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ABSTRACT

A study has been conducted to investigate the applicability of some alluvial roughness

predictors for thc river Ganges utilizing data for the stations llardinge 13ridge and I3aruria.

Five methods based on overall roughness and eight mcthods based on division of roughnesses

have bcen selected, The selected overall roughness predictors are: Simons and Richardson

(1966), Garde and Ranga R<~ju (I nO), Brownlie (1983), White et al. (1987) and Karim

(1995). The selected predictors based on division of roughness are Einstein and Barbarossa

(1952), Shen (1962), Engelund and Hanscn (1967), Vanoni and Hwang (1967), Alam and

Kennedy (1909), llaquc and Mahmood (1983), Shen cl al. (I <)90) and Van Rijn (1993). Somc

of the selccted methods predict depth, somc methods prcdict velocity and some methods

predict both dcpth and velocity. However, there are some methods which predict roughness

paramclers directly, without predicting depth or velocity. The mclhods have been evaluated

on the basis of dcpth and/or velocity, where possible, and all thc mcthods have been evaluated

on thc basis of Manning's n, Chczy's C and Darcy- Weisbach friction /~lctor r.

Assuming the now of the river Ganges quasi-steady and quasi-uni form, the Manning,

Chczy and Darcy- Weisbach formulas have been applicd to compute the values of n, C and

L rcspectively. The roughness parameters n, C and I' have also been predicted by using the

roughness prcdictors. The roughness parameters prcdicted by the roughness predictors have

then becn comparcd with thosc computed by the Manning, Che7.y and Darcy- Weisbach

/()f"Jl1ulas. The grain roughness and thc form roughncss have also becn separately predicted

by usi ng d iITercnt roughncss prcd ictors. Thc prcd icted grai n roughncss has bccn com parcd

with thc grain roughness calculatcd by using thc Strickler formula.

Almost all the roughness predictors seem to predict Manning's n satisfactorily in the

moderate range of discharges. 1\ few of them, however, predicts Manning's n reasonably in

(he moderate as well <IShigh discharges. But at low discharges only the Shen (1962) mcthod

seems to prcd ict roughness parameters satisJ~lctori Iy. In J~lct, only the Shen method shows a

good agrecmcnt with the computed values of Manning's n , Chezy's C and friction l~lctor I'

<It low dischargcs when thc roughncss paramclers ch<lnge sharply. Thc predicted grain

roughness by the Shen method also shows a very good agreemcnt with the grain roughness

cOlllputed by the Strickler j'()f"Jllula. It scems that only the Shcn mcthod can be used for

predicling the grain roughness. the /()f"J11roughness and the tolal roughncss for thc rivcr
Ganges salisl~lctorily.
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For thc rivcr (rangcs, thc hcd liJl"lIlnOrllwlly rcnwin throughout thc ycar cxcept at very

high dischrges. During /lood /low the bed larm is due to erosion and during low /low the bed

rorm is due to siltation or non-erosion or the existing bed rorm. At Ilardinge Bridge the

discharge ranges rrom 26 I mJ/s to 76000 mJ/s, the Froude number ranges li'OIl10.021 to 0.322

,lIld the Reynolds number ranges rrom O.GG x 10(1to 45.74 x Iel'. At Baruria the discharge

ranges li'om 28GO mJ/s to 130000 mJ/s, the Froude number ranges Ii'om 0.029 to 0.3 15 and

the Renolds number ranges li'Oll1 0.83 x 106 to 33.33 x Iel'. Considering Froude number as

classification parameter, the bed larm of the river Ganges is mostly in the lower flow regime

i.e .. ripple and dune as standing waves normally develops when Froude number is greater than

or cqual to OJ) (Valin, 19<)2) and anti-dunes develop whcll Froude number is more than 0.8
(Van Rijn, 1993).

At Hardinge Bridge the value of Manning's n ranges li'Oll1 0.0 I09 to 0.1589 for

discharge ranging li'OIll 1200 nr1/s to 7GOOOnr1/s. Thc IJarcy- Weisbach li'iction I~lctor I' and

Chczy's C ranges Ii'om 0.0042 to 0.99GO andli'Olll 8.88 to 13G.02, respectively. At Baruria

the valuc or Manning's n rangcs li'Oll1 0.0092 to 0.0907 lar discharges ranging [i'om 2860 to

130000 mJ/s .The Darcy- Weisbach rriction I~lctor rand Chezy's C ranges rrom 0.0032 to

0.37<)4 and li'OIll 14.38 to 156.10, respectively. The Manning's n lar the river Ganges

increases with decreasing discharge. At low discharges the n- value is maximum and decreases

rapidly with increasing discharge. With rurther increase or discharge the decrease of the value

or n becomes gradual ancl at high discharges, the Manning's n becomes almost constant. The

grain roughncss is rela(ively less responsive (0 dischargc [/wn the liJl"lIl roughness. The

variation or grain roughness with discharge is reverse to that or the total roughness. The

variation or li)!"lll roughness is similar to the total roughness, i.e. it increases with decreasing
discharge.

The Manning's n lar the river Ganges attains its maximum value during March and

attains its minimum value during the months or August and September. The Darcy- Weisbach

rriction I~lctor r also shows a similar variation like Manning's n over the year. However, the

v,lri,llioll or Che7.y's C is reverse to that or I'vlanning 's nand /)arcy- Weisbach friclion I~lct()r

r The Chezy's C increases with increasing discharge and decreases with decreasing discharge.
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1.1 Gcncnll

CHAPTER I

INTRODUCTION
- -9~£t.9
~.?~~

Phenomcna in rivers may vary considcrabl yin magni tudc, both inti me and spacc. In

fIIost cascs, howcvcr, thcy havc two c1cmcnts in common: thc movcmcnt or watcr and or

scdimcnt. Flows in rivers are generally variable in timc: it is unsteady. For practical

applications, howevcr, thc variation may bc considcrcd so slow that a quasi-stcady /low

situation can bc assumcd.

Thc term "alluvial river" is usually applied to rivers in which thc moving sediment and

thc scdimcnt in thc undcrlying bcd is of thc samc charactcr. An alluvial channcl has a mobilc

bcd. composed of non-c')hesive granular materials. Such materials are unconsolidated silts,
sands and gravels.

The problem of predicting /low resistance in alluvial channels with sufficient accuracy

is of great interest to the hydraulic engineers. The /low boundary of an alluvial river is not

fixcd. but undcrgocs changcs in its charactcristic gcomctry and dimcnsions through mutual

interaction bctwccn thc /low and bcd. Whcn the dischargc in an alluvial channcl is low, thc

vclocity as wcll as the shcar strcsscs are small, thc sedimcnt particlcs rcmain at rcst and thc

/low is similar to that over a rigid boundary. If thc discharge is gradually increased, the

vclocity and shcar strcsses also incrcasc and a critical stage (callcd thc thrcshold condition)

is reachcd whcn thc particlcs 011thc bcd bcgins to movc. At still highcr values of shear strcss,

thc particlcs comprising the channel bed are set in motion and the bed deforms from its initial

planc condition.

In rigid boundary opcn channcls, thc rcsistancc to /low can be considcrcd to be mainly

causcd by grain roughncss, i.e. the roughness of thc material forming thc channcl boundary.

It is common ror cnginccrs to think of a rigid boundary opcn channcl as having a singlc

roughncss value for all dischargcs. Howcvcr. thc problcm of predicting thc rcsistance to /low

in alluvial rivcrs with l110bilc boundary is complicatcd by thc fact that the configuration of

thc bed changcs with changc in /low conditions. This changing bcd condition makcs it
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impossible to describe the resistance to /low In an alluvial channel by a single-valued

resistance coefficient to a particular stream.

[n dealing with natural rivers with movable beds, the engineer is confronted with the

problem of evaluating frictional losses. Unless adequate and complete data are available for

calculating roughness coefficients, evaluation of frictional effects is based almost upon the

predictor applied. The element of doubt inevitably present forces the engineer to be

conservative. The degree of conservation exercised is re/lected in project costs. [I' the element

of doubt and confusion concerning frictional losses in natural streams could be reduced to

lowest practicable limit, substantial savings in the costs of many hydraulic projects
undoubtedly would result.

1.2 Bacl{gnHlIld of the Study

Interest in the resistance problem in the past five or six decades has been stimulated

by both laboratory and field studies of the sediment problem. Attempts to determine resistance

J~1ctors for alluvial channels have been based on modification of existing fixed bed equations.

Mayer-Peter and Muller () 948) divided the shear stress acting on the bed into two parts: (i)

the shear stress that would be present without sand waves, and (ii) the shear stress due to bed

form. This is a division into skin roughness and form roughness. Einstein (1950) and Einstein

and l3arbarossa (1952), using either the logarithmic velocity equations of Keulegan or the

Manning-Strickler equation, separated the total resistance of the /low into that resulting from

grain friction and that resulting from the form roughness such as bank irregularities and
ripples and dunes.

Starting from Einstein and Barbarossa (1952), a lot of empirical formulae have been

developed for predicting roughness of an alluvial river. [n principle they are of two kinds, viz:

(i) Separate estimate of grain roughness and form drag on basis of grain size distribution

of the bed material illld the anticipated bed forms. The total roughness is found by

adding both roughnesses together.

(ii) Integral methods in which simultaneously the continuity and the Chezy's or Manning

equations are solved and the total roughness is found. These methods are based on

2



ov~rall flow paramclers such as d~pth or w;lter ;Ind deptlhlverag~d flow velocity.

Another integral method of predicting alluvial roughness utilizing is the principles of
dimcnsional analysis.

The predi~tion of flow resistancc In alluvial channels IS ncedcd for two n1<IJor
purposcs:

i) The estimation of stage-discharge relationship.

ii) The estimation of scdimcnt transport rrom thc hydraulic characlcristics of the channel

by means of transport formula.

Morcover, knowledge of the roughness charactcristics of alluvial streams is of great

value when dcaling with thc location of bridgcs, training works, flood control works,

navigation and channel improvement, backwater computation due to confluences and barrages,

mathematical and physical modelling of flow, prediction of aggradation and degradation due

to prescncc of hydraulic structures and so on. In all cases the prediction is concerned either

with a channcl for which, undcr a given hydraulic conditions, no observations are available

or with a channcl that docs not yet cxist. For river studies it is desired to select a predictor

on the basis of available observations and to usc the predictor to extrapolate to circumstances

ror which no data arc or will be availablc.

In 13angladcsh most of thc river courses arc of alluvial nature. Thc three mighty rivers

and their tributaries and distributaries arc characterized by variability of flow, the sedimcnt

transport as well as channel configuration. Stage, discharge ancl sediment transport change

daily, scasonally and annually. Changes in stage continuously influence scour and Jill patterns

along the channcl bed as wcll as the magnitude of hydraulic roughness.

The roughness coefficicnt of some rivers of 13angladesh was determined by Khan

(1975). Latcr on Khan (1979) dcvcloped the relationship bctween dischargc, mean velocity

of flow and depth of scour for 1966-67 flood period of Brahmaputra river. Stage-discharge

rclationship lor the river .Jamuna at Bahadurabad was studied by Chowdhury (1996). The

River Survcy Project (FAP-24) reportcd that bed form roughness is the main component of

th~ overall resis(ancc in the river .Iall1una. The validity or Soil Conservalion Service (SCS)
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method (French, 1(86) 1'01' estimating roughness coenicients were also investigated by the

River Survey Project (FAP-24).

Since Einstein and Barbarossa (1952), a large number of roughness predictors has becn

published. Some of them prcdict overall roughnesses and othcrs are bascd on method of

division of roughncss. Every method claims a quitc good accuracy of its own. The

applicability or thcse predictors for rivers or Bangladesh is of great importancc li'om

enginccring point of vicw.

In this study, an attempt has been made to investigate the applicability of some

roughncss predictors for the river Ganges.At }-lardinge Bridge the watcr Icvel slope is 5.5x I0-5

and the median grain size is 0.15 mm. I\t I3aruria the water level slope is 4.0x I0-5 and the

mcdian grain size is 0.14 mm. Fur that, thc roughncss predictors those could be applied to

channels of mild slopc and finc sand bed material have to be selected. To do so, 13 (thirteen)

roughncss prcdictors have been selccted, 5 (five) based on overall roughncss and 8 (cight)

bascd on mcthods of division of roughncss. They arc applicd to predict J'Oughnesscs of the

river Gangcs at the stations llardinge Bridge and Daruria. The sclectcd methods based on

ovcrall roughncsses are Simons and Richardson (1966), Gardc and /Zanga R,~ju (1970),

Drownlie( 1(83), White et al.( 1(87) and Karim (1995) methods. The methods based on divided

rougllllCsscs are I~instein and Barbarossa (I (52), Shcn (J 962), r~ngelund and JJanscn (1967),

Vanoni and J-lwang (1967), I\lam and Kcnncdy (1969), llaquc and Mahmood (1983), Shcn

et al. (1990) and Van Rijn (1993) mcthods.

1.3 Objcctivc of thc Study

The specific objectives of the proposed study arc:

I. To detcrminc the applicability and limitations or 13 different mcthods for predicting

thc roughness characteristics of the rivcr Ganges at the I-Iardinge bridge and I3aruria.

2. To detcrmine the roughness characteristics of the Ganges.
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CIIAPTER 2

REVIEW OF LITERATURE

2.1 Introduction

A brief reviewal' various earlier studies that took place during last three or four

decades regarding hydraulic and roughness characteristics or the river Ganges and Padma will

be made in this chapter. In addition, the roughness coefficients, shear stress, shear velocity,

initiation or motion orbed material, bed configurations etc. related to roughness characteristics

of alluvial channels utilizpd in this study will also be briefly discussed here.

2.2 Review of Previous Studies in Bangladesh

Bangladesh consists of large rivers that enter into the Bay of Bengal via Bangladesh.

Most of the rivers are alluvial in nature. The main rivers in Bangladesh are the Brahmaputra

(Jamuna), the Ganges (Padma) and the Meghna . These rivers are considered to belong to the

main river system in Bangladesh.

The paper that first gave a comprehensive overview of the geology of the basin of the

malll rivers in Bangladesh was published by Morgan and Mcintyre (1959). The papers by

Coleman (1968, 1969) on "Brahmaputra River: Channel processes and sedimentation" is the

bench- mark paper for the sedimentology of the main rivers of Bangladesh. Khan (1975)

determined the roughness coefficients of some rivers of Bangladesh. Later on Khan (1979)

developed the relationship between discharge, mean velocity or flow, depth of scour and

maximum deposition for 1966-1967 flood period of the Brahmaputra river. Hossain (1989)

studied the geomorphological characteristics of the Ganges up to the Ganges-Jamuna

confluence. The study was mainly on the shifting of river, dominant discharge and the

variation of the width to depth ratio. Hossain (1992) also computed dominant discharge for

the Ganges utilizing data at the Hardinge Bridge station.

Within the framework of consultancy service, quite a large number of studies had been

carried oul regarding (he Ganges and the Padma rivers. NEDECO (1%8) submitted its report

on 'surveyor inland water-ways and ports'. NEDECO studied the variations in the elevation
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or river bed and sediment transport of the rivers (Janges and Padma. Later on, NEDECO

surveyed [ile river Ganges and submitted lheir reporl on "Rclwbili[ation or Ganges _ Kobodak

Project" during 1983. Under the Flood Action Plan - <>13, NEDECO surveyed from Ilaimchar

[0 IVlawa along the Padilla river. Bed samples were collected from the Padma river. The

analysis of the morpholog:cal data yields an insight into the morphological characteristics of

lhe Padma river. The River Survey Project (FAP-24) conducted joinlly by the Delft

I Iydraulics and the Danish /-Iydraulie Institute was initialed in ./une 1992 and completed in

1997. Along with other relevant activities carried out, it surveyed the bed material

composition, mineralogical properties of bed material and sediment transport rate for the

(iallges-Padllla and tile Lower MegllJ1a river syslcllls. Tile River Survey Project (FAP-24)

produced the sediment rating curve for both fine and suspended sediment transports for

Ilardinge Bridge and Baruria for the Ganges and Goalunda for the Padma. Overall water

sur race slope and grain size distribution at the stations /-larding Bridge and Baruria were also
determined by it.

2.3 noughllcss Chanlctcdstics

The roughness characteristics of a river includes the resistance coefficients, shear
stress, shear velocity, roughness height, etc.

2.3.1 Chczy's C

In 1769 the French engineer Antoine Chezy developed the first uni form-Ilow formula

known as the Chezy formula which is usually expressed as

(2. I)

(2.2)
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I] = mean velocily of Ilow

R = hydraulic radius

S = slope of the energy line

C = f~lclor or /low resistance, called Chezy's C

u = elKS

c =

Rearrangement of Ec]. (2. I) gives



2.3.2 Manning's n

In 1889 the Irish engllleer Rober1 Manning presented a formula, which was later

modified to its present form (Chow, 1959)

where,

u '" lR2/3s 1/2
n

U = mean velocity of flow

R = hydraulic radius

S = slope of the energy line

n = co-efficient of roughness, specifically known as Manning's n.

(2.3)

Rearranging Eq. (2.3), we obtain

2.3.3 Darcy - 'Viesbach friction factor f

(2.4)

The Darcy-Wiesbach formula, developed primarily for flow in pipes, is given by

where,

. L U2
h -= f --- ---f . d 2g

hr = frictional loss

f = friction factor

d = diameter of pipe

g = acceleration due to gravity

(2.5)

The above equation can also be applied to flow in an open channel using d = 4R and

the energy gradient, S = h/L. Then Eq. (2.5) can be rewritten for the friction factor as

I - .~gRs.._
{J2
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2.3.4 Relation bctwccn n, C and f

The relationships between Chezy's C and Darcy-Weisbach friction factor fand Chezy's C and

Manning's n are given, respectively, by

c =~-r
and

(2.7)

c (2.8)

2.3.5 Stdcldcl' formula

The Strickler formula is valid I()r hydraulically rough surl~lces only. The Chezy's

roughness coerJicient C according to Stricklcr is given by (Frcnch, 1986)

[
R ]1/ (,

C = 25 1\\

The Strickler formula which relates grain roughness to Manning's n is (Chang, 1988)

(2.9)

11
(IJ )1/(,)()

21. I (2.10)

in which K, = the Nikuradse equivalent sand grain roughness.

2.3.6 Whitc-Colcbl'oo!<. fonllula

White and Colebrook derived an expression for Chezy's roughness coefficient by

integrating the velocity distribution ovcr an entire water depth. According to White and

Colebrook, the Chezy's coerJicicnt for a hydraulic rough boundary is givcn by

C = 18 log ( 12R)
1\,

8

(2.11 )



2.3.7 I{Oll~hllcss hci~h( 1(,

Whcn thc surfacc profile of a channcl is cnlarged, it can be seen that the surface is

composed of irrcgular pcaks. The elTective height of the irregularities forming the roughness

c1cmcnts i~ callcd the roughness height K,. This is a parameter which characterises not only

thc vertical size of the roughncss elements but also their orientation, gcometric arrangement

and spacing. For this reason, the roughness height rarely corresponds to the height of the

roughness elements.

Nikurmlse introduced the concept of an equivalent sand grain roughness e.g. the si/'.e

of uniform sand grains pasted on a surface for classifying the roughness of different surfaces

to the flow. This conccpt of equivalent sand roughness was namcd aner Nikuradse and is

relCrred to as the Nikuracbe equivalcnt sand grain roughness (K,). Various researchers carried

out experiments or analyzed data in order to determine the roughncss height (KJ. I\n

overview of grain roughness values found in literature is given below:

Einstein and Barbarossa ( 1952) K, = 005

Engelund and Hanscn ( 1967) K, = 2Dos

I\ckers - White ( 1973) K, = 1.25DJ5

lley ( 1973) K, = J.5Dx"

Mahmood (197 I) K, = 5.IDx"

Van Rijn (1984 ) K, = 30<]0

2.3.8 Shear stress 70

Whcn water flows in an open channel, a force is developed that acts in the direction

of flow on the channel bed. This force, which is simply the pull of water on the wetted area,

is known as the tractive force or shcar force or drag lorcc. The averagc valuc of the tractive

force per unit wettcd area is called the shear stress and is represented by (Chaudhury, 1(94)

70 = "(RS
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2.3.9 Sheal' velocity U.

In hydraulics thc shcar in the dircction of motion is important. Thc shcar vclocity is

a paramctcr having dimcnsions of vclocity and dcfincd as

U. = ,ITTP

Since T = pgRS. the friction vclocity can also bc cxprcssed as

U, = /ifRY

2.4 Statc of Flow

(2.13)

(2.14)

The state of open channel now is governed to a large degree by viscosity, gravity and

incrtial forccs.

2.4.1 Effcct of viscosity

The flow may be laminar, turbulent, or transitional depending on the efTcct of viscosity

relative to inertia. The flow is laminar if the viscous forces are so strong relative to the inertia

forces that viscosity plays a significant role in determining the flow behavior. Thc flow is

turbulent if thc viscous forces arc weak relative to the inertia forces. With turbulent flow the

fluid particlcs moves in irrcgular paths which arc ncithcr smooth nor fixed but still represcnt

the forward motion of the fluid. Betwccn laminar and turbulent flow there is a mixed or

transitional statc.

The effect of viscosity relative to inertia may be represented by the Reynold~ number

Re which is the ratio of the incrtia force to viscous force, i.e.

I?e ==

where I, =

UL
v

a charactcristic Icngth. takcn to bc cqual to the hydraulic radius R.

II = kinematic viscosity of water

(2.15)

When Rc<SOO. the Ilow is laminar. when SOO<Re<12S00 the Ilow is transitional and

when Re> 12500. the flow is turbulcnt.
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2.4.2 Effcct of ~nlvity

The clTect or gravity upon thc statc or /low IS represcnted hy the Froude number

expressed as

Pr Inertia
Gravity

force
force

u
&C (2.16)

where. L= a characteristic Icngth, taken to be cqual to the hydraulic depth, d

g = acceleration due to gravity

when Fr = I, the /low is in a critical statc with the inertial and gravitational forces in

equ iii bri um, when Fr< I, the flow is in a subcritical state and the gravi tational forces are

dominant. and whcn Fr> I, the /low is in a supereritieal state and thc inertial forces are

dominant.

2.5 Scdiment Charactel"istics

2.5.1 Cohesive and non-cohesive sediments

Both cohesive and non-cohcsive sediments takc part in morphological processcs. For

the non-cohesivc sediments thcre is no physical-chemical intcraction bctwecn individual

particlcs. For cohcsivc scdimcnts the physical-chcmical interaction bctwccn particles plays a

significant role. This is important for initiation of motion and also for transportation of

sediment. I\lIuvial rivers arc non-cohcsivc in charactcr.

2.5.2 Gnlin size

1\ first measure with which to characterize non-cohesive sediments is the particle size

or diamcter. For fine scdiments (D<70fLm) thc sizc is usually determined by Iileasuring the

rail velocity. For coarser sediments (D>70fLm) the size is rrequently determined by sieving,

meaning that size is expresscd using the definition or the sieve diameter and the results arc

presented as cumulative. Thc fraction or percentage by weight of a sedimcnt that is smaller

llllln a given sizc is known as sedimcnt sizc.
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2.5.3 Geolllctric standard dcvb,tion

The geometric standard deviation ag is defined as

in which, D1(j = particle size at which 16 percent by weight is smaller

()511 = particle size at which 50 percent by weight is smaller

DX.1 = particle size at which 84 percent by weight is smaller.

(2.17)

2.5.4 Particle fall vclocity

The term fall velocity Ws of a sphere is the fall velocity when the fluid drag force on

the particle is in equilibrium with the gravity force. It is given by (Van Rijn, 1993)

where D = sphere diameter

s = specific gravity of falling particle

Cil = drag coefficient

g = acceleration of gravity

The drag coefficient Cil is a function of the Reynolds number

(2.18)

IVD
Re .."---.!- and shape factor.

v

The terminal fall velocity of non-spherical sediment particles can be determined from the

following formulas:

IV
of lor I <D51 00 fUJI (2.19)

II!
of

IO v [C I I O. Ole s -] ) RD J ) o. :;_I ]
D v2 lor 100 <D<IOOO fUr. (2.20)

IV
.I"

I. 1[ (s I) gD Io. :; lor D> 1000 11111
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2.55 Anglc of "CI}()SC

This parameter appears to be a function of size, shape and porosity of the material.

The angle of repose increases with decreasing roundness and size of particles. For sand the

angle of repose lies in the range of 30° to 40°. Observations in nature on the avalanche lee

slope of the desert dunes and river dunes also show values in the range of 30° to 40° for sand.

2.6 Initiation of Motion

The slahility or a Iloll-cohesive particle Oil lhe hed or a ehallnel depends on the rorccs

acting on it. such as the submerged weight, drag forces and lift forces. The two latter forces

arc due to flow around the particle causing pressure differences and shear stress on the particle

sllrt~lce. Their magnitude depends on particle dimensions and shape, roughness of the bed,

local mean velocities and velocity fluctuations. In turhulent flow conditions, the velocities

t1uctuate in space and time and that the initiation of motion is not merely a deterministic

phcnomcnon hut a stochastic process as well.

2.6.1 Threshold value

When the hydrodynamic force acting 011 a gram of sediment or an aggregate of

cohesive particles has reached a value that, if increased slightly, will put the grain or

,lggregate into motion, critical or threshold conditions are said to have been rcached. When

critical condition is obtained, values of such quantities as thc bed shear stress, the stage of a

stream or its mcan vclocity are said to have their threshold values. Under threshold conditions,

a stream is also said to be competent to move its sediment, i.e., it has reachcd its compctent

shear stress, stage and velocity. Three dilTcrellt threshold values are oftcn used in literature.

They are the critical shear stress, the critical Shields value and thc critical shear velocity.

2.(,.1.1 C"itical shea,' stress

The critical shear stress lor thc initiation of motion was introduccd by Dubuat (1786).

The t1uid forces acting on a sedimcnt particlc resting on a horizontal bed consists of skin

I"riclion forces and pressure I"orces. The skin rriction I"orce acts Oil the sllr/;lce of the particles

by viscous shear. The pressure forcc consisting of a drag and a lin force is generated by

13



PIl'SSllrC dilTcrl'lllTS ;doll)!, Ihe slllrace or this p;lrticic The thrcshold vallie accordill~ to the

nitical shc;lr strcss (T".u) is derillcd as rollows:

III case lile hed shear stress. Th, is slllaller thall the critical hed shear stress (T".(I)' the

sedilllellt p;IIticic Oil Ihe hed will he ill cqllilihrilllll.

ii 111('elSe the bed shear stress, T)l, is greater (l1c111 or equcll to the critical hed shear stress

(11,.<,). thc scdilllellt particle will he scI ill Illotioll

The nitical shear stress call he ohtailled 1'10111 Fig 2.1 (Shields, IlJ.l(J). For the parlicic

di;lllll'll'r of" II0ll-IIIIif"oIi1l hed Illatcrial, lhe Illcdi;lll p;lIticlc si/.e I)"" shollid hc lIscd.

Critical shear stress and critical shear velocity as a function of particle size. for

Ii, = 26)() kglln\ (ancr Shields, Il)HI)

Fig. 2.1
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Fi!2,url: 2.2 shows the crilical hed shear sllcss accOidill!2, III Shields as a !'ullclioll or the~ ~.

particle dialllclcr IJ ror a IClllpcratllle or T ~ lOll, 2011 ,lIld :wllc Thc illflucllcc or tClllperature

is sigllillcalll ror a particlc di,lI11cter slllaller Ihall (lOU Itill.
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2.(,.1.2 Critiral Shields "aim'

I'vJalhclllHlicnlly, thc Shields valuc (0) is delillcd as

(J
lJ.2

g(s I)D (2.22)

Thc colldition ror the initiation or motion or n sedimellt particlc on a horizontal bed

is Ihal lhc Shields valuc 0 should be greater or al leasl equal 10 Ihe crilical Shields value 0u.
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parlicle shape ;1Ild thc pOlosily or the dcpositcd Ill<ltcri<ll. FOI <l givcll scdilllCllt the critic,d

Shields \',dllc call hc IVrillcll <lS

The l'1 ilical Shields \';dllc is <l I'11I)clioll or Ihe 11011l](/;lr\ l{cvllolds 1l1l111llcr RI'.

Of' ::: °
111which

lI/)
0" I(l?e.)I( ~) )

lI.n
. the

v

(2.23 )

(2.24)

Shiclds (1936) c<lrricd Ollt cxpcrilllcllts 1'01' dClcl'lllillillg thc thrcshold v<l/lles or

sedi'llellt p<lrticlcs lying Oil a flat bed. Thc rclation bctwecll the bOlllldary ReYllolds nllillber

alld the critical Shields vaillc is depictcd ill Fig. 2.3.

Shields di,lgralll (ancr Prills, I (nx)

l'nfS lor Conilanl parl,clf S,lf D.
C's=Z('SOKg/mJ and =i>= 10-(,"2S
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2.6.1 ..1 (.'.-ilical shear" vl'locily

Thc thrcshold value according to the shcar vclocity is defincd a-s Il)IIows:

I. In casc the shear veloci ty, U., is smaller than the critical shcar vdoci ty, U'c" the

sedimcnt particle on the bed will be in equilibrium.

I. In case the shear velocity, U., is grcatcr tlHln or cqual to the critical shear velocity,

ll'n' thc scdimcnt particlc will bc sct in /Ilotion.

For the particle diameter of non-uniform bcd material, the critical shear velocity U'
cr

can be obtained Il)("known valuc of 050 lI'om Fig. 2.3.

2.7 TnlllsJlor"t of Scdimcnt

When thc /low conditions rcach the critical stage, thc loose bed matcrial starts moving.

Ahovc a ccrtain /low velocity individual particles starts moving along the bed by rolling,

sliding and making small jumps. The sediment transport can be classificd according to origin
and mechanism as in the following schcme.

SEDIf'vIENT TRANSPORT
(ORIGIN)

BED I'vlATERIAL
TRANSPORT

WASH LOAD
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BED LOAD

SUSPENDED
LOAD

SEDI1'vlENT TRMJSPOPT
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2.S Factors Affecting Bed Fonns and Resistances to Flow

The large number of variables which af/ect bed forms are interdependent. Some of the

variables change with /low conditions and alter their roles rrom dependent to independent

variables. It is difficult, specially in lield studies, to differentiate between the independent and

dependent variables. The principle variables involved in the analysis of /low in alluvial
channels arc:

(2.25)
where

u ==

d

S

P

JA-

g

0

a

Ps

Sp

S,

Sc

f,

ilverage velocity or /low

average depth

slOfJe of energy grade line

density of water

dyn:ullic viscosity of water

gravitational acceleration

diameter of the bed material

size distribution of bed materia!

density of sediment

shape factor of the particles

shape 1~lctor for the reach or the stream

shape f~lctor lor the cross-section or the stream

seepage lorce in the bed of the stream.

In Eq. (2.25) l1uid viscosity JA- and particle shape 1~lctor Sp can be eliminated if thc l~dl

velocity of the bed material w, is included in the list of the variables:

U == F (d, S, P, P" g, I), a, Ws' Sr' Sr' I~)

Depth d

(2.26)

It is observed that, in /lumes and natural canals in which slope and bed materials are

essentially constant, the bed lorms change with change in /low depth. An increase in depth,

without varying slope and bed material, may cause a dune bed to change to a plane bed or

antidunc. and that a decrease in depth may reverse the process.
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SloJlC S

At steep slopes there is an increase in the gravity component of the submerged weight

of the sediment in the direction of flow. With increase in slope keeping depth of flow

constant, the bed conf~guration changes. Resistance to flow is a function of slope even when

the bed conl~guration does not change.

Density

The density of sediment-water mixture can be computed from the relationship (Simons

et a!., 1963).

Y
II1

.
YY,

Yr- C,. (Yr Y ) -
(2.27)

where C, is the concentration of the suspended sediment by weight expressed as a

percentage. The importance of the increased density of the fluid is seen in determining

submerged weight of sediment and hence the magnitude of the lilt and drag forces.

Size of hcd matcrial [)

The effects of physical size of the bed material on bed conl~gurations and resistance

to llow include: (i) its influence on the fall velocity, (ii) its effect on grain roughness, (iii) its

effect on the turbulent structure and the velocity l~eld of llow.

Gradation of bed material if

The gradation of the bed material has a signiflcant effect on bed form. Bed forms of

uniform sand are more angular and have a larger resistance to llow than graded sands with

identical mean fall diameter.

Fall velocity w,

Fall velocity is the primary variable that determines the interactions between the bed

material and the lluid. For a given depth and slope, it signil~cantly affects the bed form that

19



will occur, the actual dimensions or the bed 1'01'111, and expect lor the contribution of the grain

roughness, the resistance to llow. If:v, is a variable an increase in its value causes:

i) an increase in the resistance lor dune bed,

ii) a decrease in the resistance for ripple bcd,

iii) a change from ripples to dunes.

Shapc factol" fOI" thc I"cach and CI"OSs-scction

The shape factor 1'01' the reach and cross-section enters into the analysis because of the

non-uniformity of reach and cross-section of the natural stream. The shape I~lctor lor a reach

or channel affects the energy losses. This is due to bends and banks, and the effect of shape

f~lctor on the velocity distribution, boundary shear and secondary circulation. The shape factor

far the cross-section has a similar effect across a channel section causing variation in velocity,

width, depth and boundary shear. Variations of these variables and combination of variables

cause multiple bed roughness in a channel section.

Sccpagc fOI"CC t~

Seepage rorces occur whenever there is inflow or outflow through the bed material ancl

bank or a channel formed in a permeable alluvium. If there is inflow, the seepage force acts

to reduce the erfective weight and stability or the bed materia!. II' there is outflow, the seepage

rorce acts to increase the effective weight and stability of the bed materia!.

2.9 Alluvial Roughncss

The roughness of the movable bed of an alluvial channel depends on:

1. the roughness of the bed material or grain roughness, and

2. the hydraulic resistance induced by the shape of the bed 1'01'111 or 1'01'111 drag.

For the roughness of an alluvial channel, therefore, can be written:

(2.28)
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III which. overall hed shear slress

r'I> bed shear stress related to grain roughness

r",. --= bed shear slress related to liJrl11 drag

The grail) roug/mess related bed shear stress results rrolll the skin rriction exerted

between the flow and each individual sedil11ent particle. Division or the horizontal component

or the lolal skin rriclion (illce (F,IJ hy the flow width and hed liJrl11 length yields the grain

lillce related bed shear stress acting against the flow (Fig. 2.4). It is to bc l11cntioncd that in

casc or a plCllle hed the skin frictioll force acts on the entire length of the bed, while in cClse

or a dt/Ilc the skin rorce acts 011 the luff side of a dUlle only.

I = j
---=-- -:::-

-I
.

(1-«1/1 -1-- ~I - 1- rJ.. .
I
•

I
-I

I
f-- It

Fig. 2.4 Forces Clcling on CIfluid around CIbed form

2.9.2 Form drag rclaled hed-shear slress r""

Thc liJrl11 drag relatcd bcd-shear stress ICSt/lis I"rol11 presslllc dirl"crcnccs over the bcd

1"\lI1ll. The (low is acceleralcd on the luff side, while the (low is dccelerated on the lec side

of the hed lil!"ll1. As CIreSt/It the pressure on thc lufr side will he snlClller th,m on the lee side.

Inlegl1ltion ol"presslIIc over lhe ICllgth oflhc hed liJrl11 rcsults in horizonlallillcc (Fill) acting

agaillst the flow (Fig. 2.4). Dividing this I"orcc F'll by Ihe flow width alld the hcd I"orlll Icngth
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yields the form drag related hed shear stress. The shape of hed lill'ln varies with increasing

Ilow velocities from a plane bed. ripples, dunes, washed out dunes, a flat bed. antidunes to

chutes and pools. The form dmg related bed shear slress and hence the total bed shear stress

",ill ch;lnge ;1Ccordingly. In Fig. 2.) the v,lriation of the hed shear slress T" and the Darcy-

Weishach friction factor I' wilh the depth average velocily is shown. In this figure it can be

seen thaI lhe influence of the li)l'ln dmg relaled hed shear stress is only important lor ripples,

dUlleS and antiduncs. In case of immobile bed and a transition flat bcd, the influence of the

lill'ln dmg related bed shear slress can be neglecled.

3 . .'
/

o

1 -10

'",
Ez
a

I-

Fig. 2.5

/
Dune dr og /

I /
Max steepness / /

f of bed f e0 t u res I 5 u r fac ed, ()g ,/ 'I

\

d=(.Ornrn" /
? ?O 1/.-. i'

,. "'" I'

RiPPles{)~ ."-....~. /" ~urf()Ce drag
f ./, 0 ---.A d=O'152mm /I unes / '" / /
I / /'>-

,1/ \//// ",,»>

II / '~., ,.,/ I\ntidur):s
I, ./ ,/ .,/ ~ Undulating bed

~~.~.-j:~:./---' ~;it ion flo t ~~.~r
__ J..::;:::-': -.::' L .__1_. L __._._L..__ L .._.__L __ -l _

OJ O? () 3 Oil 0.5 0 G () 7 O.f3

Variation of bed shear stress To and Darcy- Weisbach friction factor, f, with
mean velocity, U, in flow over a fine sand bed (aileI' Raudkivi, 1990)

2.1" PanllllctCI"S Dcscrihillg Surface Dnlg aud Fonn Dnlg

l'vlan)' studies and analyses have considered varIous ways of expressing form and

surtilce dmgs. Two general approaches are:
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a way that BL = A = I and BdL = V, the volumc, then

II' the numcrator and thc dcnominator of this ratio arc multiplicd by Icngth L in such

I. II' S' corresponds to thc fraction of thc cnergy slopc rcquircd to ovcrcomc surl~lce drag

and S" the fraction rcquired to onsct form drag it is possiblc to writc

(2.29)

R= Bd
B

S = S' + S"

2. It is possible to dcfinc the hydraulic radius or a widc rivcr as

This idea was developcd by Mayer-Peter and Muller (1948).

Thcn thc hydraulic radius rcprcscnts thc volumc of a rcctangular prism with a hcight

equal to thc depth of water. I I'V' corrcsponds to thc neccssary volume for damping turbulcnce

related to surface friction it is possible to dclinc thc volumc V" required to damp the
turbulcncc attributcd to bed forms so that

V = V' + V"

23

(2.30)

(2.31 )

(2.32)

From Art. 2.9 we know that total bed shear is the sum of bed shear stress related to

or

R = R' + R"

This concept was lirst givcn by Einstcin (1950).

2.J I Panlllletel's for Describing Resistance to Flow

Fl'ictioll velocity U.

grain roughness and bed shear stress related to grain shear (Eq. 2.28). It is assumed that T,,,
T'" and T"t, arc caused by thc samc /low velocity U. Thus also



or

RS = (RS)' + (RS)"

Chezy's .'esistance facto.' C

The Chezy's formula expressed in Eq. 2.1 can be rearranged as

.~~ =RS=( RS) II (RS) II

or

_1 = (RS) 1+ (RS) II =( .l) 2.1( _1 )
e2 lJ2 lJ2 el ell

Oaa'cy-Wicsbach friction factor f

(2.33)

(2.34)

(2.35)

Taylor and Brooks (1962) suggested that the Darcy-Weisbach friction factor f be

divided into two parts, that due to grain roughness

r I=~R IS
. lJ2

and that due to form roughness

/
. 11= 8gR lIS

. lJ2

In this case, the total friction factor

[=['+["

Manning's roughness coefficient n

(2.36)

(2.37)

(2.38)

Using the same reasoning, B~iorunas (1952) assumed that the Manning's roughness

coefficient n is composed of two parts

n = 11' + n"

.,:., .... ',,::.:'.
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where n' is due to the grain roughness and n" is due to form roughness. The value of n' is
obtained as

(2.40)

2.12 Bcd Fonlls

An understanding of the nature of bed forms is of critical importance for the analysis

of resistance factors. When the bed farm crest is perpendicular to the main now direction, the

bed forms arc called transverse bed forms, such as ripples, dunes and antidunes. Bed forms

with their crest parallel to the now are called longitudinal bed forms such as ribbons and

ridges. The morphological regimes for unidirectional currents over a sand bed COso :S2000flm)

call be classified into:

lower transport regime with nat bcd, ribbons and ridges, ripples, dunes and bars.

transition regime with washed out dunes and sand waves.

uppcr transition regime with nat mobile bed and sand waves.

In literature, considering hydraulic point of view, roughly four groups of classification

methods arc available. Engelund (1967) used Froude number as a c1assi lication parameter,

while Liu (1957) described the type of bed forms ill terms of a suspcnsion parameter and a

particle-related Reynolds number. Simons and Richardson (1966) used the stream power and

the median fall diameter as basic parameters. They expressed bed form type as a function of

Th, U and D,. Van Rijn (1993) used a dimensionless bcd shear stress parameter and a

dimensionless particle parameter to classify the bed form types. Van Rijn bed form type is

a function of ['I', D.] in which:

T == transport stage parameter

D. = dimensionless particle diameter

In Table 2.1 a bed form c1assilication according to Simons (1966) is gIven. The

corresponding bed form types by Simons ancl Richardson (1966) are depicted in Fig. 2.6.
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Van Rijn (1984, 1989) used flume and field data to develop his classification. Van
Rijn defincd thc following two parameters:

I ( 1\ lins- 1~D=D --_.-• 50 ?v-

(V) 'J

T= • -I
( V.a ) 2

(2.41 )

(2.42)

According to van Rijn, mini ripples are dominant features 1'01''1'<3 and D.<IO. Mega

ripples and mini ripples may be superimposed on the dunes for 3:ST:S10 and D.<IO. Mega

ripples are ripples with a length scale of the order of the water depth (L:::::d);mini-ripples have

a length scale of the order of the near-bed turbulence length scale (L<d). The asymmetrical

dune-type bed forms with a length scale much larger than the water depth (L»d) are the

dominant features for I0:ST:S15. The upper regimc which is defined to occur for '1'2:25, is

characterized by a dominating suspended load transport. The classification proposed by van

Rijn (1984) is summarized in Table 2.2 and Fig. 2.7.

Table 2.2 Classification of bed forms according to Van Rijn (1984)

Transport regime Particle size

I:SD.<IO D.>IO

Lower O:ST:SJ mini-ripples dunes

3<T:510 mega-ripples and dunes
dunes

10<T:S15 dunes dunes

Transition 15<'1'<25 wash out dunes, sand waves

Upper T2:25,Fr<0.8 (symmetrical) sand waves

T~25 Fr;::O.8 plane bed and/or anti dunes
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Yalin(1992) classified bed forms as follows:

I. Ripples: Yalin defined ripples as the bed forms "imprinted" by the VISCOUSflow

structures (undulations) at the bed of turbulent flow. When ripples are forming, the

bed roughness changes and the flow at the bed becomes saturated with transported

grains. The length of the ripple is independent of flow depth.

2. Dunes and bars: Dunes and bars are due to the quasi-uniformities caused by the

structure of turbulence. The length of the turbulent structure is proportional to one of

the characteristic lengths d, B or v . Dunes and bars are defined as those bed
U.

forms which are produced by vertical bursts and horizontal bursts, respectively.

Turbulence is due to multitude of eddies having variOUS sizes. These eddies are

superimposed on each other and, ultimately, on the mean flow. Eddies are not permanent _

they are born, they live and they die. [n any turbulent flow, the largest eddies play an

important part. Larger eddies are generated near the flow boundaries, that is, near the bed in

case of an open channel flow. Immediately after its birth, the prospective eddy is ejected

upwards and, as it moves away from the bed, it is conveyed downstream by the flow. During

this motion, the upward velocity of the eddy progressively decreases but its size increases.

Eventually the size of the eddy becomes a microturbulent eddy. However, soon after that the

eddy hits the bed and is destroyed. The destruction of the eddy prompts the generation of a

ncw (second) eddy. Having passed through thc samc stagcs, this second cddy causcs, in turn,

the generation of the third eddy, and so on. Bursting process, or simply burst, is the term

which stands for the abo Ie outlined sequence of events, which occurs between the births of

two consccutive eddies. The vertical turbulence is formed by the eddies whose axes of rotation

are perpendicular to the vertical planes. Yet an open channel flow has turbulent eddies also

in plan, whose axes are perpendicular to the horizontal plane, form horizontal turbulence.

3. Antidunes: [f Froude number is greater than 0.60, then standing waves or antidunes

occur. The relative height of standing waves increases with Froude number. When

flow is supercritical they are usually able to deform the initially flat surface of a

mobile bed as to produce bed forms - antidunes.

29

.......:



Since the bed forms are finite, a bed form exists if it Iws a non-zero height. This is

the case whcn 1]=(~)2 >1 . I-Iowever, thc cxistcnce of a bcd form dcpends on the valuesV.,.,.

of the following parameters:

fJ Z d x= P'iUV• and F,. =~d' ~= IJ '
:'i() V .;ga

Thc valuc of thc Froude number Fr mainly indicates whether thc bed forms whosc

length is proportional to dcpth d arc duncs or antiduncs. Thercfore, attention was focuscd on

the rcmaining other three variables of the above. Based on X, Yalin classified regimes as
smooth, transitional and rough.

Thc devclopmcnt of largcr bcd forms (dunes and bars) takes placc past thc bcd covercd

by ripple. When X<;:::: 2.5, then it is mainly ripple which is present on the bed surf~lce. Earlier

dcveloped ripples protect the bed against any further deformation. In thc transitional regime

when ;::::2.5<X<;::::35 ripples are superimposed on larger bed forms. With the increment of X

the promincnce of ripples decreases and that of larger bed form increases. When X>;::::35 in

rough turbulcnt flow, ripples arc no longer present and the larger bed forms have their
. .maximum promlllcncc.

2.13 Dimcnsions of Bcd Fonns

!\ study of the geometric properties of sand waves is important for three reasons: (i)

to understand how the bed forms are related to the characteristics of fluid flow and bed

matcrial in an alluvial channcl; (ii) to understand how thcse geomctric clements affect the

resistance to flow and sedimcnt transport in an alluvial channel, and (iii) to get an insight into

thc dynamic forces of a stream responsible for transport and dcposition of ancient deposits

from a knowledge of relationship between the geomctric propertics of sand waves and flow

variables. Some of the methods for predicting bcd form dimensions arc as follows.
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2.13.1 Allen (1963) method

Allen (1963) has shown by physical reasoning and analysis of observed data the

following relationship:

FOI' dune and dpple bed

Log d = 0.8271 Log H + 0.8901

in which

d = depth of water

H = bed form height

FOI' I'ipple bed (It < 0.15m)

Log H = 0.9508 Log L - 1.0867

For dune bed

Log H = 0.7384 Log L - 1.0746

in which

L = bed form length

2.13.2 Senturl{ (1967) method

(2.43)

(2.44)

(2.45)

From dimensional analysis and eliminating parameters of secondary importance, the

following is the functional equation for bed form type:

. R 17 U.Bed form type = ./ llllC (S,. - /'" F,. _..- R)D' , };' ~V' II'
.<
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(i) Ripples form for U>Un~I>Un

Different phases of bed form predicted by Senturk are summarized as follows:

Un~1= velocity corresponding to the beginning of motion

Un = 9.57 (gSR"n)I/2

R"n = Exp,o(3.4936 - 0.091 Log C + Log D('5)
(2.47)

(2.48)

(2.49)

Dos lVoS~----
V

?
pU.-

(p,. p) gDso

?

D,< . R,~
_,_,,1 (s -~I) _
Dos S

Frg = Froude number related to grain size =

Rw = Reynolds number related to the fall velocity =

C=

where,

where,

(ii) Transition from plane bed to ripple occurs forU<UnM<Ux

where

(iii) The transition from dunes to plane bed with sediment transport occurs for U>UII>UIlM
but U<UI'L

(2.50)

(2.51 )

(2.52)

(2.53 )

(2.54)
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Ux = (21.6 - 0,373 Log C) (gSRj/2

R, = Exp,o(2.4 - 0.057 Log C+Log D(,J

where,



Ie =11. 6516. SLog 75"-
(,5

VI'/. (G IG. 5Log h?1 ) (gl? IS) 1/2
(,5

(iv) Plane bed with sediment movement occurs for U>UI'L>UIl>UIl~1

(v) The transition from ripples to dune bed occurs for UN<U<U~I

where,

h =48 -Log C-l1 Log _1_ -9. 57
D('5

c' = b + 9.57

The R\ value is obtaincd from the equation

II
Ru . II I/?~. =( -5212. 5Log Cd8 Log D) (g5R u) -

(,5

To compute UN the following equation may be solved for R":

fT« R -R II) R II
VI V"x x =( -5212. 5Log018 Log _) (gSR II) 1/2

.r {{ ( h -II Log R.I' ) , D('5

R II
( 5212. 5LogO 18Log jj_) (gSI? II) 1/2

(,5

(vi) Well-fanned ripples develop for UIl~1<U<UN

(vii) Well-formed dunes develop for U
M

<U<Ull.

2.13.3 Vaj da (1990) mct hod

(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

(2.60)

(2.6 I)

(2.62)

Vajda (1990) made the predictive evaluation of bed form characteristics in alluvial

rivers of cohesionless bed. The prediction nlodel is limiled to subcritical flow. It can be

applied locally in order to predict bed forms in an irregular cross-section. The Illost important

aspect of this prediction model is the use of analytical equation lor determining dimensionless

critical bed shear called also critical mobility number instead of using Shields diagram or any
modified Shields diagranl.
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The complexity of the alluvial roughness pattern makes a purely analytical approach

to the corresponding resistance problem unpractical. It is assumed, in general, that alluvial bed

rorm attains an equilibrium state aner a long period or superimposed quasi-steady flow

conditions. The bed form type and dimensions can in the subsequent equilibrium process be

related empirically to the total equivalent bed shear Th = pU.2. The dimensionless parameters

to which observed equilibrium bed form geometry is usually related are:

- the dimensionless grain parameter

D. = I (Ps p) g / \12/
1/3

D.
P' 50

- the dimensionless bed shear
0)

U.-
T =-------
. (Ps -.£lr;D

P . 50

or, rather, its excess shear version

T.Tc,- I
• T 'e

where T.c is the critical value of T.

(2.63)

(2.64)

(2.65)

- the relative depth

The critical mobility number IS originally related to gralll Reynolds number

Re . = U.P'iO . However, such a representation makes the excess 'shear T. pertaining to a\I

particular D50 difficult. It can be made direct only in the modified Shields diagram (Fig. 2.8),

in which the abscissa depends on D. only. The analytical form of critical mobility curve can
be written in the form

T 'C aD 2 10. 056 tanh. (~)25
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Fig. 2.8 Modified Shields diagram (aner Vajda, 1990)

With the above assumptions, the tentative correlation runctions or the equilibrium bed-

rorm gcoillclry can be writtcn as rollows.

The sand ripples, on the other hand, are round to be independent rrom its relative

depth, because thcir height is usually much slllaller than the flow dcpth, but thcy strongly

dcpcnds on D •. According to Vajda( 1990), sand ripples could actually bc rcgarded as

lOughncss the dilllcnsions or which arc variablc with flow conditions. In vicw or this

variability, the location or thc nominal bed cannot bc idcntified in alluvial conditions, rather

\",ith thc Illean bed elevation. It is similarly assumcd that all the parameters can be related to

a vertically averaged mean velocity pertaining to that bed level.

Dunc gcomctry:

L = 7R

. T [ -7' / 13 ]II ' .
L" /)~(Jexp I I (111169 ) I I. coth (11/ 109 ) I

(2.67)

(2.68)

35



Ripple geometry:

L= 2300 P'm[ 1+0.01 exp (2. 3D~1.75T?5)]
D1. 5 0.5
• T.

H_ 0.15T.(D.T.)o.5exp (-Tj3)
L - [1+0.01 exp (2. 3D~1.75T?5)]

2.13.4 Yalin (1992) method

.Yalin(1992) classified dimensions of bed forms as follows:

Dune length and height:

The dune length Ld is given by

Ld = <Pd (X, Z) 6d

(2.69)

(2.70)

(2.71 )

If the flow past the flat initial bed is rough turbulent, then <Pd (X,Z)::~1.Yalin used the

following component-equation. for the evaluation of <Pd(X,Z):

<PAX; Z) =1'10.01 (2-40) ~Z-400) e -II.

in which m = 0.055 vZ+0.04X.

(2.72)

The dune steepness varies as a function of the dimensionless flow intensity

11, and its value decreases with the increment of relative skin roughness (Z). Furthermore, the

value of dune steepness must be affected by the grain size Reynolds number X. Hence, in

general, the dune steepness must be a function of 11, Z and X. Hence the dune steepness can

be given by the form Od = 1/;d (X, 11, Z).

Valin expressed dune steepness as
(2.73)

where,

(Od)m"~ = 0.06 (1 - e-o.OOXZ)

f,fn = re1-\
1]-1(=-- -
YJr1
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and identify fxd(X) with a non-decreasing continuous function which is zero when X = 0 and

which is nearly unity when X>:::::35. The component equation

(2.74)

is such a function. The analogous decrement of the ripple steepness b, with the increasing

X can be reflected by

ll~r,(..\)=:I-e((X2.5)/J'I)2 iol" X>2.5

Ripples:

Ripple length can be expressed functionally as

where,

~{ y~~:,f'
Yalin expressed ripple length L, as

where,

,( L,_) _'II ill '_' 2650 l P ~--;]
a IU "-21'-D ~().gg

(2.75)

(2.76)

(2.77)

The geometry of ripples does not depend on the flow depth. Hence Z can not be a variable
in the expression of ripple steepness. Ripple steepness can be expressed functionally

a so, =: t\Jx, ( x) ll~.( 71) . Y a lin e x per i men t a I I y found t hat,

(0,) IIlax::::D. 14, .ti,-1--":10 and (71,) lIIax--1;:::QO . where ii, and (ll')lIIax are ll-values

which corresponds to b, = (b')IIl'" and /5, = 0 (at advanced stages) respectively. Introducing

o
normalized coordinates 71 =: '

, (8,) lIIax

(~(n

(( lid (I", .2L~.l, the normalized ripple function llr =
'11 . I,
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Yalin adopted

(2.78)

where correction factor r can be given by

r =1 i.1' CsI; r =(( z-C) i.1' 1<C<z

The ripple steepness ultimately becomes

(2.79)

2.13.5 Van nijn (1993) method

Van Rijn (1993) proposed a method that makes classincation of bed forms, the

prediction of bed form dimensions and the effective hydraulic roughness of the bed forms

feasible. The bed form c1assincation by Van Rijn has already been discussed in Art. 2.12.

Dimensions of bed forms predicted by Van Rijn are as follows:

J. Ripples, lower regime

When the velocities ,Ire sOlllewlwt larger (10-20(%) than the critical velocity for

initiation of motion and the median particle size is smaller than 500 {{nl, mini ripples are

generated at the bed surl~lce. Ripples that are developed during this stage remain small with

ripple length much smaller than the water depth. Yalin (1985) reports values in the range of:

H, = 50 to 200 D50

L, = 500 to 1000 D511

(2.80)

(2.81 )

As the velocities near the bed become larger, the ripples become more irregular in

shape, height and spacing. In that case the variance of the ripple length and height becomes

rather larger. The largest ripples may have a length upto the water depth and are commonly

called as mega-ripples. It is assumed that the ripples will completely disappear for T:::::IO.

Tentative expressions for the relative height and length of mega-ripples are given by
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'(i' =0. 02 ( 1-e Il. I"~) ( I 0 -'I) lor I ~/.). ~I 0 ({nd 3 :':Sr~10

L, = O.5d = O.5R

2. Dunes, lower regime

(2,82)

(2.83 )

Another typical bed 10I'm type of the lower flow regime is the dune-type bed form.

Dunes have an isometrical prolile with a rather steep leeside and a gcntle stoss side. The

length or tilc dUllcs is strollgly relatcd to the w,ltcr deptil witil valucs ill lile r,lIlge or J 10 ISd.

Based 011 the analysis of flume and field data, Van Rijn (1982, 1984) proposed the following

rclatiollship for the dune height and length:

1/ (D. )0.:1
-~ =(). I I ('/~1l ( I -e Il ..w) ( 25 _'I)
del

L" = 7.3d

in which

d = water depth from water surface to mean-bed level.

(2.84)

(2.85)

The dune height increase~ weakly with particle diameter lor a given water depth. The dunes

are assumed to be wash cd out /<JrT ~25.

3. Washed-out dunes and sand waves, transition region

The bed forms generated at low velocities arc washed out at high vclocities. In the

transition regime the sediment particles arc transported mainly in suspcnsion. This has a strong

clTee! on thc bed form shape. Thc bed forms ill the transition regime which is most likely to

occur, arc washed out dunes and sand waves. 80th types occur simultancously. The

dimcllsiolls or washcdout dUllcs are salllc as the dimcllsions of dUlles. These bed 1'()J"fllSfully

disappear lor '1'=25.
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The dimensions or the symmetrical sand waves arc described by:

/-;/"' =(). 15 ( I-c n. Wi(T 15) ( (-Fr 2) F)r '1'2:15 (2.86)

I,sl\' = IOd 1'01' T~15 (2.87)

Plane bed and sand waves, upper regime

Two sub-regimes can be distinguished in the upper transport regime:

Subcritical upper transition regime : T~25 and Fr:::O.8

Supe~"Critical uppcr transition regime : T~25 and Fr~O.8

In the subcritical upper regime the bed rorm types will be symmctrical sand waves

with dimcnsions mcntioncd above. In the supercriticai uppcr regimc the bcd form types will

be plane bed and/or anti dunes. Antidune bed forms are sand waves with a nearly symmetrical

shapc in phase with the watcr surracc waves. Antiduens do not exist as a continuous train of

bed waves. Antidunes arc hed rorms with a length scale or about 10 times the watcr depth.

2.14 Discussion on Alluvial Roughncss PI'cliictol's

The development or roughncss due to di ITercnt bed patterns is or grcat importancc

hecause they arc most orten the main contributors or the /low resistance. The problem or

resistancc to /low over alluvial beds has received considerable attcntion during the 4th and

5th decades or this ccntury. Attcmpts to dctermine resistance lur alluvial channcls have becn

based on modifications or lixed bed equations.

It has alrcady been statcd in chapter- J that the roughness predictors or an alluvial

channel in principle arc or two kinds, viz:

(i) Integral methods in which simultancously the continuity and the Chezy or Manning

equations are solved and the total roughness is luund. These methods are based on

overall /low parameters such as depth or water and depth-averaged /low velocity.

Another integral method or predicting alluvial roughness utilizing is the principles or

dimensional analysis.
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(ii) Separate estimate of grain roughness and form drag on basis of grain size distribution

of the bed material and the anticipated bed forms. The total roughness is found by

adding both roughnesses together.

The division of total resistance into gram resistance and form resistance was first

introduced by Einstein and Barbarossa (1952). According to them the entire expression for

the form resistance is a function of shape, size, and frcquency of the irregularities along the

length of the channel. In an absolutely uniform channel these losses are obviously equal to

if.ero. The efrect of thesc irregularities is to dislort the flow pallern. When the discharge is

least. thc distortion of the flow pattern is greatcst. As the discharge increases the distortion

of the /low pattern becomes less and less because of the alignment of the flow becomes

progressively straighter. Consequently, the additional friction loss diminishes as the discharge

IIIC1"eases.

The thinking of form resistance as a part of total resistance is further modified by the

researchers, with the increased knowledge of bed configuration of alluvial channels. The

geomctric characteristics of dunes is neither similar to ripples nor to that of antidunes.

I'vloreover, superimposed ripples on dune bed made the problem more complicated. Bed form

resistance changes with the change in size and length of a bed form as well as with the

change in bed configurations - such as from ripples to dunes and from dunes to antidunes. On

the other side, researchers arc trying hard from analytical model study, laboratory flume study

and using field data to formulate the form friction as a function of bed form height and

length.

l~instein-13arbarossa (llJ52) method is the lirst attempt at predicting the stage-discharge

rc/ations for natural streams with an alluvial bed. The approach was based on the hypothesis

tlUlt the resistance of an alluvial bed ean be separated into two distinct entities - thc rcsistance

due to the prescnce of the grains and the resistance orrered by the bed undulations. Einstein

and 13arbarossa have suggested the usc of logarithmic relation, with a corrclation term far

viscous cllects, to describc thc resistance of the grains. The resistance corresponding to the

bed undulations, U/U"., was shown to be a function of the average height. length and drag

coenicicnt of the bed undulations; these in tern were assumed to be a function of intensity of

shear on representative particles, 1/;'. The concept of a form resistance diagram developed by

l~instcin-l3arbarossa is new 45 ycars old. It is still probably the most widely quoted of any

existing technique.
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B,~jorunas (1952) assumed that the Manning's roughness cocrticicnt n is thc sum of

roughncss coerticient n' due to grain roughness and roughness coerticicnt n" due to form

roughncss. Bajornunas concurs that, for practical purposes, the Manning-Strickler equation is

IIHlre convenient to use than logarithmic velocity equation 1"01' predicting grain rougllllesses.

Einstein and Chien (1958) suggested that the scatter of points of 1/;' versus U/U". could be due

to appreciable variations in the valuc of standard deviation of the bed materials. To chcck this,

data Ii'om l1umes and ri"crs, having almost the same sedimcnt sizc, the same standard

deviation and approximately the same value or 1/;' were chosen, and thc cOlllputed values of

U/lJ". for thesc runs were cOlllpared. Garde and Albertson (1959) have shown that Froude

number is one of the parameters delining the regimes of flow and thc approximate size of bed

undulations, when the undulations were pronounced. Thus it was hoped that the lines of

constant Froude numbcr could be drawn on the plots of 1/;' vcrsus U/U".; but attempts in this

direction did not lead to any systematization of the points on the plots of 1/;' versus U/LJ" •.

Shen (1962) improved the Einstein-Barbarossa method and suggested that thc resistance

related to form is a function of both sediment transport and the Reynolds number related to

fall velocity. Cunha (1967) analyzed data from a Portuguese rivcr with a bcd composed of

relatively coarse material. I-Ie concluded that lor 1/;' greater than about 5, U".lU is a doubled-

valucd function of 1/;' and presented a graphical relation between these two quantities.

Shinohara and Tsubaki (1959) on the hasis of Nikuradse roughncss value gave a

prcdiction Jtll'llluia lor the alluvial roughncss. Vanoni and Nomicos (19()O) have lound the

reduction in Manning's n to bc substantial if the bed is planc; however, their experimcnts also

revealed that, with dunes on thc bottom, thc ellcct of suspended load on the resistance

cocrlicient is a secondary importance. Liu and Ilwang (1961) performed a dimensional

,Illalysis of the resistance problem and proposed an equation lor mean velocity in a straight

alluvial channel. Garde and Rangel Raju (1963) noted that the resistance of an alluvial channel

may be expressed in dimensionless form. Viscous effccts partly govern the rcsistance lor plane

hed with fine sediment. But the rolc of viscosity in the determination of resistance in the

ripple ,lIld dune bed regime was not clearly understood. A check on the accuracy of Liu and

Ilwang (1961) method was made by Garde and Ranga Raju (1966) hy comparing the observed

velocities with the computed velocities tt)r data li'om Ilumes and natural streams. The error

was in many cases greater than :f: 50 percent. In view of thc large changes in resistance in

dirtcrcnl regimc, ,lI1alyzing data from flumcs, canals and natural strc,lllls, (;,Irde ,lIld Ranga

Raju (Il)(>(» proposed differcnt resistance rclationships It)r difICrent regimes. By analyzing
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additional data sets, Ranga R,\iu (1970) recognized needs of some modifications of 1966

mcthod. lie found a noticeable efTect of the sediment size on the resistance relationships.

Simons and Richardson (1961) concluded that the forms of bed roughness that exist

in an alluvial channel because or similarities in form, resistance to now and sediment transport

arc divided into categories or lower llow regime, transition regime and upper flow regime.

They also concluded that the form of bed roughness depends primarily on the slope of the

encrgy grade line, depth, fall velocity or effective l~dl diameter of the bed material and slope

of the channel. Simons ami Richardson (1962) from llume study observed that the form of

bed roughness in alluvial channels is a runction of the sediment characteristics and the

characteristics of the llow. The bed configuration can be changcd by altering either discharge,

slopc, temperature or the median diameter or size distribution of the bed material. Simons and

Richardson (1966) suggested a set of resistance equations for the computation of Chezy's C

dcpending on each type or bed configuration.

Engelund (1966) proposed a hypothesis similar to Einstein-Barbarossa and divided

energy gradient into components due to grain roughness and rorm drag. lie proposed a new

line of analysis based on similarity considerations. The essence of Engelund's similarity

hypothesis is that two dynamically similar streams, the dimensionless shear due to grain takes

on equal values. In the closing discussion to his paper (Engelund, 1(67) he introduced some

modillcations. Using data by Guy et al. (1966), Engelund and Ilansen (1967) obtained

relations lor both lower and upper llow regimes. These relations are obtained rrom Engelund's

universal rclationship bctween dimensionless grain shear stress and the total shear stress.

13rownlie (19S3) extended the curve of Engclund (1%6) intu regions of the upper fluw

regime. Engclund (1977) used another approach for dunes to relate the lorm friction

coenicient to the bed form parameters.

Vanoni and Ilwang (IW)7) undertuok to determine experimentally what geometric

characteristics or alluvial channel bed lorms determine their hydraulic roughness. They

concluded that ripple-covered beds are hydrodynamically rough in the sense that the friction

factor is independent or Reynolds number. Also the pressure on a ripple attains its minimum

valuc at thc crcst and its maximum value on the face near the point of reattachment. Raudkivi

(1967) conductcd a set or laboratory llume experimcnts using OAO mm diameter sand and

developed a graphical relationship which gives mean velocity as a function or shear velocity.
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Senturk (1965-1967) made a set or assumptions which leads to the determination of a group

of formulas dclining the resistance of flow in transition regions that also indicate the bed form

expected.

Lovenl and Kennedy (1969) proposed friction factor relations for flows with flat bed.

Lovera and Kennedy constructed a chart for grain friction I~lctor as a function of Reynolds

/lumber for constant values of relative depth. Alam and Kennedy (1969) developed a chart for

predicting form drag friction as a function of relative depth for constant values of grain

rroude number and constant values of Froude number.

A ul1\que concept of the mechanics of alluvial channel flows was put forth by

ivladdock (1969). According to his view, the only determinate relationship among the variables

for flow in alluvial streams is that between mean velocity, water discharge and sediment

discharge. Moreover, this relationship is di flCrent for each of the three velocity ranges (low

velocity, mid velocity and high velocity) he distinguished.

Mostal~1 and Mcdarmid (1971) avoided the division method and expressed Manning's

n in a dimensionally homogeneous form. They express dimensionless Manning's coefficient

as a function of Froude number and represent them graphically. Chu and Mostafa (1979)

presented a technique which is essentially a mathematical expression of the graphical

technique presented by Mostala and Mcdarmid (1971). The new analysis allows a straight-

forward adaptation of the technique to numerical modeling applications.

The abrupt change in the gradient of the bed form at the crest causes the flow to

separate and form an eddy. A kinematic theory taking into account the presence of the

leeward eddy and the effect of the bed form shape on the flow field was first developed by

rvlercer (1971). In Mercer's analysis, the length of eddy was fixed arbitrarily at one-half of

the bed form wave length. His development was lollowed and generalized by Mercer and

Haque (1973). In the light of extensive information gathered by Mahmood et al. on bed

forms, llaque and Mahmood (19X3) analytically determined that form friction depends on the

steepness rutio of dune and relative roughness.

Bathurst (1978) proposed an empirical relationship ('or Darcy- Weishach friction lactor

r. In steep mountain streams the individual roughness clements arc large and may even
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protrude through the water surface. Bathurst (1985) delineated, with aid of data from rivers

with slopes steeper than 0.4%, the lower limit of roughness of uniform flows. A detailed

discussion of the problem of resistance to flow in gravel rivers can be found in Hey (1979).

Brushin (1985) expressed the roughness of alluvial streams on the basis of Manning's

roughness coefficient as a function of Nikuradse roughness and gravitational acceleration.

White et al. (1979) method for predicting the frictional resistance of alluvial channels

is developed from experimental data. The method establishes a relationship between the total

shear and effective shear stress for different sediment sizes for flows with Froude number less

than 0.8, i.e. for lower flow regimes in which bed features are plane bed, ripples and dunes.

They provided both graphical and equational representations of their technique, as well as a

statistical analysis of the errors. White et al. (1987) extended White et al. (1979) method for

upper flow regime flows in which the bed features are plane-bed or antidunes.

Brownlie (1983) developed a method for predicting alluvial roughness with the

objective that it would be easily adapted to computer model applications. In this method

sediment properties are described by the median particle size, specific weight and the

geometric standard deviation under the assumption of log-normal distribution. Julian and

Roman (1990) proposed resistance predictors for flow in steep channels. In Shen's (1990)

study, the skin resistance, form resistance and the total resistances are independently measured

for a series of rigid bed forms in the laboratory. The data showed that the sums of skin

resistance and form resistance are close to the total resistance for all experimental runs
conducted.

Van Rijn (1982) has shown that the equivalent roughness or effective grain roughness

of a flat bed can be related to the 090 of the bed material. Based on flume and field data he

expressed form roughness as a function of dune height and length. Van Rijn (1984, 1989)

based on the analysis of dune data, introduced form factor in the functional relationship of

form roughness. Van Rijn (1993) proposed a separate expression for ripple bed for form

roughnesses.

Vajda (1990) developed a method for the rationalization of local resistance calculation

both due to boundary friction and combined alluvial grain and bed form roughnesses. Yalin

(1992) predicted ripple and dune steepness separately and expressed Chezy resistance
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coefficient as the sum of grain roughness and form roughness. Karim and Kennedy (1983)

formulated a friction-factor relation to account for the effect of bed configuration through the

introduction of sediment discharge as one of the independent variables in a velocity function.

Karim (1995) proposed a relation for Manning roughness coefficient that incorporates directly

the role of bed configuration in determining alluvial bed resistance. A relation for bed-form

height is developed, which is then used as an independent variable to account for the
resistance due to bed form-drag.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

It has already been discussed in Art. 1.2 that roughness can be predicted by separate

estimates of grain roughness and form drag and by integral methods based on overall flow

parameters. Five integral methods for predicting alluvial roughness and eight methods where

grain and form roughnesses are predicted separately are considered in this study for predicting

alluvial roughness. These roughness predictors can be summarized as follows:

3.2 Roughness Predictors Based on Overall Roughness

A. Simons and Richardson (1966) method

Simons and Richardson (1966) suggested a set of resistance equations for the

computation of Chezy' s C depending on each type of bed configuration. A graphical relation,

developed by Simons and Richardson (1966) that relates stream power, median fall diameter

of bed material and bed form type is shown in Fig. 3.1. Once the bed configuration can be

confirmed by trial and error, then the Chezy's roughness factor C can be computed from

depth of flow, bed level slope and grain size Dss.

The following resistance equations (in English units) were suggested:

For a plane bed without sediment transport

CNg = 5.9 log (d/Dss) + 5.44

For a plane bed with sediment transport

CN g = 7.4 log (d/Dss)
For ripples

CN g = (7.66 - O.3/U.) log d + O.13/U. + 11

For dunes and antidunes
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Fig. 3.1 Relation of bed form to stream power and median fall diameter of bed
sediment (Simons and Richardson, J 966)

The term LlRS is an adjustment for RS to compensate for the form roughness. For

dunes, LlRS is a function of RS as shown in Fig. 3.2. For antidunes, the correction term

I) _ DRS
~ RS is a function of sand size, shear stress and depth, as shown 111 Fig ..• ..,., .-' .

Fig. 3.2 Relation between LlRS and RS for the dune bed configuration (Simons and
Richardson, 1966)
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Procedure:

T~= RS, IN rOUNDS PER SQlVWE rOOT

Relation between the Chezy coefficient correction term, shear stress and depth
for the antidune-bed configuration (Simons and Richardson, 1966)

The following procedure is suggested by Simons and Richardson to determine the

average velocity of flow in a sand bed channel with known values of R,S,Dso and DRs:

(i) A bed configuration is assumed.

(ii) The value of ClVg is calculated using the appropriate equation (Eqs. 3.1 _ 3.4).

(iii) Mean velocity of flow, U, is computed using Eq. (2.1)

(iv) Stream power ToU is computed using To=yRS .

(v) Using the graphical relationship between stream power and median fall diameter

shown in Fig. 3.1, the bed form is predicted and checked with the assumed one.

(vi) If the assumed and predicted bed forms are different, steps from I to 5 are repeated
using the bed form found.
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(3.5)

B. Garde and Ranga Raju (1970) method

The original analysis for this technique was given by Garde and Ranga Raju (1966),

later revised by Ranga Raju (1970), and summarized by Garde and Ranga Raju (1977). The

revised version is considered here. Garde and Ranga Raju noted that the resistance of an

alluvial stream may be expressed in the dimensionless form

u -fr~ s g II 2Dlri 21
~ p)O' Ps - P , v
~ P--P-;g p)O P

The functional relationship given in Eq. 3.5 may be rewritten after some modifications as

(3.6)

Equations (3.5) and (3.6) were used as the basis of analysis of alluvial channel data from

canals, rivers and laboratory flumes. By the use of graphical plotting they showed that

u -fr(~)I/3, S_, g II2Dlri2j (3.7)r;¥-P p)o Ps P V
g -'-< -R P

P
Viscous effects partly governs the resistance for the plane bed regIme with fine bed

material. But the role played by viscosity in the determination of resistance in the ripple

and dune bed regime is not clearly understood. Therefore, it was thought desirable to omit

II 2dl 2
the viscous term g )0 from Eq. (3.7).

v

Data covering all the regimes of flow involving sediment motion collapsed neatly on

U ( R )1/3[ S ]a plot of K1 versus K2 D _ as shown in Fig. 3.4.r;¥s-p 50 ~
g--R P

P
The empirical coefficients K] and K2 are functions of sediment size as shown in Fig.

3.5. For given values of R, S, PS' P and 050 the coefficients K, and K
2
may be read and the

( R )I/3[ S ] Uparameter D _ computed. The Froude number KI .--___ may then
50 Ps P ~ P _P-- gR_S_P P
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be read from Fig. 3.5 and the mean velocity U be computed.
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Fig. 3.4 Roughness predictor for alluvial channels (Ranga Raju, 1970)
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Procedure:

The following procedure is suggested by Garde and Ranga Raju(1970) to determine

the average velocity in a sand-bed channel with known values of R,S and D:

(i) The values of K] and K2 are computed using the graphical relation of K
1
and K

2
with

the median grain size diameter 050 shown in Fig. 3.5.

is computed.

(
R \1/3( S ]The value of Kz D I _ is calculated.
50) Ps P

P

K U
1 ~~~R-PS-;-P

Using Fig 3.4 the value of

(ii)

(iii)

the parameters KI> R, p., p and g are known, thenIn the expression K](iv) U

~gR Ps;P

the velocity of flow U can be calculated.

C. Brownlie (1983) method

Using the 71"-Theorem, the variables involved in alluvial channels can be arranged into

six dimensionless groups in the form

(3.8)

(3.9)

will be constant,

and P=~
v

q.= q
/gDlo

P -P
~T. = Func (g., S, (Jg)

52

Since we are concerned with fully rough flow, P is expected to be of secondary

Ps -P
P

where,

importance. Furthermore, since only sand is under consideration,

and can be put aside. Therefore, Eg. (3.8) can be reduced to



The hydral!lic radius R is computed for lower flow regime from
RlDso = 0.3724(q.)O.6S39 S.O.2542 ago.ro5o

and for upper flow regime from

R/Dso = 0.2836(q.)O.6248 S.O.28577PgO.0801J

(3.10)

(3.11 )

Flow regime: After considering many possible dimensionless parameters, the following

four were selected by Brownlie as indicators of flow regime:

Here Fg = the grain Froude number defined as VIP
I( Ps -p)gDso

and 0 is the thickness of the

laminar sub-layer = 11. 6v
V!

Flow regimes
o Lower regime
x Upper regime ".
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Determination of flow regimes-grain Froude number Fg plotted against slope,
S (Brownlie, 1983) .
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The flow regime relationship between Fg and S is shown in Fig. 3.6. The first point

that is obvious from Fig. 3.6 is that beyond a slope of S = 0.006 only upper flow regime

exists. For lower values of slope, an approximate dividing line can be defined by

F = F* = 1 74 S-1I3g g • (3.12)

The overlap along this line indicates that an additional variable will be needed to better

define this transition zone. The transition region can be defined by the equations for the lower

limit of upper flow regime

F D (D )"Log -.£. =-0. 02469 +0. 1517 log ~o +0. 8381 log ~o for
F' u ug

(2.13)

F
Log -.£. =log (1. 25 )

F'g
for D

~>')8 - (3.14 )

and for the upper limit of the lower flow regime

F D . (D )"Log -.£. =-0. 2026 +0. 07026 log ~o +0. 9330 log ~o for
F' u ug

(3.15)

FLog -.£. =Iog O. 8
F'g

for (3.16)

Between these values lies the transition regime.

Procedure:

For a given set of g, S, Dso and O"g, the flow regime, depth of flow and roughness

parameters may be predicted according to the following steps:

(i) The ratio of the median grain size to the theoritical thickness of the laminer

sub-layer Dlo is computed.

(ii) The hydraulic radius R for both lower flow regime and upper flow regime is

computed by using Egs.(3.10) and (3.11).

(iii) Fg is computed both for lower flow regime and upper flow regime usmg

with U = q/R
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D. White et al. (1987) method

(iv) Fg* is computed using Eq.(3.I2)

(v) FIF g* and D/o are used to locate upper limit of lower flow regime and lower

limit of upper flow regime using Eqs. (3.13) to (3.16)

(vi) Flow regime thus determined is either lower, transition or upper.

By considering flume data for which Froude number is less than 0.8. White et al.

(J987) found that there exists a relationship between the total shear mobility F
fg

and the

effective shear mobility Fgf• The form of relationship varies with sediment size D•. The

dimensionless general sediment mobility is given by

(3.17)

(3. J 8)

F _ ( U.) m [ U ]1-n.
gr vfgD35 (s -1)] J32log (10 d/ D35)

U.Fr. =----
},'; /gD35(s-l)

and sediment mobility for fine grain is given by

White et al. (1987) suggested the following equation for Fgr for lower flow regime

Sediment motion occurs only if Fgr exceeds the threshold value P. For the region Fgr

greater than P, it is found that there is a linear relationship between Fgr and F
fg

for each value
of D., given by

F -P
gr =Func (D.)

Ffg -P

Fgr -P =1-0. 76{1- 1 }
Ffg -P Exp [ (log D.) 1.7]

and the following equation for Fgr for upper flow regime

(Fgr -P) +~. ~~ (Fgr -P) 4 -1. 07-0. 18 log D.
fg
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(3.22)

(3.23)

for I<D.<60.

lower flow regime

upper flow regime

for D.>60

Ur:L + Ur:u <0.22

Ur:L + UEu>0.22

UEL = Ur: for velocity U computed for lower flow regime

Ur:u = UE for velocity U computed for upper flow regime

u. - US
c. (g v) 1/ 3D.

(3.17) with

m = 0.00 and p = 0.17

and

m = 1.0 - 0.56 Log D. and p = 0.23/(D
gr
)O.5 + 0.14

US
USll1g UE== 1/3

(g v) D.

The use of two separate relationships for lower and upper regimes create problem of

determining the appropriate regime to use in particular circumstances. White et al. suggested
that the following criteria be used:

The velocity of flow can be obtained both for lower and upper flow regimes using Eg.

where,

and

Procedure:

(i) Sediment mobility for fine grains Ffg is calculated using Eg. (3.18).

(ii) General sediment mobility Fgr, for lower flow regime is calculated using Eg. (3.20).

(iii) The lower regime mean velocity U is calculated using Eg. (3.17).

(iv) The dimensionless unit stream power Ur: is calculated for lower regIme flow

For a given set of R,d35,g and S, the velocity of flow U and the flow regime may be
computed using the following steps:
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(3.24)

(3.25)

(3.26)

( ;; , S, Q.*, A)
50

U = Flinc
jg ( s -1) P"o

U ( d )0.626 (f )-0.465-----=6 683_ SO.503 _
jg (s -1) p"o. 0."0 f °

Qs' = a dimensionless sediment discharge parameter,

A = dimensionless parameter related to bed form

(v)

(vi)

(vii)

(viii)

Using Eq.(3.21) the general sediment mobility Fgr for upper flow regime is calculated.

The upper flow regime mean velocity of flow U is calculated using Eq. (3.17)

As in step (iv), the value of UE is calculated for upper flow regime.

If the summation of UE for both lower and upper flow regimes is greater than 0.22,

then the velocity of flow is that of the upper flow regime.

(ix) If the summation of UE is less than 0.22, then the velocity of flow is that of lower
flow regime.

E. Karim (1995) method

Karim (1995) proposed a new approach for predicting alluvial channel resistance in

the framework of the familiar Manning equation. From physical considerations combined with

dimensional analysis, a friction factor relationship is expressed as

where,

The bed configuration parameter A is expressed as a ratio fifo, where f is the Darcy-

Weisbach friction factor (including contribution due to bed forms) and f
o

is the friction factor

due to grain roughness only. The velocity relation developed by Karim is

For natural sediment (s = 2.65) the suggested relation for n is given by

n = 0.037 (D50)0.126 (f/fot465

The central problem in alluvial flow resistance depends on accurate formulation of

relative dimensions for different bed configurations that occur during different stages of flow,

and relating them to hydraulic resistance. Karim (1995) developed a relation for relative dune

height. Figure 3.7 shows a plot of Hid as a function of U./w
s
•



The, best fit curve through the data points in Fig.3. 7 can be expressed by the following
equations:

(3.27)

(3_28)

(3.29)

. _ , ,

! I
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Fig. 3.7 Relative bed form height as function of U. /w
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(Karim, 1995)

A linear relation is assumed between the friction factor ratio f/~J and relative bed form
height, HI,d aJ1(~is given by
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Equations (3.30) and (3.31) which determine the parameter fifo, reflect the role of bed
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Combinati~n of Eqs. (3.27) and (3.28) with Eq. (3.29) yields

JJ ==1.20 ~8. 92 [ -0.04 +0.294 ( U.) +0.00316 ( U.) 2-0.0319 ( U'ro ~ ~ ~
+0.00272 ( u.) 4]

Ws

U
when O. 15 <-' < 3. 64 and

IVs

when

configuration hydraulic resistance.

Fig. 3.8

A graphical relation for bed regIme prediction is shown in Fig. 3.8 which plots

experimental data in the form of Froude number versus relative depth (~ ) . The two lines
50
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Procedure:

(3.32)

(3.33)

(3.34)

: Fr<Fr,

: Fr,<Fr<Fru

: Fr>Frll

(
d )-0.25Fr {=2. 716 D
50

(
d )-0.27

Fr 1/=4.785 D
50

H = O. 20 ( Fr 11 -Fr )
d Frll-Fr{

and

(i) A water surface elevation is assumed.

(ii) The values of hydraulic radius R, flow area A, mean velocity of flow U and

the Froude number Fr are computed.

Lower regime

where Fr, = Froude number at the beginning of transition regime and Fr
u
= Froude number

at the beginning of upper regime. In this analysis Eqs. (3.32) and (3.33) are used to

determine bed regime as follows:

Transition regime

Upper regime

in Fig. 3.8 which separate the transition regime from lower and upper flow regimes are given
by

where, Fr = Froude number of flow.

For the transition regime, it is assumed that Hid is maximum (0.20) at Fr = Fr( and decreases

to zero at Fr = Fr,p i.e.

For the transition regime, Hid is determined by the minimum values given by Eqs.

(3.27) and (3.28) and Eq. (3.34) while Hid is determined for lower flow regime by Eqs.

(3.27) and (3.28). For upper flow regime, Hid = O.

For given values of discharge Q, energy slope S and sediment size Dso, the values of

hydraulic radius R and the mean velocity of flow U are computed in an iteration scheme as

follows:



(iii) The values of U., Frt and Fru are calculated using Eqs. (2.14),(3.32) and (3.33),
respecti vely.

(iv) If Fr < Frt, then Hid is calculated using Eq.(3.27) or (3.28).

(v) For Frt < Fr < Fru , Hid is assumed as the minimum of the values given by

Eqs.(3.27),(3.28) and (3.34). Hid = 0 for Fr > Fr
u

'

(vi) Using Eq. (3.29) the value of fifo is computed, value of n is computed by using

Eq.(3.26) and U2 by using Eq (3.25).

(vii) If U2 is not equal to U, within the specific criteria, another water surface

elevation is assumed and the steps from (ii) to (vi) are continued until U
2

= U
is satisfied.

3.3 Roughness Predictors Based on Division of Roughness

A. Einstein and Barbarossa (1952) method

According to Einstein and Barbarossa (1952) the frictional loss due to grain roughness

may be evaluated by use of Manning's equation or any other suitable open channel formula.

In the Manning's equation the roughness factor n may be replaced by the grain roughness

diameter Ks by means of the empirical formula derived by Strickler

This is the Manning-Strickler equation. The logarithmic velocity equation of Prandtl-von

Karman better supported by theory is

where U/U. is a dimensionless quantity. It follows that in the above equation R is the

hydraulic radius pertaining to the grain roughness. This hydraulic radius is called as R'. If

U (R)I/G-=7.66 -
U. ~

the abbreviation U'. is introduced for ISR g , Eq. (3.35) becomes

U (R/)1/6-/=7.66 -K
U. s

U R7J =5. 75 log (12. 27 K)
* . s
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(3.35)

(3.36)

(3.37)



Like Manning-Stricker equation the above equation can be written as

U . R/
-/ =5. 75 Jog ( 12. 27 1< )
U. "s

This equation gives for a wide range of conditions ( 4 <.R /< 2000 )
K<

(3.38)

practically

the same results as Eq. (3.36). For rough surface flow the ratio of the roughness diameter K,

to the theoretical thickness 0' of the laminar sub layer is

(J.3<J)

If
K
S is smaller than 5, Eq. (3.38) must be corrected. The correction may be made byP

introducing a factor x into the equation which then becomes

U - - ( R/ )-I co). 7) log 12. 27 7(x
U. s (3.40)

in which the correction x is a function of K/o' and is given by Fig. 3.9.

L8
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Fig. 3.9 Correction x in the logarithmic friction formula (Einstein, 1952)
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Besides these usual frictional losses attributed to the grain roughness in the natural

stream, there are additional friction losses. Frictional loss due to channel irregularies as a



where 'I" is the intensity of shear on the representative particles and

(3.41)
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function ofsedilllent transport is shown in Fig. 3.10. Einstein (1950) pointed out that the form

drag was related to the total sediment transport. Hence, he suggested a functional relationship

Using Eqs.(2.36),(2.37) and (2.38) and also the relations U./o:/~f? ~\' ([nd u.//:c.jgl? l~\. ,

alice the velocity of now, bed level slope and bed sediment size distribution are known,

the hydraulic radius R(= R' + RII

) and friciion factor f can be predicted.

Fig. 3.10



Procedure:

For a given set of U, D and S, the depth of flow and roughness parameters may be

obtained according to the following steps:

(i) A value of R' is selected and the value of V:=JgR 7S is computed.

(ii) The theoretical thickness [/ of the laminar sub- layer is calculated by using

Eq.(3.39)

(iii) If the left hand side of the Eq.(3.39) is less than 5 then the mean velocity U

is calculated by using Eq. (3.40), otherwise U is calculated by using Eq. (3.38).

(iv) Steps (i) to (iii) are repeated until predicted and measured values of U are

same.

(v) The dimensionless quantity 'lr' is calculated using Eq. (3.42).

(vi) The shear velocity U". is obtained using graphical relationship between U/U".
and \If' as shown in Fig. 3.10.

(vii) The value of R" is calculated using the equation V.II=JgR 17S

(viii) The hydraulic radius R is computed using Eq. (2.31).

(ix) The friction factors f' and f" are obtained using Eqs. (2.36) and (2.37).

B. Shen (1962) Method

Shen (1962) undertook to improve the Einstein-Barbarossa (1952) method in particular

to eliminate the systematic deviation that had been found to Einstein-Barbarossa curve for the

functional relationship between UIU." Vs. 'lr' as shown in Fig. 3.10.

In open channel flows for which the gravitational force is predominated, the Froude

number must be considered. The Proude number I1'lr' (a dimensionless parameter representing

the intensity of shear on sediment particle) is quite important in the development of different

bed patterns. But the parameter 'Jr' is not sufficient to characterize and predict bed forms.

wsD
as shownv
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Shen defined a parameter A that varies with the particle Reynolds number

by Fig. 3.11.



Variation of the correction parameter A with wsD//! (Shen, 1962)

10

-o
~ 1.0

~

0.1

tit ----1--- ---,-Hii-- - .- --1-
'!' I
!

Fig.3.11

The form resistance

Value of wDv

V.II IVV is expressed as AIIB! log ).- in which AI and B, are constants

( II:yJ))and A = runc . This resistance resembles the logarithmic friction law

(3.43 )

As the value of 'lr' decreases, the bed configuration changes from ripple to plane bed,

through stages of dune and transition.

(3.44 )
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IvsD
-- > 100 , the variation of f' is given byy

V.
II

( )[J=O. 03 "0.11 Jog r

( Vy/Dj .in which A2 and B2 are constants and x = Flll1C

For fine sediments with a value of IV D
_s_ < 100 , the magnitude of f' always decreasesy

as 'lr' decreases. For fine sediment form resistance is given by

For coarser material with value



u:/ ( ~I )V=O. 03 +0. 11 log 7.12

for 'IF'<I0 and

u!/ _ _ ( ¥ )V-0.064 0.0909 log 7.12

for'IF'>IO.

Procedure:

(3.45)

(3.46)

For a given set of U, 0 and S, the depth of flow and roughness parameters can be

obtained according to the following steps:

(i) A value of R' is selected and the value of U'. is calculated using the equation.

(ii) The theoritical thickness 0' of the laminar sub-layer is calculated using Eq.

(3.39).

(iii) If the left hand side of the Eq. (3.39) is less than 5 then the mean velocity U

is calculated by using Eq. (3.40), otherwise U is calculated by using Eq. (3.38).

(iv) Steps (i) to (iii) are repeated until predicted and measured values of U are

same.

(v) The values of dimensionless quantity 'IF' and wsD/v are calculated.

(vi) The value of U."!U is calculated using Eq. (3.44) or (3.45) or (3.46).

(vii) The value of R" is calculated using the equation U!/=JgR /IS

(viii) The hydraulic radius R is computed using Eq. (2.31).

(ix) The friction factors f and f" are obtained using Eqs. (2.36) and (2.37),

respectively.

C. Engelund & Hansen (1967) method

Engelund and Hansen (1967) employed the divided slope approach as shown in Eq.

(2.29). The total mean energy gradient S per unit length of the channel is partly due to a
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The depth d may be replaced by the hydraulic radius R. Multiplying both sides by
"RI("s - ,,) 050 gives

certain friction loss S' occurring along the stream side of the dunes and partly to a series of

expansion losses that may in principle be accounted for by Carnot's formula

(3.47)

(3.48)

(3.49)

(3.50)
~ _ yRS
, . - ( Ys -y) D

sCi

yRS
( Ys -y) DsCi

//- Mf_ q2 [1 1 J2 lf2 (H)2
S - L 11- 2gL d _iH - d +iH - 2gL d

Substituting Eq. (3.47) into Eq. (2.29) yields

S=S/+ if (H)2=S/+ HZ (Fr)2
2gL d 2Ld

Using

~/_ yR/S
I .- ( Ys -y) D

sCi (3.51 )

and

(3.52)

Eq. (3.49) becomes

Using flume data Engelund and Hansen (1967) obtained the following relationship for
lower flow regime with a dune or ripple bed:

To evaluate the magnitude of R', the relationship suggested is

U U R/
-/=---=6+2. SIn-
U. JgR ~. ~

where Ks = 2D65

7'. = 0.06 + 0.407/

or

7. = 1.581(7'. - 0.06)1/2

for 7'. <0.55
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(3.53)

(3.54)

(3.55)

(3.56)
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Fig. 3.12 Engelund's universal relationship between dimensionless grain shear stress 7'.
and total shear stress 7.

For upper flow regime with 0.55<7'.<1, we have

7'. = 7. (3.57)

These relations are shown in Fig. 3.12 with a discontinuity between lower and upper flow

regimes occurring at about 7'. = 0.55.

Brownlie (1983) extended Eg. (3.55) from the curve in Fig. 3.12 into higher regions

of the upper flow regime for 7'.>1 and obtained the relationship:
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Engelund-Hansen (1967) method can be used in predicting depth of flow for a given

set of q. D and S and sediment characteristics. The procedure is as follows:

(i) A value of depth d' or hydraulic radius R' is assumed.

7'. = [0.702 (7.YI.8 + 0.298]"1/1.8

or

T. = [1.425 (7'.yI.8 - 0.425]"1/1.8

Procedure

(3.58)

(3.59)



by
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(3.60)
1 R-=21Og-+1. 74;r K.<

\fanoni-Hwang (1967) undertook experimentally what geometric characteristics of

alluvial channel bed forms determine their hydraulic roughness. Following Einstein and

Barbarossa (I952), the bed shear stress is divided into a part T' resulting from the grain

roughness and a part T" caused by the form drag of the ripples and dunes.

(ii) The dimensionless grain shear stress T.' and the mean velocity of flow U are

computed uisng Eqs. (3.51) and (3.54), respectively.

(iii) If 7.' is less than 0.55, the bed is in the lower flow regime. The total shear T.

is computed by using Eq. (3.56). If To' is greater than 0.55 and less than 1.00

then the flow in upper regime and T. is computed by using Eq. (3.57). For T.'

is greater than 1.00, the flow in higher regions of upper flow regime and 7. is

computed by using Eq. (3.59).

(iv) Using Eq. (3.50) the hydraulic radius R is computed.

(v) The discharge per unit width q is computed on the basis of calculated U and

R.

(vi) The computed q is compared with the given q and the steps are repeated until

these two q values is same.

D. Vanoni-Hwang (1967) method

The value of f is assumed to be the friction factor of a pipe of diameter 4R coated

with sand grains of size equal to the mean size of the sediment in the channel and discharging

with a mean velocity U that is the same as that of the channel. The value of f can be

determined from a graph of Nikuradse data of friction factor against Reynolds number for

several values of relative roughness or the following Karman-Prandlt resistance equation for

turbulent flow in rough pipes used by Nikuradse in his graph:

Vanoni & Hwang developed a relationship between the friction factors of beds covered

with dunes and ripples and the size of other geometric properties of these bed forms, given



The dimension H for a dune or ripple bed was taken as the mean height H of the bed

in which H = the height of the roughness elements and AJA is the areal concentration of

bed forms. By introducing an equivalent sand roughness size, K
s
, for a dune or ripple bed,

Eq. 3.6 I can be simplified to

(3.61)

(3.62)

(3.63)f //=F( R J
As H
A'

which is equivalent to saYIng that Ks is a function of Hand AJA. For low areal

concentrations of roughness elements, Ks is proportional to the roughness height H times

the concentration. Introducing this relationship into Eq. (3.62) gives

(3.64)
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R
---= was plotted. The line on the graph which was fittedeH

Using the data from experiments with loose sand beds, a graph of If7T7i against

forms. The area As was taken as the horizontal projection of the lee faces of the ripples or

dunes and A was taken as the total bed area over which As is measured. As may be

assumed proportional to the vertical projection of the faces. The ratio A/A is called the

exposure parameter and is donated bye. The relationship for ripples and dunes can then be
written as

in which RI( eH) = the modified relative roughness and eH is the characteristic roughness

(3.64).
of the ripples and dunes. Experimental data were used to determine the function F of Eq.

the modified relative roughness

has the equation .



proportional to Z, the steepness of ripples and dunes. With this assumption Eq. (3.65)

(3.65)

(3.66)
_1_=3.310g LR_2.3ltv J-!2

_1_=3. Slog R_-2.3IJ7i eH

To use existing data in making comparIsons, it was a~sumed that the quantity e is

becomes

Procedure:

For a given set of hydraulic radius R, slope of the energy grade line S and median

particle size 050, the friction factor can be obtained as follows:

(i) The bed form height and length are predicted by using Vajda (1990) and Yalin

(1992) methods. Vanoni-Hwang (1967) method is then applied seperately after

the bed form dimensions predicted.

(ii) The grain friction factor f' is computed by using Eq. (3.60).

(iii) The form friction factor f If is computed by using Eq. (3.66).

(iv) The total friction factor f is computed by using Eq. (2.38).

E. Alam - Kennedy (1969) method

Like many other investigators Alam and Kennedy (1969) recognized that the resulting

force exerted by the bed on the flowing liquid can be regarded as composed of two parts. The

Oarcy-Weisbach friction factor f can be written using Eqs. (2.36), (2.37) and (2.38) as

f =/ I~:f 11= 8~S 1+ 8g~ II

The flat bed friction factor f' was determined by means of the predictor developed by Lovera

and Kennedy (1969).' The graphical relation they obtained has the format of the well-known

Moody pipe friction diagram and f' is expressed as

(3.67)
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To proceed with dimensional analysis, Alam and Kennedy (1969) identified the

important physical quantities involved. They assumed that the bed configuration geometry can

be characterized by two dimensions, the wave length L and height H of the bed features. The

drag force per unit width Fo and associated with drag coefficient Co for one bed feature can

be related by

(3.68)

or

(3.69)

(3.70)

Hence, examining f" is equivalent to analyzing the more readily grasped CD' provided LlH

is one of the variables included in the analysis. It is seen that f' depends on seven

independent dimensionless groups expressed as

f //- F r U 4UR P~o H L Ps. J
- 'Ul1C ---, -v-' R' L' D- ' -, a

!gDso .:>0 P

The form-drag friction factor f' would appear to be affected little by viscosity and at

large Reynolds number the drag coefficients of bluff bodies are independent of Reynolds

numbers. In addition pip may be regarded a~ constant. Neglecting the Reynolds number, a
g

and pip, Eq. (3.70) became

The graphical value of f and f' can be obtained by using Lovera-Kennedy (1969)

chart for grain roughness friction factor f as a function of Reynolds number UR/v shown in

Fig. 3.13 and AI am-Kennedy chart for drag friction factor f as a function of relative depth

f //- 17 r U P~o H L J
- rUl1C ---, R' L' DrIifI5; :>0

From bed form analysis Alam and Kennedy approximated that

f //= FUl1c r U , ;0RJ
IifI5;

R1Dso for constant grain Froude number U shown in Fig. 3.14.
IifI5;
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(3.72)
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Fig . .1.1.1 Lovera and Kennedy chart for grain roughness friction factor (f) as a function
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Fig. 3.14
I~t/()50

Alam and Kennedy chart for form drag friction (f') as a functIOn of relative
depth (R/Dso) for (i) constant values of grain Froude number, U/(gDso)I/2 and
(ii) constant values of Froude number, U/(gR)112 (Data points shown on the
original chart have been omitted, after Raudkivi, 1990).
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(ii)

(iii)

Procedure:

The procedure of calculation by the Alam and Kennedy (1969) method is as follows:

(i) The grain diameter Dso, slope S and kinematic viscosity v are supposed to be

known parameters. The depth-averaged flow velocity U is selected and

assumed a value for the overall hydraulic radius, R.

UThe nondimensional parameters --- , R/Dso and URlv are then calculated.
JgDso

The friction factor f related to grain roughness and the friction factor f' related

to the form drag is read from graphical relationships shown in Figs. (3. 13) and
(3.14).

(iv) The overall friction factor f is computed using Eq. (2.38).

(v) The overall hydraulic radius R can be computed using Eq. (2.6).

(vi) If the predicted value of R is not same as that of the assumed value of R, then

the above procedure is repeated.

F. Haque-Mahmood (1983) method

Haque and Mahmood (1983) recognized that the total drag at the bottom of the

channel consists of two distinct parts: (1) the surface drag, and (2) the form drag. An attempt

was made to calculate the form friction factor by integrating the pressure over a ripple or

dune surface, and, thus, to discover the relationship between the form friction factor and the

geometric parameters, such as steepness ratio and the relative roughness of these bed forms.

The observational fact is that the form friction factor is independent of the actual size

of the bed form and depends only on the geometric shape of the flow region. Thus, only two

parameters - one defining the shape of the lower boundary and the other defining the aspect

ratio of the region - are needed for the computation of f'. The numerical results of the

parametric study are shown graphically in Fig. 3.15.

In this figure, a solid curve corresponds to a constant steepness ratio H/L of the bed

form, and each dotted line represents a constant aspect ratio, ( d - ~) / L , of the flow
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region. The points denoted by open circles represent the solutions obtained by the finite

element analysis. The curve for H/L = 0.05 is, however, obtained by interpolation. The

position of a typical interpolation point is determined from the following identify:

(J.73)
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• ~ '~":: ~PN,.l,T(!)
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u
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~ 0.010
0::
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0.003
0.01

Ii
d. If

2
Fig 3.15 Relation between form friction factor ftf and relative roughness

(Haque & l'vlahmood, 1983)

From Fig. 3.15, it may be noted that the dolled lines for Ii(d - '2 ) / L >0.5 are almost

parallel, and the family of curves in this region can be expressed in the mathematical form
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variation of rtf along [ 1~--fJ=l . The variation of 1J is shown in Fig. 3.16.
d--

2

In which m is the slope of dotted lines and is found to have a numerical value of 1.653.

The function .p depends on (d - ~) / L and its behaviour IS obtained by studying the

(3.74)
11- [d- i--fJ [ Ii JI11r --1J -r:-' --rf

d--
2



rrom this figure, it is evident that (d- ~i)1L >0.5 the function rf> can be expressed quite

accurately by

(
/-1)1.477d -
21J=4.9 -L-

and the form friction factor can be expressed by the equation

(
/-1)1' 477

r 1/ 4. 9 d ~ 2 (HH)I. 653

(/--
2

(3.75)

(3.76)

10.00
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a - GRAPHI(ALL(

o III , 1.0

(
If)I.477d--

~ 1J=4.9 I!-

00.20
0.1 0.5 1.0 2.0

rig. 3.16

Procedure:

Variation of rf> with relative depth (d- ~)IL (Haque & Mahmood, ]983)

For a given set of bed form height and length, the form friction factor f" can be

obtained by using the Haque-Mahmood method. The dimensions of bed form can be predicted
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by using Vajda (1990) or Valin (1992) method. The grain rouglmess can be predicted by

using White-Colebrook formula. The procedure is as follows:

(i) Bed form dimensions are computed by using Vajda (1990) or Valin (1992)

method.

(ii) The grain roughness is predicted by usmg formula for gram roughness

presented by Eg. (2.11).

(iii) For relative depth (d - ~)/ L , the corresponding functional value of 1J is

predicted using Fig. 3.16.

(iv) The form friction factor f' is computed using Eg. (3.76).

(v) The overall friction factor f is computed using Eg. (2.38).

G. Shen et at. (1990) method

According to Shen et al. (1990) the variation of shear stress along the upstream face

of a bed form may be studied through the use of a local skin shear coefficient Cr, defined as

(3.77)

where flow is along the longitudinal direction x along the base of dunes and parallel to the

flow direction and

(3.78)

When boundaries are hydraulically smooth and the Reynolds number Re<100,000, the

local friction factor (x' is given by the Blasius formula

j/=0.316
x Re O. 25

which can be rewritten in terms of Cr as

c - 0.079r- Re O. 25

where Re = g/ IJ
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(3.79)

(3.80)



Neglecting the small shear stress present within the separation zone, the longitudinal force
per unit width due to skin shear F

s
is given by

(3.81 )

(3.82)

(3.83)

xO. 041 A -0. 085
Cr=----_
J (Re) 0.25

where x = the longitudinal distance from the upstream toe.

The bed skin friction factor f' is computed from

f 1=~=_8 (Fs)
pU2 pU2 L

Shen et aI. suggested that the equation

The local skin shear coefficients were computed for each measured shear stress using

Eg. (3.77). The local skin shear coefficients were plotted against Reynolds number Re for

different longitudinal distance from the upstream toe. For the bed form investigated, the
measured data fit the relationship
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The pressure drag force consists of two components: a viscous shear force and a

turbulent pressure force. Generally the drag force consists of both components and can be
expressed as

(3.84)

(3.85)

(3.86)

F
7
11
=T ' pressure drag coefficient F" taken as positive in the

f 1=(O. 106 d) 1
de (Re) 0.25

fits the measured skin friction factor f' values very well.

The form friction factor f" is computed using Eq .. (2.37)

. 8fJRI!S 8711 8Ff II_~<::! __ - -~

. U2 pUz LpU2

where the form shear stress

downstream direction.



or

C _ Fp
D- 1.. p[f2H

2

Combining Egs. (3.85) and (3.86) yields

Cf)=1..f II L
4 H (3.87)

(3.88)

The pressure drag coefficient CD was plotted against the relative roughness Hid. These

investigators proposed a relationship between Co and Hid of the form

Cf) = 171 (~{r!:J
where m = a coefficient dependent only on the bed form steepness ratio with a mid range

value of m = 4/9 for H/d::;0.35. For relative roughness H/d2:0.35, a power relation with an

exponent of 3/2 and m equal to 3/2 fits the data well. The pressure drag coefficient CDmay

be related to the relative roughness as follows:

CD=~ (:rSlor :sD.35

CD=~ (:/'1210" : >0. 35 (3.89)

The form friction factor flf can be computed from the pressure drag coefficient and the bed

form steepness ratio, as

(3.90)

Procedure:

For a given set of bed form height and length the form friction factor f' can be

computed by using Shen (1990) method. The dimensions of bed form can be obtained by

using Allen (1963), Vajda (1990) or Yalin (1992) method. Other known parameters are R,S,

and D. The procedure is as follows:

(i) Bed form dimension is predicted by using Allen (1963), Vajda (1990) or Yalin

(1992) method.

(ii) Pressure drag coefficient CDis computed by using Eg. (3.88) for Hid ::;0.35 or

by using Eg. (3.89) for H/d>0.35.
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and

(iii) The form friction factor f" is computed using Eq. (3.90).

(iv) The grain friction factor f' is computed using Eq. (3.84).

(v) The overall friction factor f is computed using Eq. (2.38).

H. Van Rijn (1993) method

Van Rijn (I993) divided the total alluvial roughness as

(3.91 )
and expressed the White and Colebrook equation for Chezy coefficient found from Eq.
(2.9) as

( 12R)C=18Log ~

in which
K's = 3DgO for 8<1 (lower regime)

K's = 38Dgo for 82:1 (upper regime)

where the mobility parameter 8 is given by
2

0= U.
( Ps -p) gD-P )0

The effective form roughness is related to bed form height H, the bed form steepness H/L and

the bed form shape (,,). The functional relationship is as follows:

The most general case is that of a bed consisting of mega ripples superimposed on dunes

and sand waves. It is proposed to determine the overall form roughness by summation of
individual values, as follows:

II HK =F(H, L' y)

II KII KII KIIK= s,.+ sd+ 5511'

in which

K"sr = form roughness related to ripples.

K"sd = form roughness related to dunes

K"ssw = form roughness related to sand waves.
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(3.92)

(3.93)



Van Rijn proposed the following relationships for determining K"sp K"sd and K"ssw:

K::=20 Yr~( Z)
in which:

(3.94)

l'r = ripple pensence factor 1 for ripple alone and 0.7 for ripples superimposed on dunes or

sand waves.

II _ (-~5 1{,. )K.fd -1. 1Yd~ 1-e L,.

in which:

l'd = form factor ( =0.7 for field conditions).

(3.95)

Sand waves are defined as symmetrical bed forms with a length much larger than the

water depth. The lee side slopes of symmetrical sand waves are relatively mild. Hence flow

separation will not occur. Therefore, the form roughness of symmetrical sand waves is

assumed to be zero. Thus

K"ss\\" = o.

Procedure:

(3.96)

When the velocity of flow U, slope of the channel S, and particle diameter Dare

known, the hydraulic radius and roughness parameters can be predicted as follows:

(i) A hydraulic radius R is assumed.

(ii) With assumed hydraulic radius the transport stage parameter T is calculated

using Eg. (2.42).

(iii) The regime of flow is obtained knowing the transport stage parameter, T.

(iv) The respective bed form length is computed using Eg. (2.81), (2.83), (2.85) or

(2.87) depending on whether the bed form is ripple, megaripple, dune or

antidune.

(v) The bed form height is computed using Eg. (2.80), (2.82), (2.84) or (2.86)

depending on regime of flow.

(vi) The Nikuradse grain roughness value is obtained by K.' = 3D90 if 0 is less than

1.00 and by K.' = 30D90 if 0 is greater than 1.00.
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(vii) Nikuradse form roughness related to ripple Ksr" is computed by using Eg.

(3.108). Nikuradse form roughness related to dune K
sd

" and standing wave K
sw

"

are calculated using Egs. (3.94) and (3.95), respectively.

(ix) The Chezy's resistance factor C is computed by using Eg. (2.11).

(x) The hydraulic radius is computed by using Eg. (2.1).

(xi) If the computed and assumed values of R are not same the above procedure is
repeated.

3.4 Prediction Accuracy

After predicting depth, velocity and roughness parameters by different methods, the

accuracy of prediction by different methods has been determined. Researchers used different

methods to express the accuracy of their own work or results. Van Rijn (1984 and 1993)

compared his method with others, on the basis of percentage of predicted depth and Chezy's

C that lies within:l:l 0%, :1:20%and :1:30%error ranges. Brownlie (1983) graphically expressed

the depth predicted by his method against that of the computed depth. Karim (1995) expressed

the accuracy of his method on the basis of the mean normalized error and the percentage of
error on the predicted depth and velocity.

The accuracy of prediction measured by the mean normalized error (MNE) 111

predicted depths or velocities expressed in perecent is defined as

In this study, accuracy of different methods is determined on the basis of percentage

of predicted depth, velocity and and Manning's roughness value n that lies within :1:10%,

:1:20%and :1:30%error ranges. Accuracy is also determined by the mean normalized error of

depth, velocity and Manning's n (Karim, 1995). The computed values of coefficient roughness

n is also expressed graphically against those predicted by different methods.

(3.97)'
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CHAPTER 4

DATA COLLECTION AND ANALYSIS

4.1 Introduction

It is stated in chapter 1 that the main objective of the present study is to detenlline the

applicability of some alluvial roughness predictors for the river Ganges and to identify the

methods that seem to predict roughness characteristics of the river Ganges satisfactorily. In

this chapter, a brief description of the river Ganges is presented first, thereafter, data required

for the study, sources of data, data collection etc. are considered.

4.2 The River Ganges

The river Ganges rises west on the Nanda Devi Range west of Nepal and down to

Goalunda in Bangladesh. It has a length of about 2200' kilometers and drainage area of

978000 sq.kilometers (FAP 24, 1997). The Ganges is an international river with its basin area

spreading over China, Nepal, India and Bangladesh. After travelling through several states

of India, the Ganges enters Bangladesh at Lalgola, 18 kilometers downstream of Farakka. In

Bangladesh it is called the river Ganges up to its confluence with the Brahmaputra (Jamuna)

river near Aricha. Downstream of Aricha the combined Ganges and Jamuna flows are carried

by the Padma river. The Padma river is 120 kilometers long and joins the Upper Meghna near

Chandpur, after which it is called the Lower Meghna, which debouches into the Bay of

Bengal at some 150 kilometers from the confluence. The main river system of Bangladesh is

shown in Fig. 4.1. The lower Meghna river conveys the melt and rainwater from the Ganges

and the Jamuna basin as well as from the Upper Meghna river into the sea.

The Ganges is a wide meandering river. Its width may at places be as large as 5

kilometers. The shape of the cross-section is quite variable. The meander belt of the river

varies between 5 to 15 kilometers with eroding outer bends and depositing inner bends.

Twenty years of BWDB cross-sectional data compiled by Hossain(l989) indicate that the

meandering migration rate is of the order of some 150 meters per year. From the Indo-

Bangladesh border to the contluence located at Aricha, there are 4(four) distinct and wide

bends. The average sinuosity of the river in the reach appears to indicate a cyclic changes
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over the years. However, a hydraulic flow analysis of the Ganges by FAP-4 shows that at

present it is in a dynamic equilibrium. Planform analysis by Hossain( 1989) indicates that the

sinuosity of the river was 1.5 in 1956, decreased to 1.2 in 1976 and again increased to some

1.3 in 1986.Specially, the sinuosity is higher in the upper bends and lower at lower bends.

The Gorai is the major right bank distributory of the Ganges river. It branches off

some 15 kilometers downstream of the Hardinge Bridge. The Gorai river bifurcates into a

number of branches before debouching into the Bay of Bengal. The Gorai is of extreme

importance for the Southwest region of Bangladesh as it conveys fresh water in the saline

zone. Flow of the river Gorai is measured at Gorai Railway Bridge. The flows in the river

Gorai have been affected by the flow diversion at Farakka and Ganges river morphology: a

sand bar partly blocks the entrance to the Gorai river.

Hardinge Bridge and Baruria are two measuring stations of BWDB located on the

river Ganges. The meander migration of the Ganges at Hardinge Bridge had stopped since the

construction of railway bridge in 1910. Hardinge Bridge is a very old primary measuring

station of BWDB. This station is located in a constricted river bend. The constriction of the

Ganges river at Hardinge Bridge is to a width of 1.6 kilometers from the main river width of

3.8 kilometers. This constriction of the river width induced cyclic erosion-deposition of the

river bed, with erosion during the monsoon flood and siltation during the low flood stage. It

is seen that, in comparison with the sediment transport at the unconstricted section, the

sediment transport is low at low discharges and high at high discharges. At low discharges,

the velocity is lower at the constriction than an unconstricted section and at high discharges

the velocity is higher at the constricted section than the unconstricted section.

Baruria gauging station is located downstream of the Ganges/Jamuna confluence and

6 kilometers downstream of Aricha. The discharge at Baruria is derived using the relation

Q(Baruria)= Q(Bahadurabad) + (Q(Hardinge Bridge)- Q(Gorai))

Baruria has a stable cohesive bank. The reach upstream of the confluence is continuously

adjusting, but at the same time, fluctuating around bed level and hence the system is in

dynamic equillibrium. It can be seen that downstream of the confluence the river bed is

degrading during the rising stage while it is aggrading during the falling stage. This alternate

aggrading and degrading give rise to the generation of the sand waves which migrate through

downstream reach. At the confluence the annual fluctuation of the bed level is high, of the
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order of 1.5 to 2 meters(confluence scour). The fluctuation gradually becomes insignificant
downstream.

The river Ganges at the confluence had two channels in the past until 1982, one at

Goalunda and the other at Baruria. The channel at Goalunda has been closed, firstly due to

natural aggradation and later by human intervention.

4.3 Data Requirements

For uniform flow, the roughness parameters n, f and C can be calculated if velocity

of flow U, energy line slope S and hydraulic radius R are known. Since the flow in an

alluvial channel is assumed as quasi-uniform, data required to calculate roughness parameters

n, f and Care Q, Rand S. In predicting roughness the grain size that is in common use is the

median particle diameter (050), Other particle sizes are also in use. Einstein-Barbarrosa (I 952)

used 065, White et ai. (I987) used 035, Haque and Mahmood (I983) used D
84
and Van Rijn

used 090 in their respective roughness predictors. Brownlie (I983) used greometric standard

deviation which may be calculated from 016' 050 and 084.

Shen (1962) used particle fall velocity Ws in his method, which can be calculated if

kinematic viscosity of water v and acceleration due to gravity g are known. Oensity of

sediment Ps and density of water p are common in use by most of the roughness predictors.

It can be concluded from above that data required for this study are: discharge Q,

energy slope S, top width B, cross sectional area A, kinematic viscosity of water v,

acceleration due to gravity g, density of water p, density of sediment Ps and particle sizes 016'

°35' 050' 065' 084 and 090, Since the energy line slope Se is not available, there the water

surface slope Sw is taken equal to the energy level slope.

4.4 Data Collection

Among the data required to carry out the proposed study, the cross-sectional area,

discharge and water width data for the station Hardinge Bridge and Baruria are collected from

the Hydrology Division, Bangladesh Water Development Board. The water surface slope and

grain size distribution data are collected from the River Survey Project (FAP-24).
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4.4.1 Discharge data

Observed discharge data for the station Hardinge Bridge and Baruria are available

with the Hydrology Division of the BWDB. Complete discharge-cross sectional area- velocity

data for the station Hardinge Bridge are available since 1970 with missing years of 1971 to

1973, 1977, 1978 and 1982. For Baruria discharge- cross sectional area- velocity data are

available since 1968 with missing years of 1970 to 1973 and 1975 to 1981.

The Hydrology Division of BWDB measures discharge weekly during the monsoon

season and at fortnight during rest of the year. At Hardinge Bridge daily discharge

measurements are made during the lean season since October 1982. BWDB uses the velocity-

area method for discharge measurements. During measurements Catamaran type survey boat

is used. The position of the BWDB Catamaran along a preselected transect with preselected

verticals is determined in the field by using a sailing line along the transect and one sextant

taking the angle between the vessel and the poles. The position of the verticals along fixed

transect line are preselected. The positions are determined by the rule that the discharge

between two adjacent verticals should be within 10 percent of the total discharge. Velocity

measurements are made at 2 points, at 0.2 and 0.8 of the depth of the verticals.

4.4.2 Grain size data

The size of sedim~nts in a river changes in downward direction. The reduction in size

IS usually attributed to two processes, notably (i) abrasion, and (ii) longitudinal sorting.

Abrasion is the reduction of size of particles during the transport process. Longitudinal sorting

is effective when river is aggrading (Parker, 1990). Due to this aggradation coarser sediments,

that are abundantly present at the level of the through of dunes, are stored in the river bed,

thus causing a substantial reduction in sediment size in downward direction. Reduction in size

is observed in the Ganges. The Ganges river at Lalgola, where it enters Bangladesh, have a

median particle size Dso of 0.16 mm which reduces to 0.15 mm near Hardinge Bridge and

further reduces to about 0.14 mm downstream near Baruria.

Grain size data for the station Hardinge Bridge and Baruria are collected from the

River Survey Project (FAP-24) reports. River Survey Project (FAP- 24) collected 50 number

of samples for Hardinge Bridge and 30 number of samples for Baruria during 1993-1994.
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4.5 Dischar-gc Hydrograph

Grain size of bed material and water surface slope of the Ganges at Hardinge
Bridge and Baruria

Table 4.1:

Station Grain size of bed material in mm Slope
°J6 °35 °50 °84 090

Hardinge Bridge 0.100 0.120 0.150 0.180 0.210 5.5xl0-5
Baruria 0.100 0.124 0.140 0.1850 0.220 4.0xI0-5

Sampling was done during sampling program and also during the routine gauging. During

sampling program at each cross-section, three samples were collected. Two samples were

collected near the right and the left banks and one in the middle of the river. Analyzed grain

size from bed material samples and the calculated overall water surface slope for the stations

Hardinge Bridge and Baruria by the River Survey Project (FAP-24) are shown in Table 4.1.

River Survey Project (FAP-24) provides, from size analysis of bed material samples,

the sizes of 016' 035' 050' 084 and 090 for the station Hardinge Bridge and Bm.uria. But D
65

is not available from size analysis. Some roughness predictors express roughness of the grain

as Nikuradse roughness value Ks having value equal to 065. From analysis of S curve for grain

size distribution, the value of 065 is approximated as 0.165 mm both for Hardinge Bridge and
Baruria.

The river flow near Hardinge Bridge increases gradually in May-June and attains its

peak level on average in September. At the end of September the discharge decreases sharply

and during the months of January, February and March the discharge falls gradually and

finally it attains its yearly minimum during the month of April. From eighteen years data from

1970 to 1995(excepting 1971 to 1973, 1977 to 1979 and 1982), it reveals that mean monthly

discharge is the lowest during April, 819 m3/s, and the highest during September, 37,376m3/s.

From daily discharge data the highest discharge recorded near Hardinge Bridge is 76,000 m3/s

in the year 1987 and the lowest discharge recorded is 261 m3/s in the year 1993.
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Fig. 4.2 The mean monthly discharge hydrograph

The river flow near Baruria increases gradually in April-May and attains its peak level

on average in September. Then it decreases gradually and attains its lowest level on March.

From eighteen years data from 1968( excepting] 971 to 1973 and 1975 to 1981), it reveals that

the maximum discharge recorded near Baruria is 130,000 m3/s and the recorded minimum is

2860 m
3

/s. Mean monthly lowest discharge is 5772 m% during February and the highest is

71485 m
3

/s during September. Near Hardinge Bridge the mean monthly discharge is the

lowest in April. whereas near l3aruria, Ganges allains its mean monthly lowest in February.

This is because . .lam una begins to rise in April due to snow melting in Himalayas and

contributes the largest portion that flow downstream of the confluence near Bm'mia. During

April when Ganges suffers its lean discharge near Hardinge Bridge, then at downstream near

Baruria the discharge of the Ganges begins to increase. The mean monthly discharge

hydrographs lI'om last 18(eighteen) years available data for Hardinge Bridge and Baruria are
shown in FigA.2.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Introduction

To investigate the applicability of the roughness predictors for the river Ganges, 13

(thirteen) roughness predictors have been selected, of which 5 (five) are based on overall

roughness and 8 (eight) are based on division of roughness. These are applied to predict

roughness for the river Ganges utilizing data for the stations Hardinge Bridge and Baruria. A

computer programme written in FORTRAN-77 have been used for all types of computations.

Some methods considered in this study predict depth of flow, some methods predict

velocity and some methods predict both depth and velocity when discharge is known.

However, there are some methods which predict the roughness parameters directly, without

predicting depth or velocity. A brief discussion on results of predicted depth and velocity are

given in article 5.2. Using water level slope and computed depth and velocity, the values of

roughness parameters n, C and f are calculated using Manning, Chezy and Darcy- Weisbach

formulas, respectively. These roughness coefficients are then compared with the roughness

coefficients predicted by different roughness predictors. A brief discussion on results of

computed and predicted roughness parameters are given in article 5.3.

On the basis of percentage of error of the predicted depth and/or velocity and the MNE

for depth and/or velocity, the ranks of different roughness predictors are determined. The

predicted roughness parameters by different methods are also compared with computed values

on the basis of percentage of error and the MNE. The applicability of different roughness

predictors for the river Ganges with discussions on the results are given in article 5.4 and the

resistance characteristics of the river Ganges are given in article 5.5.

5.2 Results Using Different Roughness Predictors

5.2.1 General

Out of total 13 (thirteen) roughness predictors considered in this study Engelund-

Hansen (1967), Brownlie (1983) and Karim (1995) methods predict both depth and velocity,
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Einstein (1952), Shen (I 962) and Van Rijn (1993) methods predict only depth and Simons

and Richardson (1966), Garde and Ranga Raju (1970) and White et al. (1987) methods predict

only velocity and remaining Vanoni and Hwang (1967), Alam-Kennedy (1969), Haque and

Mahmood (1983) and Shen et al. (1990) methods neither predict depth nor predict velocity

but they predict the roughness parameters directly. At Hardinge Bridge, altogether 923 data

sets having discharges equal to or greater than 1200 m3/s have been selected. At Bm'uria all

available 577 data sets have been used. Using these data depths and velocities are calculated

and are hereafter termed as computed depths and computed velocities, respectively. Applying

the roughness predictors, depth of flow and/or velocity are then predicted and compared with

computed values on the basis of percentage of error in the :1:10%, :1:20% and :1:30% error

ranges. The mean normalized error (MNE) for predicted depth and/or velocity are also

calculated, Results of predicted depths and velocities by different methods are given in the
following article.

5.2.2 Results and Discussions

5.2.2.1 Simons and Richardson (1966) method

The Simons and Richardson (1966) method does not seem to give very accurate

results. It seems to over-estimate the velocity. The percentages of error of the velocities

predicted by this method with respect to computed velocities and the MNE are given in Table

A.I of Appendix-A. For the stations Hardinge Bridge and Baruria, only 12.56% and 32,58%

predicted velocities lie within :1:30percent error range. The MNE for velocities for the station

Hardinge Bridge and Baruria are 225.62% and 7 1.59%, respectively.

Simons and Richardson (1966) classified bed forms as plane bed without sediment

transport, plane bed with sediment transport, ripples, dunes and antidunes and suggested

separate formulas for each bed form. According to Simons and Richardson method, the bed

forms in the river Ganges ranges from ripples to antidunes. According to this method, the bed

forms for the river Ganges are not clearly distinguishable in respect to velocity and discharge.

For the station Hardinge Bridge, ripple forms for discharges ranging from 1210 to 3060 m3/s,

while dune forms for the discharges ranging from 1200 to 3 1605 m3/s. However, at Baruria

ripple forms for discharges ranging from 2860 to 14400 m3/s and dune forms for discharges

ranging from 4030 to 87700 m3/s. Antidunes develop even at discharges as low as 2650 and

6720 m3/s, respectively, for the above mentioned stations.
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The Froude number at Hardinge Bridge and Baruria ranges from 0.021 to 0.322 and

0.029 to 0.315, respectively. Antidunes can develop only when the Froude number is greater

than 0.8 (Van Rijn, 1993), although this method predicts bed form as antidune for 202 data

sets at Hardinge bridge and 181 data sets at Baruria.

Garde and Ranga Raju (1970) suggested that in an alluvial channel an upper and a

lower flow regimes exist, separated by a transition zone. However, all discharges in the river

Ganges, for the stations Hardinge Bridge and Bm.uria, predicted by Garde and Ranga Raju
(1970) method are, in the lower flow regime.

5.2.2.2 Garde and Ranga Raju (1970) method
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Brownlie (1983) classified bed forms as lower and upper flow regImes with a

transition in between them. The flow in the river Ganges by applying the Brownlie method
is found to be in the lower flow regime.

The Garde and Ranga Raju method predict velocities better when flows are in the

moderate range. The percentage of error of velocities predicted by Garde and Ranga Raju

(1970) method with respect to the computed velocities and the MNE are shown in Table A.2

of Appendix-A. The predicted velocities lie within :f:30 percent error range when measured

flow ranges from 10,000 to 47,771 m3/s and from 9360 to 78400 m31s for the stations

Hardinge Bridge and Baruria, respectively. The percentage of error increases with the

reduction of flow. At low discharges, this method predict velocities with very large positive

errors. Similar is the case for very high discharges. With the increase of discharge in the

higher range, predicted velocities give negative errors, i.e. the method under-predict the

velocities. For the stations Hardinge Bridge and Bm.uria the computed velocities ranges from

0.159 to 3.535 mls and from 0.191 to 3.14 mis, respectively. The predicted velocities varies

from 0.71 to 2.48 mls and from 0.54 to 1.98 mis, respectively. At Hardinge Bridge 13.00%

and at Baruria 28.6% predicted velocities lie within :f:30percent error range. For velocity, the

MNE for the above two stations are 218.88 and 62.02 percent, respectively.

Brownlie (1983) method5.2.2.3



The percent of error of depths and velocities predicted by Brownlie method with

respect to the computed values and the MNE are shown in Tables A.3 and A.4, respectively

of Appendix-A. This method predict depths and velocities better when the flows are moderate.

At Hardinge Bridge, 62.62% data having computed velocities below 0.53 mls and discharges

between 1200 and 5543 m3/s under-predicts and gives 50% to 100% negative errors for the

predicted depths. On the other hand, when these data are used for predicting velocities give

large positive errors ranging from 51% to more than 150%. When discharge is large, the

Brownlie method gives large positive error for depth and large negative error for velocity. For

Hardinge Bridge 21.23% predicted depths having discharges ranging from 5130 to 42952 m3/s

and computed velocities ranging from 0.58 to 2.09 m/s lie within ::I: 30% error ranges. For

Baruria 41.76% predicted depths having discharges ranging from 4650 to 62600 m3/s and

computed velocities ranging from 0.43 to 1.85 m/s are within ::I: 30% error ranges.

When used for predicting velocities, 20.48% data at Hardinge Bridge and 44.19% data

at Baruria fall within ::1:30percent error range. The discharges of these data ranges from 5710

to 46943 m3/s and 4700 to 78400 m3/s, respectively. The MNE for depths and velocities for

the station Hardinge Bridge are 46.07 and 95.55 percent and for Baruria is 35.40 and 34.43
percent, respectively.

5.2.2.4 White et aI. (1987) method

White et al. (1987) introduced a frictional relationship which effectively describes the

friction associated with ripple and dune bed corresponding to lower flow regime and the

friction associated with plane bed, standing waves, antidunes and chutes and pools

corresponding to higher flow regime. According to this method flows in the river Ganges,

both at Hardinge Bridge and Baruria, corresponds to lower flow regime.

The percent of error of velocities predicted by White et al. (1987) method with respect

to the computed velocities and the MNE are shown in Table A.5 of Appendix-A. Like most

of the overall rouglmess predictors, White et al. method predict velocities better when the

flows are in the moderate range. For the station Hardinge Bridge the computed velocities

ranges from 0.159 to 3.535 mls and at Baruria from 0.191 to 3.140 mis, while the predicted

velocities ranges from 0.726 to 1.532 m/s and from 0.484 to 1.243 mis, respectively. For

predicted velocities within ::1:30percent error range, the measured discharge ranges from 8050
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Karim (1995) classified bed forms as lower, transition and upper regimes. Transition

regime begins as the bed form height begins to decrease and dunes are gradually washed-out

leading to plane bed. Upper regime is limited to flows with flat bed and non-breaking
antidunes.

Karim (1995) method5.2.2.5

to 42952 m
3
/s and from 6000 to 5 I000 m3/s, respectively. As the flow decreases the

percentage of error increases giving large positive errors. Similar is the case for high

discharges. With the increase of discharge the error of predicted velocity increases, giving

large negative error. At Hardinge Bridge 12.89% and at Baruria 26% predicted velocities lie

within i:30 percent error range. For velocities, the MNE at Hardinge Bridge and Baruria are
190.72% and 55.5 I%, respectively.

From data analysis it is found that regime of flow predicted by Karim method is

distinct at Hardinge Bridge. Lower regime is found to exist for flows upto 13,300 m3/s.

However, all flows below 12,500 m3 Is are within lower flow regime. In the transition regime,

the discharge ranges between 12,500 and 29,000 m3/s. The upper flow regime begins when

the discharge is 28,500 m3ls. At Baruria the flow regimes are overlapping to one another.

Lower regime exists for discharges upto 36,100 m3/s, while transition begins at 15,400 m3/s.

Similarly, while the transition regime exists upto 99,000 m3/s, the upper regime begins at
67,100 m3ls.

The percent of error of depths and velocities predicted by the Karim (I 995) method

with respect to the computed values and the MNE are shown in Tables A.6 and A.7,

respectively, of Appendix-A. For the river Ganges, the Karim method predict depths and

velocities in transition and upper regimes better than those at the lower regime. For the upper

regime at Hardinge Bridge 98.04% depths and 9 I. I 8% velocities and at Baruria 100% depths

and 100% velocities lie within i:30 percent error ranges. For transition regime 70.4% and

99.5% depths and 47.96% and 95.79% velocities lie within :1:30percent error ranges. When

the discharge or velocity is low, Karim method gives erroneous result. At lower regime it

under-predicts depth and over-predicts velocity. At Hardinge Bridge out of 723 lower regime

flows only 39 depths and 6 velocities lie within i:30 percent error range. For depth the MNE

at Hardinge Bridge and Baruria are 43.15 percent and 18.97 percent and for velocities the
MNE are 90.7I and 26.92 percent, respectively.
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Shen (I 962) method predicts depth when velocity, slope and grain size are known. For

prediction of the depth the Shen method is equally applicable to both at high and at low
discharges.

Einstein and Barbarossa (1952) method

Shen (1962) method

Engelund and Hansen (1967) method

5.2.2.6

5.2.2.7

The percent of error of depths predicted by Einstein-Barbarossa method with respect

to the computed depths and the MNE are shown in Table A.8 of Appendix-A. This method

predict depths better when velocities are moderate to high, in the range of 1.5 to 2.85 m/s.

At very high velocity, the predicted depth is larger than the computed depth with large

positive error, while at low velocity the predicted depth is smaller than the computed depth

with large negative error. At Hardinge Bridge 10.40% and at Baruria 27.55% predicted depths

lie within ::1:30percent error range. For depth, the MNE at Hardinge Bridge and Baruria are

78.18 and 53. I7 percent, respectively. It does not predict bed form.

The Einstein-Barbarossa (I952) method is the pioneer of the prediction of depth-

discharge relationship based on the division of total depth into the depth required to overcome

the grain roughness and the depth required to overcome the bed form.

The percent of error of depths predicted by Shen method with respect to the computed

depths and the MNE are shown in Table A.9 of Appendix-A. At Hardinge Bridge 48.53% and

at Baruria 47.66% predicted depths are found to lie within ::1:30percent error range. For depth,

the MNE for the stations Hardinge Bridge and Baruria are found as 28.83 and 42.10 percent,
respectively. This method does not predict bed form.

5.2.2.8

According to the Engelund-Hansen (I967) method, the bed forms are classified as

lower regime with ripple and dune bed, upper regime with standing waves and plane bed and
higher regions of the upper regime with antidunes.
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Alam and Kennedy (1969) method5.2.2.9

Alam and Kennedy (1969) determined flat bed friction factor f ' using the graphical

predictor presented by Lovera and Kennedy (1969). The Lovera-Kennedy chart presents grain

friction factor f' as a function of Reynolds number UR/v for constant values of relative depth

Rb/Dso. For wide channels, the overall hydraulic radius related to bed ~ is the same as the

overall hydraulic radius R. Lovera-Kennedy chart predicts f' for Reynolds number ranging

from 2.5x10
4

to 5x10
6
and relative depth R/Dso ranging from lxlO+2 to 125xl0+2, For

Hardinge Bridge and Baruria the Reynolds number ranges from 0.66x106 to 45.74xl06 and

from 0.83xl0
6
to 33.33xl0

6
and relative depth ranges from 202x102 to 929xl02 and from

220xl0
2
to 907xl0

2

, respectively. Therefore it is clear that lovera-Kelmedy chart does not

cover the required range for predicting grain friction factor f ' both for Hardinge Bridge and
Bm'uria.

At Hardinge Bridge the lower regime exists for flow upto 7520 m3/s while upper flow

regime exists for flows ranging from 5130 to 10200 m3/s. When the discharge is below 5130

m
3

/s, the flow is entirely in the lower regime. At Baruria the lower regime exists for flows

upto 20100 m
3

/s while upper regime exits for flows ranging from 13800 to 31400 m3/s. The

higher regions of upper flow regime at Hardinge Bridge and Baruria begin when the flows
are 9730 m3/s and 15400 m3/s, respectively.

The percent of error of depths and velocities predicted by Engelund-Hansen (1967)

method with respect to the computed values and the MNE are shown in Tables A.I 0 and

A.II, respectively, of Appendix-A. The Engelund-Hansen method predicts depths and

velocities better in higher regions of upper regime flow than in the lower and upper regimes.

At Hardinge Bridge 17.35% predicted depths and 16.25% predicted velocities and at Baruria

66.81 % predicted depths and 52.57% predicted velocities lie within :l:30 percent error range.

The MNE for predicted depths at Hardinge Bridge and Baruria are 43.98 and 22.86 percent
while for velocities are 87.56 and 28.10 percent, respectively.

According to the Alam-Kennedy method, the form drag friction factor f " is

determined as a function of relative depth for constant values of grain Froude number

U!V(gDso) and constant values of grain Froude number U!V(gR) using a chart. This chart

covers a wide range of relative depth from Ix 102to Ixl 05"and is constructed for grain Froude
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number ranging from 5 to 35 and Froude number ranging from 0.10 to 0.75. For predicting

f " this range of relative depth has no difficulty for all data groups. However, the Froude

number at Hardinge Bridge and Baruria ranges from 0.021 to 0.332 and from 0.029 to 0.315

and grain Froude number ranges from 4.17 to 92.28 and from 5.16 to 84.72, respectively.

Again there arises some difficulties in using Alam-Kennedy chart for predicting f ". Although

the Alam-Kennedy method requires a trial- and- error solution, it has been included in our

study but could not be applied for predicting roughness since the graphical charts for

predicting f ' and f " do not cover most of the data of Hardinge Bridge and Baruria.

Van Rijn (1993) gave a complete method to classify bed form, shape and dimensions

of bed forms and roughness of alluvial river. When Van Rijn' s transport stage parameter T

is negative, there is no movement of sediment. Both at Hardinge Bridge and Bm.uria the

sediment particles on bed begin to move when the flow velocity is 0.3 mls and above. For

flow velocity upto 0.299 mis, the particles on bed remain at rest. When the velocity in

between 0.301 and 0.665 mis, the bed form is ripple and for between 0.666 and 1.12 mls the

bed form is ripple superimposed dune. Dunes exist when the velocity is equal to or less than

1.73 mls and the upper regime flow exists when the flow velocity is more.

At Hardinge Bridge mini ripple bed forms form for discharges ranging from 1360 to

8960 m
3

/s. Ripples superimposed dune and dune type bed forms exist when the discharge

ranges from 5710 to 16400 m3/s and from 12500 to 32000 m3/s, respectively. All flows above

32000 m% are in the upper regime. At Baruria, ripple type bed from exists when the

discharge ranges from 4180 to 18800 m3/s. Ripple superimposed dune and dune bed exists for

flows with discharge ranging from 9800 to 34500 m3Is and from 22200 to 61600 m3Is,
respectively. All flows above 61600 m3/s are obviously in upper regimes.

The Van Rijn (1993) method predicts depth better in dune and upper regimes. The

percent of error of depths predicted by this method with respect to the computed depths and

the MNE are shown in Table A.12 of Appendix-A. At Harding Bridge 16.9% and at Baruria

33.97% computed depths lie within ::1:30percent error range, respectively. The MNE for
depths are 68.99 and 48.52 percent, respectively.



5.2.3 Remarks

From the results obtained it may be observed that, at low discharges, except the Shen

(1962) method, other five methods which predicts depth, the predicted depth both at

Hardinge Bridge and Baruria are lower than the computed ones. The Einstein-Barbarossa

(1952) and the Van Rijn (1993) methods seem to fail to predict the depth accurately when the

discharge is very low. The Engelund (1967) and the Karim (1995) methods also predict the

depth lower than the computed depth when the discharge is low. However, they produce much

better results than the Einstein. & Barbarossa (1952) and Engelund-Hansen (1967) methods.

The Shen (1962) method predicts the depth lower than the computed for Hardinge Bridge and

highest for Baruria at low discharges. The depth predicted by the Van Rijn (1993) method

is the largest at high discharges. The Brownlie (1983), Einstein-Barbarossa (1952), Shen

(1962) and Engelund-Hansen (1967) methods also predict the depth higher than the computed

depth at high discharges. Only the Karim (1995) method computes depth very close to the

computed depth at high discharges.

From the results it may also be observed that all "the five methods based on overall

roughness predict velocities higher than the computed values when the discharge is low. At

very low discharges the Garde-Ranga Raju (1970) and the White et al. (1987) methods do not

seem to predict velocity accurately. The Simons-Richardson (1966), Brownlie (1983) and

Karim (1995) methods also do not seem to predict the velocity accurately, but these methods

appear to be somewhat better than the Garde-Ranga Raju (1970) and White et al. (1987)

methods at low discharges. The Simons and Richardson (1966) method predicts velocity

more close to the computed velocity than the other four overall roughness predictors. At high

discharges, the Simons and Richardson (1966) and the Karim (1995) methods seem to predict

velocity close to the computed velocity.

Among the methods selected, based on division of roughness, only the Engelund-

Hansen (1967) method predicts velocity. Like the overall roughness predictors, the predicted

velocity by Engelund-Hansen (1967) method is higher than the computed velocity at low

discharges. At high discharges, however, this method under-predicts velocity.

Based on the percentages of predicted values lying within some fixed error ranges and

the MNE of the predicted depth and velocity the methods are ranked such that the method

showing the maximum number of predicted values within some specified error ranges and the

minimum MNE has the rank of 1, the method having the next lower number of predicted

values within the same error ranges and the next higher" MNE has the rank of 2 and so on.
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Percentages of depths lying within i:30% of error ranges predicted by different

roughness predictors at Hardinge Bridge and Baruria are shown in Figures 8.1 and B.2,

respectively of Appendix-B. Also the MNE for predicted depths and the percentages of

predicted depths lying within specified error ranges by different roughness predictors at

Hardinge Bridge and Baruria are given in Table 5.1. Considering the percentage of predicted

depths in the error ranges, the Shen (1962), Karim (1995) and Brownlie( 1983) methods rank

1,2 and 3 at Hardinge Bridge and Karim (1995), Engelund- Hansen (1967) and Shen (1962)

methods rank 1,2 and 3 at Baruria. Comparing the results presented in Table 5.1 it is

apparent that the predicted results are considerably better at Baruria than at Hardinge Bridge.

The MNE for predicted depths by different roughness predictors at Hardinge Bridge

and Bm'uria are shown in Figures B.3 and B.4, respectively of Appendix-B. On the basis of

the MNE of depth, the Shen (1962), Karim (1995) and Engelund-Hansen (1967) methods rank

1,2 and 3, respectively at Hardinge Bridge. At Baruria, however, the Karim (1995), Engelund-

Hansen (1967) and Brownlie (1983) methods rank 1, 2 ai1d 3 respectively.

The MNE for predicted velocities and the percentages of predicted velocities lying

within specified error ranges by different roughness predictors at Hardinge Bridge and Baruria

are given in Table 5.2. Considering percentage of error of predicted velocities at Hardinge

Bridge the Brownlie (1983), Engelund-Hansen (1967) and Karim methods and at Baruria the

Karim (1995) Engelund-Hansen (1967) and Brownlie (1983) methods rank 1,2 and 3,

respectively (Figures B.5 and 8.6 of Appendix-B). The Shen method does not predict the

velocities as because the velocities are the known parameters to this method. Considering the

MNE for the velocities at Hardinge Bridge, the Engelund- Hansen (1967), Karim (1995) and

Brownlie (1983) methods and at Baruria the Karim(1995), Engelund-Hansen (1967) and

Brownlie (1983) methods rank 1,2 and 3, respectively (Figures 5.7 and 5.8)

The final choice of the methods applicable for the river Ganges will be made later in

this chapter after comparing the values of n, C and f predicted by different methods with

those obtained by the Manning, Chezy and Darcy- Weisbach formulas directly.
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Table 5.1
Percentage of predicted depths lying within specified error ranges by different roughness predictors

I-'
o
o

Roughness predictor MNE for depth Percentage of predicted depths lying within specified error ranges
H.Bridge Baruria Hardinge Bridge Baruria

:J::I0% :J::20% :J::30% :J::I0% :J::20% :J::30%
Brownlie (1983) 46.07 35.40 5.53 13.65 21.24 16.12 29.12 41.76
Karim (1995) 43.15 18.97 8.02 13.33 22.54 33.62 58.06 78.34
Einstein & Barbarossa (1952) 78.18 53.17 3.79 6.39 10.40 9.70 17.67 27.55
Shen (1962) 28.83 41. 98 22.86 36.08 48.54 18.37 34.52 47.61
Engelund & Hansen (1967) 43.98 22.86 5.64 11.08 17.35 20.28 41.60 68.81
Van Rijn (1993) 68.99 48.52 5.85 11.16 16.90 10.06 21.33 33.96



Table 5.2
Percentages of predicted velocities lying within specified error ranges different roughness predictors

I-'
o
I-'

Roughness predictor MNE for velocity Percentages of predicted velocities lying within specified error
ranges

H.Bridge Baruria Hardinge Bridge Baruria
:1:10% :1:20% :1:30% :1:10% :1:20% :1:30%

Simons & Richardson (1966) 225.62 71.59 5.20 9.64 13.54 10.57 21.14 32.52Garde & Ranga Raju (1970) 218.88 62.02 4.45 9.00 13.01 8.49 17.85 28.60Brownlie (1983) 95.55 34.43 5.74 13.10 20.47 16.63 28.08 44.89White et al. (1987) 190.72 55.51 3.79 8.02 12.89 11.26 18.54 26.00Karim (1995) 90.71 26.92 7.80 10.94 15.82 32.75 53.03 65.16
Engelund-Hansen (1967) 87.56 28.10 5.20 11.05 11.25 21.50 41.25 62.56



5.3 Computation of the Roughness Parameters

5.3.1 General

It has already been stated that out of 13 (thirteen) roughness predictors 4 (four) does

neither predict the depth nor the velocity. They can not be compared on the basis of predicted

depth and/or velocity. But it is possible to predict roughness parameters n, C and f by all the

13 methods. In this section, the numerical values of the roughness parameters obtained by the

different methods are compared with those obtained by the Manning, Chezy and Oarcy-

Weisbach formulas. As before the results are expressed in terms of the predicted values lying

within the specified error ranges and the MNE with respect to the computed roughness
parameters n, C and f.

It is to be noted that Manning, Chezy and Oarcy- Weisbach formulas are valid for

steady and uniform flows and for rigid boundary channels and not for alluvial channels where

cross-section and thus velocity of flow and other flow parameters are continuously changing.

However, assuming the river flow as quasi-steady and quasi-uniform these methods are widely

used for predicting the roughness parameters.

It is also to be noted here that some of the methods considered in this study are based

on total roughness and some are based on division of roughness. The Manning, Chezy and

Oarcy- Weisbach formulas give only the total roughness. Hence the comparison with these

formulas can only be made on the basis of total roughness. The Strickler formula (Strickler,

1923) can be used to compute the values of Manning's grain roughness n'. It is a consensus

among the various researchers that this formula gives the grain roughness value n' for both

rigid and mobile bed channels, although there is considerable controversy regarding the value

of Ks in this formula. Various researchers suggested values of K
s
ranging from 0

50
to 5. I 0

84

as given in Art. 2.3.7. Hopefully, the numerical value of n' is not very much sensitive to K
s

since n' 0: Ks 1/6. Considering various values of Ks' it is found that the numerical value of n' at

Hardinge Bridge varies from 0.0109 (when Ks = 050) to 0.0147 (when K
s

= 5.1 D
84
) and that

at Baruria from 0.0108 to 0.0148.

In the following two sections the roughness parameters predicted by different methods

are compared with those computed by the Manning, Chezy and Oarcy- Weisbach formulas. For

brevity, the comparison is made on the basis of Manning's n only. The numerical values of
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n, C and f obtained by different methods indicate that the methods which show close

compliance with the Manning formula normally show close compliance with the Chezy and

Darcy-Weisbach formula also. This is why detailed comparisons on the basis of Chezy's C

and the Darcy- Weisbach friction factor f are not presented.

5.3.2 Roughness parameters by Manning, Chezy and Darcy-Weisbach formulas

The roughness parameters n, C and f have been computed by the Manning, the Chezy

and the Darcy- Weisbach formulas, respectively, utilizing data for the stations Hardinge Bridge

and Baruria and are termed as computed roughness parameters. From analysis of 923 data sets

for Hardinge Bridge, the minimum values of the roughness parameters nand f and the

maximum value of Care 0.0109, 0.0042 and 136.02, respectively while the maximum values

of roughness parameters nand f and the minimum value of Care 0.1589, 0.9960 and 8.88,

respectively. For 577 data sets of Baruria the minimum values of nand f and the maximum

value ofC are 0.0092, 0.0032 and 156.10, respectively. and the maximum values ofn and f

and the minimum value ofC are 0.0902,0.3794 and 14.38, respectively. The variation of the

roughness parameters n, C and f with discharge at Hardinge Bridge and Baruria are shown

in Figures 5.1 and 5.2, respectively. For both the stations the values of nand f decrease with

increasing discharge while the values of C increase with increasing discharge. At Hardinge

Bridge the maximum n value is 14.58 times larger than the minimum n value and the

maX1l11l1mf value is 237.14 times larger than the minimum f value. For Chezy's C the

maXll11umvalue is 15.31 times larger than the minimum value. Similarly at Baruria the

maximum n, fand C values are 9.85,118.56 and 10.85 times larger than the minimum values.

Among the roughness parameters the Manning's n has the advantage that it varies with

discharge less than the Chezy's C and friction factor f.

5.3.3 Roughness parameters predicted by different methods

5.3.3.1 Simon and Richardson (1966) method

The comparison between the computed values of Manning's n using Manning formula

and predicted values of Manning's n using the Simon and Richardson (1966) method at

Hardinge Bridge and Baruria are shown in Figures 8.9 and 8.10, respectively, of Appendix-B.

Similar to the computed Manning's n the predicted value decreases with increasing discharge.

At high discharges it becomes almost constant. At low discharges the predicted values are
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much lower than the measured value both at Hardinge Bridge and Baruria. The variation of

the predicted andThe variation of the predicted and computed values of Manning's n with

discharges are given in Table AI3 of Appendix-A At Hardinge Bridge the predicted values

of Manning's n is maximum when the predicted bed form is ripple, moderate when the bed

form is dune and minimum when the bed form is in transition. Both for Hardinge Bridge and

Bm.uria, although the ranges of predicted Manning's n are wide, there is a discontinuity of

predicted roughness between ripple and dune and between dune and transition. The Manning's

n value ranges from 0.030 to 0.0344 for ripple and from 0.012 to 0.0190 for dune and it is

almost constant when the bed form is in transition lying between 0.0083 and 0.0087.

The MNE for Manning's n predicted by Simons and Richardson method at Hardinge

Bridge and Baruria are 57.57 and 45.01 percent, respectively (Table A14 of Appendix-A).

For Hardinge Bridge and Bm'uria 19.93% and 24.97% predicted roughness coefficients lie

within :J:30percent error range. For Chezy's C and Darcy- Wiesbach f the MNE at Hardinge

Bridge are 225.60 and 77.81 percent and at Baruria 56.08 and 102.13 percent, respectively.

5.3.3.2 Garde and Raga Raja (1970) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Garde and Raga Raja (1970) method at Hardinge Bridge and Baruria are

shown in Figures B.l1 and B.12, respectively, of Appendix-B. The roughness coefficient n

predicted by the Garde and Raga-Raju method does not seem to respond properly with change

in bed form, velocity and discharge. The variation of the predicted and computed values of

Manning's n with discharges are given in Table A15 of Appendix-A At Hardinge Bridge the

predicted value of Manning's n are practically constant ranging from 0.0217 to 0.0222. At

Baruria the values of Manning's n is maximum at low discharges. The predicted value of

Manning's n at Baruria varies in a narrow range from 0.0187 to 0.0217.

The MNE for Manning's n predicted by the Garde and Raga Raju (1970) method at

Hardinge Bridge and Baruria are 61.14% and 49.27%, respectively (Table A16 of Appendix-

A). At Hardinge Bridge 13.76% and at Baruria 27.21% predicted roughness coefficient n lie

within :J:30percent error range. The MNE for Chezy's C and Darcy- Weisbach f for the station

Hardinge Bridge are 218.85 and 87.43 percent and for Baruria 62.02 and 110.40 percent,
respecti vely.
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5.3.3.3 Brownlie (1983) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Brownlie (1983) method at Hardinge Bridge and Baruria are shown in

Figures B.13 and B.14, respectively, of Appendix-B. The predicted values of the Manning's

n by this method increases with increasing discharge while the value computed by Manning

formula increases with decreasing discharge. The variation of the predicted and computed

values of Manning's n with discharge is given in Table A.17 of Appendix-A. At Hardinge

Bridge the predicted value of Manning's n ranges from 0.0202 to 0.0295 and at Baruria from

0.0200 to 0.0279, respectively. The minimum values of Manning's n are only 31.52% and

28.31 % smaller than the maximum values at these two stations, respectively.

The MNE for Manning's n at Hardinge Bridge and Baruria are 65.45%, and 63.36%,

respectively (Table A.18 of Appendix-A). At Hardinge Bridge 12.90% and at Baruria 26.17%

predicted values of roughness coefficient n lie within :1:30percent error range. The MNE for

Chezy's C and Darcy-Weisbach fat Hardinge Bridge are 182.29 and 96.54 percent and at

Baruria 53.81 and 142.36 percent, respectively.

5.3.3.4 White et al. (1987) method

The comparison between the values of Manning's n computed by MaIming formula

and predicted by White et al. (1989) method at Hardinge Bridge and Baruria are shown in

Figures B.15 and B.16, respectively, of Appendix-B. The variation of predicted Manning's

n with discharge is opposite to what usually happens in natural channels. HO\vever, the

variation with discharge is so small that both for Hardinge Bridge and Baruria the n- values

may be considered as constant. The variation of the predicted and computed values of

Manning's n with discharges are shown in Table A.19 of Appendix-A. The predicted

Manning's n ranges from 0.0214 to 0.0280 at Hardinge Bridge and from 0.0206 to 0.0271 at

Baruria. It seems that the roughness predicted by the White et al. method fails to respond with

change in bed form, velocity and discharge. The minimum value of Manning's n is only 24%

lower than that of the maximum value both at Hardinge Bridge and Baruria.

The MNE for predicted Manning's n at Hardinge Bridge and Baruria are 62.26% and

58.90%, respectively (Table A.20 of Appendix-A). At Hardinge Bridge 13.97% and at Baruria
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27.91 % predicted Manning's n lie within :1:30percent error range. The MNE for Chezy's C

and Darcy-Weisbach fat Hardinge Bridge are 190.69 and 98.95 percent and at Baruria 55.52

and 153.61 percent, respectively.

5.3.3.5 Karim (1995) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Karim (1995) method at Hardinge Bridge and Baruria are shown in

Figures B.17 and B.18, respectively, of Appendix-B. At high discharges the predicted values

of Manning's n are constant. The prediction of the Manning's n at Baruria is better than that

at Hardinge Bridge when the computed Manning's n lies between 0.0135 and 0.0300. The

variation of the predicted and computed values of Manning's n with discharges is given in

Table A.21 of Appendix-A. At Hardinge Bridge in the lower flow regime the computed

Manning's n lies between 0.0248 and 0.1589 while the predicted Manning's n lies between

0.0152 and 0.0241. In the transition regime, the computed Manning's n lies between 0.0148

to 0.0377 and the predicted Manning's n lies between 0.0133 and 0.0170. In the upper flow

regime the computed Manning's n lies between 0.0109 and 0.0248 while the predicted n value

is fixed and is equal to 0.0133. At Baruria in the lower flow regime the predicted n value

ranges from 0.0137 to 0.0239 while the computed Manning's ranges from 0.0207 to 0.0907.

For the upper flow regime the predicted n value is 0.0132 while the computed Manning's n

lie between 0.0092 and 0.0120.

The MNE for roughness coefficient n predicted by the Karim (1995) method at

Hardinge Bridge and Baruria are 59.00% and 28.77%, respectively (Table A.22 of Appendix-

A). At Hardinge Bridge 12.57% and at Baruria 54.25% predicted roughness coefficient n lie

within :1:30percent error range. The MNE for Chezy's C and Darcy- Weisbach fat Hardinge

Bridge are 170.38 and 76.08 percent and at Baruria 44.90 and 43.95 percent, respectively.

5.3.3.6 Einstein and Barbarossa (1952) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Einstein-Barbarossa (1952) method at Hardinge Bridge and Baruria are

shown in Figures B.19 and B.20, respectively, of Appendix-B. The variation of predicted

Manning's n with discharge is reverse to what usually happens in natural channels. However,
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both at Hardinge Bridge and Baruria the predicted n values are constant in nature. The

variation of predicted and computed Manning's n with discharges are given in Table A.23 of

Appendix-A. The grain roughness computed by this method is minimum at low discharges,

increases with increasing discharge and attains its maximum value at peak discharges. At

Hardinge Bridge, the predicted minimum grain roughness is 0.0098 and maximum is 0.0149

and at Baruria these values are 0.0102 and 0.0150, respectively. The variation is quite gradual.

The form roughness increases with increasing discharge, but again decreases at high

discharges. At Hardinge Bridge the predicted minimum and maximum values of n are 0.0009

and 0.0036 and at Baruria these values are 0.001 and 0.0039, respectively. According to the

Einstein-Barbarossa method, the form roughness in a real channel is never zero. The form

roughness predicted by this method is a minor fraction of grain roughness, but it is the

principal constituent of the total roughness predicted by most of the methods. At Hardinge

Bridge the predicted total roughness n has a maximum value of 0.0165 while the computed

maximum value n is 0.1589. At Baruria the predicted Manning's n has a maximum value of

0.0172 while the computed maximum is 0.0907.

The MNE for Manning's n predicted by the Einstein and Barbarossa (1592) method

at Hardinge Bridge and Baruria are 68.49% and 40.19%, respectively (Table A.24 of

Appendix-A). At Hardinge Bridge 15.08% and at Baruria 38.30% predicted MaIming's n lie

within :!::30percent error range. For Chezy's C and Darcy-Weisbach f the MNE at Hardinge

Bridge are 244.48 and 78.17 percent and at Baruria 64.93 and 53.14 percent, respectively.

5.3.3.7 Shen (1962) method

The Comparison between the values of Manning's n computed by Manning formula

and predicted by the Shen (1962) method at Hardinge Bridge and Baruria are shown in

Figures B.21 and B.22, respectively, of Appendix-B. The variation of Manning's n with

discharges is given in Table A.25 of Appendix-A. It is found that the predicted grain

roughness decreases with decreasing velocity or discharge while the form rouglmess decreases

with increasing velocity or discharge. The variation of grain rouglmess with increase in

discharge is mild. For lean period flow, the Manning grain roughness is as low as 0.0099 at

Hardinge Bridge and 0.0102 at Baruria. For flood flow the maximum values of the grain

roughness predicted are 0.0149 and 0.0150, respectively. During lean period the form

roughness n is5 to 7 times larger than the gram roughness. For lean period flow the
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maximum values of form roughness computed at Hardinge Bridge and Baruria are 0.0646 and

0.0669, respectively. At high discharges the form roughness gradually decreases and ultimately

becomes zero.

The MNE for roughness coefficient n predicted by using the Shen (1962) method at

Hardinge Bridge and Baruria are 20.74% and 25.55%, respectively (Table A.26 of Appendix-

A). For Hardinge Bridge and Baruria, 66.20% and 64.47% of the predicted Manning's n lie

within :f:30 percent error range. For Chezy's C and Darcy-Weisbach fthe MNE at Hardinge

Bridge are 21.10 and 28.82 percent and at Baruria 14.36 and 42.11 percent, respectively.

5.3.3.8 Engelund and Hansen (1967) method

The comparison between the predicted and computed values of Manning's roughness

coefficient n at Hardinge Bridge and Baruria are shown in Figures B.23 and B.24,

respectively, of Appendix-B. Both at Hardinge Bridge and Baruria there is a discontinuity of

predicted roughness. At lower flow regime the computed Manning's n is much higher than

the predicted value of n. In predicting alluvial roughness by the Engelund-Hansen method,

it is found that the grain roughness is the dominant part of the total roughness. The variation

of Manning's n with discharges is shown in Table A.27 of Appendix-A. The grain roughness

increases with increasing discharge, but the range of variation is narrow. The form roughness

decreases with increasing discharge at the lower flow regime, becomes zero at the upper

regime and then again increases at higher regions of the upper flow regime.

The MNE for the Manning roughness coefficient n predicted by the Engelund and

Hansen (1967) method are 61.52% and 36.73% at Hardinge Bridge and Baruria, respectively.

The percentage of error of the predicted roughness coefficient n with respect to the computed

value and the MNE are shown in Table A.28 of Appendix-A. At Hardinge Bridge 10.31% and

at Baruria 37.27% of the predicted Manning's n lie within :f:30 percent error range. For

Chezy's C and Darcy-Weisbach fthe MNE at Hardinge Bridge are 162.21 and 84.13 percent

and at Baruria 45.45 and 64.40 percent, respectively.
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5.3.3.9 Vanoni and Hwang (1967) method

Bed form dimensions by Vajda (1990) method

Comparison between the values of Manning's n computed by Manning formula and

predicted by the Vanoni and Hwang (1967) method with bed form dimensions by Vajda

(1990) at Hardinge Bridge and Baruria are shown in Figures B.25 and B.26, respectively, of

Appendix-B. The predicted roughness at Baruria seems to be more accurate than at Hardinge

Bridge. At Baruria the predicted value covers almost the entire middle range and shows a

good accuracy when Manning's n lie between 0.02 and 0.04. Predicted Manning's n is lower

than the computed Manning's n at low discharges and higher at high discharges. The variation

of the predicted and computed values of Manning's n with discharges are given in Table A.29

of Appendix-A. The predicted values of Manning's n at Hardinge Bridge and Baruria ranges

from 0.0163 to 0.0494 and from 0.0107 to 0.0519, respectively. The grain roughness

coefficient at Hardinge Bridge and Bal'uria ranges from 0.0096 to 0.0138 and from 0.0097 to

0.0141, respectively. The variation of the form roughness is large ranging from 0.0025 to

0.0398 at Hardinge Bridge and from 0.0026 to 0.0422 at Baruria.

The percentage of error of the roughness coefficient n predicted by Vanoni and Hwang

(1967) method using the bed form dimensions predicted by Vajda (1990) and the MNE for

Manning's roughness value n are given in Table 5.30. The MNE for Manning's n at Hardinge

Bridge and Bal'uria are 58.25% and 151.63%, respectively. At Hardinge Bridge 19.82% and

at Baruria 11.09% computed Manning's n lie within :J:30%error range. The MNE for Chezy's

C and friction factor f by this method at Hardinge Bridge are 93.02 and 129.71 percent and

at Bal'uria 80.58 and 246.79 percent, respectively.

Bed form dimensions by Yalin (1992) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Vanoni and Hwang (1967) method with bed form dimensions by Yalin

(1992) at Hardinge Bridge and Baruria are shown in Figures B.27 and B.28, respectively, of

Appendix-B. The prediction of roughness at Baruria is much better than that at Hardinge

Bridge. At Baruria the predicted values of Manning's n lie in the middle range and are very

close to the computed values specially when the computed values lie between 0.02 and 0.04.
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The variation of the predicted and computed values of Manning's n with discharges are shown

in Table A.31 of Appendix-A. The predicted values of Manning's n at Hardinge Bridge and

Baruria ranges from 0.0246 to 0.0333 and 0.0217 to 0.0335, respectively. The grain roughness

coefficient, which is almost constant, ranges from 0.0113 to 0.0129 at Hardinge Bridge and

from 0.0116 to 0.0121 at Baruria. The grain roughness increases slightly with increasing

discharge. The variation of form roughness coefficient is, however, relatively large. The form

roughness n" is small at low discharges and increases with increasing discharge.

The percentages of error of the roughness coefficient n predicted by the Vanoni and

Hwang (1967) method using the bed form dimensions predicted by Yalin (1992) and the MNE

are given in Table A.32 of Appendix-A. The MNE for Manning's n at Hardinge Bridge and

Baruria are 61.25% and 82.34%, respectively. At Hardinge Bridge 15.28% and at Bm'uria

26.52% predicted Manning's n lie within :l:30 percent error range. The MNE for Chezy's C

and friction factor f by this method at Hardinge Bridge are 132.95 and 116.70 percent and at

Baruria 50.82 and 266.64 percent, respectively.

5.3.3.10 Haque and Mahmood(1983) method

Bed form dimensions by Vajda (1990) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Haque and Mahmood (1983) method with bed form dimensions by Vajda

(1990) at Hardinge Bridge and Bm'uria are shown in Figures B.29 and B.30, respectively, of

Appendix-B. At Baruria, the predicted Manning's roughness values show discontinuity

between 0.03 and 0.04. At Hardinge Bridge, although there exists discontinuity in predicted

Manning's n, it is not as sharp as that at Baruria. Both for Hardinge Bridge and Baruria, the

predicted values of Manning's n are always lower than the computed values at low discharges.

For any discharge within the ripple range there may exist two roughness values, one for ripple

bed and the other for dune bed. There is a discontinuity of the values of Manning's n between

the ripples and the dunes. The variation of the predicted and computed values of Manning's

n with discharges are given in Table A.33 of Appendix-A. At Hardinge Bridge the values

of grain roughness n' vary from 0.0099 to 0.0150 and at Baruria from 0.0100 to 0.0154. The

range of the form roughness n" is wide. At Hardinge Bridge it ranges from 0.0001 to 0.0452

while at Baruria it ranges fromO.OOOI to 0.0461.
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The MNE for the predicted Manning's n by the Haque and Mahmood (1983) method

using the bed form dimensions predicted by the Vajda (1990) method at Hardinge Bridge and

Baruria are 56.23 and 163.43 percent, respectively (Table A.34 of Appendix-A). At Hardinge

Bridge 20.48% and at Baruria 10.92% of the predicted Manning's n lie within ::f:30percent

error range. The MNE for Chezy's C and Darcy- Weisbach fat Hardinge Bridge are 88.85 and

126.07 percent and at Baruria are 84.94 and 728.87 percent, respectively.

Bed form dimensions by Valin (992) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Haque and Mahmood (1983) method with bed form dimensions by Yalin

(1992) at Hardinge Bridge and Baruria are shown in Figures 8.31 and B.32, respectively, of

Appendix-B. This method predicts Manning's n lower than the computed values at low

discharges and larger at high discharges. The variation of the predicted and computed values

of Manning's n with discharges are given in Table A.35 of Appendix-A. The predicted values

of grain roughness n' at Hardinge Bridge ranges from 0.0121 to 0.0145 and at Baruria from

0.0126 to 0.0135, respectively. At Hardinge Bridge, it gradually increases with increasing

discharge while at Baruria this range is independent of discharge. However, the variation of

form roughness is wide at both the stations. At Hardinge Bridge it ranges from 0.0083 to

0.0201 and at Baruria from 0.0058 to 0.0189, respectively.

The MNE for Manning's n predicted by the Haque and Mahmood (I 983) method using

the bed form dimensions predicted by the Yalin (1992) method at Hardinge Bridge and

BaJ.uria are 59.63 and 77.23 percent, respectively (Table A.36 of Appendix-A). For Hardinge

Bridge and Baruria only 15.17% and 26.00% of the predicted Manning's n lie within ::f:30

percent error range. The MNE for Chezy's C and Darcy- Weisbach fat Hardinge Bridge are

139.64 and 107.04 percent and at Baruria 55.00 and 236.18 percent, respectively.

5.3.3.11 Shen et al. (1990) method

Bed form dimensions by Allen (1962) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Shen et aL (1990) method with bed form dimensions by Allen (1962)
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at Hardinge Bridge and Baruria are shown in Figures B.33 and B.34, respectively, of

Appendix-B. As is the case with the computed Manning's n, the predicted Manning's n value

decreases with increasing discharge both at Hardinge Bridge and Baruria. The variation of the

predicted values of Manning's n with discharges are given in Table A.37 of Appendix-A. The

grain roughness n' ranges from 0.0043 to 0.0067, attains its maximum value at low discharges

and then decreases with increasing discharge both at Hardinge Bridge and Baruria. The form

roughness n" ranges from 0.0160 to 0.0199 both at Hardinge Bridge and Baruria. In fact, both

the grain roughnesses and form roughnesses predicted by this method are almost constant in
nature.

The MNE for Manning's n computed by the Shen et al. (I990) method using the bed

form dimensions predicted by Allen (I962) at Hardinge Bridge and Baruria are 59.15% and

47.61%, respectively (Table A.38 of Appendix-A). At Hardinge Bridge 13.88% and at Baruria

32.08% predicted Manning's n lie within ::l:30percent error range. The MNE for Darcy-

Weisbach fat Hardinge Bridge and Baruria are 197.63% and 52.92%, respectively.

Bed form dimensions by Vajda (1990) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Shen et al. (1990) method with bed form dimensions by Vajda (I990)

at Hardinge Bridge and Baruria are shown in Figures B.35 and B.36, respectively, of

Appendix-B. The predicted roughness by this method is almost constant in nature. At high

discharge, the computed value of Manning's n is close to the measured value. The variation

of the predicted values of Manning's n with discharges is given in Table A.39 of Appendix-A.

The computed values of grain roughness n' at Hardinge Bridge ranges from 0.0045 to 0.0084

and those for form roughness n" ranges from 0.007 to 0.0249, while those at Baruria range

from 0.0047 to 0.0078 and from 0.0009 to 0.0249, respectively. The grain roughness

gradually decreases with increasing discharge, while the form roughness abruptly increases

when the bed from changes from ripple to dune.

For Manning's n the !vINE at Hardinge Bridge and Baruria are 56.60% and 76.95%,

respectively (Table A.40 of Appendix-A). At Hardinge Bridge 18.10% and at Baruria 17.84%

of the predicted values of Manning's n lie within ::l:30percent error range. For Chezy' s C and

Darcy- Weisbach f the MNE at Hardinge Bridge are 190.02 and 88.67 percent and at Baruria

are 110.28 and 203.45 percent, respectively.
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Bed form dimensions by Yalin (1992) method

The comparison between the values of Manning's n computed by Manning formula

and predicted by the Shen et al. (1990) method with bed form dimensions by Yalin (1992)

at Hardinge Bridge and Baruria are shown in Figures 8.37 and 8.38, respectively, of

Appendix-B. The value of roughness coefficients n computed by this method increases with

increasing discharge when the discharges are low and at relatively high discharges it changes

within a fixed range. The predicted values by this method may be considered constant. The

variation of the predicted values of Manning's n with discharges is given in Table A.41 of

Appendix-A. Predicted values of Manning's n range from 0.0140 to 0.0204 at Hardinge

Bridge and from 0.0 I09 to 0.0194 at Baruria. Both for Hardinge Bridge and Baruria the grain

roughness n' ranges from 0.0045 to 0.0074 and the form roughness n" ranges from 0.0042 to

0.0146. The predicted grain roughness decreases with increasing discharge. The predicted

form roughness at Hardinge Bridge increases with increasing discharge at low discharges. It

attains its maximum value at around 15000 m3/s and then again decreases with increasing

discharge. At Bm'uria the predicted form roughness has a well-identifiable trend of increasing
with increasing discharge,
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The MNE for Manning's n at Hardinge Bridge and Baruria are 61.90% and 46.25%,

respectively (Table A.42 of Appendix-A). At Hardinge Bridge 14.18% and at Baruria 27.39%

of the predicted Manning's n lie within :f:30percent error range. For Chezy's C and Darcy-

Weisbach f, the MNE at Hardinge Bridge are 260.13 and 81.95 percent and at Baruria 83.79
and 87.57 percent, respectively.

Comparison between the values of Manning's n computed by Manning formula and

predicted by the Van Rijn (1993) method at Hardinge Bridge and Baruria is shown in Figures

B.39 and B.40, respectively, of Appendix-B. This method predicts Manning's n with

reasonable accuracy except at very low discharges. However, there is a discontinuity of

predicted roughness values at low discharges, At very high discharges, the predicted values

are larger than the computed values. The variations of the predicted and computed values of

Manning's n with discharges are given in Table A.43 of Appendix-A. According to Van Rijn

method the predicted grain roughness n' for the river Ganges is minimum at low discharges

Van Rijn (1993) method5.3.3.12



and increases with increasing discharge. At peak discharges the maximum values of the grain

roughness coefficient n' are 0.0197 and 0.0195 for Hardinge Bridge and Baruria, respectively.

For mini-ripples the form roughness is minimum, increases with increasing bed form height

and becomes zero when the discharges at Hardinge Bridge and Baruria become equal to or

greater than 32000 m3/s and 61600 m3/s, respectively.

The MNE for Manning's n predicted by the Van Rijn (1993) method at Hardinge

Bridge and Baruria are 59.07% and 32.11%, respectively (Table A.44 of Appendix-A). At

Hardinge Bridge 23.61% and at Baruria 52.68% of the predicted values of Manning's n lie

within ::l:30percent error range. For Chezy's C and Darcy- Weisbach f, the MNE at Hardinge

Bridge are 203.71 and 69.03 percent and at Baruria 30.20 and 48.47 percent, respectively.

5.3.4 Remarks

Almost all the overall roughness predictors predict Manning's n accurately in the

moderate range of discharges both at Hardinge Bridge and Baruria. A few of them, however,

predicts Manning's n accurately in the moderate as well as higl-idischarges. But none predicts

lvtanning's n accurately at low discharges. Among the selected 5 overall roughness predictors,

only the Simon and Richardson (1966) method predicts Manning's n which covers a wide

range of discharges. The roughness parameters those are found to be very close predicted by

the Garde and Ranga Raju (1970), White et al. (1987) and Brownlie (1983) methods. The

Karim (1995) method predicts roughness parameters well at moderate range of discharges and

gives best result at high discharges both at Hardinge Bridge and BaI"uria (Figs. B.41 and B.42
of Appendix-B).

Among the selected methods based on the division of roughness, the roughness

parameter n predicted by the Einstein-Barbarossa (1952) method increases with increasing

discharge while the computed value decreases with increasing discharge. According to this

method the grain roughness is the main constituent of the total roughness, while the form

roughness is a minor fraction of the total roughness. The Shen (1962) method predicts

Manning's roughness value over a wide range, between 0.0122 and 0.0745 at Hardinge Bridge

and between 0.0139 and 0.0771 at Baruria The variation of Manning's n computed by the

Manning formula and predicted grain, from and total roughness n', n" and n by Shen (1962)

method with discharge at Hardinge Bridge and Baruria are shown in Figs. 5.3 and 5.4,
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respectively. The Engelund-Hansen (1967) method gives less accurate results than the

Einstein-Barbarossa (1952) method, specially at Hardinge Bridge. The computed roughness

parameter n usually decreases with the increase of discharge, but the roughness parameter n

predicted by the Engelund-Hansen (1967) method increases with increasing discharge (Figs.
B.43 and B.44 of Appendix-B).

In recent time attention is focused on predicting dimensions of bed forms and then

predicting roughness values by using these bed form dimensions. In this study the bed form

dimensions are predicted by using the Allen (1962), Vajda (1990) and Yalin (1992) methods.

These predictors are developed mainly on the basis of laboratory study where bed level is

plain before experimental runs. With the increment of velocity the bed forms like ripple, dune,

plane bed and antidune are developed. In a natural channel, like the Ganges, low flow and

flood flows are cyclic in every year. Though it may be possible to predict bed forms when

discharge is high, but after a flood flow, when discharge is falling, specially at minimum

discharge, it is difficult to predict bed form dimensions ..

The predicted Manning's n by the Van Rijn (1993) method is lower at low discharges

and higher at high discharges than the computed values (Figs. B.45 and B.46 of Appendix-

B). According to this method the grain roughness for the river Ganges is minimum at low

discharges and increases with increasing discharge. The form roughness is minimum for mini

ripple, increases with increasing bed form height and becomes zero when the discharge at

Hardinge Bridge and BaI'uria becomes very high. The predicted total roughness n, similar to

the computed roughness, is maximum at low discharges and gradually decreases and attains

its minimum value at high discharges. Although the predicted Manning's n is maximum at

low discharges, it is much lower than the computed Manning's n.

The MNE for predicted Manning's n and percentages of predicted Manning's n lying

within some specified error-ranges by different roughness predictors both at Hardinge Bridge

and BaI'uria are given in Table 5.3. On the basis of the percentage of predicted values of

Manning n in the error ranges, at Hardinge Bridge the Shen (1962), Van Rijn (1993) and

Haque and Mahmood-I 983 (bed form by Vajda) methods rank 1,2 and 3, respectively (Fig.

B.47 of Appendix-B). At Baruria the Shen (1962), Karim (1995) and Van Rijn (1993)

methods rank I, 2 and 3, respectively (Fig. B.48 of Appendix-B). On the basis of the MNE

for Manning's roughness value n, at Hardinge Bridge the Shen (1962), Haque and Mahmood-
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Percentages of predicted Manning's n lying within specified error ranges by different roughness predictorsTable 5.3

Name of roughness predictor MNE for Manning's n Percentages of Manning's n lying within specified error
ranges

!-I.Bridge Baruria Hardinge Bridge Baruria

:f:I0% :f:20% :f:30% :f:l0% :f:20% :f:30%
Simons & Richardson (1966) 57.57 45.01 5.09 10.51 19.93 4.16 11.09 24.96
Garde & Ranga Raju (1970) 61.14 49.27 4.66 9.10 13.76 8.49 19.07 27.21
Brownlie (1983) 65.45 63.36 3.35 7.47 12.89 13.00 19.58 27.90
White et al. (1987) 62.26 58.90 3.79 8.23 13.97 11.09 18.89 27.90
Karim (1995) 59.00 28.77 5.30 9.10 12.56 20.62 39.51 54.25
Einstein & Barbarossa (1952) 68.49 40.19 4.76 10.07 15.06 13.86 27.90 38.30
Shen (1962) 20.74 25.49 30.23 46.81 66.20 28.60 49.05 64.48
Engelund-Hansen (1967) 61.52 36.73 3.15 6.73 10.31 13.35 23.40 37.27
Vanoni & Hwang (1967) Vajda (1990) 58.25 151.63 5.85 11.70 19.82 2.60 5.20 11.10

Valin (1992) 61.25 82.34 5.85 10.51 15.28 8.14 16.29 26.51
Haque & Mahmood (1983) Vajda (1990) 56.23 163.44 5.75 13.77 20.49 3.47 6.24 10.92

Yalin (1992) 59.63 77.22 6.07 10.84 15.17 6.59 15.77 25.99
Shen et ai. (1990) Allen (1962) 59.15 47.61 5.31 9.22 13.88 14.04 23.04 32.08

Vajda (1990) 56.60 76.95 4.87 10.62 18.10 5.20 11.78 17.84
Yalin (1992) 61.90 46.25 4.87 9.85 14.18 7.28 14.56 27.39

Van Rijn (1990) 59.07 50.18 8.45 16.14 23.61 16.30 34.32 52.69

I--'
N
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1983 (bed form by Vajda) and Shen et al. (1990 (bed form by Vajda» methods rank 1, 2 and

3, respectively (Fig. B.49 of Appendix-B). At Baruria the Shen (1962), Karim (1995) and

Engelund-Hansen (1967) methods rank 1, 2 and 3, respectively (Fig. B.50 of Appendix-B).

The final choice of the roughness predictor applicable for the river Ganges will be made in

the following section.

5.4 Roughness PredictOI"s Applicable for the River Ganges

The Shen (1962) method ranks I in predicting depth at Hardinge Bridge. It also ranks

for predicting Manning's roughness coefficient n both at I-Iardinge Bridge and Baruria.

However, it seems to be less accurate than the Karim (1995) and Engelund-Hansen (1967)

methods for predicting depth at Baruria. Shen method does not predict velocity and bed form

dimensions.

The Karim (1995) method ranks 2 in predicting depth at Hardinge Bridge and ranks

in predicting depth at Baruria. In predicting velocity, it ranks 1 at Baruria, but less accurate

than Brownlie (1983) and Engelund-Hansen (1967) methods at Hardinge Bridge. In predicting

Manning's roughness value n, the Karim method ranks 2 at Baruria, but at Hardinge Bridge

it seems to be one of the least accurate methods for predicting the roughness parameters.

In predicting depth, velocity and Manning's roughness value n, the Engelund-Hansen

(1967) method is less accurate than the Shen and Karim methods. Out of selected 6 methods,

for predicting depth at Hardinge Bridge, Engelund-Hansen method ranks 3 on the basis of the

tvfNE and ranks 4 on the basis of predicted depths lying within :1:30%error range. At Baruria

this method ranks 2 in predicting depth. The Engelund-Hansen method ranks 2 on the basis

of the predicted velocities lying within :1:30% error ranges both at Hardinge Bridge and

Baruria. However, on the basis of the I'v1NEof the predicted velocity, this method ranks 1 and

2 at Hardinge Bridge and Baruria, respectively. This method seems to fail to predict the

roughness parameters accurately both at Hardinge Bridge and Baruria.

The accuracy of predicted depths by the Van Rijn (1993) method seems to be very

poor. But the accuracy of predicted Manning's n seems to be more accurate. In predicting

Manning's n Van Rijn method ranks 2 at Hardinge Bridge and ranks 3 at Baruria on the basis

of the computed values lying within :1:30error ranges. On the basis of the MNE at Hardinge

Bridge and Baruria, it ranks 6 and 2, respectively.
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In predicting depth the Brownlie (1983) method ranks 3 and 4 at Hardinge Bridge and

4 and 3 at Baruria on the basis of the computed values lying within i::30% error ranges and

the MNE, respectively. In predicting velocity, at Hardinge Bridge it ranks 1 and on the basis

of computed velocities lie within i::30% error range and ranks 3 on the basis of the MNE. At

Baruria it ranks 3 in both respects For predicting roughness it is among the least accurate
methods.

At Hardinge Bridge the Shen (1962) method ranks 1 and Karim method ranks 2 in

prcdicting depth. The variation of depth predicted by the Shen and Karim methods with the

discharge for the station Hardinge Bridge are shown in Fig. B.51 of Appendix-B. The Shen

method predicts depth better than the Karim method both at low and high discharges. The

Karim method predicts depth better than the Shen method only when the discharge ranges

between 25000 and 40,000 m3/s. As because the Shen method does not predict velocity, the

two mcthods can not be compared on the basis of velocity. On the basis of the accuracy of

the predicted Manning's n, the Shen method ranks 1, the Van Rijn method ranks 2 while the

Karim method is among those of the least accurate methods. The variation of Manning's n

predicted by different methods with discharges at Hardinge Bridge is shown in Fig. 5.5.

Among the roughness predictors selected for this study only the Shen method shows a good

agreement with the measured roughness at all discharges. Even at low discharges the Shen

method seems to predict the roughness parameters satisfactorily.

At Hardinge Bridge the MNE is 28.83% for depth, 20.74% for Manning's n, 21.1 0%

for Chezy C and 28.82% for Darcy- Weisbach friction factor f by the Shen(1962) method.

According to Strickler formula the grain roughness n' ranges between 0.0109 and

0.0147 at Hardinge Bridge. The predicted grain roughness by Shen method ranges between

0.0099 and 0.0149, which shows a very good agrcement with the grain roughness computed

by the Strickler formula.

Thus it may be concluded that, for predicting grain rouglmess, form roughness and

total roughness, the Shen (1962) method seems to be the best for Hardinge Bridge.

At Baruria the Karim method ranks 1, the Engelund-Hansen method ranks 2 and the

Shen method ranks 3 in predicting the depth. At low discharges neither the Karim method nor
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the Shen method predicts the depth very well (Fig. B.52 of Appendix-B). The predicted

depths by the Karim method shows a good agreement with the computed depths when the

flows are 45,000 m3/s or above. When the discharges lie between 25000 and 450000 m3/s, the

depths predicted by the Karim method seems to be reasonable. However, when the discharges

are below 25000 m3/s, the accuracy of this method for predicting depths are very low. The

Shen method shows very good agreement in predicting depth for discharges between 40,000

and 70,000 m3/s. But at low and high discharges this method does not produce very good
accuracy.

On the basis of predicted Manning's roughness value n, the Shen method ranks 1 and

the Karim method ranks 2. The variation of Manning's n predicted by different methods with

discharges at Bar'uria are shown in Fig. 5.6. Only the the Manning's n predicted by the Shen

method shows good agreement with the computed values at all discharge. The Karim method

though ranks 2 in predicting Manning's n,the values predicted by this method varies a little

(almost constant) and lie closed to the computed average values. The Karim method is slightly

better than the Shen method in predicting Manning's n when discharges are more than 65000
m3/s.

At Baruria the MNE by Shen method is 42.10% for depth, 25.55% for Manning's n,

14.36% for Chezy C and 42. I I% for Darcy- Weisbach friction factor f.

According to Strickler formula the grain roughness n' ranges between 0.0 I08 and

0.148 at Bm'uria. The predicted grain roughness by Shen method lie between 0.0109 and

0.0150 and is almost same as that computed by the Strickler formula.

Thus we may conclude that, similar to Hardinge Bridge, for predicting grain, form and

total roughnesses, the Shen (1962) method seems to be the best for Baruria also.

5.5 Resistance Characteristics of the River Ganges:

Considering the results presented in the previous sections, it is now possible to show

how the resistance characteristics of the river Ganges vary over a yearly cycle both for the

stations Hardinge Bridge and Baruria.
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At Hardinge Bridge and Baruria the minimum recorded flows are 261 and 2860 m3/s

and the maximum flows are 76000 and 130,000 m3/s, respectively. Theoretically the bed is

plane at low discharges when the bed material does not move, then the ripples form at

relatively high discharges. With further increment of flows the bed form changes to dune and

washed out dune while the bed forms are in lower and transition regimes. In lower and

transition regimes, the Froude numbers are relatively low . Standing waves occur when

Froude numbers are 0.6 and above( Yalin, 1992) on free surfaces of open channels. From

analysis of data the Froude number ranges from 0.021 to 0.331 at Hardinge Bridge and from

0.029 to 0.315 at Bm'uria. The Reynolds number ranges from 0.66xl06 to 45.74xl06 at

Hardinge bridge and from 0.83x 106 to 33.33x 106 at Bm'uria.

It may be observed from the present study that for the river Ganges, the bed

undulations remain for most of the period of the year when discharge is small. During flood

flow the bed undulations are due to erosion and during low flow the bed undulations are due

to siltation or non-erosion of the existing bed forms. Surveys over dunes in some major rivers

of Bangladesh by the River Survey Project (FAP-24) confirmed that over 40% of the beds are

always occupied by dunes at any flow stages. Julien and Klaassen (1995) showed that mean

dune steepness does not always decrease at high transport stages in large rivers and that large

bed forms may exist even at high transport stages. Julien and Klaassen (1995) also

demonstrated the importance of considering Froude number in addition to the transport stages

in large rivers, since the Froude number in large rivers are comparatively much lower. Thus

it may be concluded that the bed forms of the river Ganges both at Hardinge Bridge and

Baruria seems to remain in the lower flow regime, i.e. ripples or dunes for most of the period

of the year when discharge is small.

At Hardinge Bridge the Manning's n ranges from 0.0109 to 0.1589, the Darcy-

Weisbach friction factor f ranges from 0.0042 to 0.996 and Chezy's C ranges from 8.88 to

136.03 for discharges ranging from 1200m3/s to 76000m3/s. At Baruria the Manning's n

ranges from 0.0092 to 0.0907, the Darcy- Weisbach friction factor f ranges from 0.0032 to

0.3794 and the Chezy's C ranges from 14.38 to 156.10 for discharges ranging from 2680m3/s

to 130000m3/s.

The mean monthly variation of Manning's n since 1970 at Hardinge Bridge and

Bm'uria are shown in Fig. 5.7. For the station Hardinge Bridge, the Manning's n decreases
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during the flood season and increases during the dry season. At Hardinge Bridge the variation

of Manning n is very large. It attains its mean monthly maximum value in April and

minimum value in September. During flood flow, from July to October, the variation is mild.

From October-November it again start increasing and reaches its maximum value in April. At

Hardinge Bridge the form roughness is more responsive to the discharge and its non-linear

variation with discharge is the dominant factor in the variation of total roughness.

The variation of grain roughness n', form roughness n" and total roughness in terms

of n, C and f with discharge at Hardinge Bridge is shown in Fig. 5.8. The value of form

roughness n" is maximum at low discharges and decreases with increasing discharge. The

grain roughness n' is less responsive to discharge, linear in nature and increases slightly with

increasing discharge. The values of grain roughness n' at Hardinge Bridge ranges from

0.0099 to 0.0149 and at Baruria ranges from 0.0109 to 0.0150. The variation of Darcy-

Weisbach friction factor f with discharge is similar to Manning's n. But it varies more than

Manning's n with discharge. The variation of Chezy's C with discharge is reverse to that of

Manning's nand Darcy- Weisbach f, i.e. it increases with increasing discharge.

The mean monthly resistance to flow at Baruria decreases during flood season and

increases during the dry season. The variation of Manning's n at Baruria is not as wide as that

at Hardinge Bridge. It attains its mean monthly maximum value in March and minimum in

August. After March the value of n starts decreasing. From July to September its value

remains almost constant. From October the value of n again increases and attains its maximum
value in March.

The variation of grain roughness n', form roughness n" and total roughness in terms

of n, C and f with discharge at Baruria is shown in Fig. 5.9. Similar to Hardinge Bridge at

Baruria grain roughness n' is less responsive to discharge and increases with increasing

discharge. The maximum to minimum ratio of grain roughness is 1.5. The form rouglmess n"

that is more responsive to discharge is the dominant factor in the variation of total roughness.

The value of form roughness is maximum at low discharges and decreases with increasing

discharge. The form roughness becomes zero at high discharges. The variation of Darcy-

Weisbach friction factor f with discharge is similar to that of Manning's n, but the variation

ofChezy's C with discharge is opposite to those of Manning's nand Darcy-Weisbach friction
factor f.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The following conclusions may be drawn from the present study:

1. Among the various roughness predictors considered, the Shen (1962) method seems

to predict the resistance characteristics of the river Ganges satisfactory. It shows a

close compliance with the measured depth and the measured roughness. It also seems

to predict the grain roughness quite satisfactory.

2. For the rIver Ganges most of the roughness predictors predict Manning's n

satisfactorily in the moderate range of discharges. A few of them, however, predicts

Manning's n reasonably in the moderate range as well as at high discharges. But most

of the roughness predictors overpredicts roughness at high discharges and

underpredicts at low discharges.

3. It is observed from the present study that for the river Ganges, the bed forms normally

remain throughout the year except at very high discharges. During flood flow the bed

form is due to erosion and during low flow the bed form is due to siltation or non-

erosion of the existing bed forms. The bed forms for the river Ganges lie within the

lower flow regime, i.e. ripples and dunes in most of period the year. From analysis of

data the Froude number for the river Ganges at Hardinge Bridge ranges from 0.021

to 0.322 and at Bar'uria it ranges from 0.029 to 0.315. The Reynolds number for the

river Ganges at Hardinge Bridge ranges from 660000 to 45740000 and at Baruria it

ranges from 830000 to 33330000.

4. The roughness parameters n, C and f for the river Ganges shows a cyclic variation

over the year. The rouglmess parameters nand f are maximum during the dry season

when the discharge is minimum. These values are minimum during flood season when

the discharge is maximum. For the river Ganges at Hardinge Bridge the values of

Manning's n ranges from 0.0109 to 0.1589, Darcy-Weisbach friction factor ranges

from 0.0042 to 0.9960 and Chezy's C ranges from 8.88 to 136.02 for discharges
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ranging from 1200 to 76000m3/s. At Baruria the values of Manning's n ranges from

0.0092 to 0.0907, Darcy-Weisbach friction factor franges from 0.0032 to 0.3794 and

Chezy's C ranges from 14.38 to 156.10 for discharges ranging from 2860 to 130000

m3/s.

5. The Manning's n for the river Ganges increases with decreasing discharge, attains its

maximum value during March, then decreases gradually with increasing discharge and

attains its minimum value during August and September. The Darcy- Weisbach friction

factor f also shows a similar variation over the year. The variation of Chezy's C is

reverse to that of Manning's nand Darcy-Weisbach friction factor f. The Chezy's C

increases ~ith increasing discharge and decreases with decreasing discharge.

6. For the river Ganges the Manning's grain roughness increases slightly with increasing

discharge. At low discharges the grain roughness is the minor part of the total

roughness. At high discharges the grain roughness alone is either equal to or close to

the total roughness.

7. Like the total roughness, the form roughness decreases with increasing discharge. It

is more responsive to discharge than the grain roughness. At high discharges, the form

roughness is either zero or very close to zero, i.e. its influence is negligible. The form

roughness increases more gradually with the decrease in discharges. At low discharges

the influence of the form roughness relative to the total roughness is prominent and

becomes the major constituent of the total roughness.

6.2 Recommendations

The following recommendations are made based on the present study:

I. There are many roughness predictors suggested by different researchers. In the present

study Shen (1962) method has shown a good compliance with the measured roughness

for the river Ganges. More elaborate study using some new roughness predictors can

be carried out for the river Ganges.
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2. The present study has been undertaken to study the roughness characteristics of the

river Ganges. The study can be extended for other major and minor alluvial rivers of

Bangladesh.

3. The present trend in determining the alluvial roughness is by predicting the dimensions

of the bed forms and then computing the form roughness. But the proper solution is

still now much illuded to man. Most bed form predictors are developed considering

initially a plain bed and bed form develops from plain bed to ripple, ripple to dune

and so on with successive increament of discharge (velocity). But more attention is

needed in developing bed form predictors considering cyclic variation of discharge

(velocity) over the year.

4. In this study, the uniform flow formulas like the Manning, Chezy and Darcy- Weisbach

formulas are used to compute alluvial roughnesses for the river Ganges. Also the

roughness predictors used in this study were developed on the basis of steady uniform

flow. But in reality the river flow is neither steady nor uniform. A lot of works is still

to be done in developing methods for predicting roughness of the alluvial rivers for

unsteady flow condition.

5. In the present study, the applicability of some available alluvial roughness predictors

has been investigated. A study may be undertaken to develop a new roughness

predictor for the river Ganges and other alluvial rivers of Bangladesh.
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Table A.I: Percentages of predicted velocities lying within specified error-ranges
Method: Simons and Richardson (1966)

>'
I

f-1

Errors % Station: Hardinge Bridge Station: Baruria
No. % of Qmax Qminn1 Umax Urnin MNE% No. % of Qrnax Qmin Urn•x Urnin MNEtotal (mJ/s) (mJ/s) (l11/s) (m/s) Total (mJ/s) (mJ/s) (m/s) (m/s) %

I 2 3 4 5 6 7 8 9 10 I 1 12 13 14 15o to - I0 23 2.49 76000 12500 3.535 1.136 225.62 22 3.81 130000 22200 3.140 1.127 71.59
o to 10 25 2.71 58000 12200 3.005 1.017 - 39 6.76 98700 5330 2.709 0.381 -

-10 to -20 9 0.98 58000 13700 3.295 1.198 - 18 3.12 103000 4650 2.960 0.430 -
IO to 20 32 3.47 57464 2630 2.834 0.386 - 43 7.45 106000 5880 2.579 0.369 -
-20 to -30 4 0.43 20400 19500 1.584 1.445 - 18 3.12 53800 4700 1.797 0.452 -
20 to 30 23 2.49 47771 1760 2.476 0.307 - 48 8.32 86700 4530 2.240 0.336 -
-30 to -40 5 0.54 25800 22145 1.985 1.684 - 43 7.45 63800 5230 2.042 0.484 -
30 to 40 50 5.42 46943 I3 10 2.305 0.220 - 30 5.20 96300 4180 2.240 0.298 -
-40 to -50 I 10 1.08 31605 27300 2.266 2.000 - 43 7.45 73800 6010 2.580 0.541 -
40 to 50 48 5.20 39400 1210 2.085 0.234 - 33 5.72 78400 4890 1.980 0.3 13 -
-50 to- I00 0 0.00 00 00 00 0.000 - 16 2.77 87700 61500 2.732 2.208 -
50 to 75 55 5.96 42800 1210 2.088 0.269 - 43 7.45 62600 9360 1.847 0.581 -
75 to \00 6\ 6.6\ 42952 12\0 1.902 0.266 - 46 7.97 5\000 3400 \.453 0.219 -
\00 to \50 66 7. \5 28276 \3\0 1.4\6 0.190 - 50 8.67 40200 2860 1.313 0.191 -
\50 & above 5\2 55.47 2\ \56 1200 1.165 0.159 - 85 14.73 34000 4830 1.0 \2 0.256 -
Total: 923 100.00 76000 1200 3.535 0.159 - 577 \00.00 130000 2860 3. \40 0.\9\ -



Table A.2: Percentages of predicted velocities lying within specified error-ranges
Method: Garde and Ranga Raju (1970)
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Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qmin Urn" Urnin MNE% No. % of Qmax Qmin Urn•x Urn;n MNEtotal (ml/s) (ml/s) (m/s) (rnls) Total (ml/s) (ml/s) (m/s) (m/s) %
I 2 3 4 5 6 7 8 9 10 II 12 13 14 15o to -10 20 2.17 33700 13700 1.798 1.269 218.85 21 3.64 51000 21500 1.42 1.02 62.02

o to 10 21 2.28 42952 12500 1.90 I 1.136 - 28 4.85 37700 12000 1.32 0.79 -
-10 to -20 26 2.82 42800 17900 2.088 1.492 - 22 3.8 I 62600 29200 1.85 1.20 -
10 to 20 16 1.73 32000 10700 1.600 1.009 - 32 5.55 40200 11600 1.15 0.75 -
-20 to -30 24 2.60 47771 22145 2.476 1.727 - 42 7.28 78400 33500 1.98 1.41 -
20 to 30 i3 1.41 28276 10000 1.403 0.971 - 20 3.47 34000 9360 1.01 0.66 -
-30 to -40 45 4.88 57464 25800 2.834 1.985 - 69 11.96 96300 38400 2.24 1.55 -
30 to 40 16 1.73 22000 8050 1.222 0.824 - 19 3.29 32100 6010 0.96 0.54 -
-40 to -50 26 2.82 76000 33700 3.535 2.496 - 85 14.73 106000 47700 2.71 1.86 -
40 to 50 13 1.41 21156 9670 1.165 0.872 - 18 3.12 27000 6000 0.86 0.52 -
-50 to-l 00 I 0.11 58000 58000 3.295 3.295 - 34 5.89 130000 61500 3.14 2.25 -
50 to 75 43 4.66 16400 5710 1.012 0.660 - 49 8.49 18800 4700 0.92 0.45 -
75 to 100 29 3.14 11700 4530 0.801 0.538 - 26 4.51 16600 4650 0.64 0.43 -
100 to 150 52 5.63 8900 2630 0.687 0.386 - 53 9.19 17600 4530 0.63 0.35 -
150 & above 578 62.62 5820 1200 0.529 0.159 - 59 10.23 12000 2860 0.47 0.19 -
Total: 923 100.00 76000 1200 3.535 0.159 218.85 577 100.0 130000 2860 3.14 0.19 62.02



Table A.3: Percentages of predicted depth lying within specified error-ranges
Method: Brownlie (1983)
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Errors % Station: Hardinge Bridge Station: Baruria
No. % of Qmax Qrnin Um" Umin MNE No. % of Qrnax Qmin Uma, Umin MNEtotal (m3/s) (m3/s) (l11/s) (l11/s) % Total (m3/s) (m3/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15o to -10 23 2.49 28276 10000 1.40 0.97 46.07 49 8.49 34500 6010 1.08 0.54 35.40
o to 10 28 3.03 32000 11600 1.64 1.07 - 44 7.63 40200 12000 1.31 0.79 -

-10 to -20 48 5.20 21156 6410 1.16 0.72 - 45 7.80 27000 5230 0.87 0.48 -
10 to 20 27 2.93 42952 13700 1.90 1.27 - 30 5.20 51000 21500 1.45 1.02 -
-20 to -30 44 4.77 13145 5130 0.89 0.58 - 52 9.01 18800 4650 0.92 0.43 -
20 to 30 26 2.82 42800 17900 2.09 1.49 - 21 3.64 62600 31400 1.85 1.30 -
-30 to -40 54 5.85 8900 3060 0.69 0.41 - 55 9.53 17600 4710 0.63 0.35 -
30 to 40 21 2.28 46943 22145 2.33 1.73 - 38 6.59 71700 38400 1.90 1.52 -
-40 to -50 1\3 12.24 5543 1350 0.53 0.27 - 52 9.01 12000 4180 0.47 0.30 -
40 to 50 28 3.03 57464 25800 2.83 1.99 - 48 8.32 96300 43600 2.24 1.66 -
-50 to-l00 465 50.38 4300 1200 0.42 0.16 - 10 1.73 7630 2860 0.34 0.19 -
50 to 75 45 4.88 76000 31605 3.54 2.27 - 105 18.20 106000 47700 2.71 1.86 -
75 to 100 1 0.11 58000 58000 3.30 3.30 - 28 4.85 130000 61500 3.14 2.37 -
Total: 923 100.00 76000 1200 3.54 0.16 46.07 577 100.00 130000 2860 3.14 0.19 35.40



Table A.4: Percentages of predicted velocities lying within specified error-ranges
Method: Brownlie (1983)

~
I
~

Errors % Station: Hardinge Bridge Station: Baruria
No. % of Qmax Qmin Urn" Umin MNE No. % of Qmax Qmin Urnax Urnin MNEtotal (mJ/s) (mJ/s) (m/s) (m/s) % Total (mJ/s) (mJ/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 II 12 13 14 15o to -10 32 3.47 35812 11600 1.741 1.074 95.55 46 7.97 40200 12000 1.313 0.789 34.43
o to 10 21 2.28 28276 10000 1.403 0.971 - 46 7.97 34500 6010 1.077 0.541 -

-10 to -20 38 4.12 42952 13700 2.015 1.269 - 33 5.72 51000 25600 1.520 1.149 -
10 to 20 30 3.25 21156 8050 1.165 0.824 - 33 5.72 27000 5230 0.867 0.484 -
-20 to -30 37 4.01 46943 22145 2.334 1.682 - 66 11.42 78400 33500 1.988 1.408 -
20 to 30 31 3.36 14704 5710 0.973 0.673 - 31 5.37 18500 4700 0.917 0.452 -
-30 to -40 54 5.85 61300 28200 3.080 2.074 - 113 19.85 106000 43600 2.579 1.658 -
30 to 40 27 2.93 11700 5840 0.801 0.639 - 28 4.85 18800 4650 0.667 0.431 -
-40 to -50 15 1.63 76000 40500 3.535 2.736 - 56 9.71 130000 53300 3.140 2.140 -
40 to 50 22 2.38 10394 4530 0.743 0.538 - 25 4.33 17600 5890 0.636 0.428 -
-50 to-100 00 0.00 000 000 0.000 0.000 - 0 0.00 0000 0000 0.000 0.000 -
50 to 75 58 6.28 7736 2630 0.618 0.386 - 54 9.36 14300 4530 0.561 0.336 -
75 to 100 94 10.18 5454 1350 0.487 0.268 - 36 6.24 9600 4180 0.427 0.298 -
100 to 150 239 25.89 4300 1210 0.4 I7 0.220 - 10 I. 73 7630 2860 0.334 0.191 -
150 & above 225 24.38 2020 1200 0.258 0.159 - - - - - - - -
Total: 923 100.00 76000 1200 3.535 0.159 95.55 577 100.00 130000 2860 3.140 0.191 34.43



Table A.S: Percentages of predicted velocities lying within specified error-ranges
Method: White et al. (1987)
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Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qrnin Umax Umin MNE% No. % of Qmax Qmin Urnax Umin MNEtotal (ml/s) (ml/s) (111/s) (111/s) Total (111 lis) (ml/s) (m/s) (m/s) %
I 2. 3 4 5 6 7 8 9 10 II 12 13 14 15o to -10 20 2.17 32000 11600 1.600 1.074 190.72 38 6.59 40200 12000 1.179 0.789 55.51

o to 10 15 1.63 28276 10000 1.403 0.971 27 4.68 34500 9800 1.045 0.685 -
-10 to -20 23 2.49 42952 13700 1.901 1.223 - 21 3.64 43100 21500 1.313 1.019 -
10 to 20 16 1.73 22000 9920 1.222 0.919 - 21 3.64 32100 6540 0.961 0.564 -
-20 to -30 30 3.25 39700 16900 2.015 1.420 - 24 4.16 51000 25600 1.520 1.196 -
20 to 30 15 1.63 16400 8050 1.012 0.824 - 19 3.29 27000 6000 0.857 0.522 -
-30 to -40 24 2.60 46943 22145 2.305 1.727 - 45 7.80 71700 33500 1.858 1,408 -
30 to 40 24 2.60 14703 6410 0.973 0.726 - 22 3.81 18500 5230 0.917 0,484 -
-40 to -50 53 5.74 57464 25800 2.834 1.985 - 85 14.73 96300 43400 2.240 1.658 -
40 to 50 15 1.63 13145 5710 0.894 0.673 - 18 3.12 18800 7890 0.719 0.564 -
-50 to-1 00 27 2.93 76000 33700 3.535 2.496 - 106 18.37 130000 47700 3.140 1.975 -
50 to 75 32 3.47 11700 5130 0.801 0.580 - 36 6.24 17600 4650 0.663 0,431 -
75 to 100 40 4.33 8900 3540 0.662 0.480 - 30 5.20 14300 5330 0.561 0.381 -
100 to 150 49 5.31 5820 2630 0.593 0.386 - 60 6.50 13400 4180 0.511 0.324 -
150 & above 540 58.50 5454 1200 0.45 I 0.159 - 25 2.71 8150 2860 0.376 0.191 -
Total: 923 100.00 76000 1200 3.535 0.159 190.72 577 100.00 130000 2860 3.140 0.191 55.51



Table A.6: Percentages of predicted depth lying within specified error-ranges
Method: Karim (1995)
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Errors % Station: Hardinge Bridge Station: Baruria
No. % of Qrnax Qrnin Urn" Umin MNE% No. % of Qmax Qrnin Urn" Umin MNEtotal (ml/s) (ml/s) (m/s) (m/s) Total (ml/s) (ml/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15o to -10 49 5.31 57464 25800 2.834 1.985 43.15 112 19.41 96300 6000 2.240 0.522 18.97
o to 10 25 2.71 76000 33700 3.535 2.453 - 82 14.21 106000 12000 2.579 0.790 -

-10 to -20 46 4.98 46943 10000 2.330 0.971 - 99 17.16 71700 4700 1.857 0.452 -
10 to 20 3 0.33 58000 43000 3.295 2.905 - 42 7.28 130000 59500 3.140 2.140 -
-20 to -30 85 9.21 42952 5710 2.015 0.666 - 111 19.24 51000 4650 1.441 0.341 -
20 to 30 0 0.00 0000 0000 0.000 0.000 - 6 1.04 103000 73800 2.960 2.580 -
-30 to -40 103 11.16 32000 2630 1.600 0.386 - 67 11.61 18800 4180 0.719 0.324 -
30 to 40 0 0.00 0000 0000 0.000 0.000 - 0 0.00 0000 0000 0.000 0.000 -
-40 to -50 190 20.59 21156 1210 1.165 0.220 - 50 8.67 17600 3400 0.917 0.219 -
40 to 50 0 0.00 0000 0000 0.000 0.000 - 0 0.00 0000 0000 0.000 0.000 -
-50 to-100 422 45.72 4370 1200 0.450 0.159 - 8 1.39 6880 2860 0.314 0.191 -
Total: 923 100.00 76000 1200 3.535 0.159 43.15 577 100.00 130000 2860 3.140 0.191 18.97



Table A.7: Percentages of predicted velocities lying within specified error-ranges
Method: Karim (1995)
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Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qmin Urn" Urnin MNE % No. % of Qmax Qmin Urn" Urnin MNEtotal (mJ/s) (mJ/s) (m/s) (m/s) Total (mJ/s) (mJ/s) (m/s) (m/s) %
1 2 3 4 5 6 7 8 9 10 II 12 13 14 15a to -10 27 2.93 76000 33700 3.535 2.453 90.71 90 15.60 106000 12000 2.579 0.789 26.92

a to 10 45 4.88 57464 25800 2.834 1.985 - 99 17.16 96300 6000 2.240 0.522 -
-10 to -20 1 0.11 58000 58000 3.295 3.295 - 41 7.11 130000 61500 3.140 2.254 -
10 to 20 28 3.03 47771 13700 2.476 1.269 - 76 13.17 71700 5230 1.858 0.484 -
-20 to -30 a 0.00 0000 0000 0.00 0.000 - a 0.00 0000 0000 0.000 0.000 -
20 to 30 45 4.88 42800 8050 2.088 0.824 - 70 12.13 62600 4650 1.847 0.431 -
-30 to -40 a 0.00 0000 0000 0.000 0.000 - a 0.00 0000 0000 0.000 0.000 -
30 to 40 47 5.09 42952 5710 1.90 1 0.673 - 61 10.57 50800 5890 1.388 0.446 -
-40 to -50 a 0.00 0000 0000 0.000 0.000 - 0 0.00 0000 0000 0.000 0.000 -
40 to 50 49 5.31 32000 3660 1.644 0.480 - 39 6.76 26100 5330 0.953 0.381 -
-50 to-1 00 0 0.00 0000 0000 0.000 0.000 - a 0.00 0000 0000 0.000 0.000 -
50 to 75 11 i 12.03 28276 1760 1.416 0.309 - 68 11.79 17600 4180 0.636 0.298 -
75 to 100 148 16.03 5820 1210 0.593 0.220 - 25 4.33 15400 3400 0.917 0.219 -
100 to 150 314 34.02 4730 1200 0.450 0.190 - 8 1.39 6880 2860 0.314 0.191 -
ISO& above 108 11.70 1970 1220 0.255 0.159 - 0 0.00 0000 000 0.00 0.00 -
Total: 923 100.00 76000 1200 3.535 0.159 90.71 577 100.00 130000 2860 3.140 0.191 26.92



Table A.8: Percentages of predicted depth lying within specified error-ranges
Method: Einstein-Barbarossa (1952)
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Errors % Station: Hardinge Bridge Station: Baroria

No. % of Qmax Qmin Umax Umin MNE% No. % of Qmax Qrnin Umax Umin MNE
total (m3/s) (m3/s) (m/s) (m/s) Total (m3/s) (m3/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
o to -10 17 1.84 47771 25800 2.476 1.985 78.18 22 3.81 71700 31400 1.881 1.298 53.17

o to 10 18 1.95 57464 29300 2.834 2.146 - 34 5.89 78400 37600 2.003 1.408 -
-10 to -20 11 1.19 42700 22145 2.330 1.727 - 12 2.08 49300 29200 1.453 1.220 -
10 to 20 13 1.41 57276 31605 2.806 2.266 - 34 5.89 96300 42700 2.240 1.525 -
-20 to -30 30 3.25 46943 16900 2.305 1.420 - 19 3.29 62600 25600 1.847 1.149 -
20 to 30 7 0.76 45700 35800 2.673 2.453 - 38 6.59 86700 38400 2.240 1.555 -
-30 to -40 26 2.82 42800 13700 2.088 1.269 - 18 3.12 37700 12000 1.313 0.789 -
30 to 40 7 0.76 61300 33700 3.080 2.496 - 23 3.99 83200 49600 2.370 1.968 -
-40 to -50 29 3.14 42952 12500 1.901 1.136 - 36 6.24 40200 11600 1.179 0.754 -
40 to 50 3 0.33 55194 40500 3.073 2.736 - 21 3.64 104000 47700 2.543 1.855 -
-50 to-100 750 81.26 28276 1200 1.416 0.159 - 255 44.19 34500 2860 1.045 0.191 -

50 to 75 12 1.30 76000 41400 3.535 2.797 - 33 5.72 106000 52000 2.710 2.140 -

75 to 100 - 22 3.81 107000 61500 2.884 2.323 -
100 to 150 - 10 1.73 130000 67100 3.140 2.554 -

Total: 923 100.00 76000 1200 3.535 0.159 78.18 577 100.00 130000 2860 3.140 0.191 53.17



Table A.9: Percentages of predicted depth lying within specified error-ranges
Method: Shen (1962)
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Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qrnax Qmin Urn" Urnin MNE% No. % of Qmax Qrnin Urn •• Urnin MNEtotal (mJ/s) (mJ/s) (m/s) (m/s) Total (mJ/s) (mJ/s) (m/s) (m/s) %
I 2 3 4 5 6 7 8 9 10 II 12 13 14 15o to -10 141 15.28 57276 1210 2.834 0.220 28.83 45 7.80 96300 3400 2.240 0.219 41.98o to 10 70 7.58 53100 1350 2.768 0.272 - 61 10.57 87000 4960 2.232 0.326 -

-10 to -20 91 9.86 57464 1300 2.702 0.290 - 15 2.60 78400 2860 1.980 0.191 -
10 to 20 31 3.36 58000 2630 3.005 0.386 - 77 13.34 86700 4830 2.243 0.310 -
-20 to -30 97 10.51 46943 1210 2.305 0.266 - 4 0.69 6190 5610 0.296 0.272 -
20 to 30 18 1.95 61300 3660 3.080 0.480 - 72 12.48 95700 4890 2.476 0.313 -
-30 to -40 123 13.33 39400 1350 2.085 0.227 - 2 0.35 62600 5250 1.847 0.256 -
30 to 40 12 1.30 72303 5710 3.386 0.673 - 55 9.53 106000 4180 2.579 0.296 -
-40 to -50 223 24.16 42800 1200 2.088 0.191 - 0 0.00 0000 0000 0.000 0.000 -
40 to 50 4 0.43 76000 43000 3.535 2.905 - 54 9.36 98700 4530 2.577 0.336 -
-50 to- I00 112 12.13 42952 1220 1.901 0.159 - a 0.00 0000 0000 0.000 0.000 -
50 to 75 I 0.1 I 58000 58000 3.295 3.295 - 103 17.85 107000 5070 2.884 0.369 -
75 to 100 - 42 7.28 130000 5890 3.140 0.446 -
100 to 150 - 34 5.89 103000 4650 2.960 0.431 -
150 & above - 13 2.25 12000 5230 0.789 0.484 -
Total: 923 100.00 76000 1200 3.535 0.159 28.83 577 100.00 130000 2860 3.140 0.191 41.98



Table A.I 0: Percentages of predicted depth lying within specified error-ranges
Method: Engelund-Hansen (1967)
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Errors % Station: Hardinge Bridge Station: Baruria
No. % of Qmax Qmin Urn•x Umin MNE% No. % of Qmax Qmin Urn•x Urnin MNEtotal (m3/s) (m3/s) (m/s) (l11/s) Total (m3/s) (m3/s) (m/s) (m/s) %

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15o to -10 26 2.82 42952 19800 1.901 1.580 43.98 57 9.88 60300 5230 1.672 0.484 22.86
o to 10 26 2.82 42800 22400 2.088 1.806 - 60 10.40 71700 6010 1.899 0.541 -

-10 to -20 27 2.93 32000 13700 1.644 1.269 - 72 12.48 51000 4650 1.453 0.431 -
10 to 20 23 2.49 46943 28092 2.334 2.041 - 51 8.84 96300 47500 2.240 1.835 -
-20 to -30 44 4.77 28276 5130 1.416 0.580 - 106 18.37 40200 5070 1.245 0.369 -
20 to 30 14 1.52 47771 31605 2.533 2.266 - 51 8.84 86700 47700 2.370 2.004 -
-30 to -40 84 9.10 22000 2030 1.222 0.321 - 88 15.25 34000 4180 1.012 0.298 -
30 to 40 23 2.49 57464 33700 2.834 2.496 - 38 6.59 106000 52000 2.595 2.254 -
-40 to -50 232 25.14 14100 1210 0.946 0.220 - 27 4.68 17400 3400 0.917 0.219 -
40 to 50 8 0.87 58000 40500 3.026 2.736 - 16 2.77 107000 61500 2.794 2.485 -
-50 to-l 00 406 43.99 8900 1200 0.687 0.159 - 6 1.04 17600 2860 0.629 0.191 -
50 to 75 10 1.08 76000 48100 3.535 2.988 - 5 0.87 130000 67100 3.140 2.823 -
Total: 923 100.00 76000 1200 3.535 0.159 43.98 577 100.00 130000 2860 3.140 0.191 22.86
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Table A.II: Percentages of predicted velocities lying within specified error-ranges
Method: Engelund-Hansen (1967)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qmin Ulllax Ulllin MNE% No. % of Qmax Qmin Urnax Urnin MNEtotal (mJ/s) (mJ/s) (m/s) (m/s) Total (mJ/s) (mJ/s) (m/s) (m/s) %
1 2 3 4 5 6 7 8 9 10 I I 12 13 14 15o to -10 26 2.82 42800 22400 2.088 1.806 87.56 68 11.79 78400 6010 1.98 0.54 28.10

o to 10 22 2.38 42952 19800 1.901 1.582 - 56 9.71 60300 5230 1.67 0.48 -
-10 to -20 32 3.47 47771 28092 2.471 2.04 I - 74 12.82 96300 47500 2.25 1.86 -
10 to 20 22 2.38 32000 16900 1.667 1.420 - 40 6.93 51000 4700 1.45 0.45 -
-20 to -30 29 3.14 57464 33700 2.834 2.453 - 65 11.27 106000 52000 2.63 2.14 -
20 to 30 19 2.06 27200 6410 1.495 0.726 - 58 10.05 43100 4650 1.31 0.43 -
-30 to -40 16 1.73 72303 41400 3.386 2.797 - 14 2.43 130000 67100 3.14 2.58 -
30 to 40 26 2.82 28276 5710 1.403 0.660 - 68 11.79 40200 5330 1.18 0.38 -
-40 to -50 1 0.11 76000 76000 3.535 3.535 - 0 0.00 0000 0000 0.00 0.00 -
40 to 50 24 2.60 22000 3660 1.222 0.480 - 45 7.80 34500 4530 1.04 0.34 -
-50 to-I 00 0 0.00 0000 0000 0.000 0.000 - a 0.00 0000 0000 0.00 0.00 -
50 to 75 134 14.52 164000 1350 1.056 0.268 - 70 12.13 32100 4180 0.96 0.30 -
75 to 100 168 18.20 13145 1210 0.894 0.220 - 13 2.25 15600 3400 0.72 0.22 -
100 to 150 344 37.27 8900 1200 0.687 0.178 - 6 1.04 17600 2860 0.63 0.19 -
150 & above 60 6.50 1970 1260 0.255 0.159 - -
Total: 923 100.00 76000 1200 3.535 0.159 87.56 577 100.00 130000 2860 3.14 0.19 28.10
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Table A.12: Percentages of predicted depth lying within specified error-ranges
Method: Van Rijn (1993)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qmin Urn•x Urnin MNE% No. % of Qrnax Qmin Urnax Urnin MNEtotal (m3/s) (m3/s) (m/s) (m/s) Total (m3/s) (m3/s) (m/s) (m/s) %
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15o to -10 30 3.25 46943 10000 2.305 0.971 68.99 17 2.95 52900 5520 1.825 0.484 48.52

o to 10 24 2.60 42700 11600 2.286 1.074 - 41 7.11 71700 6000 1.858 0.522 -
-10 to -20 32 3.47 39400 9460 2.085 0.884 - 18 3.12 62600 5230 1.847 0.508 -
10 to 20 17 1.84 47771 12900 2.476 1.162 - 47 8.15 78400 6010 1.980 0.541 -
-20 to -30 40 4.33 42800 8050 2.088 0.824 - 24 4.16 20100 4700 0.808 0.452 -
20 to 30 13 1.41 57464 13700 2.702 1.269 - 49 8.49 69500 11600 2.003 0.754 -
-30 to -40 39 4.23 33700 6410 1.798 0.724 - 36 6.24 18800 4650 0.734 0.431 -
30 to 40 12 1.30 56600 31500 2.834 2.243 - 49 8.49 96300 14400 2.240 0.829 -
-40 to -50 30 3.25 42952 4530 1.901 0.538 - 26 4.51 16600 5890 0.917 0.432 -
40 to 50 8 0.87 57276 33500 2.806 2.343 - 31 5.37 85200 12000 2.232 0.789 -
-50 to-100 645 69.88 10394 1200 0.743 0.159 - 106 18.37 17600 2860 0.629 0.191 -
50 to 75 16 1.73 58000 33700 3.005 2.453 - 57 9.88 86700 30500 2.370 1.196 -
75 to 100 7 0.76 61300 40500 3.080 2.736 - 30 5.20 106000 52000 2.579 2.048 -
100 to 150 10 1.08 76000 43000 3.535 2.905 - 36 6.24 107000 53300 2.884 2.254 -
150 &above - 10 1.73 130000 67100 3.140 2.554 -
Total: 923 100.00 76000 1200 3.535 0.159 90.71 577 100.00 130000 2860 3.140 0.191 48.52
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Table A.I3 Variation of predicted values of Manning's n with discharge
Method: Simons and Richardson (1966)

Station Discharge Manning roughness co-efficient, n
(m3/s)

Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness

Min. Max. Min. Max. Min. Max. Min. Max.
H.Bridge Q~5000 0.0428 0.1589 0.0083 0.0344

5000<Q~15000 0.0210 0.0640 0.0083 0.0187

i5000<QS25000 0.0161 0.0345 0.0083 0.0189

25000<Q~35000 0.0123 0.0286 0.0083 0.0186

Q>35000 0.0109 0.0232 0.0083 0.0086

Total 0.0109 0.1589 0.0083 0.0344

Baruria Q~5250 0.0290 0.0907 0.0122 0.0329

5250<Q~ 15000 0.0207 0.0856 0.0083 0.0342

15000<QS25000 0.0203 0.0446 0.0083 0.0309

25000<Q~35000 0.0170 0.0303 0.0083 0.0183

35000<Q~45000 0.0140 0.0240 0.0083 0.0188

Q>45000 0.0092 0.0205 0.0083 0.0188

Total 0.0092 0.0907 0.0083 0.0342
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Table A.14: Percentages of predicted Manning's n lying within specified error-ranges
Method: Simons and Richardson (1966)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Omax Qmin Urn" Umin MNE No. % of Qrnax Qmin Um•x Umin MNEtotal (mJ/s) (mJ/s) (m/s) (m/s) % Total (mJ/s) (mJ/s) (m/s) (m/s) %
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15o to -10 30 3.25 61300 12200 3.080 1.017 57.57 14 2.43 47700 4650 1.606 0.430 45.01

o to 10 17 1.84 72300 12500 3.386 1.136 - 10 1.73 53800 4720 1.797 0.454 -
-10 to -20 40 4.33 57464 2180 2.834 0.336 - 26 4.51 130000 5700 3.140 0.463 -
10 to 20 10 1.08 76000 14400 3.535 1.198 - 14 2.43 55200 5230 1.810 0.508 -
-20 to -30 86 9.32 46943 1270 2.330 0.220 - 51 8.84 107000 5330 2.794 0.381 -
20 to 30 1 0.11 13700 13700 1.269 1.269 - 29 5.03 60600 5520 2.042 0.484 -
-30 to -40 66 7.15 42800 1210 2.088 0.234 - 85 14.73 102000 4530 2.519 0.336 -
30 to 40 3 0.33 20400 19500 1.523 1.445 - 22 3.81 66500 6010 2.325 0.541 -
-40 to -50 77 8.34 42952 1210 1.902 0.266 - 75 13.00 96300 4180 2.240 0.298 -
40 to 50 2 0.22 22900 19800 1.684 1.584 - 13 2.25 71100 14400 2.323 0.837 -
-50 to-100 577 62.51 28276 1200 1.416 0.159 - 211 36.57 62600 2860 1.847 0.191 -
50 to 75 6 0.65 27600 22145 2.007 1.727 - 19 3.29 80600 12000 2.580 0.789 -
75 to 100 8 0.87 31600 2810 2.266 2.041 - 8 1.39 87700 70400 2.732 2.370 -
Total: 923 100.00 76000 1200 3.535 0.159 57.57 577 100.00 130000 2860 3.140 0.191 45.01



:t:'
I

f-J
Vl

Table A.IS Variation of predicted values of Manning's n with discharge
Method: Garde and Ranga Raju (1970)

Station Discharge Manning roughness co-efficient, n
(m3/s)

Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness
Min. Max. Min. Max. Min. Max. Min. Max.

H.Bridge Q:SSOOO 0.0428 0.1589 0.0217 0.0221
5000<Q:S 15000 0.0210 0.0640 0.0218 0.0221
15000<Q:s25000 0.0161 0.0345 0.0219 0.0221
25000<Q:S35000 0.0123 0.0286 0.0219 0.0222
Q>35000 0.0109 0.0232 0.0220 0.0222
Total 0.0109 0.1589 0.0217 0.0222

Baruria Q:S5250 0.0290 0.0907 0.0191 0.0214
5250<Q:S15000 0.0207 0.0856 0.0187 0.0217

15000<Q:S25000 0.0203 0.0446 0.0203 0.0217

25000<Q:S35000 0.0170 0.0303 0.0212 0.0217

35000<Q:s45000 0.0140 0.0240 0.0213 0.0216

Q>45000 0.0092 0.0205 0.0213 0.0217

Total 0.0092 0.0907 0.0187 0.0217



Table A.16: Percentages of predicted Manning's n lying within specified error-ranges
Method: Garde and Ranga Raju (1970)
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Errors % Station: Hardinge Bridge Station: Baruria
No. % of Qrnax Qrnin Urn" Urn in MNE No. % of Qmax Qmin Urn" Umin MNEtotal (m3/s) (mJ Is) (m/s) (m/s) % Total (m3/s) (mJ/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 II 12 13 14 15o to -10 23 2.49 42952 12500 1.901 1.136 61.14 30 5.20 37700 12000 1.313 0.789 49.27
o to 10 20 2.17 33700 13700 1.798 1.269 - 19 3.29 51000 21500 1.425 1.019 -

-10to-20 22 2.38 32000 10000 1.600 0.971 - 44 7.63 40200 9800 1.152 0.685 -
10 to 20 19 2.06 42800 17900 2.088 1.492 - 17 2.95 62600 29200 1.847 1.196 -
-20 to -30 26 2.82 28276 8050 1.403 0.824 - 31 5.37 32100 6000 0.961 0.522 -
20 to 30 17 1.84 46943 22145 2.305 1.682 - 16 2.77 60300 31400 1.670 1.298 -
-30 to -40 41 4.44 21156 5710 1.165 0.673 - 37 6.41 20100 5230 0.808 0.484 -
30 to 40 9 0.98 42700 22400 2.330 1.806 - 22 3.81 71700 37600 1.858 1.408 -
-40 to -50 38 4.12 13145 4530 0.894 0.538 - 50 8.67 18800 4650 0.917 0.431 -
40 to 50 19 2.06 57464 25800 2.834 1.985 - 30 5.20 78400 38400 2.003 1.555 -
-50 to-100 631 68.36 8900 1200 0.687 0.159 - 112 19.41 17600 2860 0.629 0.191 -
50 to 75 39 4.23 61300 29300 3.080 2.146 - 74 12.82 96300 43600 2.370 1.658 -
75 to 100 18 1.95 76000 33700 3.535 2.496 - 63 10.92 106000 47700 2.710 1.975 -
100 to 150 I 0.1 I 58000 58000 3.295 3.295 - 32 5.55 130000 61500 3.140 2.323 -
Total: 923 100.00 76000 1200 3.535 0.159 61.14 577 100.00 130000 2860 3.140 0.191 49.27
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Table A.17 Variation of predicted values of Manning's n with discharge
Method: Brownlie (1983)

Station Discharge Manning roughness co-efficient, n
(ml/s)

Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness
Min. Max. Min. Max. Min. Max. Min. Max.

H.Bridge Q:55000 0.0428 0.1589 0.0202 0.0239
5000<Q:515000 0.0210 0.0640 0.0233 0.0257
15000<Q:525000 0.0161 0.0345 0.0256 0.0267
25000<Q:535000 0.0123 0.0286 0.0268 0.0276
Q>35000 0.0109 0.0232 0.0276 0.0295
Total 0.0109 0.1589 0.0202 0.0295

Baroria Q:55250 0.0290 0.0907 0.0200 0.0220
5250<Q:515000 0.0207 0.0856 0.021 I 0.0239
15000<Q:5Z5000 0.0203 0.0446 0.0231 0.0254
25000<Q:535000 0.0170 0.0303 0.0241 0.0257
35000<Q:545000 0.0140 0.0240 0.0250 0.0261
Q>45000 0.0092 0.0205 0.0254 0.0290
Total 0.0092 0.0907 0.0200 0.0290



Table A.18: Percentages of predicted Manning's n lying within specified error-ranges
Method: Brownlie (I983)
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Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qrnax Qmin Urn•x Urni" MNE No. % of Qmax Qrnin Urnax Urni" MNEtotal (m3/s) (m3/s) (m/s) (m/s) % Total (m3/s) (m3/s) (m/s) (m/s) %1 2 3 4 5 6 7 8 9 10 11 12 13 14 15o to -10 16 1.73 28276 10000 1.40 0.97 65.45 34 5.89 34500 9800 1.08 0.68 63.36o to 10 15 1.63 27200 11600 1.50 1.07 - 31 5.37 40200 12000 1.18 0.79 --10 to -20 20 2.17 22000 9460 1.22 0.88 - 23 3.99 32100 6000 0.96 0.52 -10 to 20 18 1.95 37400 13700 1.77 1.22 - 15 2.60 37700 21500 1.31 1.00 --20 to -30 33 3.58 16400 6410 1.01 0.73 - 32 5.55 20100 5230 0.81 0.48 -20 to 30 17 1.84 42952 13700 1.90 1.27 - 16 2.77 50800 25600 1.39 1.15 --30 to -40 29 3.14 13145 5710 0.89 0.66 - 43 7.45 18800 4700 0.92 0.45 -30 to 40 14 1.52 38100 17900 1.95 1.49 - 14 2.43 51000 29200 1.45 1.22 --40 to -50 36 3.90 10394 3660 0.74 0.48 - 32 5.55 17600 4650 0.64 0.43 -40 to 50 12 1.30 42800 19800 2.09 1.58 - 11 1.91 62600 31400 1.85 1.30 --50 to- I00 613 66.41 7736 1200 0.61 0.16 - 99 17.16 14300 2860 0.56 0.19 -
50 to 75 25 2.71 46943 22145 2.33 1.73 - 46 7.97 71700 37600 1.90 1.41 -
75 to 100 35 3.79 57464 25800 2.83 1.99 - 53 9.19 96300 43600 2.24 1.66 -
100 to 150 36 3.90 72303 33500 3.39 2.34 - 96 16.64 106000 47700 2.71 1.86 -
150 &above 4 0.43 76000 43000 3.54 2.91 - 32 5.55 130000 61500 3.14 2.32 -
Total: 923 100.00 76000 1200 3.54 0.16 65.45 577 100.00 130000 2860 3.14 0.19 63.36
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Table A.19 Variation of predicted values of Manning's n with discharge
Method: White et al. (1987)

Station Discharge
Manning roughness co-efficient, n(mJ/s)

Measured roughness Computed roughness value nvalue n
Grain roughness form roughness Total roughness

Min. Max. Min. Max. Min. Max. Min. Max.
H.Bridge Q:S5000 0.0428 0.1589

0.0214 0.0263
5000<Q:S15000 0.0210 0.0640

0.0242 0.0266
15000<Q:s25000 0.0161 0.0345

0.0254 0.0272
25000<Q:S35000 0.0123 0.0286

0.0257 0.0276
Q>35000 0.0109 0.0232

0.0261 0.0280
Total 0.0109 0.1589

0.0214 0.0280
Baruria Q:SS250 0.0290 0.0907

0.0213 0.0244
5250<Q:S15000 0.0207 0.0856

0.0206 0.0254
15000<Q:S25000 0.0203 0.0446

0.0229 0.0271
25000<Q:S35000 0.0170 0.0303

0.0241 0.0261
35000<Q:S45000 0.0140 0.0240

0.0243 0.0257
Q>45000 0.0092 0.0205 0.0243 0.0263
Total 0.0092 0.0907 0.0203 0.0271
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Table A.20: Percentages of predicted Manning's n lying within specified error-ranges
Method: White et al. (1987)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qmin Uma, Umin MNE No. % of Qmax Qmin Urna, Umin MNE
total (mJ/s) (mJ/s) (I11/S) (m/s) % Total (mJ/s) (mJ/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

o to -10 19 2.06 28276 10000 10403 0.971 62.26 29 5.03 34500 9800 1.045 0.685 58.90

o to 10 26 1.73 27200 11600 10495 1.074 - 35 6.07 40200 12000 1.163 0.789 -
-10 to -20 22 2.38 22000 8050 1.222 0.824 - 29 5.03 27000 6010 0.953 0.541 -
10 to 20 19 2.06 37400 13700 1.773 1.223 - 16 2.77 37700 21500 1.313 0.995 -
-20 to -30 35 3.79 16400 6410 1.012 0.724 - 34 5.89 20100 5230 0.917 00484 -

20 to 30 18 1.95 42952 16900 1.901 10420 - 18 3.12 50800 25600 1.391 1.149 -
-30 to -40 32 3047 11700 5710 0.812 0.639 - 41 7.11 18800 4650 0.677 00431 -
30 to 40 14 1.52 38100 17900 1.954 10492 - 12 2.08 51000 29200 10453 1.283 -
-40 to -50 49 5.31 10394 3540 0.743 00480 - 40 6.93 17600 5330 0.629 0.381 -

40 to 50 14 1.52 42800 22200 2.088 1.682 - 16 2.77 62600 31400 1.847 1.298 -

-50 to-100 590 63.92 6480 1200 0.593 0.159 - 85 14.73 13400 2860 0.511 0.191 -

50 to 75 28 3.03 46943 22145 2.334 1.727 - 52 9.01 78400 38100 1.980 1.525 -

75 to 100 40 4.33 57464 28400 2.834 2.088 - 65 11.27 96300 47300 2.240 1.714 -

100 to 150 27 2.93 76000 33700 3.535 20496 - 91 15.77 107000 47700 2.884 1.975 -

150 & above - 14 2043 130000 67100 3.140 20485 -

Total: 923 100.00 76000 1200 . 3.535 0.159 62.26 577 100.00 i30000 2860 3.140 0.191 58.90
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Table A.20: Percentages of predicted Manning's n lying within specified error-ranges
Method: White et al. (1987)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qrnin Urnax Urni" MNE No. % of Qmax Qmin Urnax Urni" MNE
total (m)/s) (m)/s) (m/s) (m/s) % Total (m)/s) (m)/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15o to -10 19 2.06 28276 10000 1.403 0.971 62.26 29 5.03 34500 9800 1.045 0.685 58.90

o to 10 26 1.73 27200 11600 1.495 1.074 - 35 6.07 40200 12000 1.163 0.789 -
-10 to -20 22 2.38 22000 8050 1.222 0.824 - 29 5.03 27000 6010 0.953 0.541 -
10 to 20 19 2.06 37400 13700 1.773 1.223 - 16 2.77 37700 21500 1.313 0.995 -
-20 to -30 35 3.79 16400 6410 1.012 0.724 - 34 5.89 20100 5230 0.917 0.484 -
20 to 30 18 1.95 42952 16900 1.901 1.420 - 18 3.12 50800 25600 1.391 1.149 -
-30 to -40 32 3.47 11700 5710 0.812 0.639 - 41 7.11 18800 4650 0.677 0.431 -
30 to 40 14 1.52 38100 17900 1.954 1.492 - 12 2.08 51000 29200 1.453 1.283 -
-40 to -50 49 5.31 10394 3540 0.743 0.480 - 40 6.93 17600 5330 0.629 0.381 -
40 to 50 14 1.52 42800 22200 2.088 1.682 - 16 2.77 62600 31400 1.847 1.298 -
-50 to-1 00 590 63.92 6480 1200 0.593 0.159 - 85 14.73 13400 2860 0.511 0.191 -
50 to 75 28 3.03 46943 22145 2.334 1.727 - 52 9.01 78400 38100 1.980 1.525 -
75 to 100 40 4.33 57464 28400 2.834 2.088 - 65 11.27 96300 47300 2.240 1.714 -
100 to 150 27 2.93 76000 33700 3.535 2.496 - 91 15.77 107000 47700 2.884 1.975 -
150 & above - 14 2.43 130000 67100 3.140 2.485 -
Total: 923 100.00 76000 1200 . 3.535 0.159 62.26 577 100.00 i30000 2860 3.140 0.191 58.90
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Table A.22: Percentages of predicted Manning's n lying within specified error-ranges
Method: Karim (1995)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qrnin Urn" Urnin MNE No. % of Qrnax Qmin Urnax Urnin MNE
total (m3/s) (m3/s) (m/s) (m/s) % Total (m3/s) (m3/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
o to -10 35 3.79 57276 29300 2.806 2.124 59.00 63 10.92 96300 6010 2.240 0.541 28.77

o to 10 14 1.52 72303 33700 3.386 2.496 - 56 9.71 104000 12000 2.543 0.790 -
-10 to -20 24 2.60 57464 22400 2.834 1.806 - 72 12.48 78400 5230 1.988 0.484 -
10 to 20 11 1.19 76000 40500 3.535 2.736 - 37 6.41 106000 47700 2.710 1.989 -
-20 to -30 31 3.36 46943 11600 2.305 1.074 - 64 11.09 62600 4700 1.847 0.452 -
20 to 30 1 0.11 58000 58000 3.295 3.295 - 21 3.64 107000 61500 2.884 2.254 -
-30 to -40 55 5.96 42800 6410 2.088 0.726 - 85 14.73 51000 4650 1.453 0.431 -
30 to 40 0 0.00 0000 0000 0000 0000 - 14 2.43 130000 65400 3.140 2.370 -
-40 to -50 76 8.23 42952 3660 1.901 0.480 - 65 11.27 34000 5070 1.313 0.369 -
40 to 50 0 0.00 0000 0000 0.000 0000 - 2 0.35 103000 76100 2.960 2.633 -
-50 to-I 00 676 73.24 28276 1200 1.403 0.159 - 98 16.98 17600 2860 0.917 0.191 -
Total: 923 100.00 76000 1200 3.535 0.159 59.00 577 100.00 130000 2860 3.140 0.191 28.77
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Table A.23 Variation of predicted values of Manning's n with discharge
Method: Einstein-Barbarossa (1952)

Station Discharge Manning roughness co-efficient, n
(mJ/s)

Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness

Min. Max. Min. Max. Min. Max. Min. Max.
H.Bridge Q:S5000 0.0428 0.1589 0.0098 0.0114 0.0014 0.0024 0.0112 0.0138

5000<Q:S15000 0.0210 0.0640 0.0111 0.0127 0.0022 0.0034 0.0132 0.0161

15000<Q:s25000 0.0161 0.0345 0.0122 0.0133 0.0016 0.0036 0.0150 0.0165

25000<Q:S35000 0.0123 0.0286 0.0128 0.0140 0.0010 0.0036 0.0145 0.0165

Q>35000 0.0109 0.0232 0.0133 0.0149 0.0009 0.0019 0.0145 0.0160

Total 0.0109 0.1589 0.0098 0.0149 0.0009 0.0036 0.0112 0.0165

Baruria Q:S5250 0.0290 0.0907 0.0102 0.0114 0.0016 0.0024 0.0118 0.0138

5250<Q:S15000 0.0207 0.0856 0.0109 0.0123 0.0019 0.0031 0.0127 0.0154

15000<Q:s25000 0.0203 0.0446 0.0117 0.0128 0.0027 0.0035 0.0143 0.0163

25000<Q:S35000 0.0170 0.0303 0.0122 0.0132 0.0030 0.0038 0.0152 0.0169

35000<Q:s45000 0.0140 0.0240 0.0128 0.0136 0.0020 0.0039 0.0156 0.0172

Q>45000 0.0092 0.0205 0.0131 0.0150 0.0010 0.0038 0.0150 0.0171

Total 0.0092 0.0907 0.0102 00.015 0.0010 0.0039 0.0118 0.0172
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Table A.24: Percentages of predicted Manning's n lying within specified error-ranges
Method: Einstein-Barbarossa (1952)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qmin Umax Urnin MNE No. % of Qmax Qmin Urn•x Urnin MNE
total (m3/s) (1113/s) (111/s) (m/s) % Total (m)/s) (m3/s) (m/s) (m/s) %

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15
o to -10 22 2.38 57464 22400 2.702 1.806 68.49 25 4.33 71700 31400 1.881 1.298 40.19

o to 10 22 2.38 57276 29300 2.834 2.146 - 55 9.53 96300 37600 2.240 1.408 -
-10 to -20 33 3.58 46943 16900 2.305 1.420 - 27 4.68 62600 25600 1.847 1.161 -
10 to 20 16 1.73 53100 35800 2.768 2.453 - 54 9.36 86700 38400 2.243 1.555 -
-20 to -30 37 4.01 42800 13700 2.088 1.223 - 22 3.81 43100 12000 1.313 0.789 -
20 to 30 9 0.98 61300 33700 3.080 2.496 - 38 6.59 104000 47700 2.543 1.855 -
-30 to -40 27 2.93 42952 11600 1.901 1.074 - 50 8.67 40200 9800 1.163 0.685 -
30 to 40 11 1.19 76000 41400 3.535 2.797 - 28 4.85 106000 52000 2.579 2.048 -
-40 to -50 23 2.49 28276 9920 1.403 0.919 - 38 6.59 34000 6000 1.012 0.522 -
40 to 50 I 0.11 58000 58000 3.295 3.295 - 18 3.12 107000 61500 2.794 2.254 -

-50 to-I 00 722 78.22 21156 1200 1.165 0.159 - 201 34.84 20100 2860 0.917 0.191 -

50 to 75 - 21 3.64 130000 65400 3.140 2.370 -
Total: 923 100.00 76000 1200 3.535 0.159 68.59 577 100.00 130000 2860 3.140 0.190 40.19
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Table A.25 Variation of predicted values of Manning's n with discharge
Method: Shen (1962)

Station Discharge Manning roughness co-efficient, n
(m3/s)

Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness

Min. Max. Min. Max. Min. Max. Min. Max.
H.Bridge Q:S;5000 0.0428 0.1589 0.0099 0.0114 0.0352 0.0646 0.0466 0.0745

5000<Q:S;15000 0.0210 0.0640 0.01 II 0.0127 0.081 0.0428 0.0208 0.0540

15000<Q:s;25000 0.0161 0.0345 0.0122 0.0133 0.0004 0.0165 0.0122 0.0133

25000<Q:S;35000 0.0123 0.0286 0.013 I 0.0144 0.000 0.0074 0.0139 0.0205

Q>35000 0.0109 0.0232 0.0136 0.0153 0.0000 0.0013 0.0139 0.0153

Total 0.0109 0.1589 0.0099 0.0153 0.0000 0.0646 0.0122 0.0745

Baruria Q:S;5250 0.0290 0.0907 0.0102 0.0114 0.0434 0.00669 0.0548 0.0771

5250<Q:S;15000 0.0207 0.0856 0.0109 0.0123 0.0234 0.0589 0.0357 0.0698

ISOOO<Q:S;25000 0.0203 0.0446 0.0117 0.0128 0.0130 0.0369 0.0258 0.0486

25000<Q:S;35000 0.0170 0.0303 0.0122 0.0132 0.0064 0.02S5 0.0196 0.0377

35000<Q:s;4S000 0.0140 0.0240 0.0128 0.0136 0.0009 0.0139 0.0146 0.0266

Q>4S000 0.0092 0.020S 0.0131 0.0150 0.000 0.0076 0.0139 0.0207

Total 0.0092 0.0907 0.0102 O.OISO 0.000 0.0669 0.0139 0.0771



Table A.26: Percentages of predicted Manning's n lying within specified error-ranges
Method: Shen (1962)
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Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qmax Qmin Umax Umill MNE No. % of Qmax Qmin Um•x Umin MNEtotal (ml/s) (ml/s) (m/s) (rnls) % Total (mJ/s) (ml/s) (m/s) (m/s) %
1 2 3 4 5 6 7 8 9 10 1I 12 13 14 15o to - 10 190 20.59 57464 1210 2.834 0.220 20.74 60 10.40 96300 3400 2.240 0.219 25.49o to 10 89 9.64 53100 1350 2.768 0.272 - 105 18.20 87000 4830 2.240 0.310 --10 to -20 120 13.00 47771 1210 2.476 0.266 - 9 1.56 71700 2860 1.858 0.191 -10 to 20 33 3.58 61300 2630 3.080 0.386 - 110 19.06 104000 4890 2.543 0.313 -

-20 to -30 166 17.98 46943 1310 2.305 0.219 - 2 0.35 62600 5250 1.847 0.256 -
20 to 30 13 1.4 I 76000 6410 3.535 0.726 - 90 15.60 106000 4180 2.579 0.298 -
-30 to -40 252 27.30 38100 1200 1.954 0.177 - 0 0.00 0000 0000 0.000 0.000 -
30 to 40 I 0.1 I 58000 58000 3.295 3.295 - 85 14.73 107000 5070 2.884 0.350 -
-40 to -50 57 6.18 42952 1260 1.901 0.166 - 0 0.00 0000 0000 0.000 0.000 -
40 to 50 0 0.00 0000 0000 0.000 0.000 - 52 90.01 99000 5330 2.727 0.381 -
-50 to-l 00 2 0.22 1380 1330 0.185 0.159 - 0 0.00 0000 0000 0.000 0.000 -
50 to 75 - 40 6.93 130000 4650 3.140 0.43 I -
75 to 100 - 20 3.47 14400 4700 0.837 0.452 -
100 to 150 - 4 0.69 6540 6000 0.564 0.522 -
Total: 923 100.00 76000 1200 3.535 0.159 20.74 577 100.00 130000 2860 3.140 O.I91 25.49
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Table A.27 Variation of predicted values of Manning's n with discharge
Method: Engelund-Hansen (1967)

Station Discharge Manning roughness co-efficient, n(mJ/s)
Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness
Min. Max. Min. Max. Min. Max. Min. Max.

H.Bridge Q~5000 0.0428 0.1589 0.0119 0.0132 0.0141 0.0204 0.0216 0.0261
5000<Q~ 15000 0.0210 0.0640 0.0129 0.0141 0.0000 0.0158 0.0137 0.0229
15000<Q~25000 0.0161 0.0345 0.0141 0.0143 0.003 0.0068 0.0150 0.0173
25000<Q~35000 0.0123 0.0286 0.0144 0.0145 0.0069 0.0103 0.0174 0.0198
Q>35000 0.0109 0.0232 0.0145 0.0146 0.0103 0.0209 0.0198 0.0285
Total 0.0109 0.1589 0.0119 0.0146 0.0000 0.0204 0.0139 0.0285

Baruria Q~5250 0.0290 0.0907 0.0120 0.0126 0.0187 0.0205 0.0251 0.0263
5250<Q~15000 0.0207 0.0856 0.0123 0.0139 0.0000 0.0201 0.0137 0.0261
15000<Qg5000 0.0203 0.0446 0.0130 0.0143 0.0000 0.0162 0.0139 0.0233
25000<Q~35000 0.0170 0.0303 0.0140 0.0144 0.0000 0.0038 0.0140 0.0157
35000<Q~45000 0.0140 0.0240 0.0142 0.0145 0.0016 0.0058 0.0146 0.0166
Q>45000 0.0092 0.0205 0.0143 0.0148 0.0029 0.0126 0.0152 0.0217
Total 0.0092 0.0907 0.0120 0.0148 0.0000 0.0205 0.0139 0.0263
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Table A.28: Percentages of predicted Manning's n lying within specified error-ranges
Method: Engelund-Hansen (I 967)

Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qmax Qmin UUH1:'l: UIII ill MNE No. % of Qma.'.; Qmin Urn" Urnin MNE%total (m3/s) (m3/s) (l11/s) (l11/s) % Total (1113/s) (1113/s) (l11/s) (m/s)1 2 3 4 5 6 7 8 9 10 II 12 13 14 15o to -10 15 1.63 42952 22145 1.901 1.682 61.52 39 6.76 60300 5520 1.672 0.484 36.73o to 10 14 1.52 39700 22400 2.037 1.806 - 38 6.59 71700 6010 1.858 0.541 --10 to -20 21 2.28 37400 17900 1.773 1.492 - 27 4.68 49300 5230 1.533 0.508 -10 to 20 12 1.30 42800 25800 2.088 1.980 - 31 5.37 78400 12000 1.988 0.789 --20 to -30 18 1.95 32000 13700 1.600 1.269 - 57 9.88 51000 4650 1.425 0.431 -20 to 30 15 1.63 46943 28200 2.305 2.074 - 23 3.99 65700 47500 2.021 1.855 --30 to -40 29 3.14 28276 5710 1.416 0.673 - 70 12.13 40200 5890 1.313 0.432 -30 to 40 11 1.19 42400 31500 2.336 2.243 - 40 6.93 96300 47700 2.240 1.975 --40 to -50 36 3.90 22000 3660 1.222 0.480 - 79 13.69 34500 4530 1.077 0.336 -40 to 50 5 0.54 47771 33500 2.476 2.343 - 16 2.77 86700 53900 2.287 2.133 --50 to-I 00 701 75.95 16400 1200 1.056 0.159 - 85 14.73 27000 2860 0.953 0.191 -50 to 75 28 3.03 57464 33700 2.834 2.453 - 50 8.67 106000 52000 2.595 2.208 -75 to 100 II 1.19 61300 40500 3.080 2.736 - 19 3.29 107000 61500 2.884 2.485 -100 to 150 7 0.76 76000 55100 3.535 3.073 - 3 0.52 130000 67100 3.140 2.855 -Total: 923 100.00 76000 1200 3.535 0.159 61.52 577 100.00 130000 2860 3.140 0.191 36.73
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Table A,29 Variation of predicted values of Manning's n with discharge
Method: Vanoni & Hwang(l967) Bed form by Vajda(1990)

Station Discharge Manning roughness co-efficient, n
(m3/s)

Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness
Min. Max. Min. Max. Min. Max. Min. Max.

H.Bridge QS5000 0.0428 0.1589 0.0096 0.0138 0.0025 0.0398 0.0163 0.0494
5000<QS15000 0.0210 0.0640 0.0099 0.0116 0.0239 0.0377 0.0355 0.0476
15000<QS25000 0.0161 0.0345 0.0106 0.0122 0.0202 0.0318 0.0323 0.0428
25000<QS35000 0.0123 0.0286 0.0109 0.0126 0.0177 0.0296 0.0302 0.0404
Q>35000 0.0109 0.0232 0.0112 0.0130 0.0151 0.0271 0.0282 0.0383--
Total 0.0109 0.1589 0.0096 0.0138 0.0025 0.0398 0.0163 0.0494

Baruria QS5250 0.0290 0.0907 0.0097 0.0138 0.0032 0.0419 0.0170 0.0516
5250<QS15000 0.0207 0.0856 0.0097 0.0141 0.0026 0.0422 0.0167 0.0519
15000<QS25000 0.0203 0.0446 0.0097 0.0141 0.0026 0.0422 0.0167 0.0518
25000<QS35000 0.0170 0.0303 0.0097 0.0108 0.0334 0.0420 0.0442 0.0518
35000<QS45000 0.0140 0.0240 0.0098 0.0105 0.0359 0.0418 0.0463 0.0516
Q>45000 0.0092 0.0205 0.0098 0.0114 0.0285 0.0417 0.0398 0.0515
Total 0.0092 0.0907 0.0097 0.0141 0.0026 0.0422 0.0167 0.0519



Table A.30: Percentages of predicted Manning's n lying within specified error-ranges
Method: Vanoni & Hwang (1967) Bed form by Vajda (1990)

:z:"
I
W
o

Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qmax Qmin UIllJX Umin MNE No. % of Qrnax Qrnin Urn •• Urnin MNE%total (m3/s) (m3/s) (m/s) (111/5) % Total (m3/s) (m3/s) (m/s) (m/s)
I 2 3 4 5 6 7 8 9 10 I 1 12 13 14 15o to - 10 16 1.73 13145 3060 0.894 0.415 58.25 8 1.39 13400 5270 0.512 0.396 151.63o to 10 38 4.12 28276 3660 1.403 0.474 - 7 1.2 I 17600 7400 0.917 0.507 --10 to -20 36 3.90 10394 3140 0.743 0.469 - I I 1.9 I 21500 4830 1.019 0.355 -

10 to 20 18 1.95 15800 4530 1.056 0.538 - 4 0.69 16600 7320 0.636 0.503 -
-20 to -30 46 4.98 7736 1480 0.609 0.315 - 29 5.03 21900 6000 0.996 0.344 -
20 to 30 29 3.14 42952 5970 1.902 0.660 - 5 0.87 14300 7890 0.614 0.530 --30 to -40 59 6.39 5454 1210 0.507 0.266 - 24 4.16 15700 5230 0.896 0.276 -30 to 40 24 2.60 31400 5710 1.644 0.673 - 7 1.21 18800 11200 0.719 0.593 -
-40 to -50 I I I 12.03 4730 1310 0.451 0.227 - 27 4.68 16400 4650 0.739 0.256 -
40 to 50 10 1.08 19600 6410 1.315 0.726 - 8 1.39 17400 9360 0.734 0.618 -
-50 to-100 364 39.44 3970 1200 0.398 0.159 - 101 17.50 15200 2860 0.636 0.191 -
50 to 75 39 4.23 46943 8050 2.305 0.824 - 20 3.47 32100 10500 0.961 0.675 -
75 to 100 29 3.14 57464 11600 2.834 1.074 - 22 3.8! 40200 17600 1.313 0.822 -
100 to 150 51 5.53 72303 13700 3.386 1.268 - 52 9.01 62600 17900 1.847 0.897 -
150 & above 53 5.74 76000 22400 3.535 1.806 - 252 43.67 130000 29200 3.140 1.149 -
Total: 923 100.00 76000 1200 3.535 0.159 58.25 577 100.00 130000 2860 3.140 0.191 151.63



Table A.31 Variation of predicted values of Manning's n with discharge
Method: Vanoni & Hwang (1967) Bed form by Yalin (1992)
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Station Discharge
Manning roughness co-efficient, n(mJ/s)

Measured roughness Computed roughness value nvalue n
Grain roughness form roughness Total roughness

Min Max Min Max Min Max Min Max
H.Bridge Q:S5000 0.0428 0.1589 0.0113 0.0118 0.0131 0.0218 0.0246 0.0333

5000<Q:S15000 0.0210 0.0640 0.0113 0.0120 0.0205 0.0218 0.0318 0.0333
15000<Q:S25000 0.0161 0.0345 0.0115 0.0123 0.0191 0.0218 0.0314 0.0333
25000<Q:S35000 0.0123 0.0286 0.0116 0.0126 0.0177 0.0217 0.0303 0.0333
Q>35000 0.0109 0.0239 0.0117 0.0129 0.0160 0.0214 0.0117 0.0129
Total 0.0109 0.1589 0.0113 0.0129 0.013 I 0.0218 0.0117 0.0333

Baroria Q:S5250 0.0290 0.0907 0.0116 0.0119 0.0112 0.0192 0.0231 0.0308
5250<Q:S15000 0.0207 0.0856 0.0116 0.0119 0.0097 0.021 I 0.0217 0.0327
15000<Q:S25000 0.0203 0.0446 0.0116 0.0121 0.0153 0.0214 0.0270 0.0333
25000<Q:S35000 0.0170 0.0303 0.0116 0.0118 0.0185 0.0216 0.0301 0.0334
35000<Q:S45000 0.0140 0.0240 0.0116 0.0117 0.0189 0.0214 0.0305 0.033 I
Q>45000 0.0092 0.0205 0.0116 0.0120 0.0189 0.0217 0.0306 0.0335
Total 0.0092 0.0907 0.0116 0.0121 0.0112 0.0218 0.0217 0.0335
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Table A.32: Percentages of predicted Manning's n lying within specified error-ranges
Method: Vanoni & Hwang (1967) Bed form by Yalin (1992)

Errors % Station: Hardinge Bridge Station: Baruria

No. % of Qmax Qmin Umax Umin MNE% No. % of Qmax Qmin Umax Umin MNE

total (ml/s) (ml/s) (m/s) (m/s) Total (ml/s) (ml/s) (m/s) (m/s) %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

o to -10 28 3.03 21156 6410 1.165 0.701 61.25 29 5.03 20100 6540 0.756 0.564 82.34

o to 10 26 2.82 28276 8050 1.403 0.824 - 19 3.29 27000 9800 0.868 0.685 -
-10 to -20 31 3.36 13145 5710 0.894 0.639 - 32 5.55 18800 6000 0.917 0.522 -
10 to 20 13 1.41 26200 9920 1.416 0.919 - 14 2.43 32100 11600 0.961 0.754 -
-20 to -30 25 2.71 10394 4530 0.743 0.538 - 31 5.37 17600 4700 0.636 0.452 -

20 to 30 18 1.95 42952 10000 1.902 0.971 - 28 4.85 34500 13800 1.045 0.829 -

-30 to -40 36 3.90 7736 3540 0.646 0.474 - 35 6.07 14300 4650 0.561 0.417 -
30 to 40 13 1.41 21400 11600 1.644 1.074 - 22 3.81 40200 17900 1.152 0.921 -

-40 to -50 58 6.28 5543 2630 0.529 0.375 - 51 8.84 12000 4530 0.469 0.336 -

40 to 50 15 1.63 33700 12900 1.793 1.162 - 14 2.43 37700 21500 1.313 1.019 -

-50 to-l00 521 56.45 4730 1200 0.451 0.159 - 32 5.55 8150 2860 0.376 0.191 -

50 to 75 35 3.79 46943 13700 2.305 1.268 - 32 5.55 51000 22200 1.453 1.149 -

75 to 100 29 3.14 57464 19800 2.834 1.584 - 25 4.33 62600 33500 1.847 1.408 -

100 to 150 54 5.85 72303 22400 3.386 1.806 - 85 15.25 96300 38400 2.240 1.555 -

150 & above 21 2.28 76000 33700 3.535 2.496 - 125 21.66 130000 47700 3.140 1.968 -

Total: 923 100.00 76000 1200 3.535 0.159 61.25 577 100.00 130000 2860 3.140 0.191 82.34

____ ---------- 1
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Table A.33 Variation of predicted values of Manning's n with discharge
Method: Haque & Mahmood (1983) Bed form by Vajde (1990)

Station Discharge Manning roughness co-efficient, n
(m3/s)

Measured roughness Computed roughness value n
value n

Grain roughness form roughness Total roughness
Min Max Min Max Min Max Min Max

H.Bridge QS5000 0.0428 0.1589 0.0099 0.0150 0.0001 0.0435 0.015l 0.0534
5000<QS15000 0.0210 0.0640 0.0102 0.0123 0.0227 0.0406 0.0350 0.0508
15000<QS25000 0.0161 0.0345 0.0111 0.0132 0.0164 0.0324 0.0296 0.0434
25000<QS35000 0.0123 0.0286 0.0114 0.0139 0.0122 0.0299 0.0261 0.0413
Q>35000 0.0109 0.0232 0.0116 0.0147 0.0082 0.0282 0.0229 0.0398
Total 0.0109 0.1589 0.0099 0.0150 0.0001 0.0435 0.0151 0.0534

Baruria Q~5250 0.0290 0.0907 0.0101 0.0152 0.0005 0.0456 0.0157 0.0577
5250<QS15000 0.0207 0.0856 0.0100 0.0154 0.0001 0.0461 0.0155 0.0561
15000<QS25000 0.0203 0.0446 0.0100 0.0154 0.0002 0.0460 0.0155 0.0560
25000<QS35000 0.0170 0.0303 0.0101 0.0113 0.0339 0.0459 0.0452 0.0560

35000<Q~5000 0.0140 0.0240 0.0101 0.0110 0.0374 0.0455 0.0484 0.0556

Q>45000 0.0092 0.0205 0.0101 0.0119 0.0294 0.0454 0.0413 0.0555

Total 0.0092 0.0907 0.0100 0.0154 0.0001 0.0461 0.0155 0.0577
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Table A.34: Percentages of predicted Manning's n lying within specified error-ranges
Method: Haque & Mahmood (1983) Bed form by Vajda (1990)

Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qmax: Qrnin Um., Umin MNE% No. % of Qma, Qmin Um., Umin MNE%total (m3/s) (m3/s) (m/s) (l11/s) Total (m3/s) (m3/s) (l11/s) (m/s)
I 2 3 4 5 6 7 8 9 10 1I 12 13 14 15o to -10 21 2.28 28276 3540 1.403 0.486 56.24 I I 1.91 13400 5270 0.790 0.396 163.44

o to 10 32 3.47 42952 3060 1.902 0.415 - 9 1.56 17600 5740 0.917 0.416 -
-10 to -20 48 5.20 10394 2680 0.743 0.344 - 12 2.08 14400 4830 0.837 0.347 -
10 to 20 26 2.82 35812 3660 1.741 0.480 - 4 0.69 10400 6010 0.541 0.507 -
-20 to -30 44 4.77 7736 1270 0.609 0.282 - 22 3.81 21900 4700 1.019 0.308 -
20 to 30 17 1.84 15635 4530 1.056 0.538 - 5 0.87 16600 7320 0.636 0.503 -
-30 to -40 64 6.93 5454 1210 0.507 0.266 - 25 4.33 21900 4650 0.961 0.256 -
30 to 40 28 3.03 42800 6160 2.088 0.666 - 4 0.69 14300 7890 0.614 0.550 -
-40 to -50 185 20.04 4730 1260 0.45 I 0.207 - 14 2.43 15700 5440 0.818 0.457 -
40 to 50 22 2.38 46943 5710 2.305 0.673 - 6 1.04 18800 11200 0.719 0.593 -
-50 to-1 00 271 29.36 3700 1200 0.385 0.159 - 110 19.06 16400 2860 0.686 0.191 -
50 to 75 33 3.58 57464 6410 2.834 0.726 - 19 3.29 27000 9360 0.953 0.618 -
75 to 100 34 3.68 57276 10000 2.806 0.971 - 21 3.64 34500 14500 1.313 0.728 -
100 to 150 50 5.42 76000 13700 3.353 1.223 - 49 8.49 62600 17900 1.847 1.897 -
150 & above 48 5.20 58000 22400 3.296 1.806 - 226 46.10 130000 22200 3.140 1.086 -
Total: 923 100.00 76000 1200 3.535 0.159 56.24 577 100.00 130000 2860 3.140 0.191 163.44
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Table A.35 Variation of predicted values of Manning's n with discharge
Method: Haque & Mahmood (1983) Bed form by Yalin (1992)

Station Discharge
Manning roughness co-efficient, n(m)/s)

Measured roughness
Computed roughness value nvalue n

Grain roughness form roughness Total roughness
Min Max Min Max Min Max Min MaxH.Bridge QS5000 0.0428 0.1589 0.0121 0.0129 0.0083 0.0201 0.021 I 0.03235000<QS15000 0.0210 0.0640 0.0121 0.0129 0.0174 0.0201 0.0302 0.032315000<QS25000 0.0161 0.0345 0.0122 0.0134 0.0146 0.0201 0.0280 0.032325000<QS35000 0.0123 0.0286 0.0124 0.0139 0.0122 0.0198 0.0261 0.0321Q>35000 0.0109 0.0232 0.0126 0.0145 0.0095 0.0190 0.0240 0.0316Total 0.0109 0.1589 0.0121 0.0145 0.0083 0.0201 0.021 I 0.0323Baruria QS5250 0.0290 0.0907 0.0126 0.0135 0.0058 0.0160 0.0193 0.02875250<QS15000 0.0207 0.0856 0.0126 0.0136 0.0043 0.0184 0.0179 0.031015000<QS25000 0.0203 0.0446 0.0126 0.0132 0.0109 0.0187 0.0239 0.Q314

25000<QS35000 0.0170 0.0303 0.0126 0.0127 0.0151 0.0187 0.0278 0.0316
35000<QS45000 0.0140 0.0240 0.0126 0.0127 0.0156 0.0187 0.0283 0.0314
Q>45000 0.0092 0.0205 0.0126 0.013 I 0.0157 0.0189 0.0284 0.Q316
Total 0.0092 0.0907 0.0126 0.0136 0.0043 0.0189 0.0179 0.Q316
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Table A.36: Percentages of predicted Manning's n lying within specified error-ranges
Method: Haque & Mahmood (1983) Bed form by Yalin (1992)

Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qmax Qmin Ul1li\X Urnin MNE% No. % of Qrnax Qmin Urn., Urnin MNEtotal (ml/s) (ml/s) (m/s) (m/s) Total (ml/s) (ml/s) (m/s) (m/s) %1 2 3 4 5 6 7 8 9 10 1I 12 13 14 15o to -10 33 3.58 28276 6410 1.403 0.724 59.63 17 2.95 20100 9800 0.808 0.695 77.22o to 10 23 2.49 42952 8050 1.902 0.824 . 21 3.64 27000 11600 0.953 0.788 --10 to -20 29 3.14 21156 5710 1.165 0.656 - 31 5.37 18800 8850 0.917 0.619 -10 to 20 15 1.63 35812 10000 1.741 0.971 - 23 3.99 34000 13800 1.012 0.896 --20 to -30 29 3.14 11700 4530 0.801 0.538 - 37 6.41 17600 6010 0.663 0.536 -20 to 30 11 1.19 23300 10700 1.465 1.009 - 21 3.64 34500 17900 1.148 0.961 --30 to -40 42 4.55 8900 3540 0.687 0.474 . 32 5.55 14300 5150 0.561 0.464 -30 to 40 25 2.71 42800 12500 2.088 1.136 - 12 2.08 40200 25000 1.313 1.086 --40 to -50 44 4.77 5820 2630 0.529 0.386 - 47 8.15 13400 4650 0.512 0.393 -
40 to 50 11 1.19 46943 13700 2.305 1.215 - 14 2.43 43100 22200 1.302 1.149 -
-50 to-I 00 537 58.18 4730 1200 0.451 0.159 - 62 10.75 9600 2860 0.408 0.191 -
50 to 75 35 3.79 57464 13700 2.834 2.268 - 29 5.03 62600 25600 1.847 1.216 -
75 to 100 24 2.60 57276 22145 2.806 1.682 - 33 5.72 71700 36300 1.857 1.464 -
100 to 150 56 6.07 76000 22400 3.535 1.806 - 110 19.06 96300 40100 2.243 1.658 -
150 &above 9 0.98 58000 33700 3.296 2.496 - 88 15.25 130000 52000 3.140 2.048 -
Total: 923 100.00 76000 1200 3.535 0.159 59.63 577 100.00 130000 2860 3.140 0.191 77.22
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Table A.37 Variation of predicted values of Manning's n with discharge
Method: Shen et aI. (1990) Bed form by Allen (1962)

Station Discharge
Manning roughness co-efficient, n(mJ/s)

Measured roughness Computed roughness value nvalue n
Grain roughness form roughness Total roughness

Min Max Min Max Min Max Min Max
H.Bridge Q:S5000 0.0410 0.1589 0.0054 0.0067 0.0162 0.0195 0.0223 0.0254

5000<Q:S15000 0.0210 0.0640 0.0048 0.0058 0.0166 0.0181 0.0218 0.0233
15000<Q:s25000 0.0161 0.0345 0.0046 0.0052 0.0163 0.0176 0.0214 0.0224
25000<Q:S35000 0.0123 0.0286 0.0044 0.0051 0.0161 0.0175 0.0211 0.0221
Q>35000 0.0109 0.0232 0.0043 0.0049 0.0160 0.0174 0.0207 0.0218
Total 0.0109 0.1589 0.0043 0.0067 0.0160 0.0195 0.0207 0.0254

Baruria Q:S5250 0.0290 0.0907 0.0052 0.0063 0.0169 0.0194 0.0231 0.0247
5250<Q:S15000 0.0207 0.0856 0.0050 0.0062 0.0166 0.0199 0.0223 0.0250
15000<Q:S25000 0.0203 0.0446 0.0049 0.0056 0.0158 0.0185 0.0213 0.0235
25000<Q:S35000 0.0170 0.0303 0.0048 0.0052 0.0166 0.0179 0.0217 0.0303
35000<Q:s45000 0.0140 0.0240 0.0046 0.0050 0.0169 0.0179 0.0218 0.0226
Q>45000 0.0092 0.0205 0.0043 0.0049 0.0163 0.0180 0.0212 0.0225
Total 0.0092 0.0907 0.0043 0.0063 0.0158 0.0194 0.0212 0.0303
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Table A.38: Percentages of predicted Manning's n lying within specified error-ranges
Method: Shen et al. (1990) Bed form by AI len (1962)

Errors %
Station: Hardinge Bridge

Station: Baruria
No. % of Qmax Qmin Ullla." Urnin MNE% No. % of Qrnax Qmin Urnax Urnin MNE

total (m3/s) (m3/s) (m/s) (m/s) Total (m3/s) (mJ/s) (m/s) (m/s) %I 2 3 4 5 6 7 8 9 10 I I 12 13 14 15
o to -10 24 2.60 42952 11600 1.902 1.074 59.15 47 8.15 40200 6000 1.313 0.522 47.61o to 10 25 2.71 42800 13700 2.088 1.223 - 34 5.89 50800 6010 1.391 0.541 --10 to -20 21 2.28 32000 10000 1.644 0.971 - 29 5.03 34500 5230 1.077 0.484 -10 to 20 15 1.63 39400 16900 2.085 1.420 - 23 3.99 62600 12000 1.847 0.790 --20 to -30 28 3.03 28276 6410 1.403 0.726 - 38 6.59 32100 4700 0.961 0.452 -20 to 30 15 1.63 46943 19800 2.305 1.584 - 14 2.43 60300 36100 1.670 1.303 --30 to -40 47 5.09 21156 5710 1.165 0.660 - 39 6.76 18800 4650 0.745 0.431 -30 to 40 14 1.52 57464 22145 2.834 1.727 - 20 3.47 71700 31400 1.857 1.297 --40 to -50 38 4.12 13145 3660 0.894 0.480 - 41 7.11 16600 5070 0.917 0.369 -40 to 50 21 2.28 57276 25800 2.806 1.985 - 29 5.03 96300 42700 2.240 1.525 --50 to-l00 624 67.61 8900 1200 0.687 0.159 - 87 15.08 17600 2860 0.629 0.191 -50 to 75 37 4.01 72303 29300 3.386 2.146 - 71 12.31 87000 38400 2.287 1.555 -75 to 100 14 1.52 76000 33700 3.535 2.496 - 66 11.44 106000 47700 2.710 1.855 -100 to 150

- 39 6.76 130000 59500 3.140 2.140 -Total: 923 100.00 76000 1200 3.535 0.159 59.15 577 100.00 130000 2860 3.140 0.191 47.61
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Table A.39 Variation of predicted values of Manning's n with discharge
Method: Shen et al. (1990) Bed form by Vajda (1990)

Station Discharge
Manning roughness co-efficient, n(mJ/s)

Measured roughness
Computed roughness value nvalue n

Grain roughness form roughness Total roughness
Min Max Min Max Min Max Min MaxH.Bridge QS5000 0.0428 0.1589 0.0056 0.0084 0.0007 0.0229 0.0086 0.0291

5000<QS 15000 0.0210 0.0640 0.0050 0.0059 0.0148 0.0225 0.0203 0.0280
15000<QS25000 0.0161 0.0345 0.0047 0.0055 0.0120 0.0201 0.0175 0.0250
25000<QS35000 0.0123 0.0286 0.0046 0.0056 0.0099 0.0190 0.0155 0.0237
Q>35000 0.0109 0.0232 0.0045 0.0055 0.0078 0.0176 0.0133 0.0222
Total 0.0109 0.1589 0.0045 0.0089 0.0007 0.0229 0.0086 0.0291Baruria QS5250 0.0290 0.0907 0.0051 0.0076 0.0023 0.0241 0.0099 0.0302
5250<QS15000 0.0207 0.0856 0.0047 0.0078 0.0009 0.0249 0.0079 0.0302
15000<QS25000 0.0203 0.0446 0.0050 0.0073 0.0010 0.0248 0.0080 0.0300
25000<QS35000 0.0170 0.0303 0.0048 0.0052 0.02 I I 0.0250 0.0261 0.0298
35000<QS45000 0.0140 0.0240 0.0047 0.0052 0.0225 0.0250 0.0273 0.0297
Q>45000 0.0092 0.0205 0.0043 0.0049 0.0183 0.0250 0.023 I 0.0296
Total 0.0092 0.0907 0.0051 0.0078 0.0009 0.0250 0.0079 0.0302
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Table A.40: Percentages of predicted Manning's n lying within specified error-ranges
Method: Shen et al. (1990) Bed form by Vajda (1990)

Errors %
Station: Hardinge Bridge

Station: BaruriaNo. % of Qmax Qmin Urn", Umin MNE % No. % of
Qrnax Qmin Urna< Urn in MNE

total (mJ/s) (mJ/s) (rnls) (rnls) Total (rnJ/s) (mJ/s) (m/s) (m/s) %I 2 3 4 5 6 7 8 9 10 II 12 13 14 15
o to -10 17 1.84 57464 13000 2.702 1.066 56.60 18 3.12 32100 6430 0.961 0.536 76.95o to 10 28 3.03 57276 10000 2.806 0.971 - 12 2.08 34000 5520 1.012 0.484 --10 to -20 32 3.47 56400 6410 2.834 0.726 - 16 2.77 17800 5230 0.790 0.508 -10 to 20 21 2.28 72303 12900 3.386 1.162 - 22 3.81 40200 6010 1.313 0.541 --20 to -30 44 4.77 42800 5710 2.088 0.656 - 13 2.25 18800 4700 0.685 0.452 -20 to 30 25 2.71 76000 13700 3.535 1.268 - 22 3.81 62600 17900 1.847 0.897 --30 to -40 52 5.63 37400 3660 1.773 0.480 - 20 3.47 17600 4650 0.837 0.431 -30 to 40 10 1.08 58647 17900 3.179 1.492 - 16 2.77 51000 22000 1.425 1.028 --40 to -50 47 5.09 42952 3060 1.902 0.415 - 22 3.81 15600 5270 0.917 0.396 -40 to 50 12 1.30 57291 22145 3.166 1.727 - 13 2.25 49300 25200 1.453 1.130 --50 to-1 00 594 64.36 10394 1200 0.743 0.159 - 156 27.04 21900 2860 1.019 0.191 -50 to 75 36 3.90 58000 22400 3.296 1.806 - 39 6.76 96300 29200 2.240 1.161 -75 to 100 5 0.54 44700 33700 2.941 2.496 - 46 7.97 87000 37600 2.234 1.408 -100 to 150

- 115 19.93 107000 38400 2.884 1.555 -150 & above
- 47 8.15 130000 47700 3.140 2.004 -Total: 923 100.00 76000 1200 3.535 0.159 56.60 577 100.00 130000 2860 3.140 0.191 76.95
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Table AAI Variation of predicted values of Manning's n with discharge
Method: Shen et al. (1990) Bed form by Yalin (1992)

Station Discharge
Manning roughness co-efficient, n(m3/s)

Measured roughness
Computed roughness value nvalue n

Grain roughness form roughness Total roughness
Min Max Min Max Min Max Min MaxH.Bridge QS5000 0.0410 0.1589 0.0059 0.0072 0.0068 0.0141 0.0140 0.0204

5000<QS15000 0.0210 0.0640 0.0051 0.0061 0.0132 0.0144 0.0187 0.0200
15000<QS25000 0.0161 0.0345 0.0049 0.0055 0.0119 0.0146 0.0174 0.0196
25000<QS35000 0.0123 0.0286 0.0047 0.0055 0.0107 0.0146 0.0161 0.0194
Q>35000 0.0109 0.0232 0.0046 0.0054 0.0092 0.0144 0.0145 0.0191Total 0.0109 0.1589 0.0046 0.0072 0.0068 0.0146 0.0140 0.0204Baruria QS5250 0.0290 0.0907 0.0065 0.0074 0.0054 0.0115 0.0120 0.0184
5250<QS15000 0.0207 0.0856 0.0056 0.0068 0.0042 0.0133 0.0109 0.0194
15000<QS25000 0.0203 0.0446 0.0053 0.0060 0.0090 0.0138 0.0149 0.0195
25000<QS35000 0.0170 0.0303 0.0052 0.0056 0.0118 0.0142 0.0171 0.0194
35000<Q~45000 0.0140 0.0240 0.0050 0.0053 0.0122 0.0141 0.0174 0.0192
Q>45000 0.0092 0.0205 0.0045 0.0052 0.0124 0.0146 0.0174 0.0193
Total 0.0092 0.0907 0.0045 0.0074 0.0042 0.0146 0.0109 0.0195
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Table A.42: Percentages of predicted Manning's n lying within specified error-ranges
Method: Shen et aI. (I 990) Bed form by Yalin (I 992)

Errors %
Station: Hardinge Bridge

Station: Baruria
No. % of

Qrnax Qrnin Umax Umin MNE% No. % of
Qma'( Qmin Urnax Urnin MNE

total (m3/s) (m3/s) (m/s) (m/s) Total (m3/s) (m3/s) (m/s) (m/s) %I 2 3 4 5 6 7 8 9 10 I I 12 13 14 15
o to - I0 22 2.38 57464 13700 2.834 1.268 61.90 26 4.51 51000 25600 1.441 1.196 46.25o to 10 23 2049 56600 17900 2.761 10492 - 16 2.77 62600 33500 1.847 1.354 --10to-20 34 3.68 42800 12500 2.088 1.136 - 21 3.64 40200 22200 1.313 1.08 I -10 to 20 12 1.30 57276 22145 2.806 1.727 - 21 3.64 60300 38100 1.825 1.525 --20 to -30 18 1.95 31400 10000 1.644 0.971 - 38 6.59 34500 17900 1.148 0.904 -20 to 30 22 2.38 72303 22400 3.386 1.806 - 36 6.24 78400 40100 1.980 1.643 --30 to -40 38 4.12 42952 8050 1.902 0.824 - 30 5.20 32100 11600 0.961 0.754 -30 to 40 24 2.60 76000 28400 3.535 2.088 - 35 6.07 96300 47500 2.240 1.797 --40 to -50 51 5.53 28276 5710 10403 0.656 - 43 7045 20100 9360 0.917 0.627 -40 to 50 13 1041 57291 31605 3.166 2.266 - 34 5.89 86700 48600 2.240 1.855 --50 tool 00 656 71.07 11700 1200 0.801 0.159 - 179 31.02 18800 2860 0.667 0.191 -50 to 75 10 1.08 58000 33700 0.296 20496 - 68 11.79 106000 47700 2.710 2.004 -75 to 100

- 29 5.03 130000 61500 3.140 2.370 -100 to ISO
- I 0.17 103000 103000 2.960 2.960 -Total: 923 100.00 76000 1200 3.535 0.159 61.90 577 100.00 130000 2860 3.140 0.191 46.25
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Table A,43 Variation of predicted values of Manning's n with discharge
Method: Van Rijn(I 993)

Station Discharge
Manning roughness co-efficient, n(m3/s)

Measured roughness
Computed roughness value nvalue n

Grain roughness form roughness Total roughness
Min Max Min Max Min Max Min MaxH.Bridge Q:S5000 0.0428 0.1589 0.0049 0.0120 0.0000 0.0173 0.0116 0.02765000<Q:S15000 0.0210 0.0640 0.0109 0.0141 0.0097 0.0162 0.0238 0.0271

15000<Q:S25000 0.0161 0.0345 0.0130 0.0158 0.0000 0.0128 0.0155 0.0258
25000<Q:S35000 0.0123 0.0286 0.0144 0.0176 0.0000 0.0084 0.0158 0.0228Q>35000 0.0109 0.0232 0.0156 0.0197 0.0000 0.0000 0.0156 0.0197Total 0.0109 0.1589 0.0049 0.0197 0.0000 0.0173 0.0116 0.0276Baruria Q:S5250 0.0290 0.0907 0.0058 0.0123 0.0000 0.0163 0.0120 0.0270
5250<Q:S15000 0.0207 0.0856 0.0060 0.0129 0.0027 0.0164 0.0125 0.0270
15000<Q:S25000 0.0203 0.0446 0.0118 0.0141 0.0113 0.0148 0.0254 0.0263
25000<Q:S35000 0.0170 0.0303 0.0126 0.0150 0.0079 0.0138 0.0230 0.0265
35000<Q:S45000 0.0140 0.0240 0.0140 0.0162 0.0000 0.0116 0.0161 0.0256
Q>45000 0.0092 0.0205 0.0148 0.0195 0.0000 0.0088 0.0131 0.0161
Total 0.0092 0.0907 0.0058 0.0195 0.0000 0.0164 0.0120 0.0270



Table A.44: Percentages of predicted Manning's n lying within specified error-ranges
Method: Van RUn(l993)
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I..,...,.

Errors % Station: Hardinge Bridge
Station: Baruria

No. % of Qmax Qmin Umax Umin MNE No. % of Qma~ Qmin Uma, Umin MNEtotal (m3/s) (m3/s) (l11/s) (m/s) % Total (1113/s) (m3/s) (m/s) (m/s) %
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15o to -10 47 5.09 46943 10000 3.305 0.971 59.07 22 3.81 62600 37600 1.847 1.408 50.18o to 10 31 3.36 42700 11600 2.334 1.074 - 26 4.5 I 71700 38400 1.899 1.555 -

-10 to -20 48 5.20 42800 8050 2.088 0.824 - 12 2.08 49100 31400 1.585 1.298 -
10 to 20 23 2.49 57464 13700 2.702 1.269 - 28 4.85 78400 43600 2.003 1.658 -
-20 to -30 52 5.63 42952 5710 1.901 0.660 - 25 4.33 51000 25600 1.453 1.161 -
20 to 30 17 1.84 57256 31500 2.834 2.250 - 26 4.51 96300 47500 2.240 1.835 --30 to -40 42 4.55 37400 3660 1.773 0.480 - 22 3.81 43100 18600 1.313 0.921 -
30 to 40 13 1.4 I 53100 35800 2.768 2.453 - 34 5.89 86700 48600 2.287 1.855 -
-40 to -50 50 5.42 10394 2630 0.743 0.386 - 54 9.36 40200 9800 1.152 0.685 -
40 to 50 6 0.65 61300 33700 3.080 2.496 - 25 4.33 95700 47700 1.479 1.989 -
-50 to-I 00 579 62.73 5820 1200 0.529 0.159 - 236 40.90 32600 2860 1.000 0.191 -
50 to 75 14 1.52 76000 40500 3.535 2.736 - 43 7.45 106000 52000 2.170 2.140 -
75 to 100 1 0.1 I 58000 58000 3.295 3.295 - 23 3.99 130000 61500 3.140 2.370 -
Total: 923 100.00 76000 1200 3.535 0.159 59.07 577 100.00 130000 2860 3.140 0.191 50.18
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Fig. B.12 Comparison between the values of Manning's n computed by Manning
fOI"mula and Garde and Ranga Raju (1970) method at Baruria
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