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GP approach for critical submergence of intakes in open
channel ﬂows
H. Md. Azamathulla and Z. Ahmad

ABSTRACT
This technical paper presents the genetic programming (GP) approach to predict the critical
submergence for horizontal intakes in open channel ﬂow for different bottom clearances. Laboratory
data from the literature for the critical submergence for a wide range of ﬂow conditions were used
for the development and testing of the proposed method. Froude number, Reynolds number, Weber
number and ratio of intake velocity and channel velocity were considered dominant parameters
affecting the critical submergence. The proposed GP approach produced satisfactory results
compared to the existing predictors.
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NOTATIONS
b

Width of the channel

However, if the water depth above an intake is shallow,

c

Bottom clearance

strong vortices are formed which may lead to air entrain-

di

Diameter of intake

ment. Vortices have been observed frequently at many

D

Depth of ﬂow in the channel

installations such as the Hirfanli Dam in Turkey, the Har-

F

Froude number

spranget Dam in Sweden, the Kariba Dam in Zimbabwe

g

Acceleration due to gravity

and so on (Ahmad et al. ). Such vortices not only

Qi

Intake discharge

cause appreciable loss in the efﬁciency of the hydraulic

R

Reynolds number

machinery and corrosion in the water conducting system,

SC

Critical submergence

but also produce vibrations and noise. Air-entraining is

U∞

Velocity in the channel

more severe in tropical climates where the water demand

Ui

Velocity in intake

is high and the reservoir level is low. Thus, a sufﬁcient

W

Weber number

cover of water is required at the intake to avoid the for-

Γ

Circulation

mation of these vortices (Ahmad et al. ). The critical

ρ

Mass density

submergence for intakes has been investigated extensively

σ

Surface tension

in the laboratory and ﬁeld (Ahmad et al. ). Denny

μ

Dynamic viscosity

(), who investigated critical submergence and air-

δ

Average absolute deviation

entraining vortices in pump sumps, found that an entry of

R

Coefﬁcient of correlation

1% air volume into an intake caused a 15% reduction in

RMSE Root mean square error

the pump efﬁciency. Also, several studies yielded empirical
expressions to estimate the critical submergence for the

INTRODUCTION

different types of intake (Reddy & Pickford ; Swaroop
; Odgaard ; Kocabas and Yildrim ; Durai

Intakes are economical, easier to operate, and draw less

et al. ). Generally, the existing predictors consider

sediment when they are located near the water surface.

Froude
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circulation, geometry of intake, ﬂow patterns near intake,

ﬂow and to compare the results with those obtained from

etc. as the signiﬁcant parameters. Yildirim and Kocabas

well known empirical formulae.

(, , ) and Yildirim et al. () computed the
critical submergence for intakes in open channel ﬂow and
still water reservoirs using potential theory and dimensional
analysis. Furthermore, the critical submergence for a

GENETIC PROGRAMMING

rectangular intake was studied by Yildirim (). Recently,
Ahmad et al. () proposed the following predictors

GP follows the process of natural evolution in which the

for the critical submergence SC for the horizontal

species survive as per the principle of ‘survival of the ﬁttest’.

intakes for different invert levels of the intake in open chan-

It is similar to the widely known genetic algorithm (GA), but

nel ﬂow.

unlike GA its solution is a computer program or an equation

!0:90
SC
U∞
0:80
pﬃﬃﬃﬃﬃﬃﬃ
¼ 0:36F
for c ¼ 0
di
gdi

individuals, that is equations or computer programs, is created,

instead of the set of numbers. In GP, a random population of
(1)

the ﬁtness of individuals is evaluated and then the ‘parents’ are
selected out of these individuals (Koza , ). The principle of Darwinian natural selection is used to select and

 1:02
SC
Ui
¼ 0:27F0:039
for c ¼ di =2
di
U∞

(2)

reproduce ‘ﬁtter’ programs. GP creates computer programs
of equal or unequal length, that consist of variables (terminal),

where di ¼ diameter of intake, Ui ¼ velocity in intake, g ¼

and several sets of mathematical operators (function) as the

acceleration due to gravity, U∞ ¼ velocity in the open
pﬃﬃﬃﬃﬃﬃﬃ
channel, F ¼ Froude number ¼ Ui = gdi , and c ¼ bottom

of arithmetic operations (þ, – , /, *) and function calls (such

clearance.

solution. The functional set of the system can be composed
as fex ; x; sin; cos; tan; log; sqrt; ln; power g). Each function

Due to the complexity of vortex formation near the

implicitly includes an assignment to a variable, which facili-

intake, the empirical formulae obtained through the

tates the use of multiple program outputs in GP, whereas in

regression approach are not as accurate for the estimation

tree-based GP those side effects need to be incorporated expli-

of critical submergence. In the past few years, soft comput-

citly (Brameier & Banzhaf ).

genetic

The present GP utilizes a two-point string crossover. A

programming (GP), adaptive neuro fuzzy techniques and

segment of random position and random length is selected

artiﬁcial neural networks (ANN) have widely been used in

in both parents and is exchanged between them. If one of

many engineering problems. GP and ANN models were

the resulting offspring exceeds the maximum length, the

used to estimate bridge pier scour (Azamathulla et al.

crossover is abandoned and is restarted by exchanging

ing

and

data

mining

techniques

such

as

), scour below spillways (Azamathulla et al. ), sediment transport (Singh et al. ), evapo-transpiration
(Guven et al. ) and the critical submergence of a vertical
intake (Kocabas et al. ). Ayoubloo et al. () used
classiﬁcation and regression tree (CART) and linear

equalized segments (Brameier & Banzhaf ). An operand
or an operator of an instruction is changed by mutation into
another symbol over the same set.
The ﬁtness of a GP individual f may be computed by
using the equation

regression analysis for the prediction of critical submergence

for

horizontal

intakes in open

channel

ﬂow

with different clearance bottoms. The above applications

f¼

N 
X

Xj  Yj 

(3)

j¼1

indicate that GP and ANNs are powerful tools for solving
complex hydraulic problems. This study aims to investigate

where Xj is the value returned by a chromosome for the ﬁt-

the performance of the GP approach in the prediction of

ness case j, Yj is the expected value for the ﬁtness case j, and

critical submergence for horizontal intakes in open channel

N is the number of ﬁtness cases.
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The best individual (program) of a trained GP can be

The diameters of the intake pipes, di were 4.25, 6.25 and

converted into a functional representation by successive

10.16 mm, and bottom clearance c ¼ 0 and c ¼ di/2. The

replacements of the variables starting with the last effective

experiments were performed for each intake pipe and for

instruction (Oltean & Groşan ).

different intake discharges Qi, velocity in the ﬂume, velocity

GP has been extensively used in the ﬁeld of hydraulic engin-

in the intake pipe, Ui, and the corresponding critical submerg-

eering to model complex problems (Babovic & Keijzer ;

ence SC were measured. A total 324 data for three intakes

Keijzer & Babovic ). Davidson et al. () determined

pipes for c ¼ 0 (162 data sets) and c ¼ di/2 (162 data sets)

empirical relationships for the friction in turbulent pipe ﬂow

were collected by Ahmad et al. () and the same were

and the additional resistance to the ﬂow induced by ﬂexible veg-

used in the present study. The ranges of various parameters

etation. Giustolisi () determined the Chezy resistance

included in the present study are summarized in Table 1.

coefﬁcient in corrugated channels, and Kizhisseri et al. ()

The factors affecting critical submergence are di, Ui, U∞,

proposed a correlation between the temporal pattern of ﬂow

c, width of the channel b, circulation Γ, mass density ρ,

ﬁeld and sediment transport by utilizing numerical model

dynamic viscosity μ, surface tension σ, and acceleration

results and ﬁeld data. Guven & Gunal (a, b) predicted

due to gravity g. The functional relationship for the critical

local scour downstream of grade-control hydraulic structures.

submergence SC can be written as

Guven () applied linear GP technique to predict the ﬂow
rate. Recently, Sharifi et al. () used GP to predict end-

SC ¼ f ðdi , b, Ui , U∞ , Γ, c, ρ, μ, σ, gÞ

(4)

depth relationship in open channel ﬂow.
Description of collected data and dimensional analysis
Laboratory and ﬁeld data have been collected to develop the
predictive models to estimate the critical submergence for a
horizontal intake and to evaluate the performance of the
existing models. Ahmad et al. () experimentally studied
the critical submergence for horizontal intakes in open channel ﬂow (Figure 1). Experiments were performed in a

These dimensional parameters are frequently limited in
the laboratory ranges. Therefore, to cover the wide range of
input data for the applicability of the models in the ﬁeld,
non-dimensional parameters are deﬁned below using ρ, di,
and Vi as repeating variables
ρU 2 di Γ
SC
c b U∞
Ui
ρU d
ﬃ, R ¼ i i , W ¼ i ,
¼ f1
, ,
, F ¼ pﬃﬃﬃﬃﬃﬃ
di di Ui
Ui di
di
μ
σ
gdi

!

(5)

concrete ﬂume with 10 m length, 0.37 m width and 0.6 m
depth. The intake was located in the lateral direction at a dis-

where R ¼ intake Reynolds number and W ¼ Weber

tance of 5 m from the upstream of the ﬂume, horizontally.

number.

Figure 1

|

Experimental setup (Ahmad et al. 2008).
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Parameters of the optimized GP model

Parameters

Range

Parameter

Description of parameter

Setting of parameter

Intake pipe diameter, di

42.5, 6.25, 10.16 cm

p1

Function set

þ , , *, /, √, power

Velocity of ﬂow in intake, Ui

0.37 to 4.30 m/s

p2

Population size

250

Velocity of ﬂow in ﬂume, U∞

0.09 to 0.56 m/s

p3

Mutation frequency %

96

Bottom clearance, c

0 to 5.08 cm

p4

Crossover frequency %

50

Critical submergence, SC

0.86 to 25.13 cm

p5

Number of replication

10

3

Intake discharge, Qi

0.0028 to 0.0064 m /s

p6

Block mutation rate %

30

Depth of ﬂow, D

7.65 to 33.45 cm

p7

Instruction mutation rate %

30

Reynolds number, R

37600 to 183000

p8

0.37 to 6.66

Instruction data mutation
rate %

40

Froude number, F
Weber number, W

190 to 10800

p9

Homologous crossover %

p10

Program size

Past studies revealed that the normalized critical submergence could be presented as the following nondimensional parameters (Yildrim & Kocabas , ,
; Yildrim et al. ; Ahmad et al. )


SC
Ui
¼ f F, R, W,
di
U∞

(6)

4
Initial 64, maximum 256

The simpliﬁed analytic form of the proposed GP models
for c ¼ 0 and c ¼ di/2 may be expressed, respectively, as
!

0:5
2
SC 
F
¼ W þ e3:80W  (F þ R)1=3 þ
Ui =U ∞
Ui =U ∞
di

× ðln (Ui =U ∞ ) þ 9:99R Þ þ R þ 2:145ðUi =U ∞ Þ1=3 þ(F=R)1=3
(7)

The functional relationship for SC/di has been developed using the available data, and by invoking the GP.
GP modeling for critical submergence

!

0:5
2
SC 
F
1=3
2:60W
¼ Wþe
 (F þ R)
þ
Ui =U ∞
Ui =U ∞
di

× ðln (Ui =U ∞ ) þ 7:45R Þ þ R þ 1:675ðUi =U ∞ Þ1=3 þ(F=R)1=3
(8)

The scenarios considered in building the GP model include
inputs (F, R,W, Ui/U∞) and output (SC/di). From the collected data sets used in this study, around 70% (114 data
sets) were used for training (chosen randomly until the

Training and testing of the proposed GP model

best training performance with low root mean square error
(RMSE) was obtained), while the remaining 30% (48 data

The performance of the proposed GP model is validated in

sets) were used for testing or validating the GP models

terms of the common statistical evaluation parameters, i.e.

developed individually for c ¼ 0 and di/2.

R (coefﬁcient of correlation), RMSE and δ (average absolute

In this study, four basic arithmetic operators (þ, –, *, /)

deviation) which are expressed as

and three mathematical functions (√, x 2, power) were utilized. The number of generations used to obtain the
optimal solution was 5,000. First, the maximum size of

R¼

!
P
xy
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pP
P
x2 y2

(9)

each program was speciﬁed as 256, starting with 64 instructions for the initial program. The functional set and
operational parameters used in the present GP modeling
are listed in Table 2.
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have also been checked with the data collected in the present study, and found to be much greater than the
observed ones. Figures 2 and 3 show the results of the

where x ¼ (X  X) , y ¼ (Y  Y), X ¼ observed values, X ¼

proposed GP and the predictors of Ahmad et al. (),

mean of X, Y¼predicted value, Y ¼ mean of Y, and n ¼

in terms of scatter plots between predicted and observed

number of samples.
First, an attempt was made to assess the signiﬁcance or

SC/di for c ¼ 0 and c ¼ di/2, respectively. The statistical
parameters computed for the unused data for c ¼ 0 and

inﬂuence of each input parameter on SC/di, i.e. sensitivity

c ¼ di/2 are given in Table 4. Both Figures 2 and 3, and

analysis. Table 3 compares the performance of the various

Table 4 depict that the prediction of critical submergence

GP models, with one of the independent parameters

by GP is better than the equations proposed by Ahmad

removed in each case. It may be noted that deletion of any

et al. () even though GP overestimates the value of

independent parameter from the input set, i.e. Equation

SC/di for a low value of SC/di. The equations of Ahmad

(6) yields larger RMSE and lower R values. Therefore, it is
concluded that the four independent parameters, F, R, W
and Ui/U∞ have signiﬁcant inﬂuence on SC/di – thus the
ﬁrst model of Table 3 is recommended. The GP models,
i.e. Equations (7) and (8), resulted in highly nonlinear
relationship between SC/di and input parameters with high
accuracy and relatively low error.

RESULTS AND DISCUSSION
The proposed GP models were tested with the unused data
(about 30% of the total data), and the results were compared
with the predicted value of critical submergence using
Equations (1) and (2) proposed by Ahmad et al. ().

Figure 2

|

Figure 3

|

Comparison of predicted SC/di by different methods with observed one for
c ¼ 0 (testing).

For a quantitative comparison of the observed and predicted
SC/di, the statistical parameters such as R, RMSE and δ were
computed and compared. The analysis of the data reveals
that SC/di increases with increase in F, Ui/U∞, R and W
for both c ¼ 0 and di/2. However, the effects of F and Ui/
U∞ on SC/di dominate over the other parameters.
The values of SC/di obtained by the predictors proposed by Swaroop () and Reddy and Pickford ()

Table 3

|

Sensitivity analysis for independent parameters for the testing set for c ¼ 0

Model

R

Sc/di ¼ f((F, R, W, Ui/U∞)

0.99

RMSE

0.035

δ

3.7

Sc/di ¼ f((F, R, W)

0.94

11.65

18.45

Sc/di ¼ f((F, R, Ui/U∞)

0.92

17.74

21.36

Sc/di ¼ f((F, W, Ui/U∞)

0.88

23.472

26.71
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Statistical evaluation parameters for various models to predict SC/di for the training and testing data
for c ¼ 0

for c ¼ di/2

R

RMSE

δ

R

RMSE

δ

Ahmad et al. ()

0.97

0.045

7.34

0.97

0.111

11.56

Proposed GP

0.99

0.024

1.84

0.99

0.015

5.75

Model

(a) Training data

(b) Testing data
Ahmad et al. ()

0.96

0.067

8.41

0.96

0.144

13.85

Proposed GP

0.99

0.035

3.70

0.99

0.036

9.59

et al. () are considered to be the best empirical

present GP predictions were in satisfactory agreement

equation which produces good correlation (R ¼ 0.96) for

with the observed ones.

both c ¼ 0 and di/2. However they show higher RMSE
and δ (8.41 and 13.85, respectively) relative to the present
models for both the bottom clearances. The proposed
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