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A B S T R A C T

To divert water from rivers, several structures can be employed. Bottom intake is one of the hydraulic structures
which is generally used for this purpose in steep streams. Bottom racks are associated with the problems such as
deformation, corrosion, vibration and clogging by foliage, sediments, and freezing. A new type of bottom intakes
is introduced to overcome these difficulties in which the racks are replaced by a trench filled with a coarse
porous medium. In the present study, we analyze the experimental results of a systematic series of measurements
conducted in a two-storey laboratory flume. Measuring the diverted discharge is done alongside other important
factors such as grain size distributions, total and remained discharges, velocity, and intake geometric properties.
Furthermore, the results of our experiments are compared with those obtained from the formulas proposed in
previous studies. The hydraulic characteristics of these formulas are investigated, and the necessary points for
their improvement are determined. Also, we introduce new formulas for estimating discharge coefficient and
diversion rate based on dimensional analysis, our experimental data, and multivariate regression. The validation
of these formulas is verified through the hydraulic principles describing intake behaviors and statistical ver-
ification tests. Comparison between the calculated data and our measurements shows that the proposed formulas
are in good agreement with the experimental results.

1. Introduction

Many types of water intakes are classified for diverting water from a
river. Bottom intakes are generally used in small mountainous rivers
where steep slopes, rapid flooding, severe sediment transport, and ir-
regular bed configuration prevent the use of other diverting structures
[1]. Bottom intakes are also used in small hydropower plants [2,3].
They are the best choices for rivers with a longitudinal gradient greater
than 1% [4,5].

In general, a trash rack is designed on the surface of bottom intakes
to prevent sediments from passing through the channels. This type of
bottom intake is known as the bottom rack or the Tyrolean intake [6,7].
The problems such as corrosion of bars, freezing, clogging, and sedi-
ment transition to the water distribution system restrict the applic-
ability of this type of intake [8,9]. Bottom racks are extensively used,
particularly in small hydropower plants; thus, numerous researchers
have worked on improving the inclination and shape of trash racks to
reduce the aforementioned problems [10–14]. Nevertheless, sediment
accumulation in water distribution systems and clogging of intakes

remain as the most important problems of bottom racks (Table 1)
[15,16].

Using porous media for drainage is one of the natural methods to
remove sediment and other contaminants of water [17]. In 2009, a new
type of bottom intake was introduced in which trash racks are replaced
by a porous medium [18]. In this type of intakes, water drains through
a porous medium, which has an arbitrary granular size. Then water is
conducted to the main channel via the diversion conduit (Fig. 1). We
call this type of intakes as “porous bottom” in order to distinguish it
from bottom racks.

In general, 11 profiles can be assumed for the flow profile in the
main channel, as shown in Fig. 2. It depends on the slopes of the
channel before and after the intake as it is affected by the slope and
diversion rate of the intake. In this figure, the CDL line shows the cri-
tical depth and the NDL indicates the normal depth. BW also shows the
backwater curve (increasing depth along the intake) and DD indicates
the drawdown curve (decreasing depth along the intake). However, in
the experiments performed for this study, profiles (g) and (h) were
observed.
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It is clear that the diversion of any specified amount of water
through the porous bottom requires a larger structure than the bottom
rack. In addition, the efficiency of the porous bottom is reduced via
sediment deposition and hydraulic conductivity reduction [19]. Al-
though a larger structure has to be constructed, the benefits of porous
bottom in comparison with the bottom rack are the lower cost of con-
struction and maintenance, higher compatibility with river mor-
phology, reduction of clogging and ice problems, and elimination of
sediments in outflows [19,20].

In previous researches, several formulas were proposed for estima-
tion of the diverted discharge in porous bottom based on experimental
data. There are several inconsistency issues between the expected
performance of the porous bottom and these formulas. We think that
these incompatibilities are due to the limitation of parameters studied
in previous experiments. As a result, the validity of these formulas is
limited to a relatively short range of parameter variations. Therefore, to
achieve a more precise formulation, more parameters should be con-
sidered than those in previous works. In addition, this study is limited
to supercritical flow because bottom intakes are normally used in the
mountainous rivers with steep slopes. The Froude number of the ex-
periments are varied from 1.1 to 2.0 for the total discharge in the up-
stream and 1.1 to 2.6 for remaining flow.

Motivated by the above discussion, our research focuses on the
hydraulic behavior of porous bottoms in non-sediment flow. To reach
this goal, we first use dimensional analysis to identify the most im-
portant parameters that have an impact on the flow. Then our experi-
ments are designed based on dimensional analysis and a new experi-
mental setup is built.

One of the main contributions of this study is to propose a new
formulation for estimating discharge by applying multivariate regres-
sion to the experimental observations. Also, we assume that water flow
on the top surface of porous bottoms is similar to that of orifices;
however, in previous studies, the flow was analyzed through the
Bernoulli equation with simplified assumptions. We take a lot of data in
more than 400 series of experiment to produce our new model.

The rest of this paper is structured as follows. In Section 2, we
briefly review previous researches and focus on the evidence that shows
the incompatibility of the proposed formulas with theoretical founda-
tions. In the next section, the basis and methodology of the present
research are explained, which includes dimensional analysis and de-
scribes the experimental setup. Then the results of the experiments are
reported and the corresponding mathematical model is extracted.

Finally, the findings of this study are summarized and concluded.

2. Literature review

One of the first hydraulic descriptions of bottom intakes was pro-
vided by Garot in 1939 [21]. De Marchi [22], Bouvard [23], Orth et al.
[24], and others followed this line of research, with investigations
continuing up to recent years [2,25–27]. However, despite extensive
research on bottom racks, investigation on porous bottoms remains
limited. We assume that the flow field above a porous bottom is one-
dimensional and has a gradually varied flow because of the similarities
between the flow diversion of a porous bottom and a bottom rack.
Therefore, pressure distribution remains hydrostatic at each cross-sec-
tion of the flow. It is worth mentioning that the flow field is char-
acterized by a departure from the hydrostatic pressure distribution in
practice; because the streamlines have curvature, particularly when the
top surface of the intake is inclined [28]. Based on these assumptions,
the dynamic equation for a steady spatially varied flow in a prismatic
channel may be written as [29]
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where y is the flow depth, x is the longitudinal intake axis, S0 is the bed
slope, Sf is the friction slope, α is the energy coefficient, Q is the flow
discharge, g is the gravity acceleration, A is the area of the cross-section
of flow, and Fr is the Froude number.

The diverted flow rate through the bottom intake is given by

∫=Q dQ
dx

dx,d
L

0 (2)

where Qd is the diverted discharge, and L is the horizontal length of the
intake. Generally, the increase of the diverted discharge per unit width
of the bottom rack is given by [28,30]:

=
dq
dx

C ω g Y2 ,d (3)

where Cd is the discharge coefficient, Y is the suitable value of the ef-
fective hydraulic head, dq is the discharge per unit width diverted along
with a piece of the grid (dx), and ω is the ratio of the opening area to the
total area. The discharge coefficient depends on the geometric prop-
erties of the intake structure, such as its length, slope, and orientation;
Hydraulic properties such as depth, Froude number and approaching
flowrate; and the bottom rack properties (form, size, spacing) [28].
Moreover, the values assumed by Cd are strictly linked to the definition
of the effective hydraulic head in Eq. (3).

Bottom racks have several types according to the classification of
the opening geometry. These types include longitudinal bars, trans-
versal bars, and perforated screens, among others [9]. In practice, the
definition of Y in Eq. (3) depends on the hydraulic performance of each
kind of trash rack. For example, when the direction of the flow through
a rack opening is nearly straight, as in the case of a rack composed of
parallel bars, energy loss is negligible and the effective head on the rack
is approximately equal to the specified energy [31,32]. By contrast,
when the opening of a rack has an appreciable angle with the stream-
lines, as in the case of a rack composed of a perforated screen, energy
loss through the rack is not negligible and Y is assumed to be equal to
the flow depth [31]. Hence, different approaches have been proposed in
the literature for evaluating Cd and Y . Therefore, the definitions of Y
and Cd, as well as the validation range of the formulas, should be
considered carefully to evaluate the diverted discharge in bottom racks.

Energy loss through the porous medium is clearly not negligible. As
indicated in Table 2, different relationships have been proposed in the
literature for evaluating Qd in porous bottoms. These formulas are ca-
tegorized into four types based on the fundamental assumptions used in
them. In these relationships, H1 is the total head of the upstream flow, α

Table 1
Classification of encountered problems in 50 small hydro-power plants that use
the bottom rack in Norway (16).

Types of problems Number of
intakes

Categories of
problems

Branches, Leaves, Twigs, Turf 19 Floating debris
Other problems 2
Air entrainment, Vortex formation 4+ (1)* Air
Air in pipe (1)*
Sediments in the intake pond 10+ (1)* Sediment
Wear on the turbine 2
Frazil ice blocking the entrance to the

reservoir
4 Ice

Frazil ice blocking the trash rack 3
Ice formation in the penstock 3
Breaking-up of ice blocking the trash

rack
1

Breaking-up of ice leading to damage 1
Ice problem in the spillway area 1
Freezing of the gate 1
Other problems or unspecified 4
Environmental 0 None

* The numbers in brackets represent power plants where the problems have
been solved.
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is the angle between the top surface of the intake and the horizontal
direction, z1 is the upstream elevation of the river bed, y1 and y2 are the
depths of the upstream flow of the intake and at the diversion conduit,
respectively (Fig. 1), Sp is the surface slope of the intake, n is the por-
osity of the porous medium that fills the intake, W is the intake width,
Cd is the discharge coefficient, d50 is the mean grain size of the porous
medium, Re is the Reynolds number, R50 is the ratio of the grain size in
the porous medium to the sediment materials at 50% passing, Θ is the

dimensionless shear stress (the Shields factor), and σ is the specific
deposit. A review of these formulas suggests that the following should
be considered to improve previous equations:

1. In the equations of Table 2, WLn αcos is the area of the void space
that infiltrates water at the top surface of the intake. =Q V A. ,
hence, the latter part of these equations evaluates the actual velocity
of water in the porous medium [33]. The discharge is equal to the

Fig. 1. Definition plot of porous bottom intake.

Fig. 2. Types of possible profiles in porous bottom intake.

Table 2
Summary of relationships proposed in the literature to estimate the flow discharge through a porous bottom intake.

Equation type Qd Cd Reference

A + −C n g y z y2 ( )d
WL

αcos 1 1 2 ∝
+

σ
i R SP y L
Fr11.092 Θ0.968 Re0.572 0.269
3.157

50
0.284 ( 1 )0.074 *

[19]

B −C n g y y2 ( )d
WL

αcos 1 2 ∝
+
y d

n Sp y L
Fr10.739( 1 50)0.509
8.518( 1 )0.363

[33]

B −C n g y y2 ( )d
WL

αcos 1 2 ∝ +σ SP y L
i R

Fr10.5Θ0.7 Re0.45 0.261( 1 )
2.8

50
0.356 *

[34]

C C n gH2d
WL

αcos 1 ∝
+
y d

n Sp y L
Fr10.664( 1 50)0.440
7.877 ( 1 )0.332

[35]

D +C n g y z2 ( )d
WL

αcos 1 1 ∝ <
+

If Fr 1y d
n Sp y L
Fr10.447( 1 50)0.719
9.565( 1 )0.219 1

[35]

D +C n g y z2 ( )d
WL

αcos 1 1 ∝ >
+

If Fr 1y d
n Sp y L
Fr10.932( 1 50)0.523
8.872 ( 1 )0.490 1

[35]

* The relationship was proposed to evaluate Qd in sediment flow.
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inner product of velocity and the area vectors. The velocity of flows
drained from the surface of the porous bottom is along the vertical
direction. Thus, using the horizontal image of the void area

=A WLn is better than using that of the inclined area in the pro-
posed equations.

2. The Bernoulli equation is used for estimating velocity in the afore-
mentioned equations. The downstream flow depth of the diversion
conduit is ignored in types C and D equations. A further assumption
is that the effect of the upstream velocity head is negligible in all
types of equations except type C. Furthermore, the total head loss
between the main and diverted flows is equal to the difference be-
tween the elevation of the upstream and diversion channels in type
B equations and negligible in other types. Our observations show
that these hypotheses do not corroborate in practice. However, the
errors resulting from these assumptions are considered to be com-
pensated by the discharge coefficient [19,33].

3. Obviously, the values assumed by Cd are strictly related to the for-
mula used to estimate Qd. However, the circumstances of flow di-
version in porous bottom are not consistent with the above as-
sumptions. As a result, the relationships of Table 2, contradict
several analytical foundations. For example, Cd is directly related to
the upstream Froude number (Fr1) in all relationships, although this
variable should clearly be inversely related. Similarly, it is predicted
to have a direct relationship between Cd and porosity (n). Never-
theless, the formulas of Table 2 have an inverse relationship be-
tween Cd and n.

3. Materials and methods

Based on previous descriptions, a new experimental setup was de-
veloped and many experiments were performed to investigate other
parameters such as the uniformity coefficient (Cu) and the downstream
height of the intake (hd). This section is devoted to the steps and
methods for conducting the experiments.

3.1. Dimensional analysis

The complicated behavior of the flow in porous bottom leads us to
use a physical model for studying the hydraulic performance of this
type of intakes. The experimental data are used in multivariate re-
gression by an open source program to propose a formula for prediction
of diverted discharge. For this purpose, the first step is to determine the
independent variables through dimensional analysis. To obtain a gen-
eralized formula for predicting the flow rate, all effective parameters
should be considered. The physical law that governs the outflow along a
porous bottom can be written as follows:

=q ϕ L n y g V α d h C S μ ρ( , , , , , , , , , , , ),d d u1 1 50 0 (4)

where V1 is the upstream flow velocity, qd is the diverted discharge per
unit width of the intake, μis the dynamic viscosity and ρis the density of
fluid. All other notations have been defined previously. Thirteen vari-
ables and three fundamental quantities are found in Eq. (4), thus, we
can extract ten dimensionless parameters as follows:

⎜ ⎟= ⎛

⎝

⎞

⎠

q
L g y

ϕ n
y
L

V
gy

α d
L

h
L

C S
ρV y

μ
, , , , , , , , ,d d

u
1

1 1

1

50
0

1 1

(5)

where V gy1 1 is the upstream Froude number (Fr1) and ρV y μ1 1 is the
upstream Reynolds number (Re1). It should be noted that due to the
large dimensions of experimental setup and the flow depth (at least
30 mm for the approaching flow), surface tension is negligible. There-
fore, the Weber number does not have significant effect on the diversion
flow rate (2).

If the selected aggregates are as coarse as possible for obtaining a
turbulent flow through the porous medium, then the flow at the top
surface of the porous bottom is similar to the flow through the orifices.

In this regard, the velocity of the flow through the surface voids of the
porous bottoms is assumed to be dependent on the pressure head.
Therefore, the hydraulic performance of the porous bottoms is similar
to that of bottom racks. Subsequently, Eq. (3) can be used to evaluate
the diverted discharge in porous bottoms by using a proper value for the
hydraulic head (Y ). y αcos2 is the pressure head at the bed of the
channels with heavy slope, thus it can be used as a suitable value for the
hydraulic head (Y ) in Eq. (3). Furthermore, the void ratio (ω) is equal to
the porosity (n) in porous bottoms. As such, Eq. (3) can be rewritten as

=
dq
dx

C n g y α2 cos ,d
2

(6)

for porous bottom intakes. The total diverted discharge through the unit
width of a porous bottom is given by:

∫=q C n g y α dx2 cos .d

L

d
0

2

(7)

By assuming that Cd and y are constant, the total discharge diverted
by a porous bottom is given by:

=q C nL g y α2 cos .d d 1
2 (8)

Substituting qd from this relationship into Eq. (5) results in

= ⎛
⎝

⎞
⎠

C n α ϕ n
y
L

Fr α d
L

h
L

C S Re2cos , , , , , , , , .d
d

u
2 1

1
50

0 1 (9)

Eq. (9) can be rearranged as follows:

= ⎛
⎝

⎞
⎠

C
y
L

Fr d
L

h
L

C S ReΦ , , , , , , .d
d

u
1

1
50

0 1 (10)

The variables y1 and Fr1 obviously depend on the channel slope (S0).
Thus, the S0 variable has no independent effect on the discharge coef-
ficient, as shown in previous studies [33]. Moreover, due to the lim-
itation on the number of experiments, the experiments are designed at a
constant channel slope ( =S 1%0 ); So, Eq. (10) becomes

= ⎛
⎝

⎞
⎠

C
y
L

Fr d
L

h
L

C ReΦ , , , , , .d
d

u
1

1
50

1 (11)

To evaluate the effect of intake properties on Cd, a series of ex-
periments are performed for different intake slopes, namely, 0, 10, and
20%, and various intake lengths i.e. 20, 40, and 60 cm. Furthermore,
three types of grain size distribution are used as the porous medium to
estimate the effects of Cu and d50. The first grain size (PD) is the largest
( =d mm1950 ), which leads to an almost uniform grain size distribution
( =C 1.222u ). The other aggregate (PR) includes the finest grain size with
uniform distribution and the last (PM) has the medium grain size with
the largest Cu (Table 3).

Each set of measurements is performed for at least six total dis-
charges ( ∼ lit s3 60 ). Additionally, the backwater effect is investigated
by adjustment the flow depth in three conditions. Finally, 416 runs are
conducted in the laboratory. In each run, several parameters are mea-
sured including total, diverted, and remaining discharges, depth and
velocity of water at different points, and the piezometric head of porous
medium at the bottom of intake.

Table 3
The characteristics of porous bottoms’ material in experiments.

Gravel type d
mm( )

max d
mm( )

min d
mm( )

50 γd gr cm( )3 Cu d d( )60 10 n ∀ ∀( )V t

PD 25 16 19 1.5 1.222 0.445
PR 12.5 8 9.5 1.54 1.217 0.428
PM 25 8 14.25 1.6 1.829 0.402
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Fig. 3. Longitudinal section of the experimental setup.

Fig. 4. Experimental setup (a) Setup overview, (b) A view of the porous bottom and (c) The porous bottom and upstream channel.

Fig. 5. Supplementary equipment of flume (a) Sharp-crested weirs for measuring remained and diverted discharge, (b) Point gauge and velocimeter and (c)
Manometer systems.

Fig. 6. Calibration formulas for sharp-crested weirs at (a) Upper channel and (b) lower channel.
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3.2. Experimental setup

The experiments are conducted in a 0.40m wide and 10m long
rectangular channel (Fig. 3). The flume is equipped with a magnetic
flow meter for measuring the total discharge with an accuracy of ± 1%.
The depth and velocity of the flow are measured by a point gage and a
propeller, respectively. In addition, the intake is built at a 5m distance
from the entrance of the channel to obtain a fully developed flow.

The intake consists of two metal frames placed on the upstream and
downstream faces of the intake, which is filled with arbitrary granular
materials. The upstream domain of the intake has a constant height.
Two inclined sidewalls are used to obtain the surface slope of the in-
take. For each experiment, the downstream and sidewalls are made
separately, according to the different lengths and slopes of the intakes.
Furthermore, the upper face of the intake is covered with a wire net
(Fig. 4) to prevent the movement of granular materials.

The channel is made as a two-storey flume immediately at the
downstream of the intake. The upper and lower channels are used to
convey the remained and diverted discharges, respectively.

Furthermore, the discharges are measured by rectangular sharp-crested
weirs at the end of each stream (Fig. 5(a)). Both weirs are calibrated by
the magnetic flowmeter and the discharge relations are extracted
(Fig. 6). The flow depth is measured by the point gage and manometers
at the upper and lower channels (Fig. 5(b)). Furthermore, the man-
ometers are used to determine the piezometric head at the bottom
surface of the intake to establish the authenticity of simulating porous
bottoms as bottom racks (Fig. 5(c)).

4. Experimental results

In this section, we present the results of our experiments and discuss
them. Hence, by comparing the results, we examine the effect of dif-
ferent parameters on the amount of diversion rate in porous bottoms.
The results of this section should be carefully used in the mathematical
models generated to simulate the behavior of this type of intakes.
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Fig. 7. The variation of diverted discharge due to the different length of intake.
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4.1. Porous bottoms performance without backwater effect

The effective parameters of the hydraulic performance of the porous
bottoms are classified into three categories: the geometric properties of
the intake, the grain size distribution of the porous material, and the
hydraulic properties of the main flow. The first two categories can be
selected by the designers, but the last one depends on the river.

The effects of various parameters on the diverted discharge have
been investigated based on the experimental results. In Fig. 7, the di-
verted discharge (Qd) is plotted versus the total discharge (Qt) for dif-
ferent length of intake (L). It is obvious that when L is increased, the
diverted discharge is also increased. This behavior is expected because
the surface area of intake has a direct relationship with L. However, this
effect is limited by other parameters. In other words, we will eventually
reach a situation where, as L increases, the diverted discharge will no
longer change. This length is named as the maximum effective length of
porous bottom intake. A comparison between Fig. 7(d) and (g) shows
that the diversion rate is approximately constant for =SP 10% and 20%
in PD material when the length of intake is increased from 40 cm to

60 cm. A similar tendency is observed for PMand PR materials in
=S 20%P (Fig. 7(h and i). So, the maximum effective length of porous

bottom intake depends on certain parameters such as porous medium
properties and surface slope.

Fig. 8 shows the variation of Qd due to different granular materials.
By comparing the diverted discharge in coarse and fine aggregates
(P P&D R), in which the uniformity coefficient is approximately constant,
the direct relationship between d50 and Qd becomes clear. In addition, a
comparison between fine and mixed aggregates shows that the diver-
sion rate is more in PR aggregates despite the larger d50 in PM . Thus, Cu is
inversely related to Qd. Theoretically, the diverted discharge depends
directly on the porosity and conductivity of the porous medium. As-
suming that the compact ratio is constant, then these parameters are
related directly to the mean grain size (d50) and inversely to the grain
size uniformity coefficient (Cu). Therefore, the observed effects of
porous medium properties are in good agreement with the theoretical
predictions.

The pressure head at the surface of porous bottoms is obviously
related to the diversion flow rate. Therefore, increasing the depth and
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Fig. 8. The variation of diverted discharge due to the different granular material.
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curvature of the flow lines are considered as additive and regression
parameters, respectively. Fig. 9 shows the effect of intake slope for
different lengths and materials of porous bottoms. In each series of
experiments, the depth of flow depends directly on the total discharge.
Therefore, diverted discharges are expected to have a direct relation-
ship with the total discharges. In addition, Fig. 9(g) and (i) show that
diverted discharges for steeper slopes at inputs with L=60 cm are

reduced. Similar performance is observed for L=40 cm and L=20 cm.
As a result of the increased the curvature of the flow line, the larger SP
will discharge the smaller diversion.

Eventually, the magnitude of the Froude number (Fr) represents the
resistance of the flow to change its direction. Thus, increasing Fr leads
to a decrease in the deflected current. The above relationships must be
carefully considered in any mathematical equation proposed to
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Fig. 10. The flow at diversion conduit (a) Supercritical flow, (b) The hydraulic jump behind the intake and (c) The submerged hydraulic jump.
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evaluate the diversion discharge.

4.2. Experimental results in backwater effect

The effect of backwater flow in the diversion conduit can affect the
overall performance of the bottom intakes. In our experimental setup,
we can adjust the flow depth in the diversion channel by an adjustable
sharp-crested weir (Fig. 3). The weir is adjusted in three levels to in-
vestigate the backwater effect on the diversion discharge. The flow in

the diversion conduit is supercritical at the first level of the weir (H0
condition, Fig. 10(a)). At the second level, the backwater causes a hy-
draulic jump immediately behind the downstream face of the intake
(H1 condition, Fig. 10(b)). Finally, at the last level, the hydraulic jump
is completely submerged because of the backwater effect (H2 condi-
tion, Fig. 10(c)).

The results of the experiments related to the backwater effect are
presented in Fig. 11. In this figure, ′C is the ratio of the diverted dis-
charge in H1 and H2 to H0 conditions. Therefore, the decrease in di-
verted discharge resulting from backwater submergence can be ob-
tained from

< ⩽ ′ = ′y h Q C Q0.42 ( ) 0.9, ,d d d2 (12)

where ′Qd is the diverted discharge when the backwater effect is con-
sidered. As shown in Fig. 11, if ⩽y h 0.42d2 , then tailwater depth does
not affect the performance of porous bottoms. The decrease in dis-
charge resulting from the backwater effect can be evaluated by

Fig. 11. The backwater effect on the hydraulic performance of porous bottoms.
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Fig. 12. Variation of Cd as a function of discharge Qt.

Table 4
The range of dimensionless parameters on experimental data.

Fr1 y L1 h Ld Cu d L50 Re1 n

Minimum 1.00 0.014 0.316 1.217 0.016 2880 0.402
Maximum 2.00 0.557 1.550 1.829 0.095 451,542 0.445
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estimating ′C from the following equation:

′ = + − < ⩽C y h y h0.557011 0.310261 0.270577( ) , :0.42 ( ) 0.9.d d2 2

(13)

5. Estimation of discharge coefficient

In previous sections, we introduced a general formulation for
evaluating the diversion discharge (Eq. (8)). The effect of all simplifying
assumptions is compensated by the discharge coefficient (Cd). Also, we
suggested a new function for assessment of Cd by dimensional analysis
in Eq. (11). In this section, we use the experimental measurements of
this research to accomplish the multivariate regression for estimation of
Cd.

Fig. 12 presents the variation of Cd for different lengths, materials
and surface slopes of porous bottoms. It is obvious that in each series of
the experiments, the depth, Froude number and Reynolds number of
flows, directly depend on the total discharge. As shown in Fig. 12, Cd
has inverse relationship withQt and L. Also by comparing the results for
different materials of the porous bottom, it is found that Cd has a direct
and inverse relationship with d50 andCu, respectively.

The best nonlinear fit to our measured data is found to be

= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

− − −C Fr
y
L

h
L

C d
L

Re2.014 .d
d

u1
0.073 1

0.000 0.400
0.220 50

0.315

1
0.120

(14)

This equation is only valid for ⩽y h 0.42d2 . Other limitations of
using Eq. (14) are presented in table 4. The coefficient of determination
of Eq. (14) is =R 0.9602 . Table 5 shows the output results of the mul-
tivariate regression for this equation.

Equation (14) is in accordance with the predicted behavior of the
discharge coefficient discussed earlier in Fig. 12. Also, the power of the
term y L1 becomes zero, so the discharge coefficient is independent of
this parameter.

The correlation between the calculated and measured Cd values is
presented in Fig. 13. As shown in this figure, all the calculated Cd values
are within the range of ± 10% from the measured Cd. Moreover, the
combination of Eqs. (14) and (8) satisfied all the aforementioned the-
oretical expectations.

6. Conclusions

In this study, we focused on hydraulics of porous bottom intake in
non-sediment flow. To achieve this aim, the independent variables were
recognized through dimensional analysis. Moreover, an experimental
setup was constructed and numerous experiments were conducted
under different hydraulic conditions. Finally, the mathematical equa-
tions were introduced to evaluate the diversion rate and discharge
coefficient.

This study illustrated that the diversion discharge of porous bottoms
directly depends on the horizontal length of intake, the flow depth at
the beginning of intake, as well as porosity and mean grain size of the
granular medium. Furthermore, the Froude number of the main flow,
the uniformity coefficient of grain size distribution, and the top surface
slope of intake have an inverse relationship with the diversion rate.

The results of this study are consistent with the theoretical basis of
intake behavior. Therefore, the proposed formulas can be generalized to
new conditions. Such general application is the main advantage of this
work over previous studies. Furthermore, we suggest using the pro-
posed structures in mountainous rivers, which lack fine sediments,
particularly in small hydropower plants.
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