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Turbulence over a Rough Bed using Double Averaged 

Navier-Stokes Equation

1 2Santosh Kumar Singh , Koustuv Debnath  
1PhD Student, Indian Institute of Engineering Science & Technology, Shibpurs, Howrah-711103, India
2Professor, Indian Institute of engineering science & Technology, Shibpur, Howrah-711103, India 

Email: fmsks84@gmail.com

A B S T R A C T

The paper describes an experimental study carried out in a laboratory flume to investigate the turbulence 

structure over cube mounted rough bed. The cubes were made of wood and were positioned at the channel 

bed with different relative spacing. The spacing was chosen such that roughness types under different 

spacing generally classified; isolated roughness flow, wake interference flow and skimming flow. The 

three-dimensional velocity field was measured by an Acoustic Doppler Velocimeter (ADV). The study 

particularly focuses on the changes induced in the spatially averaged mean velocity profile, turbulent 

intensity and Reynolds shear stress. The spatially averaged mean velocity profile show two distinct 

regions; the linear or exponential distribution below the roughness tops and logarithmic profile above the 

roughness top. Near the bottom, the form-induced stress changes significantly and then either decreasing 

or switching from making a negative to a positive with the roughness spacing. 

Keywords: Roughness; Velocity; Spacing; ADV; Double-average

1. INTRODUCTION  

The vast majority of environmental fluid flows are classified as hydraulically rough. This roughness 

may be both physical and biological. In essence this means that the influence of the bed roughness and 

local non-uniformity in the near-bed flow on the global flow characteristics cannot be ignored. These 

flows are typically described by the Reynolds averaged Navier-Stokes equations, which deal with time-

averaged variables and involve no spatial averaging. Such an approach, however, is often inconvenient, 

due do the complex boundary conditions that lead to the high flow heterogeneity. The key drawbacks of 

the Reynolds averaged Navier-Stokes equations based approaches in relation to rough-bed flows have 

been discussed in Nikora et al. (2007a). It has been argued that to resolve the problem theoretically and
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conceptually, time averaging of the hydrodynamic equations should be supplemented by volume 

averaging or area averaging in the plane parallel to the mean bed surface. The double-averaging 

procedure gives new momentum for fluid, which are averaged in both time and space domains. 

Although the idea of spatial averaging has been used by many researchers (Smith and McLean, 1977; 

Wilson and Shaw 1977; Raupach et al. 1991 and others), the full development of this approach to use in 

hydraulics was fully made by Nikora et al. (2001, 2007a), who developed new continuity and 

momentum equations for rough-bed open channel flows by double-averaging the Navier-Stokes 

equations. The main advantages of this methodology, i.e. (a) self-consistency; (b) refined definitions for 

roughed flows such as flow uniformity, and the bed shear stress; (c) explicit accounting for the viscous 

drag, form drag and form-induced drag; e) scaling considerations and parameterizations based on 

double-averaged variables; and (f) partitioning of the roughness parameters and flow properties. These 

advantages use of the double averaged hydrodynamic equations helps in guiding and developing 

numerical models, designing laboratory field and experimental data analysis associated with rough-bed 

flows. 

The spatial heterogeneity can contribute significantly to momentum transfer in the roughness layer it is 

not sufficient to consider Reynolds and viscous shearing alone; instead these should be complemented 

by the form-induced stress. In double-averaging terms, fluid stress therefore comprises three distinct 

components (Nikora et al. 2001):

where               is the viscous stress, which generally consider to be negligible, compared to spatially averaged 

Reynolds stress          in rough turbulent flows, except in the immediate vicinity of the wall where velocity 

gradients are large.

The main objective of the present study is to investigate the effect of the superposition of surface waves of 

different frequencies on the flow over artificial rough bed using spatial averaging method. At first the double-

averaged Navier-Stokes equations are presented as theoretical frame work for the whole analysis. The deviations 

of double average mean velocity, turbulent intensity, Reynolds shear stress, form induced stress and total stress 

over rough bed are investigated. This study also addresses the effect on turbulence properties due change in 

relative roughness spacing in context of double averaging. The spacing is chosen such that the three roughness 

types, isolated roughness flow (L/h = 9), wake interference flow (L/h = 5) and skimming flow (L/h = 3) are 

investigated. The investigators are affirmative that the quantitative knowledge generated in the present study will 

be useful for numerical modeling or laboratory investigations, environmental hydraulics of rough bed flows, and 

in understanding sediment pickup, grain-sorting and transportation under coastal environment in the cubical 
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2. Experimental program and Data analysis

Experiments were conducted in a laboratory flume at the Fluid Mechanics and Hydraulic Laboratory 

(FMHL) of Indian Institute of Engineering Science and Technology (IIEST), Shibpur, India. A 

specially designed flat bed open-channel flume of dimension 18.3 m long, 0.90 m wide and 0.90 m deep 

with a constant slope of 0.00025 was used for the experiments. The flat surface of the flume was finished 

with plane net cement, which was somewhat frictionless. Water was re-circulated into the flume by a 
3vertical turbine pump of 0.30 m /s capacity from a sump of dimension 30 m long, 3 m wide and 2 m deep. 

The discharge into the flume was controlled by a control valve. The discharge valve was gradually 

opened to achieve desired discharge and the tail gate was operated simultaneously to ensure the desired 

flow depth (H). The water flow after the discharge from pump passed through series of wire-meshes 

placed at the upstream end of the flume to ensure the smooth and vortex free uniform flow through the 

experimental channel. 

Figure 1. Cube arrangement in the experiment and calculation of domain

To perform experiments, the rough bed was established using large number of artificial water resistance 

wooden cube of dimension 0.025 m width × 0.025 m length × 0.025 m height. The cubes were polished 

to eliminate any excess material and to smoothen the exterior surface. The cubes were positioned along 

the flume (Fig. 1) using a special quality of adhesive (water resistance). Three different values of pitch 

length L (centre to centre spacing between two consecutive cubes) were chosen to achieve isolated 

roughness flow, wake interference flow and skimming flow (Perry et al. 1969). The cubical roughnesses 

were equally spaced along lateral and longitudinal direction so that the flow pattern repeats along the 

flume bed (Fig. 1). In this paper we consider the time-averaged flow variables do not change in time and 

the spatially-averaged flow variables change neither in the longitudinal direction nor in the lateral 

direction. Consequently, the spatially averaged bottom-normal and lateral velocities are equal to zero. 

Two different tests were carried out in the present study: (1) test over the flat surface, and (2) tests over 

the cubical roughness mounted on the flat surface at varying spacing. All experiments were conducted at 

location x = 12 m from the flume entrance where the flow was verified to be fully developed. The 

velocity data were collected at the rate of 40 Hz for 5 min duration for each measuring point with lowest 
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each profile being 0.42 cm above the flat surface. Although it would have been preferable to sample even 

closer to the flat surface, initial test at closer distance gave noise with poor signal correlations. The 

increase in noise was likely due to echo effects from flat surfaced and high velocity gradients within the 

sampling volume (Lacey and Rennie 2012). In the present study, the raw ADV data were processed to 

remove these noises. These noises were removed by a phase space threshold despiking method 

described by Goring and Nikora (2002) and implemented in the Win-ADV software (Wahl 2000). To 

remove such effects, the velocity data collected by ADV were analysed systematically for all selected 

verticals. Assessment of the quality of individual time series velocity data is based on visual inspection 

of plotted raw velocity time series. The ADV velocity data were cleaned by removing all 

communication errors, low signal-to-noise ratio data (< 15 dB) and low correlation samples (< 70%). 

This was performed by Win-ADV software resulted in the removal of approximately 2% of all collected 

raw velocity time series. Such excluded signals were replaced by data using a cubic polynomial 

interpolation method. The effects of large noise were removed by minimizing the possible aliasing effect 

near the Nyquist frequency (herein f  = 20 Hz). The highest measurement point from the bed was about n

14 cm above the flume bed for each experiment. 

The mean flow depth H was kept constant at 20 cm for all tests. All experiments were performed at single 
3

turbulent flow of flow rate (Q) = 0.053 m /s, at Reynolds number  58800, and Froude (Re = Uh/ν =

number                  = 0.21, where U = 29.4 cm/s is the depth averaged velocity,  is the kinematic ν

viscosity of water, and g is the acceleration due to gravity. All tests were fully rough turbulent flow of h/λ 

> 70, where                    is the viscous length scale. 

Table 1. Hydrodynamic Conditions 

3. Results and discussions

3.1 Experiment over the flat surface

In turbulent flow, the time-averaged mean velocities ( ), the root-mean-square velocity components u,w

( ,  ) and the time-averaged Reynolds shear stress at each measuring point were computed by standardσ σu w
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procedure (Nezu and Rodi 1986, Debnath et al 2012). For ease of comparison we have normalized the 

time averaged mean velocity, turbulent intensities and Reynolds shear stress by the friction velocity ( ) u*

and are given by 

The normalized mean velocity components                                    , stream-wise turbulence intensity (I ), bottom-u

+normal turbulence intensity (I ) and Reynolds shear stress (uw ) over the flat surface are plotted all together in w

Figs. 3(a-d). The friction velocity (  = 1.47 cm/sec) is calculated from the universal velocity logarithmic law u*

(Schlichting 1960) over the plane bed surface as

Figure 2. Normalized profile of (a) Stream-wise and bottom-normal mean velocities ( and ), (b) Stream-wise  ˆu ˆw

+turbulence intensity ( ), (c) Bottom-normal turbulence intensity ( ) (d) Reynolds shear stress (uw ), based on uI wI

present measurements on flat surface. Here the parameters B  = 2.5, B  = 1.61, C  = 1.01 and C = 0.98.u w u w 

where k (= 0.4) is the von Karman constant and z (= 0.0014 cm) is the equivalent bed roughness with coefficient of 0  

2regression R  ≈ 0.96. It is also observed that the vertical and the lateral mean velocity components are zero 

throughout the depth of the flow (Fig. 2a). The Reynolds shear stress component (Fig. 2d) exhibits the same 

features as seen in the turbulent intensity profile. It observed that Reynolds shear stress increases and reaches a 

maximum value at a distance close to the bed and then decreases towards the free surface. The results on flat 

surface are in good agreement with Nezu and Rodi (1986) and Nezu and Nakagawa (1993).

3.2 Experiment over cube mounted bed

3.2.1 Mean velocity 

Our results support a composite profile consisting of two theoretical distributions: the linear or 

exponential distribution below the roughness tops (z ), and logarithmic law above the roughness topc .
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The Fig. 3 displays the double-averaged velocity profile                normalized by spatially averaged 

friction velocity             against normalized vertical distance (z-d)/h, where d is the zero-plane  us

displacement. The methodology adopted for estimation of the zero plane displacement is shown later. 

The value of u  are determined from the spatially averaged bottom shear stress      . The spatially s

averaged bottom shear stress is determined by extrapolating the spatially averaged Reynolds shear 

stress profile up to the roughness top.

Figure3. Logarithmic representation of above roughness top against (z-d)/h for (a) L/h = 3, (b) L/h = 

5 and (c) L/h = 9

Figs.3a-c presents results for relative roughness spacing (L/h) = 3, 5 and 9 respectively. The vertical 

distribution of  for flow over cubic roughness follow the logarithmic behavior above roughness tops     
2with coefficient of regression R  ≈ 0.95 for all the relative spacing. This result seems to confirm the 

findings of Coleman et al. (2007). 

Figure 4. Linear (a-c) and exponential (d-f) double average velocity distribution below the 

roughness top for relative roughness spacing's L/h = 3, L/h = 5 and L/h = 9.
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Fig. 4 shows the linear and exponential distributions below the roughness top for different relative 

roughness spacing (L/h = 3, 5 and 9). For comparison of model suitability, both plots (linear and 

exponential) included the same number of data points up to 5 mm above the roughness tops (0 < (z-z )/h ≤ c

0.2). Below the roughness layer or roughness crest (z ) the linear distribution described the data c

2(coefficient of regression ((R ) ≈ 0.90, 0.93 and 0.91) better than the exponential distribution L/h = 3, 5 and 9 

2((R ) ≈ 0.85, 0.83 and 0.89). Nikora et al. (2002) propose that the double averaged velocity L/h = 3, 5 and 9  

profiles can take several forms (constant, exponential, linear or a combination of these) dependent on 

flow conditions and roughness geometry. 

Coleman et al. (2006) found linear profile and linear to slightly exponential form for fluvial sand waves 

of L/h = 20 and L/h = 10 respectively. Coleman et al. (2007) found an exponential profile (below the 

roughness crest) for the closely spaced ribs (L/h < 10), and a linear profile for the widely spaced ribs (L/h 

≥ 10), with the profile transitioning between the two for increasing L/h. The present results shows good 

fit to linear profile below the roughness tops compared to exponential for all the three spacing. This is in 

contradictory to the observation by Bose and Dey (2007); they reported a second-degree polynomial 

distribution below the roughness top. However the present results are in conformity with Raupach et al. 
2(1991) with R  ≈ 0.85 for closer or dense roughness spacing.

                                      

3.2.2 Zero-plane displacement height (d)

In order to find the zero-plane displacement height we used the method suggested by Nikora et al. 

(2002). They calculated d for various types of roughness and flow conditions and the results showed that 

the position of the zero-plane goes up with increasing roughness density. We can write the law of wall for 

flow field in its general form with zero-plane displacement (d) as follow: 

where       the spatially averaged velocity, k is the von Karman constant,  is the roughness length, and z0

                 is the friction velocity. The zero-plane position is evaluated by the method based on the 

inverse of the velocity profile derivative suggested in Nikora et al. (2002). 

Differentiating equation (4) with respect to z we get

 After rearranging equation (5), we can write
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where a  and b  are the coefficients of linear fit to the inverse velocity gradient. Then, the displacement 1 1

height is evaluated as d = b /a  and it is adjusted to give k = 0.4 1 1

The left hand side of the equation (6)  represents  the ratio of the  mixing length l   to the friction  velocitye

                                            Therefore, plots of spatially averaged inverse velocity gradient may be 

interpreted as vertical distributions of the mixing length (l ) normalized with shear velocity. The e

distributions of double average velocities were smoothed by using a two-point running mean in the 

vertical before calculations of velocity derivatives. Fig. 5 provides the plot of  for different                   

L/h against z.

Figure 5. Determination of the zero-plane height d (using Eq. 6) for (a) L/h = 3, (b) L/h = 5 and (c) 

L/h = 9. The solid line represents the linear fit to the straight line part of the profile.

The variations in zero-plane displacement (d) with L/h for only current and combined current and wave 

with frequency f = 1Hz and f = 2 Hz is shown in Fig.6. The value of d decreases with increasing  relative 

roughness spacing (L/h) which is consistent with the findings of Coleman et al (2007) for L/h = 3 and 5. 

However the present results of d differ from the findings of Coleman et al. (2007) for L/h > 5. This is 

probably because the positions of d depend on roughness density, geometry and energy of large eddies 

(Manes et al. 2007). 

Figure 6. Variation of non-dimensional zero-plane displacement d/h against L/h (using Eq. 6) 
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3.2.3 Spatially averaged total shear stresses

The spatially averaged total shear stress was obtained by same procedure as discuss in Manes et al. 

(2007) i.e., by the addition of the spatially averaged Reynolds shear stress         , the form-induced shear- 

stresses        , and the viscous shear stress           . The spatially averaged total shear stress        is 

balanced by the gravity and has to have a linear profile (Mannes et al. 2007). Therefore to check the 

linearity of the total shear stress we have performed the analysis above and below the roughness top. All 

vertical distribution of shear stress components                               , and             are plotted in Fig. 13 

against z/h for relative spacing L/h  = 3 (Fig.7a), L/h  = 5 (Fig.7b) and L/h  = 9 (Fig.7c).

Figure 7. Normalized vertical distribution of shear stress components against z/h for (a) L/h = 3, (b) 

L/h = 5 and (c) L/h = 9

In all experiments the spatially-averaged Reynolds shear stress profile is linear above the roughness 

layer (z/h > 1.2) as observed for time averaged profiles over plane bed (Nezu and Nakagawa 1993). Fig. 

7 shows that the double averaged Reynolds shear stress is the main dominating flow stress throughout 

the flow depth except below the roughness top probably due to decrease in turbulence level below the 

roughness top. The changes in peak position of spatially averaged Reynolds shear stress strongly 

depend on relative roughness spacing. The form-induced stress arises from the correlations between 

point-to-point spatial deviations in time-averaged velocity components, the form-induced velocities ũ 

and   . It therefore depends on both the spatial coherence and magnitude of spatial variance in the time-

averaged flow. Form-induced stresses are essentially zero above the roughness layer, and increase to a 

positive peak below the roughness top (z/h = 0.8), this peak decreasing for increasing roughness spacing. 

Below the roughness top where the mean flow is highly non-homogeneous, the decrease of        is 

compensated for by the appearance of  and by the viscous shear stress               which have       

approximately same magnitude  above the  roughness  tops for all  the conditions.   Below the 

roughness top the        and                                         

           have comparable magnitude, whereas the viscous stress becomes negligible throughout depth for 

all conditions. Above the roughness top, the spatially averaged total shear stress ( ) reasonably follows      
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4. Conclusions

The purpose of the present study was to ascertain the effect of double-averaged parameters on the flow 

over cubical roughness with different relative spacing. An ADV was used to collect the velocity data 

over a single roughness wavelength. Three different values of pitch length (L) were use to achieve 

isolated roughness flow, wake interference flow and skimming flow. The cubical roughnesses were 

equally spaced along lateral and longitudinal direction so that the flow pattern repeats along the flume 

bed and it was assumed that, all averaged quantities do not vary in the flow direction. The effect of 

roughness spacing on the spatially averaged mean velocities and total stress containing Reynolds shear 

stress, form-induced stress and viscous stress in an open channel flow has been presented in this paper as 

a function of relative roughness spacing. The finding reveals that stream-wise double averaged profiles 

were support a composite profile consisting of two theoretical distributions: the linear or exponential 

distribution below the roughness tops and logarithmic law above the roughness top. The form-induced 

stress which is calculated from spatially averaged velocity components. Near the bottom the form-

induced stress changes significantly and then either decreasing or switching from making a negative to a 

positive with the roughness spacing. Above the roughness top, the spatially averaged total shear stress 

reasonably follows the expected linear shear stress profile for all the experimental conditions.

This study could provide a better understanding of turbulence over a cubical roughness with different 

relative spacing. It is of future interest to improve our understanding of turbulence with widely varying 

roughness spacing. Detailed investigations are important to formulate a better modeling of three-

dimensional flow structure which will help the researcher to understand the mean flow and turbulent 

statistics in the field of hydraulic. 
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Rejuvenation of Bisaindha Tank Project

Vishnu Arya
Madhya Pradesh Water Resources Department

A B S T R A C T

In India, tanks/ponds and lakes have traditionally played an important role in conserving water for meeting 
rd various needs of the communities. As per 3 Minor Irrigation Census 2000-2001 , there are 5.56 lakhs tanks 

and storages in the country as minor irrigation sources, creating 6.27 million hectares of irrigation 

potential. Out of 5.56 lakhs tanks, 4.71 lakhs tanks are in use, and remaining 0.85 lakhs tanks are not in use 

for one reason or the other, as a result of which one million hectares of irrigation potential has been lost.

However, many of these water bodies have gone into disuse because of the development of ground water 

irrigation system, inadequate maintenance, encroachments, illegal diversion of land for construction 
“ ” purposes etc. A pilot scheme for Repair, Renovation and Restoration (RRR) of Water Bodies directly linked 

th to agriculture was launched in January 2005 for implementation during the remaining period of X plan 

with an outlay of Rs 3000 crores. The scheme was sanctioned in respect of 1098 water bodies in 26 districts 

of 15 states with a target to create 0.78 lakh hectares additional irrigation potential. Bisaindha Tank 

Project in district Sidhi (M.P.) is one of them.

Bisaindha Tank Project was constructed in the year 1992 with culturable command area of 1056 hectares, 

but the actual average irrigation for the last five years is only 630 hectares, which clearly indicates the 

difference between irrigation potential created and irrigation potential utilised. The reason being seepage 

loss and siltation of earthen canal due to which about 80 hectares agricultural land is water logged. It is 

proposed that the earthen canal should be lined to create 120 hectares of additional irrigation potential 

and the water logged area should be reclaimed.

The live storage capacity of Bisaindha Tank is 5.98 million cubic meters but due to collapse of boulder toe 

and seepage drains, live storage capacity has been reduced considerably. It is proposed to reconstruct the 

boulder toe and repair the seepage drains to save the precious and scarce irrigation water.

Results indicates that the methodology can be extended to other similar situations.

Keywords: RRR, boulder toe, seepage drains.
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1. SALIENT FEATURES

1. Name of Scheme: Bisaindha Tank Project

2. District  : Sidhi

3. Tahsil  : Gopad Banas

4. Location :

(a) Village   : Bisaindha

(b) Toposheet No. : 63H/15
0 ' ”© Longitude : 81 5600

0 ' ”(d) Latitude  :24 2300

5. Name of river/ stream  : Local Nalla

6.  Year of completion : 1992

7. Benefits:

(a) Culturable command area : 1006 hectares

(b) Designed irrigation : Kharif-777 hectares, Rabi- 227 hectares

(c) Additional rabi irrigation after rejuvenation : 227 hectares

2. RESREVOIR DATA

1. Catchment Area:15.61 square kilometres

2. Live storage capacity: 5.95 million cubic meters

3. PRINCIPAL LEVELS OF DAM

1 River bed level : RL 97.54 m

2 Low sill level: RL 104.00m

3 Full reservoir level: RL 113.75 m

4 Maximum water level :115.25 m

5 Free board  : 1.8 m

4. DAM DATA

1. Type of dam : Earthen/ Homogeneous

2. Length at top : 141 m

3. Top width : 6.0 m

4. Maximum height : 23.50 m
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5. CANAL DATA

1. Length:  main canal-7.2 kilometers,  minor/ sub-minors -28 kilometers

2. Discharge at head : 1.0 cumecs

 3. Thickness of lining :0.06 m

 4. Average depth of silt to be removed : 0.45 m

6. ACTUAL IRRIGATION

2009-10 : 142 hectares

2010-11 : 168 hectares

2011-12 : 637 hectares

2012-13 : 627 hectares

2013-14 : 661 hectares

7. BOULDER TOE

Since height of embankment dam is more than 15m, as per technical circular 40 of Madhya Pradesh 

Water Resources Departmet, boulder toe has been provided in the entire reach of dam with a height of 

H/5 and separated from casing material and base material by filter layer.

The filter criteria is:

D  of filter /D of filter < 515 85 

D  of filter/ D  of filter <20 but >415 15

D  of filter/ D of filter < 2550 50 

Filter will extend for full length between d/s hearting toe or imaginary hearting toe with 1:1 slope.

Due to aging and /or deferred maintenance , the boulder toe has been damaged and muddy water is seen 

on the downstream of toe. Hence it is proposed to reconstruct the boulder toe.

8. LEAKAGE/ SEEPAGE DRAINS

In designing an earth dam, the safety of the bund requires that whatever water leaks through thr hearting 

material should drop towards the ground in as rapid a slope as possible, so that the hydraulic gradient 

does not come near the other slope of the dam. The weakest point in the dam is its toe. If the foundation
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soil under the bund near the toe or the ground just outside the toe becomes wet, there is a danger of the 

foundation soil being squeezed out from under the bund. The foundation soil has not only resist a vertical 

pressure but also horizontal thrust. It is therefore, necessary that the foundation under the outer casing 

should be kept as dry as possible and this is achieved by providing leakage drains under the outer casing 

to receive leakage(seepage) water, and carry it off outside the bund as rapidly as possible.

In the present case the seepage drains has been damaged. It is proposed to provide 90cmx90cm size 

seepage drains below the filter and it will have a filter all around.

8. PITCHING/RIP-RAP

The term pitching refers to the roughly squared masonry or precast blocks or embedded stones laid in 

regular fashion with dry or filled joints, on the upstream slope of an embankment dam or on reservoir 

shore to provide protection to the embankment materials against erosion due to wave action etc. and also 

to give pleasing appearance.

Provision of filter under rip-rap prevents the waves generated in the reservoir, from eroding and washing 

out the underlying embankment material.Since the rip-rap is generally poorly graded due to 

predominance of one size material, the provision of adequate filter of the fine and cource material is also 

essential.

In the present case the pitching has been disturbed, hence it is proposed to repair the same. The thickness 

of rip-rap depends upon the maximum wave height . It shall in no case be less than 300 mm.

9. LINING OF CANAL

To minimise the conveyance loss and to conserve water and land resources, it would be ideal to plan, 

design and construct the canal system in irrigation projects as lined system down to 5-8 hectares sub-

chaks.

At present the canals of Bisaindha Tank Project is unlined with a head discharge of one cumecs. The 

base width is 2.8 m and depth is 0.8 m with a free-board of 0.45 m. the length of main canal is 7.2 

kilometers and side slope is 2:1, which is proposed to be lined with concrete of 0.06 m thickness. 

Benefit/cost ratio is worked out to be more than unity.
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After lining , precious and scarce irrigation water will be saved and water logged area should be 

reclaimed which may be used for agriculture purpose.

10. UNCERTAINITY OF COST EFFECTIVENESS OF LINING

Inspite of the fact that extensive effort have so for been carried out in India and abroad including 

developed countries like USA, to economise on lining of canal system; the answer to cost effectiveness 

of lining a canal system still remains questionable due to various factors indicated hereunder:

1. It is difficult to generalise the extent of losses taking place in different limbs of canal system 

(main/branch canal, distributaries, minor, sub-minors and water course and  /or field channels) 

because it depends upon the size and shape of the project, topography, surface conditions , 

environmental conditions, cropping patterns etc. Thus, it defers from project to project.

2. Data available in some projects in USA indicates that earthen embankment if well compacted 

can control seepage to considerable extent. The fact however is still to be established through 

long term observations under different conditions on several unlined system.

3. Percentage reduction in seepage by lining is much less what is normally assumed in the 

formulation of the project.

4. The advantage of reduced maintenance claimed in favour of lining does not appear to accrue in 

practice in the long run.

5. Although, theoretically, there is reduction in rugosity co-efficient initially due to lining over a 

period of  years, it increases due to weed growth and vegetation, off setting to some extent the 

initial advantage.

6. The seepage loss through a canal system is not a total loss of water. A major portion of it forms a 

part of rechargeable ground water which can again be used for irrigation.

However, there are many direct and indirect benefits of lining , which can not be ignored.

11. RESULTS

After rejuvenation of Bisaindha Tank Project, following objectives have been achieved:

1. Comprehensive improvement and restoration of water body thereby increasing tank storage 

capacity.

2. Ground water recharge.

3. Increased availability of drinking water.

4. Improvement in agriculture/horticulture productivity.

5. Community participation and self supporting system for sustainability of water body.
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12. CONCLUSION

Based on availability/limited data ,an attempt is made to rejuvenation of water body. Results indicated 

that the methodology can be extended to other similar situations.
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A B S T R A C T

Impact of one-dimensional impulse waves on a downstream wall following a dam break has been studied 

using VOF method. The wave velocity and wave amplitudes are analyzed by changing the drop height of the 

upstream dam break model and length of the downstream reservoir. Free-surface elevations (wave 

amplitude), wave velocity etc in the lower reservoir, before and after upstream dam collapse are monitored 

for a time period of 10 sec using ANSYS FLUENT. The bed of the reservoir where the wave traverses is 

considered flat and mildly rough. Shallow water theory and shallow water equations (SWE) are not 

applicable as the water catchment in the reservoir is sufficiently deep. The behavior of impacting wave 

front from the initiation of wave through its transformation and damping out are closely monitored for the 

non-sloping bed and it was found that for the same drop height, the bed roughness and bed length governed 

the wave rise and travel. This flat-bed condition serves to analyze the effect of energy transfer from the dam 

break into the wave generation. The parameters are non-dimensionalised for easier interpretation of the 

wave behavior.

Keywords: Dam Break, Volume of fluid method, impulse waves, run-up, Navier-Stokes solver

1. INTRODUCTION  

The dam break problem has been of high research interest for the fluid mechanics and hydraulics 

community for decades for the variety it poses depending on the field of applications. Technically, dam 

break means, a constrained volume of water breaks its boundary and flows downstream, resulting in an 

unusual wave formation. The wave front formation can be due to earthquakes, landslides or other natural
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or artificial phenomenon. Wave run-up is a topic of high research interest in the past few decades. 

However, due to the many complicated features inherent to this problem such as breaking, air 

entrainment, turbulence etc., it is still not possible to describe the wave run-up accurately by means of 

any single method. The wave run-up associated with the impact on water retaining structures is a fluid-

structure interaction (FSI) problem which is very complicated on one hand and a great challenge to the 

hydraulic and coastal engineers on the other hand.

The numerical simulation can be done in 2D and 3D using commercial dam break solvers and open-

source programs. With the development of computational fluid dynamics (CFD), the dam break 

analysis gained more research interest [2]. This work uses ANSYS FLUENT [7] to simulate dam break 

which further evolves into a wave-impact problem. FLUENT employs the Eulerian Finite Volume 

Method wherein the unsteady form of Navier-Stokes equations is solved for the dam break analysis. 

Volume of Fluid (VOF) method tracks the free surface [3] which is adopted by FLUENT for 

simulations involving multiphase flow.

The present work attempts to develop a computational model of the dam break problem to the upstream 

of a flat bed reservoir. Upon dam break, an advancing wave front is generated and the scenario is 

simulated to study the wave behaviour. This paper primarily focuses on the variation of wave parameters 

in flat-bed reservoir considering different dam break drop heights and different bed lengths. The VOF 

method captures the open channel wave propagation from the initiation of the wave through its settling. 

The parameters of the flow model i.e. wave velocity and wave amplitude is compared to identify the 

variation of wave behaviour with respect to the geometry change in the reservoir. This problem can be 

studied with a variety of other parameters such as a sloping bed, shallow reservoir, continuous open-

channel flow etc which are beyond the scope of the work.  With the level of accuracy and capability of 

the available computational methods in solving such two phase problems, open-channel flow 

simulations can be performed satisfactorily even though marginal deviations from the experimental 

observations may be observed.

2. Problem formulation

The schematic representation of the dam break problem is given in Figure 1. A scaled model of an actual 

reservoir construction is considered here. In this model, the tank dimensions are L = 8 m, H = 5 m; the 

dimensions of the obstruction (dam cross section) downstream are top width, a = 0.3 m, bottom width, b 

= 0.45 m, dam height, h = 1.2 m, sill level, d = 1 m for the wave medium to be of considerable depth and 

the air-water phases being defined by volume fractions. For the sake of computational modelling, the
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benchmarked dam break problem is used. A water column is modelled at a higher elevation which 

collapses into the reservoir downstream to it due to gravity. Wave impact on the wall upstream of the 

lower dam is observed. The dam is located at a distance of 4.8 m from the origin. The bed slope is not 

considered in the model even though bed friction is considered.

The boundary conditions are also as shown in the Figure1. Wall boundary conditions are adopted for the 

direct water contact regions in the problem domain. Another study with a pressure outlet condition for 

the rightmost boundary showed the escape of spilled water in the downstream after wave impact. 

However, these results do not give the exact information on the amount of water over flown during wave 

impact. Free slip wall was defined for the lower dam cross section. The dam break model was defined at 

a convenient elevation from the basin of the lower reservoir such that water just spills over the dam top 

upon the upstream dam collapse and corresponding wave impact. The high Reynolds number observed 

characterizes the turbulence initiated by the dam break on to the water below. This condition symbolizes 

a real reservoir with water stored up to full reservoir level (FRL) experiencing a sudden rush of water 

from the upstream. The effect of turbulence is also considered to understand the capabilities of the NS 

solver to handle such complexities in the problem.

Figure 1 A schematic diagram of the dam break problem for flatbed reservoir

3. Governing equations

The momentum equations for the 2D mathematical model shown in Figure 1 are as follows
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The flow field equations to be solved for the Eulerian mesh are the Navier-Stokes equations

where (u,v) is the velocity components in the Cartesian coordinates (x,y) and ν is the coefficient of 

kinematic viscosity. The incompressibility condition is defined by                   . The wave phenomenon 

is characterized by the one dimensional wave equation mathematically expressed as

where u  and u  are the second temporal and spatial derivatives of velocity respectively.tt xx

4. Methodology

The drop height of the upper reservoir (the dam break model) was varied between 0.5 m and 1.5 m. 

Subsequently, for each varied drop height, the length of the lower reservoir was changed between 3.6 m 

and 6 m. Thus a combination of nine models was developed in the case of a flatbed downstream reservoir 

as shown in Table 1. Eulerian structured mesh was developed for all the problem models and wave 

transients were monitored for a time of 10 sec. The energy transport from a stored potential form to 

transient kinetics helps in the study of the impulse wave behaviour from the initiation through 

suppression. ANSYS FLUENT was used to simulate the dam break, resulting impact wave generation, 

wave transformation from impulse to bore and subsequent wave damping. Geo-reconstruct subfunction 

of VOF method tracks the free surface location during the wave travel.

Table 1 Numerical analysis matrix
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5. Results and discussions

As indicated in Table 1, three models of varying bed lengths for each specific drop height were 

simulated. The drop heights for the wave generation model were set to 0.5 m, 1.0 m and 1.5 m. For each 

drop height, the time of initiation of waves in the respective models remained a constant, irrespective of 

the bed length or bed slope.

In the 0.5 m drop height category, the maximum non-dimensionalized wave height (h/H), commonly 

referred as wave height parameter, developed is 1.252 where H is taken as 1.0 m, the initial water depth, 

for all the cases. Also the maximum wave height in these three models immediately after the impulses 

was observed at about the time parameter value of 2.82. In these three models, the location of maximum 

wave height immediately after impulse was observed at about 2.54 m from the leftmost wall. Figure 2 

shows the maximum wave heights observed in this category of drop height.

Figure 2. Maximum wave heights observed from the 0.5 m drop height category for the three bed 

lengths after the wave originates

Figure 3. Wave height parameter for the 0.5 m drop height category in the three bed lengths
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The maximum wave height during propagation is obtained at the instant when the wave starts to reflect 

from the downstream dam which acts as the obstruction. This wave reflection dampens the remaining 

waves with the aid of viscous effects. Figure 3 shows the wave height parameter variation after the wave 

reflects by hitting the downstream dam.

Figure 4 shows the variation of free surface movement in terms of its velocity. The results obtained for 

the 0.5 m drop height model helps in predicting the behaviour of these waves in the subsequent models. 

In this case, where the drop height is low, it is evident that the potential energy will be lesser than the 

other two cases. Also the result of this potential energy change to kinetic energy of the wave motion is 

predictable through the variation in wave amplitudes. It was also verified that the reservoir had sufficient 

depth to dampen the waves, hence in this type of problem, unless the reservoir catchment is low, the 

shallow water wave theory and the shallow water equations (SWE) does not hold good.

Figure 4 Velocity parameter for the 0.5 m drop height category in the three bed lengths

In the 1.0 m drop height category, the maximum wave height parameter (h/H) developed is 1.2677, see 

Figure 5. Also the maximum wave height in these 3 models immediately after the impulse was observed 

at about the time parameter value 2.98. In these three models, the location of maximum wave height 

immediately after the impulse was observed at about 2.61 m from the leftmost wall. Despite the increase 

in potential energy of the dam break model in the 1.0 m drop height category, the maximum wave heights 

observed near the downstream dam wall are almost similar to the 0.5 m category. This may be 

considered due to the higher relative depth in the reservoir where the wave propagates.

Figure 5. Wave height parameter for the 1.0 m drop height category in the three bed lengths 
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Figure 6. Velocity parameter for the 1.0 m drop height category in the three bed lengths

The wave rise as the impulse is generated increased in the 1.0 m drop height category even though near 

the obstruction, the wave heights remained nearly the same. Figure 6 shows the variation of wave 

velocity for the three models having 1.0 m drop height. The run up occurs faster, but the maximum level 

rise is almost identical to the 0.5 m category. This can be attributed to the high turbulence that occurs 

with the formation of a larger air pocket inside the impulse wave volume.  It is evident from the variation 

of wave velocity parameter plot (Figure 6) that there is higher mass transport in the shorter bed length 

model and the viscous effects in reducing the wave characteristics is lower compared to the other two 

cases. The low amplitude liquid vibrations are higher in the longer bed length models and high 

amplitude in short bed length model.

Figure 7. Wave height parameter for the 1.5 m drop height category in the three bed lengths

In the 1.5 m drop height category, the maximum wave height parameter (h/H) developed is 1.286, see 

Figure 7. Also the maximum wave height in these three models immediately after the impulse was 

observed at about the time parameter value of 3.13. In these three models, the location of maximum 

wave height immediately after the impulse was observed at about 2.66 m from the leftmost wall. It may 

be noted that there is a significant rise in the water levels as the potential energy of the dam break model 

increases.
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Figure 8. Velocity parameter for the 1.5 m drop height category in the three bed lengths

Figure 8 shows the wave velocity parameter for the 1.5 m drop height category of models. From the 

wave amplitude plots for all the three categories, it was observed that the two longer bed length models 

produced almost identical wave heights towards the end of the simulation time as the wave dampens. In 

all the three cases the shorter model produced higher amplitudes and more cycles of vibration.

Table 2 shows the maximum wave rise near or at the downstream dam wall in all models. There are 

approximately 5 to 8 times rise in water levels for the 1.5 m drop height category compared to 1m 

category except for the shorter bed length case. There is no significant rise in water levels when 1 m drop 

height models and 0.5 m models are compared.

Table 2  Wave rise observed near or at the downstream dam wall in all flatbed models

 6. Conclusions

Free surface flow of an advancing wave front due to a dam break was simulated. The problem resembles 

either a steady flow in an open channel or a dam breaking into the tailrace generating impulse waves. 

Numerical investigations were conducted on nine different models having variations in bed length and
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drop height or fall height of the dam break. The characteristics of the generated wave were observed for 

the type, transformation and suppression. It was observed that as the drop height increases the time taken 

to reach the maximum wave height also increases. This also shows increasing rate with the increase in 

the bed length of downstream reservoir within each drop height.

High energy transport occurs in the third drop height category as the wave height ratio indicates. Only 

the longest bed length model simulated a lesser height ratio compared to the other two category, that too 

only when compared to the shorter ones. The relative wave height increase for the third drop height 

category is nearly 8 times larger than that of the other two categories.
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This article gives a brief review of the ventilation systems employed in buildings, the air flow rates and its 

dependence on Indoor Air Quality (IAQ) . The aim is to provide some insight to architects, building 

engineers and contractors who play an important part in selecting the ventilation systems. 
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1. INTRODUCTION  

Building ventilation has a huge implication on the overall indoor environmental quality, particularly, 

thermal comfort, indoor air quality (IAQ) and its energy-use pattern. Too little ventilation may result in 

poor indoor air quality, while too much may cause unnecessarily higher heating and cooling loads. 

Recent advances in building ventilation (Nielsen, 1993; Etheridge and Sandberg, 1996; Skistad et. al., 

2004; Awbi, 2011; Müller et. al., 2013) have refined the ventilation rates with efficient energy-use but 

many studies have evidently raise the issue of poor IAQ in the past few years (Fisk, 2000, Fanger, 2006; 

Boestra and van Dijken, 2010). The need of building occupants for optimum ventilation rates has been 

invigorated by researchers to not only provide comfort and good air quality (European Collaborative 

Action, 1992) but also to optimize the energy consumed on achieving the indoor environmental quality.
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In India, buildings are responsible for 35% of total energy consumption with an annual rise of 8% 

(Manu, S., et.al. ,2016). Reports show that the cooling load accounts for up to 45% of the total electricity 

consumption in residential sector (BEE,2007) and 31 % in commercial buildings ((Manu, S., et.al. 

,2016).). An average HVAC (Heating, Ventilation and Air Conditioning) load per unit area lies within 
2the range of 120-290kWh/m /year for conditioned buildings in India (P.A.C.E- D. , 2014). This high 

dependence on HVAC systems and high expectations of comfort levels demands the assessment of 

current methods of building ventilation and developing ventilation strategies with improved IAQ and 

energy performance. A wide range of ventilation system is available to meet the satisfactory 

environmental conditions each having the potential to meet specific application. But, the decisions on 

whether to provide natural, mechanical (i.e. supply-only, exhaust-only, or both supply and exhaust) or 

hybrid ventilation depends on several factors. Local climate, building type, building configuration, 

IAQ, cost, heating/cooling load and occupant's behavior primarily dictate the type of ventilation 

strategy to be adopted. Considering the highly variable climate of India, there is a need for assessing 

different ventilation strategies so as to develop guidelines that are capable of providing better indoor 

spaces with improved thermal environment. In India, we don't have any set of standards on ventilation 

that focus on IAQ and energy-use. National building Code, has recommended values of air flow rates 

for different types of buildings but this requires a thorough revision, considering the current exposures to 

the health risk of indoor pollution in buildings.

This article gives a brief review of the ventilation systems employed in buildings, air flow rates and its 

dependence on IAQ dependence of IAQ. The aim is to provide some insight to architects, building 

engineers and contractors who play an important part in selecting the ventilation systems. This will also 

help the research community in this area to develop new ventilation strategy with desired performance.

2.  Ventilation systems: Natural Mechanical & Hybrid

Ventilation moves outdoor air, distributes it within the building or room and finally helps in diluting the 

pollutants originating in the building and removing the pollutants from it (Etheridge & Sandberg, 1996; 

Awbi, 2003). Good ventilation facilitates the comfort and safety of building occupants and is mostly 

subjected to a legal minimum requirement. Ventilation rate, Airflow direction and Air distribution or air 

flow pattern are the three basic elements of building ventilation. Natural, mechanical and hybrid 

ventilation are three broad categories of ventilation systems in any building.
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2.1.  Natural Ventilation

Building permeability and ventilation opening plays a key role in natural ventilation. A well designed 

naturally ventilated strategy combines the benefits of permanently open vents to provide background 

ventilation and controllable openings to meet the transient demand. To ensure that the ventilation is 

confined to air flow through the provided openings only, it is important that the building structure is tight. 

This helps in enhancing the ventilation performance by preventing air infiltration. The airflow within 

enclosed space is governed by the pressure differences due to wind and buoyancy forces. It is, therefore, 

important to have a thorough understanding of the pressure distributions in and around the building to 

design a building with efficient naturally ventilated system. Wind is the main cause of natural ventilation 

but in the absence of wind, the alternative is to implement stack pressure which can be created naturally 

by density differences to drive a ventilation flow through the building. Tall solar chimneys, light wells or 

atria are few of the architectural features that can be employed to enhance the stack effect. A lot of work 

has been going on in perfecting the natural ventilation strategy but still the prediction and control of 

indoor environment remains an open issue. Most of the researches are inclined towards the fluid 

mechanics of natural ventilation , physics of thermal stratified flows, prediction of pressure coefficients 

on building facades, behavioral aspects of window opening by occupants  and current barriers or 

difficulties faced by natural ventilation in gaining regulatory acceptance. But, the effect of interior heat 

gains on the flow rates due to buoyancy forces developed as a result of temperature difference has shifted 

the focus of many researchers in past few years. Few researchers have also worked on assessment of 

passive strategies for cooling and ventilation with a prime focus on the heat model coupling, external 

and internal thermal mass (Zhou et.al.), use of night time cooling in moderate climates (Wang et.al. ), 

efficiency of wind catchers or wind towers.

Natural ventilation has its limitations also as, sometimes; inadequate control over air flow rates can 

adversely affect the indoor air quality. It was noted that the uncertainties associated with the driving 

forces is due to different principles of natural ventilation i.e. single sided ventilation, cross ventilation or 

stack effect [Chenari B., et.al]. The effectiveness of natural ventilation depends upon the outdoor 

environmental conditions. For e.g. outside wind speed of 3.0m/s is required to cool down the indoors 

using natural ventilation (Ohba. M. and Lun. I.,2010) or it is unsuitable to open windows when outdoor 

air is hot or polluted. It is not suitable for extreme hot or cold conditions It is important that minimum 

ventilation rate required for better IAQ and maximum ventilation for summer cooling is thoroughly 

evaluated.
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2.2.  Mechanical ventilation

Mechanical ventilation (MV) is based on the distribution of the pre-conditioned air (heated/cooled) to 

an enclosed space through ducts and delivered by air-diffusion outlets. It provides uniform ventilation 

rates as compared to natural ventilation and can respond to the varying needs of occupants to and, if 

designed properly. One major advantage of mechanical system over natural ventilation is that it provides 

great flexibility for controlling the indoor environment. The air distribution is the key element in 

mechanical ventilation systems to condition the spaces and to achieve acceptable indoor thermal 

conditions (Balaras, C.A.). Mixing ventilation (MV) and Displacement ventilation (DV) are the two 

widely used air distribution systems. Mixing ventilation works on the principle of mixing the incoming 

fresh air, supplied at a high velocity (typically> 2.0 m/s) through the ceilings or upper part of the walls, 

with the indoor air (Cao. G. et.al., 2014).  It uniformly distributes the thermal energy of the enclosed air 

and dilutes the contaminant concentration of the room. Although, it is well documented in various 

ventilation guides and standards (e.g., ASHRAE Handbook, 2011), it is known to be inefficient in terms 

of providing good indoor air quality and energy performance.

In displacement ventilation cool air is introduced at a low velocity (typically <0.5m/s) at or near the floor 

to create an upward air movement or thermal plumes (Cao. G. et.al., 2014).  As the room air movement is 

primarily driven by buoyancy forces, creating vertical gradients of air temperature and contaminant 

concentration, this method can only be used for cooling. However, it requires lower fan power and has 

higher ventilation effectiveness than mixing ventilation and, therefore, provides an energy efficient 

method of air supply in buildings. As the calculation of airflow in the plume above the heat source is too 

complex and time consuming and , thus, requires software based approach i.e. Displacement Ventilation 

Software and/or computational fluid dynamics based software packages to design. Though 

displacement ventilation systems are successfully used in the Northern Europe and some parts of USA, 

its exposure to warmer climates still remains limited (Livchak,A., Nall. D., 2001) and requires a much 

needed research.

2.3. Hybrid ventilation

Hybrid ventilation, as defined in International Energy Agency  (IEA) Annex 35 (1999), is a two-mode 

system that provides necessary indoor air quality in an energy efficient way by switching automatically 

from one mode to another (i.e. from naturally ventilated to mechanical or vice versa) in different time of 

the day, season or a year. Studies show that natural ventilation unable to maintain the IAQ and thermal 

comfort in acceptable levels. Therefore, an integrated approach with passive cooling and passive solar
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heating is combined with the mechanical system to optimize the overall energy-usage of the building. 

This approach is characterized by the use of windows and doors for space ventilation and HVAC 

systems only when the wind pressure and temperature gradients are not sufficient to drive the flow by 

natural means (Heiselberg, P. et.al. ,2001  and Van Heemst, L.V. (2001). Overall, hybrid ventilation is a 

low-energy alternative to energy-intensive air-conditioned buildings or naturally ventilated buildings 

with poor occupancy comfort and control levels (Turner, W.J.N. and Awbi, H.B. (2015).

A project named HybVent by IEA initiated the state of the art work on hybrid ventilation solutions in 

contemporary buildings. Twenty two buildings (seven renovated and fifteen new constructions) were 

analyzed for stack effect using dedicated ducting or through corridors/hallways and control strategies. 

Many researchers have highlighted the performance of hybrid ventilation in buildings (Turner, W.J.N. 

and Awbi, H.B. ,2015; Sherman, M.H., 1997; Brager, G.S., de Dear, R.,2000; Taylor, N.J., et.al.,2012) 

using numerical methods (Homod, R.Z. ; Sahari, K.S.M., 2013), computational modeling (Turner, 

W.J.N., Walker, I.S.,2013) and very few experimentally (Niachou, K., et.al., 2008; Yoshino. H., 

et.al.,2003). In a study by Schulze and Eicker, air flow rate for different openings indicated that indoor 

air quality is maintained at acceptable levels but thermal comfort varied when used with natural 

ventilation strategies. Another study investigated the effect of ventilation rates on IAQ and energy 

saving in a single-family house. It is inferred that the ventilation rate of 0.3ACH is sufficient to maintain 

IAQ at acceptable level with optimum energy-use as compare to the one proposed by Swedish Building 

Standards (i.e. 0.5ACH). Few of the researchers have also used tracer gas experiments to analyze the air 

flow rates of hybrid ventilation system (Niachou, K., et.al., 2008 ). Kim & Hwang assessed the hybrid 

ventilation system with natural supply inlet and mechanical exhaust in apartments in Korea using 

computational fluid dynamics. They inferred that this system has achieved the perceived IAQ but has 

also increased the space heating load. 

Hybrid ventilation works on the principle of natural and mechanical ventilation, fan-assisted natural 

ventilation or stack and wind assisted mechanical ventilation. These principles when used in 

conjunction with the control strategies can improve the energy performance of hybrid ventilation system 

[Chenari B., et.al ,110]. The control strategy is framed by assigning set points for certain parameters i.e. 

indoor /outdoor temperatures, relative humidity, CO  concentrations, wind speed and wind direction. 2

Hybrid ventilation systems generally comprises of an inlet, distribution unit, outlet, fan, and in some 

cases heat exchanger (Lim. Y et.al.,2015).Demand-controlled ventilation, based on the occupancy 

levels and concentration of pollutants, is also being studied by the researchers. It is suitable for spaces 

where the occupancy levels vary frequently such as lecture halls, theaters, shopping malls etc. 

Impinging jets (IJ) and Confluent jets (CJ) are the two new hybrid ventilation concepts that combine the 

characteristics of both MV and DV (Cao. G. et.al.,2014). 
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The feasibility of this ventilation system for Indian climatic conditions can resolve issues related to the 

energy load of a building and demand a thorough investigation via integrated research strategies (i.e. 

experimental/computational).

3. Ventilation Rates 

Ventilation rates and outdoor air requirements of the building depends upon its architectural design, 

typology/ function and occupancy distribution (density per floor area), concentration of indoor/outdoor 

contaminant and climatic changes in the surrounding environment. Therefore, provisions to control the 

airflow rate to meet the current prevailing demand are desirable. (Energy-Efficient Ventilation for 

Apartment Buildings, Rebuild America program, LBNL)

Ventilation system has evolved manifolds, since the early 1970s, under the pioneering work of the 

researchers (European Collaborative Action, 1992, Awbi, 2003, 2007; Karimipanah et al., 2007, 

2008,Cao. G. et.al.,2014) who demonstrated the importance of ventilation rates on comfort and health 

safety of the occupants. But, it was not until 1836 that the ventilation rates are quantified and were 

addressed to be regulated under standards (with recommended value of 30cfm/person or 14L/s per 

person). ASHRAE Standard 62-1973, Ventilation & Acceptable Indoor Air Quality, was the first of its 

kind during that period with minimum and recommended for kitchen and bath areas. It is important to 

note that the earliest history of ventilation rates is applicable to all the building types. In the next version 

i.e. Standard 62-1981, the ventilation rates are reduced in order to reduce the energy consumption (this 

was proposed immediately after the oil crisis hit the world in 1970's). In the 1989 version of Standard 62, 

the contribution of occupants and materials as a source of pollutants is recognized in low occupant 

density buildings. The basic drawback of the Standard 62-1989 is that it did not clarify as to how to 

achieve the minimum ventilation rates. Later, Standard 62.2 introduced the additivity approach for 

calculation of ventilation rates and building part is added to a people part such that the air change rate is a 

function of occupancy density. There have been a lot of revisions in ventilation rates since the first 

version of the standard. The ventilation rates depend primarily on the source of contaminants, its 

emission and impact on the occupants. The standard specifies that a minimum outside air change rate 

should be based either on the volume of the space to be ventilated or on the number of occupants.  It 

allows a minimum of 0.35 air changes per hour (ACH) per cubic foot of ventilated space, or 15 cubic feet 

per minute (CFM) per person, whichever of the two is higher for apartment buildings (Energy-Efficient 

Ventilation for Apartment Buildings, Rebuild America program, LBNL)
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4. IAQ and ventilation rates 

IAQ is, basically, a descriptor of the amount and type of contaminants in the air. (Chenari B., et.al., 

2016). Environmental Protection Agency (EPA) has listed Indoor Air Quality as one of the top five 

environmental Health Risks, as people spends 80% of their time indoors. There is a, therefore, a strong 

drive to design effective ventilated strategies with optimum energy costs (Livchak. A., Nall. D., (2001). 

In the past few decades, indoor environmental quality standards have become more stringent as the 

expectation level of occupants and heating/cooling loads of the buildings have increased (Balaras. 

C.A.).

ASHRAE has defined IAQ as the acceptable indoor air in which the concentration of pollutants is not at 

identified harmful level and the occupants (80% or more) do not express dissatisfaction. In the 
thbeginning, up to 20  century, occupants were considered to be the main source of indoor pollution like 

human bio-effluents and/or tobacco smoke. Indoor Air Quality (IAQ) is achieved through proper 

ventilation by replacing stale indoor air by fresh outdoor air. The air flow rates helps in achieving the 

required dilution and mostly determined by the pollutant's generation rates. As discussed earlier, the 

process can be natural, mechanical or a combination of both the strategies. The ventilation rates are 

established either by adding the necessary flow rates to dilute the pollutant or by choosing the maximum 

ventilation rates. But in majority, the ventilation rates are determined on the basis of the comfort criteria 

of 20% PPD of people whose sensory perception has not adapted to that environment. (Chenari B., 

et.al., 2016).  

Indoor Air quality is a function of temperature, air-flow, window position (window to wall ratio) and 

CO  concentrations (Menassa, C.C., et.al. (2013). Ventilation standards/ guidelines were framed on the 2

basis of metabolic CO  concentration. But with the advancements in the field of ventilation strategies 2

and pressing need of meeting the health standards in buildings, ventilation guidelines now takes into 

account both occupant generated contaminants (e.g. odors, CO ) and non-occupant sources (e.g. VOCs 2

from building materials and furnishing) (Charles,K. et.al. (2005). CO  is not necessarily a contaminant 2

up to a certain level (threshold CO  level above 1000 ppm is considered dangerous) and, therefore, is 2

used as a tracer to ensure the ventilation performance of the buildings. The most efficient strategy to 

maintain indoor air quality is to remove the contaminants at the source and then rely on ventilation 

(dilution) to remove the air-borne VOCs (Charles,K. et.al. (2005).
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5. Conclusion

Earlier, mechanical ventilation appeared to be a practical solution to natural ventilation for year-round 

control of indoor environmental conditions. And this subsequently has resulted in the replacement of 

natural ventilation in most of the buildings (especially commercial complexes).  Studies have shown 

that natural and mechanical ventilation systems can, in practice, be equally effective for maintaining the 

indoor environmental quality and energy efficiency. However, natural ventilation only works when the 

local driving force is available (for example, winds or breezes). On the other hand, mechanical 

ventilation has certain limitations, involved in properly installing and maintaining, that may lead to a 

high concentration of indoor pollutants and ultimately result in a low indoor air quality with higher 

health risks. Hybrid ventilation does looks promising, in terms of IAQ and energy efficiency, but 

requires a case-specific approach and a detailed structure of ventilation design. It is important to 

understand that the ventilation guidelines are mostly expressed in terms of air flow rates and there is no 

mention of IAQ so far. With the current trend of rise in outdoor and indoor pollutant level, it is high time 

that we revive and reform our ventilation strategies in India, considering the building type, occupancy 

level and climatic zone. And, finally, to achieve energy efficient ventilation system with improved IAQ 

it is important that the government, businesses and individuals transform the way the buildings are 

designed, built and operated. 
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A B S T R A C T

In a compound channel section, there is always transfer of momentum between the deep main section and 

the adjoining shallow floodplains. Channels are often flanked by one flood plain either side of it, known as 

asymmetrical compound channels. So occurrence of the strong turbulence at the junction between main 

channel and flood plain results the transport of the longitudinal momentum and the vertical plain between 

the main channel and flood plain will experience an appreciable longitudinal turbulent shear stress in the 

flow direction which referred to as apparent shear stress. Momentum transfer phenomenon has the effect of 

increasing floodplain shear and decreasing main channel shear. In a symmetrical compound channel the 

momentum transfer occurs from both sides of the channel to the flood plains uniformly. But in case of a 

compound channel with asymmetrical floodplain, there is a stronger interaction between main channel and 

flood plain occur as compared to the symmetrical case causing the boundary shear stress distribution more 

non-uniform as compared to the symmetrical cases. Experiments are carried out to measure the boundary 

shear stress around the wetted perimeter of a two-stage asymmetric compound channel that helps to 

quantify the momentum transfer in terms of apparent shear stress along the interfaces. Analysis of the 

apparent shear is useful in deciding the choice of appropriate interface plains for developing stage-

discharge relationship of a compound channel. In the present work, a modified expression to predict the 

apparent shear stress in an asymmetrical compound channel is developed. From the error analysis, the 

developed model is found to predict the apparent shear stress better than models of other investigators.

Keywords:Apparent shear, boundary shear stress distribution, interface plane, asymmetrical channel, 

floodplain, main channel, overbank flow, momentum transfer.
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1. INTRODUCTION  

At the time of flood, a part of flow is carried out by river main channel and the rest discharge is carried out 

by its adjoining one or both side flood plain. The channel is known as symmetric compound channel 

when both flood plains are equal otherwise the river channel is referred to as asymmetric compound 

channel, where it has one sided flood plain. Once the channel appears as a compound section, the flow 

structure undergoes a steep change for such section. This flow structure is characterized by the 

generation of large shear layer due to the significant difference of velocity between the main channel and 

flood plain. The transfer mechanism of momentum in a compound channel was first investigated by 

Sellin(1964). Zheleznyakov(1965) indicated the presence of artificial boundary made up vortices acting 

as a medium of momentum transfer between the main channel and flood plain at the junction.It has been 

observed that there is non-uniformity in the boundary shear distribution along the wetted perimeter of 

the section due to this momentum transfer (e.g., Ghosh and Jena 1971, Rajaratnam and Ahmadi 1979, 

Knight and Hamed 1984, Patra &Khasstua 2006). At shallow depth of flow over flood plain, momentum 

transfers from main channel to flood plain leading to the decrease in the main channel velocity and flow, 

while for reverse case, the transfer of momentum occurs from flood plain to main channel. Due to this 

interchange of momentum, the difference in boundary shear stress distribution occurs (e.g., Ghosh and 

Jena 1971, Rajaratnam and Ahmadi 1979.

Regarding the characteristics of boundary shear distribution, it has been stated that it helps to understand 

the resistance relationship, check the stability of bed material, design of stable channels and construction 

of retaining wall. Distribution of this parameter mainly depends on the shape of the cross sectional 

geometry and secondary flow structures.This secondary flow leads to the variation of local shear stress 

distribution from point to point in the wetted perimeter of the cross section due to the dissimilar 

subsection flows and also increases the flood plain shear by decreasing the main channel shear.(e.g., 

Rajaratnam and Ahmadi 1979, Myers 1977, W.R.C. &Elsawy1975).So proper distributions of 

boundary shear stress in main channel and flood plain needs to be found out so that it will help to predict 

the stage discharge relationship for compound channel.

There are many traditional methods are being used for calculating the flow capacity for compound 

channel. They are Single Channel Method (SCM) and Divided Channel Method (DCM). The SCM 

usually under estimate the flow as it takes the whole compound section as one unit. The DCM over 

estimates the flow and makes the total compound section into some homogenous subsections by 

introducing three imaginary interfaces (vertical, horizontal and inclined interface) at the junction 

region. This approach finds average flow velocity for each compartment therefore predicts better overall
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discharge primarily by the hydraulic engineer (Weber and Menéndez 2004, and Patra and Khatua 

2006).Many researchers have proved the adequacy of proper selection of imaginary interface for 

accurate estimation of stage discharge relationship (e.g., Ackers 1992, Wright and Carstens 1970, 

Wormleatonet al. 1982, Patra and Khatua 2006 and Huttof et al. 2008) etc. Most of the approaches are 

suitable for symmetrical compound channel and found to give poor result for asymmetrical compound 

channel. DCM is popular and is being still used in many software applications. The choice of DCM 

depends upon the knowledge of apparent shear stress.  Considering the above facts, an attempt has been 

made to analyse and develop an advanced model to predict the apparent shear stress in an asymmetrical 

compound channel.

2. Experimental details

For carrying out research, the asymmetrical compound channel is constructed using plain cement 

concrete inside rectangular steel tilting flume in the hydraulic engineering laboratory of the Civil 

Engineering Department, National Institute of Technology, Rourkela, India. This channel is having one 

flood plain at right side of it making the total width of the compound section 198cm (Figure1). The main 

channel is trapezoidal in cross section with 1:1 side slope having 33cm bottom width and 11cm at bank 

full depth.  The longitudinal bed slope is taken as 0.001325. The roughness of the flood plain and main 

channel are kept same and estimated to be 0.01. The second series of data chosen for the present analysis 

are from a large scale compound channel facility i.e. the UK Flood Channel Facility, located at the 

laboratories of HR Wallingford Ltd shown in Figure (1). A Single set of available data from FCFfor 

asymmetrical compound channel of width ratio (α=2.7) is taken in to consideration. The geometrical 

parameters such as total width of main channel is 10 m, aspect ratio of main channel is 10, longitudinal 

slope of the channel is 0.001027 and Manning's roughness coefficient is 0.01. Finally the last series of 

data chosen for the present analysis are from the asymmetrical compound channel data of Al-Khatibet 

al. (2013). One series of the asymmetrical experimental data (width ratio 3) is considered from this 

which is conducted on the flume at the fluid mechanics laboratory, Mechanical Engineering 

Department, Birze it University. This asymmetrical glass-walled horizontal laboratory flume is 7.5m 

long, 0.30 m wide and0.30 m deep with a bottom slope of 0.0025. The manning's n is assumed as 0.015.

All the experiments in channel were also done under subcritical flow conditions. Plan view and sectional 

view of the NITR channel has been shown in Figure.1 and Figure.2. Boundary shear measurements on 

bed and wall as the shear stress was measured indirectly by Preston tube method using Patel's 

(Patel,1965) calibration curve. This is considered the best practice of measurement of boundary shear 

stress. Error adjustments to the shear value are done by comparing the corresponding shear values
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obtained from the energy gradient approach. The results so obtained by the two methods are found to be 

consistently within ±3% values

Figure 1 Plan and sectional view of experimental asymmetrical compound channels of NITR, Khatibet al. 

(2013) and FCF Series 6.

3. Analysis of results

3.1 Shear force results

The lateral exchange of momentum at the junction magnificently affects the shear stress distribution on each 

subsection. The boundary shear force resulted from the experiment on each subsection of the wetted perimeter 

were numerically integrated to give the mean boundary stress and the mean shear force. From the boundary shear 

force distribution, a brief idea regarding the transfer of momentum to different interfaces can be acquired. As the 

channel is of asymmetric flood plain, the values from either side are not equal due to the strong interaction at the 

junction. The wetted perimeter of the compound channel is divided into four parts i.e., the flood plain side slope, 

the flood plain bed, the main channel side slope and main channel bed. .

Figure 2 Sectional view of experimental asymmetrical rectangular and trapezoidal compound 

channels with vertical interface at junction
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The boundary shear distributions for the FCF channel have been plotted in the Figure (3). The boundary 

shear stress measurements along the wetted perimeter of a compound channel for different flow depths 

and for different geometry are tedious. Further there are very limited data sets available regarding the 

boundary shear stress distributions in asymmetric compound channels.  As our prime aim is to develop a 

generalized mathematical model to predict the apparent shear stress in an asymmetric compound 

channel, which in turns depend upon the boundary shear stress distribution therefore an attempt has been 

taken to extract the boundary shear stress distribution by an alternate but reliable approach. Shiono and 

Knight(1989) have proposed a numerical method popularly named as SKM method for accurately 

predicting boundary shear distribution in a compound channel. The method is widely and trustily used 

worldwide in the form of software known as Conveyance Estimation System (CES,Wallingford, UK). 

The accuracy of the SKM numerical approach to predict the boundary shear distribution has also been 

tested and presented in Figure (3). The method has been found to evaluate the boundary shear 

distribution more accurately with mean average error less than 5%. 

Figure3Lateral distribution of the depth averaged boundary shear stress,tb for FCF Series 6.

As the present experimental in NIT asymmetric compound channel bears a single aspect ratio of 

3 and width ratio of 5.1, the FCF channel bears single channel data sets with aspect ratio of 10 and width 

ratio of 2.7 and the experimental channel of Khatibet al.(2013) bears a aspect ratio of 5 with width ratio 

3.0, so a wide range of data sets of various width ratio and aspect ratios have been generated using CES 

software. CES is based on Shion Knight Method (SKM)has been utilised to produce the boundary shear 

distribution for different channels having varying with ratio  and relative flow depths. The principle of 

SKM is based on the simplification of continuity equation and Navier stokes equation given as 

(i.e., secondary flows = weight force + lateral Reynolds stresses + vertical Reynolds stresses), where x, y, 

z = stream wise, lateral, and vertical directions, respectively;       temporal mean velocity components 

corresponding to x, y z direction. τ  and τ  = Reynolds stress on plains perpendicular to the y and z directionsyx zx
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respectively. ρ =water density; g= Acceleration due to gravity and S  = bed slope. Shiono and Knight 0

(1989) obtained the depth-averaged velocity equation by integrating (1) over the water depth H and is 

simplified to 

Where H the depth of flow u and v are the component of the mean velocity in x and y direction, ( u, v) the d 

product of the components and averaged over the flow depth, λ the eddy viscosity coefficient, f  the local 

bed friction, sthe lateral slope and U the depth averaged velocity which is to be found out.

After the channel is divided into subareas in which the sub-area may be of constant depth domain or 

variable depth domain, the unknown constants can be solved by applying known boundaries like at 

junction and at rigid boundary. The boundary conditions applied for the present analysis are

1.                        , due to continuity of depth averaged velocity

2.                         , due to Continuity of the lateral gradient of the depth averaged velocity 

3.   U  = 0No slip condition holds for the lateral position at the rigid side wall.i

Applying these above boundary conditions for adjacent panels the equation (4) has been solved by a 

suitable MATLAB programming to find the depth average velocity form point to points laterally along 

the width of the channel and then the boundary shear has been found out from depth averaged 

velocity.The ranges of data sets produced belong to width ratio between 3 to 12 and depth ratio between 

0.1 to 0.5. The ranges geometrical and flow parameters of the channels are tabulated in the table1. 

Table 1 The geometrical and flow parameters of the channels considered for analysis
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3.2Apparent shear stress on vertical interface

Considering the equilibrium of the main channel sub section of the asymmetrical compound channel 

(Figure 2), the total weight force along the main channel must be resisted by the sum of the boundary 

shear force acting on the channel wall and its bed and the apparent shear force at the interface. Let A is mc 

the area of the  main channel; τ is the shear stress along the wetted perimeter; p the wetted perimeter of 0 

the compound channel;  ρ density of water, g acceleration due to gravity, S  and longitudinal bottom 0

slope of the channel and ASF  is apparent shear force at the interface then we can writev

To make the terms non dimensional, the Apparent Shear Force Ratio can be obtained by dividing the 

total driving force ρgAS0 

Where A is the total cross sectional area of the compound channel. Knight and Demetriou (1983), 

Wormlenton (1984), Knight and Hammid (1984), Patra and Kar (2000), Khatua and Patra (2012), 

Mohanty and Khatua(2014) etc have shown that apparent shear force at the  vertical interface depend 

upon the most influencing non dimensional parameter like width ratio (α), relative flow depth (β) and 

aspect ratio (δ). Looking to this point of view a step has been taken to find the dependency of apparent 

shear stress with these non dimensional parameters. Khatibet al. (2013) have presented experimental 

results on asymmetric compound channel with width ratio 1.5, 2 and 3 and developed a model to predict 

the discharge. FCF series-6 at Wallingford UK (http://www.birmingham.ac.uk) provides the detail 

experimental data of an asymmetrical compound channel with width ratio 2.7. Recently new 

experimentation on asymmetric compound channel with width ratio 5.1 has been done at hydraulics 

laboratory of NIT, Rourkela, India. We have used all the data sets for the present mathematical 

modelling and validation.

4. Results and discussions

Results of Apparent Shear Force Ratio (ASFR) in terms of single variable regression model have been 

presented and this data have been analysed to illustrate the effect of ASFR on dimensionless parameters 

(α, β and δ) for several generated data sets in Figure 4 to 10. These data sets are having different width 

ratio and maintaining the same aspect ratio (δ) of their respective main channels (3 for NITR channel, 10 

for FCF series and 5 for Khatibet al. 2013) as practiced in their respective experimental channels. Figure
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4, Figure 6 and Figure 8 show the variation of apparent shear values (ASFR) with the flow depth for 

different width ratio (i.e., α = 3 to 12).The functional relationship of ASFR with relative depth confirm a 

reduction of ASFR with increase of relative depth as shown in Figure 4, Figure 6 and Figure 8 for Type1, 

Type 2 and Type 3 channels. The graphs obtained from Figure 5, Figure 7 and Figure 9 indicates the 

ASFR decreases with increase in width ratio for Type1, Type 2 and Type 3 channels. Similar findings has 

also been observed by Prinos and Townsend (1984), Christodoulou and Myers (1999), and Moreta and 

Martin (2010).The dependency of ASFR with the flow depth and geometry has been tested and the best 

fit has been considered for present analysis. These single variable regression models indicates the linear 

relationship exist between ASFR and relative flow depth β for all the channels with different width ratio 

(i.e., α = 3 to 12). The best functional linear relationship of ASFR with β is ASF = F(Aα + B). Similarly 

the prediction models for ASFR  with respect to width ratio are also linear in form as indicated by ASFR 

=   F(Cα + D). The dependency of aspect ratio shows a exponential relationship and indicated by ASFR 
nδ= Ee  have been chosen for the modelling of ASFR where A, B, C, D, E and n are the functional 

coefficients. A multi variable regression model is attempted considering width ratio (α), relative depth 

(β), and aspect ratio (δ), resulting in three different single variable regression models. The final 

expression for ASFR is represented by 

Where P, Q, R, S and n are the functional coefficients with P = 0.146, Q = −0.202, R = −0.01 S = 0.12, n = −0.05. 

For finding out the apparent shear force directly the ASFR is multiplied with the total gravitational term ρgAS  0

and then represented by  

For predicting Discharge, first the area correction (ΔA) can be obtained from equation (7) andconsequently, the 

total discharge (Q) in the asymmetric compound channel is obtained from the equation (8)

Where: τ  apparent shear stress, A  = Area of the main channel; R  = hydraulic radius; n  = Manning's av mc mc mc

roughness coefficient of the main channel; n  = Manning's roughness coefficient of the floodplain; R  = A  / P  = fp f f f

hydraulic radius of the section.
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Figure4. Variation of ASFR with relative flow depth (Type 1)

Figure 5. Variation of ASFR with width ratios for different relative flow depths (Type 1)

Figure 6. Variation of ASFRwith relative flow depth (Type 2)

Figure 7. Variation of ASFRwith width ratios for different relative flow depths(Type 2)
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Figure 8. Variation of ASFRwith relative flow depths (Type 3)

Figure 9. Variation of ASFR with width ratios for different relative flow depths (Type 3)

The apparent shear stress depends upon the aspect ratio of the main channel and  found to increase with  

inverse of aspect ratio (z/b).(Ackers 1993, Moreta and Martin 2010). Moreta and Martin 2010 have 

demonstrated that for identical width ratio of compound channel and there is a large increase in apparent 

shear for changing  aspect ratio from 2 to 8. Here Fig. 10 shows the reduction of ASSR with increase of 

aspect ratio.

Figure 10. Variation of ASFR with aspect ratios for different relative flow depths
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4.1 Comparison of different discharge prediction methods 

Prinos (1984), Christodoulou (1992), Martin-Vide(2008), Khatua(2008) and many investigators have 

established that the apparent shear stress acting at the vertical interface depend primarily on width ratio 

(B/b) and the relative depth (h/H).There is always a clear dependence on the relative depth which has 

been observed for the apparent shear values as presented by previous investigators (e.g., Christodoulou 

and Myers (1999), Prinos and Townsend (1984), Khatua and Patra (2012). After formulation of the 

present expression it is compared with the other standard approaches. The standard approaches, 

considered are

Where ΔV  is the difference in velocities between main channel and flood plain with vertical interface as v

obtained from manning formula. α is the width ratio          is the relative depth      . Three experimental 

asymmetrical compound channel with aspect ratio 3, 5 and 10 available in literatures are considered for 

the validation. The equation (6) is an essentially improved model that takes into account of most 

influencing parameter such as width ratio, relative depth and aspect ratio. 

First different regression-based models (Equation 9 to Equation13) as listed earlier have been compared 

with the developed (Equation6) method by applying to the asymmetrical compound channel of NITR, 

FCF and Khatibet al..(2013) for specific ranges of depths. This equations show the apparent shear stress 

(τ )based on dimensionless parameter like width ratio, relative depth which are used to find out the areaav
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correction from equation(7) andthen the total discharge is evaluated from equation 8. The overview of 

these experimental data sets areprovided in Table 2.

Table 2. Geometric and hydraulic parameters of data sets

The efficiency of each model is examined by calculating three types of errors for discharge prediction 

i.e., Mean percentage error (MPE), Mean absolute percentage error (MAPE) and Root mean square 

errors (RMSE) for different relative depths for these NITR, FCF and Khatibet al. 2013 as tabulated in 

Table 3(a), 3(b) and 3(c) respectively. From the error analysis, it is intriguing to note that the present 

approach appears to provide less error with reasonable accuracy. Then the average error in the discharge 

estimation was calculated for each test case as demonstrated in Figure11(a), 11(b) and 11(c), which 

cover a specific range of relative depths and expressed as a percentage. 

The present model is found to be well matching with all data sets as compared to other methods and 

provides minimum 7% error for NITR channels,  2% error for FCF channel and 6% error for Khatib et 

al. 2013 channels as demonstrated in Figure 11(a), 11(b) and 11(c). Even when less error is found from 

Prinos (1984) model, they are not found suitable to provide accurate results for other two test cases 

(FCF, Khatib et al. 2013). Because,the discharge prediction from present model is either over or 

underestimated for each series, where the errors obtained from other models are inconsistent, so the 

MPE is high for present approach in NITR channels but MAPE is least than others.

The present model shows less error as compared to others because the proposed model is developed in 

asymmetric channels as they are for a likely range of relative flow depths ( β = 0.1-0.5 ) to be encountered 

in practice. But below this range the magnitude of errors increases. Khatua(2008) model shows less 

error for FCF channels but fails to provide better results for Khatibet al.(2013)channel as this model is 

developed for higher width ratio  but the width ratio of the Khatib's channel is 3 and this model 

established for rectangular and trapezoidal channels.
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Table3(a)Computed MPE, MAPE and RMSE for five discharge models in NITR Series

Figure 11 (a) Variation of standard error of discharge for various models in NITR

Table 3(b) Computed MPE, MAPE and RMSE for five discharge models in FCF Series

Figure11 (b) Variation of standard error of discharge for various models in FCF Series 6

Table 3(c) Computed MPE, MAPE and RMSE for five discharge models in Khatib et al.(2013) 

Series
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Figure 11 (c)Variation of standard error of discharge for various models in Khatib et al.(2013) 

Series

4.2 Application of field data

The approach is also successfully evaluated in predicting the discharge in a natural river Trent, UK. The 

results of field measurements of cross sectional geometry have been presented in Figure. 12. The river 

Main, considered for study has almost straight, uniformcross section and trapezoidal shape of the main 

channel. For analysis, the shape has been finalised in such a way that the total cross sectional area and 

wetted perimeter of the reach remain unchanged as compared to the original geometry as shown in 

Figure 12. The overview of this natural river data are provided in Table 2. The outputs of the errors of 

discharge values has been analysed for the river cross section for seven over bank flow depths using all 

the approaches. The present approach is found to give consistent errors for lower and higher flow 

depthwith minimum error up to 4.84% on the other hand the results of Khatua(2008) model 

demonstrates maximum errors for low relative flow depths and less error for high relative flow depths. 

Other three methods are seen to provide better results for low relative depth and give high difference in 

accuracies for larger depth of flowas these methods have been derived solely for symmetrical compound 

channels where as the present approach has been derived for asymmetrical compound channels. The 

error results in terms of MPE, MAPE and RMSE are given in Table 4. The new method is found to have 

the least RMSE in discharge estimation thus offers an alternative methodology for satisfactory 

predicting the dischargein all cases.
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Table 4. Computed MPE, MAPE and RMSE for seven discharge models in river Trent, UK

Figure 13. Variation of standard error of discharge for various models in river Trent, UK

5. Conclusions

The following conclusions can be drawn from the above experimental and numerical investigation 

Thenumerical method SKM which is based on the simplification of Navier Stokes equation has been 

found to provide most accurate boundary shear distribution results, So in present work this technique 

has been successfully utilised to generate the wide ranges of datasets of boundary shear stress 

distribution of compound channels which in turns helpful for evaluating the apparent shear stress.

The apparent shear stress ratios of asymmetric compound channels are found to increase with decrease 

of aspect ratio. The apparent shear stress ratio are also found to decrease with increase of the over bank 

flow depths and with width ratio.

The previous approaches presented by the previous investigators are found to be not suitable for 

predicting apparent shear stress in an asymmetric compound channel due to improper consideration of 

interaction mechanism.

A multilinear regression model for predicting apparent shear has been developed by taking care of the 

dependency of ASF with non dimensional parameters like only. The proposed model on the basis of new
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expression of apparent shear ratio for prediction of discharge in a compound channel is found to give 

very less error as compared to results from previous investigators. As the method is able to predict the 

discharge with least errors for both experimental and river data, it is hoped this new expression will be 

useful for satisfactorily estimate the discharge in laboratory and field.
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