) 
conducted a study to provide the stage-discharge relation-
ship of the Okavaiigo River at Mohembo, Botswana. Sterling 
and Knight (2000) investigated the stage-discharge curve in 
circular conducted with and without a plane bed. Based on 
field measurement results, Cantalice et al. (2013) proposed 
a stage-discharge relationship to estimate the discharge in 
Exu River, Brazil, with sand bed materials of d50 = 0.77 mm. 
Parsaie et al. (2017) presented some relations to estimate the 
flow discharge in a different compound channel roughness. 
Results all indicated that the effect of different roughness on 
the stage-discharge relation at low values of discharge is vis-
ible, whereas increasing the value of discharge is decreased. 
Some of other researches in the concept of stage-discharge 
are such as Léonard et al. (2000); Jain and Chalisgaonkar 
(2000); Abril and Knight (2004); Sivapragasam and Muttil 
(2005); Maghrebi (2006); Rahimpour and Maghrebi (2006); 
Guven and Aytek (2009); Yang et al. (2014); Singh et al. 
(2014); Hasanpour Kashani et al. (2015); and Maghrebi et al. 
(2016).

Due to a higher aspect ratio, b/h, in PBSs, hydraulic fea-
tures in those streams are different from the conventional 
open channels. Thus, hydraulic characteristics in PBSs, 
including flow patterns, stage-discharge relationship, veloc-
ity distribution, flow resistance, and shear stress, need to 
be separately investigated using laboratory and numerical 

modeling techniques. This research work for the first time 
conducts a comprehensive study on hydraulic character-
istics of PBS models, including the flow resistance and 
stage-discharge relationships as well as velocity and shear 
stress. Also, experimental equations for obtaining Manning’s 
roughness coefficient, n, are presented using the results of 
the hydraulics and numerical models. The advantages of this 
model compared with the other researches are: (1) reducing 
the scale effects due to building a vast and extended model, 
(2) creating a higher ratio of b/h as aspect ratio and review-
ing the relevant results, (3) development of the results for 
plane streams with different bed slopes using a numerical 
simulation. Results of the present study can be used to inves-
tigate and identify the hydraulic characteristics of wide and 
plane bed rivers. Based on those characteristics, hydraulic 
engineers can design intersecting structures. Also, institu-
tional river management, necessary flood forecast, and sedi-
ment management can be conducted.

Methodology

In this research, by using a physical model of a wide rectan-
gular channel (as described in the “Physical model” section), 
and various sizes of bed material and then by developing the 
FLOW-3D software model, hydraulic characteristics of PBS 
are investigated. To this aim, four different bed materials, 
including concrete, sand, fine gravel, and coarse gravel, are 
used to evaluate the effects of roughness on flow resistance. 
Also, three different channel bed slopes are used to study 
the effect of bed slope changes on the hydraulic parameters 
of the plane stream models. Figure 1 shows the flowchart of 
the total steps used in the present study.

Dimensional analysis of the Manning’s roughness 
coefficient, n

The essential parameters in determining the Manning rough-
ness coefficient, n in the channels are as a function of Eq. 8.

where U is mean velocity, h is flow depth, μ is the viscosity 
of water, ρ is water density, g is gravity acceleration, ks is the 
average particle size of bed material, and So is the channel 
bed slope. Considering h, U, and ρ are repetitive variables, 
the Manning’s roughness coefficient, n, could be described 
by the Buckingham Pi analysis approach, as given by Eq. 9:

Herein, the b/h aspect ratios and Rh/ks are dimensionless 
numbers that are widely used in surveying the hydraulics 

(8)n = f
(
U, h, b, �, g,�, ks, So

)

(9)n = f

(

Re,Fr, S0,
b

h
,
Rh

ks

)
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aspects of rivers and channels, S0 is the channel bed slope, 
and it was 0.001 in the present physical model. For devel-
oping this research, using the well-known FLOW-3D soft-
ware, two more channel bed slopes of 0.002 and 0.003 
were also modeled and evaluated. Therefore, the term of 
channel bed slope (S0) was also investigated.

Physical model

A model of PBS, with a concrete bed, a rectangular cross-
Sect. (1.5 m width and 0.45 m height), 60 m length, and 
longitudinal bed slope of 0.001 was constructed and used 
for the first step of the experiments that contained several 
measurements tabulated in Table 1. To investigate the effects 
of different bed materials, a section with a length of 13 m 
and a thickness of 0.1 m (10 cm deeper than the bed level) 
was designed in the middle of the channel. In the next steps 
of experiments, 10 cm extra depth in this section was filled 
with different materials (i.e., sand and gravel) and used for 
bed roughness experiments (see Figs. 2 and 3 in detail).

The Plane Bed Stream Physical Model (PBSPM) con-
sisted of the following: (1) upstream reservoir, (2) stilling 
basin, (3) entire laboratory measuring channel, (4) discharge 
measuring basin, (5) downstream reservoir, (6) pump, (7) 
pipe system for water transfer to upstream, and (8) the “loca-
tion of bed material’s change (LBMC)” which are graphi-
cally shown in Fig. 2.

To adjust the flow depth in the model and develop a 
steady flow in the measurement section, a steel tailgate with 
1.5 m width and 0.4 m height was used (Fig. 2). The dis-
charge measuring basin was constructed with 1.9 m × 1.85 m 
dimensions with a depth of 1 m, and a rectangular sharp 
crest weir was installed at the end of the basin (Fig. 2). To 
prevent the loss of water, the insulation of the model com-
ponents was carried out using a thick plastic sheet. A pump-
ing system was developed to create a flow circulation in 
the model and transfer water from the pool downstream to 
the reservoir upstream. The pump used in the model was a 
150–200 centrifuge pump manufactured by Pumpiran Com-
pany, Tabriz, with a maximum discharge of 0.1 m3/s. The 
pump was coupled with a 15-KW electromotor and mounted 
on the respective chassis (Fig. 2), which used a 200 mm 
diameter polyethylene pipe with a length of 68 m for the 
pump discharge pipe. Flow rates of 0.005 to 0.075 m3/s were 
considered and flowed in the physical model by 0.005 m3/s 
increments. In the first step of the experiments, four different 
depths were created by tailgate for each flow discharge to 
determine the standard depth and stage-discharge relation-
ship in the channel with a concrete bed. The surface profile 
was taken for each experiment with different depths using a 
pointer gauge. The measurements were carried out in left, 
right, and middle lines at 2 m intervals along the channel. 
After performing the experiments on a concrete bed, the bed 
materials of the model were replaced by sand, fine-grained 
and coarse gravel in the “LBMC” to evaluate the hydraulic 
performance of PBSPMs. Table 1 designates the measured 
parameters and the number of experiments.

The flow profile in the “LBMC” was measured using a 
wheeled point gauge with a precision of ± 0.1 mm (by Adak 
Iranian Co., Tabriz). The measurements were carried out 

Fig. 1   Flowchart of the total steps used in the present study
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in left, right, and middle lines at 2 m intervals along with 
the “LBMC” (in 5 points). The discharge of outgoing flow 
from the channel was measured using a stilling basin and a 
calibrated rectangular weir at the end of the basin. The water 
level on the crest of the rectangular weir was measured by 
a pointer gauge with a precision of ± 0.1 mm. To measure 
the flow velocity in the channel, the current meter (micro 
flowmeter) from Armfield UK was used.

The determination of material sizes used on the channel 
bed was carried out in the geotechnical laboratory. Based on 
the material granulation curve (MGC), the mean grain size 
(d50) for sand, gravel, and coarse gravel is 2, 10, and 20 mm, 
respectively. After testing on a concrete bed, as for the first 
step of experiments, the surface concrete of the “LBMC” 
was destroyed, sands were deposited in the site, and a bed 
slope of 0.001 was created. The next step of the experiments 

was to change the bed materials for land grading and prepa-
ration of the bed materials (Fig. 3a–c).

Based on the flow profiles obtained from the experiments 
conducted on the concrete bed, the diagrams for the flow 
slope-depth were plotted versus the tailgate indicator for dif-
ferent discharges, and the uniform flow depth was obtained. 
The stage-discharge-tailgate diagram for the model was then 
produced. By adjusting the tailgate by the stage-discharge-
tailgate curve, in all experiments, an average depth was 
created. Then, measurements of the surface flow profile 
at the “LBMC” were made for four different types of bed 
material as explained before. Due to the average velocity 
and standard depth measured for the PBSPM, the hydraulic 
radius was calculated, and the shear velocity was calculated 
by substituting in Eq. 7. Reynolds shear number was cal-
culated by considering ks = 3 mm for concrete bed (Akan 

Table 1   Measured parameters 
and the number of experiments 
in the PBSPM

Bed material Measured parameters No. of experi-
ments

Sum

Concrete Tailgate 60 105
Stage-discharge 15
Longitudinal and cross-sectional profile (flow depths) 15
Velocity 15

Sand Stage-discharge 15 45
Longitudinal and cross-sectional profile (flow depths) 15
Velocity 15

Fine gravel Stage-discharge 15 45
Longitudinal and cross-sectional profile (flow depths) 15
Velocity 15

Coarse gravel Stage-discharge 15 45
Longitudinal and cross-sectional profile (flow depths) 15
Velocity 15

Fig. 2   A plan view and longi-
tudinal section of the physical 
model (dimensions in meters)
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2006), ks = 5 mm for sandy bed (Lopez and Barragan 2008), 
and ks = 7 mm for fine gravel bed and ks = 10 mm for coarse 
gravel bed (Yang 1996).

FLOW‑3D numerical model

The FLOW-3D software is suitable for the simulation of 
shallow water flow, viscosity, cavitation, and turbulent flow. 
The governing equations in this model are the well-known 
Navier–Stokes equations together with the continuity equa-
tion. FLOW-3D solves the Navier–Stokes equations using 
the Finite Volume Method (FVM) on a displaced network. 
Then, the volume of fluid (VOF) method is usually used for 
the free surface simulation (see Flow Science Inc. 2008 for 
more information).

The process of implementing FLOW‑3D

The 3D geometric range of flow was determined based on 
the dimensions of the physical model and hydraulics char-
acteristics of flow. The geometric range consists of three 
surfaces (two walls and one bed). In this research work, the 
network range was 60 m in length, with an internal width of 
1.5 m and a depth of 0.45 m. According to the bed slope of 
the channel model, using the related tool, the geometry of 
the model was rotated around the y-axis. After defining the 
desired range, gridding was carried out in the 18 m range 
in the station of 17 to 35 m of the channel. The number of 
network elements in the computing range was 13,000.

Definition of boundary conditions

The final stage in networking is defining the boundary con-
ditions. In the FLOW-3D model, the boundary conditions 
are defined for the minimum and maximum values of x, y, 
and z for the geometric model.In this study, the boundary 
conditions are given in Table 2.

The roughness of the bed, proportional to the intended 
materials for the physical model, was changed in the models. 

In FLOW-3D, the thickness of bed roughness for simulation 
of the concrete is ks = 3 mm, for the sand bed is ks = 5 mm, 
for the fine gravel bed material ks = 7 mm and for the coarse 
gravel bed material ks = 10 mm were considered. The free 
surface flow option was selected in the general specifications 
as well as the hydraulic data options in the output section 
of the model. The flow analysis was performed in the case 
of steady flow, and the Re-Normalization Group (RNG) k-ε 
turbulence model was used. Target flow rates were as fol-
lows: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 m3/s for all models 
with different bed materials and different bed slopes. Even-
tually, the results of the FLOW-3D model were compared 
with the physical model. The statistical equation (Eq. 10) has 
been used to determine the average relative error between 
the calculated values by the software and the values of the 
physical model.

where %E is percentage error, cm is the hydraulic parameter 
value measured in the physical model, and cp is the hydraulic 
parameter value estimated by the FLOW-3D model.

Results and discussion

Physical model

Stage‑discharge relationships

Measurements of the surface flow profile at the “LBMC” 
were made for four different types of bed material. In 
Fig. 4a, a comparison of the normal flow depth at discharges 
0.4 and 0.7 m3/s is provided for four different bed materials. 
Figure 4a shows that by increasing bed roughness, the flow 
depth increases with the same proportion in all bed materi-
als. Also, due to passing the flow from smooth concrete bed 
to the rough bed in the “LBMC,” the longitudinal profile 
of the flow had a gradual increase at the distance of 17 m 

(10)%E =

|||
cm − cp

|||
cm

× 100

Fig. 3   Channel bed preparation 
of the bed materials: a sand 
bed, b fine gravel bed, c coarse 
gravel bed

(c)(b)(a)
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(i.e. beginning of the “LBMC”) and at the end of “LBMC,” 
longitudinal profile reaches to normal depth. Concerning 
depth in the middle of the “LBMC” as a normal depth, the 
stage-discharge equation was calculated for the PBSPM with 
four different bed materials and compared with the stage-dis-
charge curve of the concrete bed (Fig. 4b). Based on Fig. 4b, 
the stage-discharge relationship for different bed materials 
is according to Table 3.

According to Fig. 4b and Table 3, it is shown that by 
increasing bed roughness, the coefficient of relationships 
and the exponent of stage-discharge relationship increase 
by 3% and 1.5%, respectively. This means that the flow 
resistance caused by the roughness of bed materials 
increases the flow depth in a constant flow discharge. 
The results for the stage-discharge of sand bed model 
have a higher coefficient than that of the Exu river (with 
d50 = 0.77 mm) stage-discharge relationship (Cantalice 
et al. 2013) because the physical model bed is relatively 
smoother than the natural river bed (which causes a flow 
with a lower depth in a constant discharge). Based on 
the results obtained for the flow depth, it was found that 
the b/h aspect ratio in all discharges is greater than 12, 
and therefore, according to Rosgen classification (Rosgen 
2003), these flows are considered plane rivers. To control 
the instability of the flow, the shear Reynolds number, 
and to study the flow regime during the experiments, two 
non-dimensional numbers of Froude and Reynolds were 
calculated, and their graphs were plotted versus the flow 
depth (Fig. 5).

Considering Fig. 5a, it is found that the obtained Re* num-
ber is greater than 70 and the flow is in a turbulent regime 
in all flow discharges. As the bed roughness increased, the 
shear Reynolds number increased as a result of the devel-
opment of boundary layer and turbulence due to the flow. 
Concerning Fig. 5b–c, it was found that for all discharges of 
the model, the flow regime was subcritical-turbulent.

Analysis of Manning’s roughness coefficient, n

Based on the measured velocity, flow depth, and discharge, 
the Manning’s roughness coefficient, n, is calculated using 
the Manning formula (Fig. 6). According to Fig. 6a, it can 
be stated that as the flow discharge increased, the Manning’s 

roughness coefficient, n, due to the flow decreased. This 
trend is quite evident in coarse gravel materials with a dis-
charge of less than 0.035 m3/s, but in the sand and fine 
gravel beds, the trend is reduced. Generally, in a discharge 
greater than 0.035 m3/s, by changing the bed materials from 
sand to fine gravel and coarse gravel, Manning’s roughness 
coefficient increased about 3%. According to Fig. 6b, it can 
be stated that by increasing the flow depth (h), the flow 
roughness decreased. The reduction trend for n values in 
a coarse gravel bed is higher than sand and fine gravel bed 
materials.

To determine the effect of Froude and Reynolds numbers, 
the ratio of the hydraulic radius to the roughness thickness 
(Rh/ks), and b/h aspect ratio on the Manning’s roughness 
coefficient, n, the measured n values plotted (see Fig. 7a–b). 
Regarding Fig. 7a–b, it is shown that by increasing Fr and Re 
numbers, the Manning’s roughness coefficient, n, decreases 
for all models. The gradient of those changes in coarse 
gravel material is high compared with two other materials 
of sand and fine gravel materials. This is due to the higher 
turbulence intensity in rougher beds. Figure 7c shows that 
by increasing Rh/ks, Manning’s n is decreased. The overall 
equation of the Rh/ks ratio and n in a bed slope, S0 = 0.001, 
is presented in Eq. 15.

In the present work, the b/h aspect ratio is the primary 
independent variable, so discharge changes are reflected. 
To establish a general equation for the Manning’s rough-
ness coefficient, n, in terms of different b/h aspect ratios, the 
graphs of n versus b/h were drawn for all models (Fig. 7d). 
Equations for the Manning’s roughness coefficient, n, and 
b/h aspect ratio for each bed material are given in Table 4 
used depending upon the types of the PBSs.

According to Fig. 7d and Table 4, it is shown that by 
increasing the b/h aspect ratio, the Manning’s roughness 
coefficient, n, increases. In all bed materials, the slope of n 
increases sharply for b/h aspect ratios that are less than 20, 
but at higher b/h aspect ratios (more than 20), this slope is 
a bit milder. This is due to the effect of the expansion of the 
flow boundary layer in terms of flow depth. Also, by increas-
ing bed roughness, the effect of the b/h aspect ratio on the n 
values increases (especially in wide river flows).

Numerical model

After implementation of numerical models, hydraulic 
parameters of flow including flow depth, velocity, and Fr 
number were stored graphically and textually, and used 

(15)n = 0.022 − 0.0003

(
Rh

ks

)

Table 2   Boundary conditions in the Plane Bed Stream Numerical 
Model (PBSNM)

X min X max Y min Y max Z min Z max

Flow inlet Flow outlet Wall Wall Bed Atmosphere
Volume of flow Outflow Wall Wall Wall Symmetry
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in the analysis of the model. As an example, flow depth 
contours in a cross-section by Flow-3D with a bed slope of 
0.001 and a discharge of 0.7 m3/s for different bed materials 
are presented in Fig. 8a–d.

Verification of numerical model

For verifying the results of the numerical model, the flow 
rate of 0.1 to 0.7 m3/s was applied in the model with a 
bed slope of 0.001, and graphical and textual results were 
obtained. The results of the numerical model were compared 
with the results of the physical model, and the percentage 
error was calculated. In Fig. 9, the results of stage-discharge 
and average flow velocity in various bed materials in both 
numerical and physical models are compared. The percent-
age error of depth and averaged flow velocity are presented 
in Table 5. The errors were derived via Eq. 10.

According to Fig. 9 and Table 5, it is determined that 
the FLOW-3D model gives acceptable agreements for esti-
mating the flow depth (within 2.25%) and flow velocity 

(less than 4%) in a PBS. Therefore, it can be stated that the 
FLOW-3D model has sufficient accuracy to develop research 
on a PBS model with bed slopes of 0.002 and 0.003. After 
verifying the results, a numerical model was simulated for 
all discharges and bed materials at two bed slopes of 0.002 
and 0.003.

Stage‑discharge relationships

Stage-discharge curves for the model with above bed slopes 
are shown plotted in Fig. 10.

It can be seen from Fig.  10a  that for S0 = 0.002 at 
discharges of less than 0.3 m3/s, the trend of the stage-
discharge curve is sharper than discharges greater than 
0.3 m3/s. According to Fig. 10b, it is determined that the 
stage-discharge curves are likely linear. In Fig. 10a–b, the 
flow depth increases by increasing bed roughness. The 
stage-discharge relationships for each bed material in both 
mentioned slopes are given in Table 6.

In the case of the bed slope of 0.002 for the concrete, 
sand, and fine gravel bed, the power and the coefficient 
of the stage-discharge relationships decrease by increas-
ing the bed roughness, but this trend changes in the case 
of coarse gravel material. On the bed slope of 0.003, the 
coefficient of the stage-discharge relationship decreases 
by increasing the roughness of the bed, but the power of 
the relationship increases by increasing bed roughness. A 
comparison of these relationships with the results given 
by the physical model shows that the coefficient of the 
relationship increases from 10 to 20%, and the power of 
the relationship increase from 5 to 10% from concrete to 
coarse gravel bed materials.

Fig. 4   a Flow profiles in 
PBSPM for flow in different bed 
materials. b Stage-discharge 
curve for PBSPM
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E
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Q=0.04-FINE GRAVEL Q=0.04-SAND

Q=0.04-CONCRETE Q=0.07-COARSE GRAVEL

Q=0.07-FINE GRAVEL Q=0.07-SAND

Q=0.07-CONCRETE

Q=0.04 & 0.07 m3/s

Table 3   Stage-discharge relationships for PBSPM (S0 = 0.001) 
(Eqs. 11–14)

Bed material Stage-discharge relation-
ships (Q ( m3/s) and h (m))

Equation no R2

Concrete Q = 1.654 × h1.497 Equation 11 0.9992
Sand Q = 2.155 × h1.626 Equation 12 0.9995
Fine gravel Q = 2.238 × h1.652 Equation 13 0.9994
Coarse gravel Q = 2.275 × h1.673 Equation 14 0.9992
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(a) (b) (c)

0

0.05

0.1

0.15

0 100 200 300 400
CONCRETE SAND
FINE GRAVEL COARSE GRAVEL

h 
(m

)

Re* 0

0.05

0.1

0.15

0.25 0.3 0.35 0.4 0.45
CONCRETE SAND
FINE GRAVEL COARSE GRAVEL

h 
(m

)

Fr
0

0.05

0.1

0.15

0 20000 40000 60000
CONCRETE SAND
FINE GRAVEL COARSE GRAVEL

h 
(m

)

Re

Fig. 5   Variations in a shear Reynolds (Re*), b Froude (Fr), and c Reynolds (Re) numbers versus flow depth (h) in PBSPM

Fig. 6   Variations of measured 
n, versus a flow depth, h and b 
discharge, Q 
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The Manning’s roughness coefficient, n

Figure 11 shows the variations of Manning’s roughness, 
n, versus Fr and Re numbers in models with bed slopes of 
0.002 and 0.003.

Concerning Fig.  11, it is evident that by increas-
ing the Fr number, Manning’s roughness coefficient, 
n, decreases on both slopes. The change range of n is 
between 0.013 and 0.027, and the Fr number in both 
models with slopes of 0.002 and 0.003 was between 
0.15 and 0.49. A comparison of the results for the two 
models shows that the relationship trend in the model of 
S0 = 0.002 is sharper than that of S0 = 0.003. According to 
Fig. 11, by increasing Re number, on both bed slopes, the 
Manning’s roughness coefficient, n, decreases between 
0.027 and 0.013. Diagrams of Manning’s roughness coef-
ficient, n, versus the ratio of “hydraulic radius to the 

thickness of bed roughness, (Rh/ks)” and b/h aspect ratio 
are presented in Fig. 12.

It can be seen from Fig. 12 that Manning’s roughness 
coefficient, n, decreases by increasing the ratio of Rh/ks. 
Equations between n and Rh/ks are presented in Table 7.

According to Table 7, it is evident that for the same values of 
Rh/ks in the above equations, the Manning’s roughness coeffi-
cient, n, obtained from the equation of S0 = 0.002 is higher than 
that of S0 = 0.003. From Fig. 12, it is also seen that by increasing 
the b/h aspect ratio in all bed materials, roughness coefficient, 
n, increases, and by increasing the Rh/ks, the effect of b/h aspect 
ratio on the Manning’s roughness coefficient, n, increases.

General equation of the Manning’s roughness coefficient, n

To determine a general equation for calculating Manning’s 
roughness coefficient, n, using the SPSS statistical software and 
the linear regression method, the determined independent param-
eters in the dimensional analysis were entered into the software 
and the overall equation was obtained as Eq. 32. The specification 
of the model and R2 of the equation is given in Table 8.

By examining the results (according to Table 8), it is 
determined that the general Eq. 32 calculated the val-
ues of Manning’s roughness coefficient, n, very well, 
and gives a low percentage error (3.15%), so Eq. 32 
can be used by the hydraulic engineers and institutional 
river managers for plane bed rivers and streams.

(32)

n = 0.036 − 0.42Fr − 0.486S0 − 0.000044
(
b

h

)
− 0.000068

(
R

ks

)

Table 4   Equations for the Manning’s roughness coefficient, n, and 
b/h aspect ratio in PBSPM (Eqs. 16–19)

Bed material Equation Equation no

Concrete
n = 0.00846 + 0.00073

(
b

h

)
Equation 16

Sand
n = 0.0174 + 0.00006

(
b

h

)
Equation 17

Fine gravel
n = 0.0182 + 0.00004

(
b

h

)
Equation 18

Coarse gravel
n = 0.0175 + 0.0001

(
b

h

)
Equation 19

Fig. 8   Flow depth contours 
in cross-section of a Flow-3D 
model with a bed slope of 0.001 
and a discharge of 0.7 m3/s 
for different bed materials: a 
concrete, b sand, c fine gravel, 
and d coarse gravel (ks = 3, 5, 7, 
and 10 mm respectively) (b)(a)

(d)(c)
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Conclusions

In this study, by establishing the physical and numerical 
models of a wide rectangular channel as a PBS with various 
sizes of bed materials, comprehensive investigation on stage-
discharge and flow resistance of PBSs has been conducted. 
In the physical model, to investigate the effects of bed mate-
rial on flow parameters, four different material types have 
been used. For verifying the numerical model, the flow rate 
of 0.1 to 0.7 m3/s and bed slope of 0.001 were applied, and 
then, the results of the numerical model were compared with 
the results of the physical model. The FLOW-3D models 

Fig. 9   Verification analysis: a 
stage-discharge curves and b 
average flow velocity; in both 
numerical and physical models 
in concrete bed
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Table 5   The percentage error of flow depth and average velocity in 
the numerical model to the physical model

Bed material Error of depth (%) Error of aver-
aged velocity 
(%)

Concrete 2.01 2.64
Sand 2.25 4.23
Fine gravel 2.47 4.84
Coarse gravel 2.28 4.18
Averaged values 2.25 3.97

Fig. 10   Stage-discharge curves 
for PBSNMs with bed slopes of 
a S0 = 0.002 and b S0 = 0.003
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Table 6   Power law stage-discharge relationship for having bed slopes of 0.002 and 0.003 (Eqs. 20–29)

Bed material Equation for S0 = 0.002 Equation number R2 Equation for S0 = 0.003 Equation number R2

Concrete (ks = 3 mm) Q = 4.138 × h1.83 Equation 20 0.978 Q = 3.355 × h1.712 Equation 25 0.948
Sand (ks = 5 mm) Q = 2.811 × h1.74 Equation 21 0.969 Q = 3.005 × h1.684 Equation 26 0.957
Fine gravel (ks = 7 mm) Q = 2.358 × h1.703 Equation 22 0.974 Q = 3.076 × h1.723 Equation 27 0.961
Coarse gravel (ks = 10 mm) Q = 2.657 × h1.792 Equation 23 0.976 Q = 2.580 × h1.750 Equation 28 0.985
Best fit curve Q = 2.456 × h1.698 Equation 24 0.9375 Q = 2.707 × h1.668 Equation 29 0.9416
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developed on two PBS models with bed slopes of 0.002 
and 0.003. Based on the physical model results, it can 
be stated that as the flow discharge increased, the Man-
ning’s roughness coefficient, n, of the flow decreased, 
and by increasing the Fr and Re numbers, the Manning’s 
roughness coefficient, n, and decreases for all models. 
Also, the other results show that by increasing Rh/ks, the 
Manning’s roughness coefficient, n, decreases, and by 
increasing the b/h aspect ratio, the Manning roughness 
coefficient, n, increases. Based on the numerical model 
results, it can be stated that by increasing Fr number, the 
Manning’s roughness coefficient, n, decreases in both 

slopes. Results reveal that in the model with S0 = 0.002 
for the same values of Rh/ks, Manning’s coefficient, n, 
is higher than that of n obtained from the model with 
S0 = 0.003. Also, concerning the results, it is evident that 
by increasing the b/h aspect ratio, in all bed materials, 
Manning’s roughness coefficient, n, increases, and by 
increasing the Rh/ks, the effect of b/h the aspect ratio on 
roughness coefficient, n, increases. Finally, a new gen-
eral linear equation for calculating Manning’s roughness 
coefficient, n, with all the valid parameters was also 
obtained that can be used by the hydraulic engineers, 
and institutional river managers.

Fig. 11   Variations of n versus 
a Fr number for S0 = 0.002, b 
Fr number for S0 = 0.003, c Re 
number for S0 = 0.002, d Re 
number for S0 = 0.003 in Flow-
3D models
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Fig. 12   Variations of n versus a 
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