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ABSTRACT

A sediment extractor ls a device for ejecting sand or gravel from
irrigatlon canalE or pover channelE. It operat,es on the near bed Layer
of the canal flow which usuelly contalns a high proportion of the
seditnent belng carrled. If an extractor iE located irnmediately
downetream from a Etructure, such aE a canal headregulator gate, lt
wj.ll not operete effectively beceuse the high level of turbul.ence wilL
cause the sedlment to be well mixed. Canal bends can also reduce the
effectivenesg of a eedlment extractor becauEe they introduce a swlrling
motion into the channel fl.ow which cauges the high sediment
concentrations near the bed to be swept towards the j.nner bank of the
bend. Ttris report setE out nethods for determining a sultabLe location
for a sediment extractor so that its performance wlLl not be impaired
by structureE or bends.

The variatlon of sediment concentratlon with height above the channel
bed is termed the sedfunent concentratlon profil.e. When the Eediment ln
the flow hag settled to en equll.ibriurn Etate where partlcJ.e settLlng is
balanced by mixlng in the f,Low, then the profile ie an equilibrium
sedlment concentratlon profj.le. the dlstance from the head of a canaL
to the polnt at which an equllibrium profile iE egtablished is caLled
the adaption length.

This report descrlbes two methods for predicting the adaption length.
The first method uses simplifying assumptions to solve the equation
which descrlbes the sediment settLing and mixing procesEes, and the
regults are used to produce a table for predict ing adaption lengths.
The second method uEes a conputational. fluid dynamlcs computer code
(IPHOENICST) to slmulate the conditlons tn a channel downstrean from a
structure without the use of slmpJ.ifying assumptlons. The resultg of
the two nethods are compered and ltttle difference between them is
found lf a 501 lncrease in adaption length is applied to the sinpler
method to account for its approxlnations.

The computational fluid dynan{cs code was then applied to canal bends.
Firstly its predictions were compared with two sets of laboratory data
and good agreement was found. The effect of field scale bends on
adaption length was then examined and the rEsul.tE are preEented in a
seeond predlct ive table.
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1. INTRODUCTION

1. 1 Background

This report describes methods for determining the

optimum location for a sediment extractor in an

irrigation canal. Extractors are used to reduce

sediment deposition in canals by extracting sediment

from the flow near the canal bed. The maximum benefit

is obtained when the extractor is located at a point

where the sediment concentrations have adjusted from

the mixing introduced by the intake (or canal bends)

and have setLled to a vert ical  prof i le with sediment

concentrated near the bed. This location is determined

by predicting changes in the vertical sediment

concentration profile along a channel.

Water which is diverted from rivers to irrigation

canals often contains high concentrations of bed

naterial sediments. If the sediment load entering a

canal exceeds its transporting capaciLy, then sediment

will settle in the canal and reduce its conveyance

capacity. The removal of sediment deposits is

expensive and a considerable drain on a projectrs

finances. One solution is to install a sedinent

extracLor in the canal headreach, such as a vortex

tube sediment extractor. These devices remove water

and sediment from the near bed region, which contains

the highest sediment concentrations in the flow

prof i le.  The extracted f low is passed to an escape

channel which usually returns the water and sediment

to the river. Extensive research on sediment

extractors has been carr ied out at HR Wall ingford by,

Sanmuganathan (I976), Lawrence and Sanmuganathan

(1981) ,  A tk inson (1987)  and ALk inson (1990) .  The

researeh has been used to produce a design manual,  HR

W a l l i n g f o r d  ( 1 9 9 1 ) .



Several factors affect the performance of a sediment

extractor, including extractor location and canal

layout. At the head of a canal, the headworks

structures generate turbulence and recirculation

causing the transported sediment to be mixed within

the flow. Further downstream the turbulence decays and

the sediment begins to settle. The sediment becomes

less well mixed, until eventually a balance between

sediment settling and mixing is established. The

variation of sedinenL concentration with height above

the canal bed is then termed the equilibrium sediment

concentrat ion prof i le.  In this report  the distance

from the head of the canal to this point of

equilibrium is referred to as the adaption length.

I f  a sedimenL extractor is located too close to the

headworks, where sediment is well mixed, the trapping

eff ic ieney wi l l  be reduced. On the other hand locat ing

the extraetor too far away from the headworks

increases the distance over which sediment deposition

will occur. A further consideration is canal bends

which can distort an equilibrium sediment

concentration profile and so impair the trapping

efficiency of an extractor. The location of a sedinent

extractor,  therefore, needs to be opt inised. I t

should be set at the point where the sediment

concentrat ions have just completed adapt ion, that

aL a distance from the canal intake equal to the

adaption length. It is the purpose of this report

present methods for predicting adaption length.

I f  the f low is uniform and quiescent ( i .e. without

turbulence) then the adaption length can be taken as

the distance required for a sediment particle to

settle from the water surface down to the bed. This

distance i-s i tr/V", where V" is sett l ing velocity, I  is

Lhe mean velocity and h the flow depth.



However,  the f low in a real canal wi l l  not be

quiescent because turbulenee is generated at the

headworks, at the channel boundaries, and by bends.

Ahmad (1962) refers to a design where an extractor was

placed at 10 i" trlv" , where i" is the critical

velocity. This is equivalent to the quiescent

sett l ing adapt ion length mult ipl ied by 10/Fr,  r+here Fr

is Froude number. The reason for Ahmadfs use of

cr i t ical  veloci ty is not c lear.

A more rational approach is to simulate the sediment

sett l ing and mixing processes to obtain a prediet ion

for adapt ion length. In this report  we consider f i rst

the simpler case of adaption from mixing at an intake

in a straight channel (Chapters 2,3 and 4).  The

effect of  bends is then considered in Chapter 5.

The report describes Lwo methods that can be applied

to a straighL channel.  The f i rst  method, which is

presented in Chapter 2, uses simpl i fy ing assumptions

to obtain an analytical solution to the turbulent

diffusion equation for sediment. The second method,

which is described in Chapter 3, uses a computational

fluid dynamics computer code to calculate the flow

velocities and sediment concentrations in a canal

headreach. In the latter method fewer assumptions are

made to sinpl i fy the condit ions being simulated, so,

for example, the turbulence and recirculation

introduced by a gate at the entrance to canal is

included in the simulation. This more accurate method

is compared with the predictions of the simpler method

in Chapter 4.

The method using a computational fluid dynamics code

was then used to predict the effects of canal bends on

adaption lengths.



It is important to note that, as sediments of

di f ferent sizes sett le at di f ferent rates, the

adaption length is different for each sediment size

fraction entering a canal. Adapti.on length also varies

with the discharge in the ehannel, which will not be

constant. Consequently, the adaption length should be

regarded as only an approximate measure for the ideal

distance between an intake and a sediment extractor,

and should be used to guide a decision that will be

influenced by other factors such as the need to

dispose of the extracted sediment.

2. ADAPTION IN A STRAIGHT

CAI\IAL: ANALYTICAL SOLUTION

v

Where

The adaption length in a straight channel can be

predicted by solving the differential equation which

describes the effects of sediment settling due to

graviLy and sediment, mixing due to turbulence, termed

the turbulent diffusion equation. The basic equation

is given in Dobbins (  1944) :

a2c
Ex?

(  1 )

y = height above the bed (m)

U-- = flow velocity at height y above the bedv
(m/s )

C = sedimenL concentration at height y above

the bed (ppm)

distance along the channel (m)

sediment di f fusion coeff ic ient in the x

d i rec t ion  (nz /s )

sediment diffusion coefficient in the y

d i rec t ion  (m2 ls )

V" = sett l ing velocity (m/s)

x =

x

g -

v



In Equation 1 it is assumed that the concentrations

and veloci t ies are uniform across the width, and that

the f low is steady. I t  can also be assumed that

sediment di f fusion in the x direct ion is negl igible,

and can therefore be ignored (Dobbins, 1944). The

expression for e" given by Lane and Kalinske (L942)

can be used:

e  = h u * / 1 5
v

Where h = flow depth (m)

u* = shear veloeity (m/s)

By assuming this constant expression for e" we have

further simplified Equation J.. This has introduced

some inaccuracy, in particular we have assumed that

only the shear velocity (ux) is affecting turbulence

and so the increased turbulence near the intake gate

is ignored. If we also assume that the veloeity
profi le is uniform (ie ,r-- = i),  then Equation J.

v
becomes:

-ac
l l  -  =*3x

A Z A
evi ' ;+v ac (2 )

say

Equation 2 can be solved analytically. fts boundary

conditions can now be considered. At the free surface

sediment is prevented fron crossing the boundary,

hence:

* - *u -c=o  a ty=hy d y s

We assume that at the bed boundary the entrainment of

sedinent is not affected by suspended sedirnent

concentrations in the flow above a bed boundary layer,

and that the top of the bed boundary layer is fixed at

a height of  kO. We take k '=0.05h. However the

predictions of Equation 2 are not greatly affected by



the value chosen for kO (Kerssens et aI ,  1979).  These

assumptions imply that the entrainment rate is related

only to bed shear and sediment size. The shear

velocity u* j-s assumed to be constant in the canal

headreach and so the entrainment rate is also assumed

to be constant. ILs value can be derived by

determining the entrainment rate required to produce a

sediment load equal to the sediment transporting

capacity when an equilibrium eoncentration profile

has developed.

A description of an analytical nethod used to solve

Equation 2 is given in Dobbins ( f944).  A simi lar

method, also using Fourier analysis,  has been appl ied

h e r e .

The conditions which were taken to obtain values for

adaption length were high sediment concentrations at

input to the canal headreach adapting to the sediment

transport ing capacity,  Xa. Uniform eoncentrat ions

rrere assumed at the head of the canal. The value of Xa

is chosen before the solut ion is made, and the value

of entrainment rate calculated from it. The adaption

length itself is taken as the distance from the head

of the canal to the point at which the excess

concentrat ion fal ls below 5% of the or iginal  excess

concentration. The calculations were performed with an

original sediment load of twice transporting capacity

and also five times transporting capacity. The

result ing adapt ion lengths di f fered by only a few

percent .

Because the solut ion assumes a uniform veloci ty

prof i le and does not account for f low disturbances and

mixing introduced by the intake gate, it is likely

that the method wilI under-estimate the adaption

length. To account for this the predicted values of

adapt ion length were increased by 50%, fol lowing

recommendations by UPIRI (1975).



Table 1 n which is copied from the HR design manual for

sediment extractors, was computed using the nethod

described above. I t  gives predicted adapt ion lengths

as a function of discharge per unit width, sediment

diameter and channel Froude number. The Engelund

(1966) al luvial  f r ict ion relat ionship was used to

derive the shear velocity for the calculation of e".

The discharge, Froude Number and bed material sediment

sizes were taken as the input to Engelundrs

relationship. Bed sediment sizes were estimated from

the size in transport. The adaption length is given

for only a single sediment size fraction, the median

sediment grain size enter ing the canal.  Adapt ion

length increases as the discharge and Froude number

increases, but decreases as the sediment entering the

canal becomes coarser.

? ADAPTION IN A STMIGHT

CHAI,INEL: PHOENICS SIMULATIONS

The method described in the previous section makes

several sinplifying assumptions in order to obtain an

analyt ical  solut ion to the sediment di f fusion

equat ion. In part icular i t  assunes a constant

sediment di f fusion coeff ic ient along the canal reach.

Thus there is an uncertainty in its predictions of

adapt ion length. In order to assess the errors which

the simplifying assumptions have introduced it is

necessary to model turbulence more real ist ical ly.  A

numerical model is required which can solve the flow

veloci t ies, turbulence levels and sediment

concentrat ions at a large number of discrete points.

For this purpose a commercial ly developed f low solver,

or computat ional f lu id dynamics (CFD) code, was used.

I t  is Lhe PHOENICS code (Mal in and Proumen, 1989).  The

PHOENICS software package simulates f lu id f low,

turbulence, heat Lransfer and combustion. It has been

successful ly used in previous studies of sediment



control  processes (Atkinson, 1989).  The calculat ions

are made on a grid of computational cel1s which can be

one, two or three dimensional.  In this case the gr id

is two-dimensional. PHOENICS uses an iterative

technique to obtain a final solution: an initial guess

is improved upon by successive sweeps through the grid

of computational cells until the calculations reach an

acceptable degree of accuracy ( the cr i ter ia for

convergence are chosen by the user).  For each

simulat ion the user is required to specify the size,

number and layout of the cel Is,  the f lu id propert ies,

the phenomena to be simulated, the boundary

conditions, the number of sweeps and other variables.

The PHOENICS package alIows a user to introduce his

own coding to enable solutions to problems which are

not covered by the standard code. The facility has

been used in this study to simulate sediment settling.

Sediment is simulated using the PHOENICS coding for

concentrations, in the same way as dye in the water

would be simulated. However,  the effect of  the

sett l ing veloci ty is imposed on the solut ion by

specify ing a sink of maLerial  f rom each cel l  equal to

the product of sediment concentration , settling

velocity and fluid density. This sink is partly

offset by a source of material equal to the sink from

the ce11 irrnediately above. This method of solut ion

was tested by comparing the resulting simulations with

analyt ical  solut ions.

Some of the more important features of the application

of PHOENICS to the f low in a canal headreach are

out l ined in the fol lowing three sect ions.

3. 1 Boundary conditions

The free surface of the canal flow is represented by a

frictionless horizontal boundary, and the free surface



slope by a pressure gradient (which results in a

sl ight,  but insignif icant distort ion in the f low

geometry). The local drawdown of the water surface

irunediately downstream of the canal headworks is not

taken into account.

The canal bed boundary is represent,ed by a rough wall

Iogari thmic law (specif ied by a roughness height,

Launder & Spalding, 7974). The bed boundary condition

for sediment concentrations is described in the same

way as for the analytical solution of Chapter 2z a

constant entrainment rate is assumed and its value

related to the sediment transporting capacity when an

equi l ibr ium concentrat ion prof i le has developed.

Although sediment can be deposited at the bed in the

simulations, time varying effects are not included and

so bed level ehanges due to deposition or scour are

not simulated.

At the upstream boundary, drowned flow through a

vert ical  l i f t  gate was model led (Figure l ) .  A uniform

velocity and concentration profile was introduced at

this boundary, and allowed to develop downstream. For

each of the flow conditions studied, two gate openings

were set: one narrow enough to generate a large

recirculation, and the other large enough to reduce

the recirculation to only about 2Q% ot the depth.

The simulat,ions were all two-dimensional. It was

assumed that the influence canal banks on the flow was

negligible and thus that the conditions being modelled

were uniform across the canal.

3.2 ModeIl ing of Turbulence

There are two rnain sources of turbulence: the mixing

and recirculat ion generated by the sluice gate, and

the bed fr ict ion. The f i rst  source (the sluice gate)



is dominant in the region immediately downstream of

the gate, and causes sediment in the flow to be well

mixed. This turbulence, hol'lever, decays after a

relat ively short  distance, after vhich the second

source (bed fr ict ion) becomes more important.  I t  is

the bed friction which determines the final flow

conditions and hence the transporting capacity of the

channel.  In order to model both sources accurately,  a

two-equation, energy-dissipation turbulence model (or

k-e model) was used. The model is based on the

assumption that the turbulence ean be described by the

turbulent kinetic energy and the dissipation rate of

turbulent energy. A full description of the k-e nodel

can be found in Part II of the report by the ASCE Task

Committee on Turbulence Models in Hydraulic

Conputa t ions  (ASCE,  19BB) .  Rod i  ( i984)  g ives

veri f icat ions of the model for condit ions specif ic to

r ivers .

3.3 Sediment di f fusivi ty

A rat io,  F, of  the sedirnent di f fusion coeff ic ient

to the momentum diffusion coefficient (e*) can be

to descr ibe the di f ference in the di f fusion of a

discrete sediment part ic le and the di f fusion of a

f lu id  'par t i c le '  (van  R i jn ,  1984) .  I t  wou ld  be  na tura l

to assume that p (=e"/e*) is equal to unity.

However, research has shown that in rivers and canals,

B is greater than 1.0 because the centr i fugal forces

on the sediment particles are greater than those on

the  water  par t i c les  (van R i jn ,  1984,  and Gosh,  f986) .

A value of p was required for use in the PHOENICS

simulat ions of a canal headreach. I t  was derived by

determining the value of p which produced the most

accurate predict ions of e" when PHOENICS predict ions

were compared with the results of a study by Coleman

(1970).  A value of B = 2 was found to give the best

( e " )

used

10



3,4 Set t ing up the

agreemenL with measured data (see Figure 2) and this

value for p has been used for the simulat ions.

simulations

Adaption length was defined as the distance reguired

for an excess sediment load entering the canal to be

reduced to 5% of its initial value. The same

definition was used in Chapter 2.

Initial PHOENICS simulations indicated that the more

important parameters effecting the adaption length

were f low depth, mean veloeity and sett l ing veloci ty.

The bed roughness, despite having a significant

effect on the value of the sediment transporting

capacity,  was found to have a second order effeet on

the predicted adaption length. T\ro sets of flow

conditions were chosen and relatively large Froude

numbers were chosen for both cases. The gate opening

was set to 20% and 60% of the flow depth for each set

of flow conditions. Input values for the PHOENICS

simulat ion are shown below for al l  four cases.

Case 1 Case 2 Case 3 Case 4

Depth

Mean

veloci ty

Roughness

height

(m/s )

Gate opening (m)

(n)

0 .10 .1

1 .0

1 .0

0 .1

1 .0

1 .0

0 .1(m)

0 ,2

0 .  11

A A

0 .  11

0 .4

n  l n

1 ,2

0 .10Shear

veloci ty (m/s)

11



Sirnulations were carried out for thirteen sediment

grain sizes, using sediment sett l ing velocit ies

determined by the Gibbs et a1 (1971) formula with a

sediment specif ic gravity of 2.65 and a water

temperature of 20oC. An adaption length was calculated

for each grain size. The grain sizes and settling

velocit ies used are shown below.

Sett l ing veloci ty

( cmls )

0 .6

1 .0

2 .0

3 .0

4 .0
q n
J . V

6 .0

7 .0

8 .0

9 .0

10 .  0

11 .0

12 ,0

The adaption lengths predicted

in Table 2 and Figures 3 and 4.

summarised as fol lows:

Sediment grain size

(mm)

0 .087

0 .  116

0 .  179

0 ,236

0 .292

0 .349

0 .  405

0 .463

0 .522

0 ,582

0 .644

0 .707

0 ,772

by PHOENICS are shown

The results can be

( i ) As the settling velocity increases, the adaption

length decreases in an exponential manner.

(ii) The adaption length is roughly proportiona] to

the discharge per unit width.

( i i i )  The effect of  turbulence generated at the

headworks is insignificant for fine sediments,



which have a long adaption length.

( iv) For coarse sediments, the increase in turbulence

due to recircufat ion results in a signi f icant

increase in the adaption length, approximately

equal to ten times the flow depth.

The effect of the gate opening on sediment

concentrations in the canal reach downstream is shown

in Figures 5 to 8 (these figures are taken from plots

produced by the PHOENICS package, and show velocity

vecLors and sediment concentration profiles for cases

3 and 4 when the sett l ing veloci ty is 11 cmls. The

vert ical  scale has been stretched to improve clar i ty).

The f i rst ,  smal ler gate opening of 0.4 m, (Figures 5

and 6),  produees a relat ively fast f low near the bed.

This causes a strong recirculation within the first 20

m, and turbulence levels in this region are

correspondingly high. The second, Iarger gate opening

of 1.2 m, (Figures 7 and 8),  has slower f low near the

bed. The recireulat ion is then restr icted to a very

sma1l region of the f low and turbulence levels are not

as high. The plots of sediment concentrat ion, Figures

6 and B, show that the concentration profile takes

longer to adapt Lo an equilibrium value when the gate

opening is reduced: this is expected because a

reduction in the opening causes an increase in the

turbulence levels and mixing inrnediately downstream of

the  ga te .

4 . ADAPT]ON IN A STMIGHT

CHA}INEL: COMPARING METHODS

Figures 3 and 4, which show adaption lengths predicted

by PHOENICS, also show the predict ions made by solving

the turbulent di f fusion equat ion. These predicted

adapt ion lengths are tabulated in Table 2 (PHOENICS

I 5
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predict ions) and in Table..3 (predict ions from the

diffusion equation). The following observations can be

made by comparing both sets of predictions:

(  i i )

agreement is best when the recirculation

predicted by PHOENICS is weakest (corresponding

to a large gate opening),  and is worst when the

recirculat ion is strongest (corresponding to a

narrow gate opening).

for very fine sediments the PHOENICS predictions

are approximately 20% smaller than the

predictions by the diffusion equation.

agreement deteriorates as the sediment becomes

more coarse and reeircuLat ion increases. For

the finer sediment this discrepaney lies between

1 0  m  ( c a s e  1 )  a n d  2 0  m  ( c a s e  3 ) .

( i i i )

Despite the di f ferences described above, overal l

agreement is good. This indicates that the 50%

increase in adaption length, which was used in Chapter

2 to account for errors introduced by the simplifying

assumptions, is a sui table value. The predict ions

using PHOENICS confirm that the method described in

Chapter 2 is val id for a straight ehannel.

For the sake of comparison, Figures 3 and 4 also show

adaption lengths calculated: (i) by assuming guiescent

sett l ing, and ( i i )  f rom Vetter 's design equat ion for

se t t l ing  bas ins  (Vet te r ,  1940)  :

-  (V^ l /hu)
D

t s . = l - A

E=

x -

h =

sediment removal ef f ic iency

sett l ing basin length (m)

flow depth (m)

mean velocity in basin (m)

T 4

where



Equation 3 would normal ly be used to assess the

eff ic iency of a sett l ing basin, and an assumption that

the basin's sediment transport ing capacity is

negligible is implied in the equation. The equation is

applied here by assuming that the removal efficiency

describes the rernoval of sediment concentrations which

exceed the sediment concentrations at transporting

capacity. With this assumption the Vetter equation

compares well with PHOENICS predictions for the whole

range of settling veloeities under the conditions

tested. I t  appears that this adaptat ion of Vetterrs

equation provides a simple method for obtaining a

reasonable estimate for the adaption length in a

straight canaI.

The predict,ions using PHOENICS can

with Ahmad's cr i ter ion for s i t ing a

extractor.  His recommendations for

cases are given in Table 4. Ahmad's

to overestimate the adaption length

of magnitude, and so is not sui table

purposes .

When water flows from a straight reach of an open

channel into a channel bend, the variation in veloeity

with height above the channel bed causes a variation

in centr i fugal forces. This induces a swir l ing or
'secondary'  f1ow, which then decays i f  there is a

straight channel section following the bend. The rate

of deeay depends on the magnitude of the transverse

circulation in the bend (which in turn will depend on

the flow conditions and the channel geometry).

also be compared

sediment

each of the four

criterion appears

by about one order

for design

5 . EFFECTS

BENDS

OF CA}IAL

1 5



Secondary currents produced by a bend distort sediment

concent,ration profiles which are approaching their

equilibrium st,ate, thereby introducing additional

mixing. Sediment near the bed is swept towards the

inside of the bend where it is then raised towards the

surface, while on the outside of the bend the

relatively clear surface water is carried down towards

the bed. An equi l ibr ium sediment prof i le can therefore

only be establ ished once the recirculat ion has decayed

suf f i c ien t ly .

In order to predict the effect of bends on sediment

concent,rations and hence on adaption lengLh, three-

dinensional PHOENICS simulations were used in the same

manner as for straight channels.  The specif icat ion of

the bed boundary condition for sediment concentrations

was also modif ied; the lateral  var iat ion in bed shear

means that a constant entrainment rate at the bed

cannot be assumed. Instead, a bed boundary condition

whieh produced no net sediment deposition or scour was

specified. This ensured that the total sediment load

in the channel was constant through the bend, which is

rea l i s t i c  fo r  cana l  bends .

Before simulations of sediment concentrations at canal

bends of f ie ld scale were attempted, the appl icat ion

of PHOENICS to predict secondary flow in bends was

validated using simulations of two sets of laboratory

measurements.

5 .  t  Va l ida t ion  o f

PHOENICS simulations

PHOENICS simulations were cornpared with laboratory

dala, col lected in a f lume comprising of a 180o bend.

The data is reporLed in de Vriend (1981).  The f lume

was 1 .70  m wide ,  cons is t ing  o f  a  s t ra igh t  in f low



sect ion (6 m long),  a 180o bend (radius of curvature

of the axis 4.25 m) and a straight outf low sect ion

(6m long),  the layout is shown in Figure 9. Two

oqperiments, one with a rough flat bed and one with a

smooth flat bed, were made in order to show the

influence of bottom roughness. In both experiments the

discharge was 0,19 msls and the f low depth 0.17 m

(although backwater effects resulted in some variation

of the flow depth, particularly in the rough bed

case)  .

Comparisons with PHOENICS simulations were made for

both the rough and smooth bed cases. The variable

compared with data was the secondary flow intensity,

i ,  def ined by de Vriend as:

i =%

where I rrr | = the modulus of rd, the secondary component

of the f low veloci ty

The comparisons between PHOENICS and the laboratory

data are shown in Figures 10 and 1.1. Agreement is

good for both the rough and smooth bed cases. Typical

discrepancies between predicted and observed seeondary

flow intensities were about I77" for the rough bed case

and only about 7% for the smooth bed case. This result

indicates that PHOENICS simulations of the effect of a

canal bend on suspended sediment concentrations are

r e a l i s t i c .

.t'h PL ut
o  u h

( 4 )
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5 .2  The

on

effect of  bends

the adaption length

A large number of parameters affect the behaviour

sediment eoncentrations at channel bends. They

include:

mean channel depth

channel width

radius of curvature of bend

angle of bend

mean f low veloci ty

channel roughness

sediment sizes in the bed material and in

transport

In addition to these parameters the depth varies

across the channel section in canal bends with

al luvial  beds. Some simpl i f icat ion of the problem is

required to enable the results of PHOENICS simulations

to be presented in a tabular form. This approach is

justified because the increase in adaption length

caused by even a relatively sharp bend was found to be

small compared to the overall adaption length. The

following simplifying assumptions have been made:

The channel has a rectangular cross section with

a constant depth throughout the bend.

( i i )  Bank roughness effects are not signi f icant.

(iii) The sediment concentration profile in the flow

approaching the bend is the equilibrium sediment

concentration profi le.

(iv) Roughness can be described by the worst case

condition of i/u* = 2A, which is a high value

for al luvial channels (smaIler values of [ /u*

o f

( i )
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were found Lo produce smaller adaption

lengths) .

(v) The sediment sj.ze in transport is that which

produces a 50% trapping efficiency vhen 15% of

the flow is extracted. Higher trapping

eff ic iencies ( larger sediment sizes) caused

shorter adaption lengths. Again this may be

considered a worst case as sediment extractors

would not normally be used if their predicted

trapping efficiency was significantly less than

50%. This simpl i f icat ion, together with that of

( iv) above, causes a factor of safety in

predicted adaption length which can be as high

a s  2 .

These assumptions enabled the problem to be reduced to

a set of PHOENICS simulations which assessed the

effect of  three var iables: the rat io of canal width to

depth (l,I/h), the bend ang1e, and the ratio of radius

of curvature to width (Rc/W). The adaption length for

the bend was defined as the distance from the end of

the bend to the point at which an equilibrium sediment

prof i le was re-establ ished. The cr i ter ion for a

re-establ ished prof i le was that a sediment extractor

would achieve the sane trapping efficiency as it would

achieve if it were sited upstream of the bend. The

PHOENICS predictions indicated that there was stil l a

substantial lateral variation in sediment

concentrat ions when this cr i ter ion was sat isf ied,

AdapLion lengths were made non-dimensional by dividing

them by flow depth. The predieted non-dimensional

adaption lengths are shown in Table 5, they indicate

that:

(i) The adaption length depends on the ratios W/h

and R"/W and the angle of the bend.

19



6 . PROCEDURE FOR SITING

A SEDIMENT EXTRACTOR

(i i )  Increasing Lhe value of the rat io W/h decreases

the non-dimensional adaption length.

( i i i )  Increasing the value of the rat io R"/W decreases

the non-dimensional adaption length.

(iv) The absolut,e values for these adaption lengths

are small when compared to the adaption length

in a straight canal with a typical value for

suspended sediment size of about 0.116 mm or a

sett . l ing veloci ty of 1 cmls. In case 1 of

Chapter 3 the adaption length for a I cmls

sett l ing veloci ty was 279 m (Table 2),  whi le the

largest adaption length listed in Table 5 is

B0m, that is 80 times flow depth. This

represent,s a very sharp canal bend with a very

narrow cross section. The equivalent values for

case 3 of Chapter 3 are LL26 m and 160 m

respect ively.  Table 5 also shows predict ions of
'minirnum trapping eff ic iency' .  This eff ic iency

is defined as the trapping efficiency which is

obtained if an extractor is sited where the

sediment concentrat ion prof i le is most

distorted. Table 5 can therefore be used to

assess both the degree to which a canal bend

wil l  reduce a proposed sediment extractorrs

trapping efficiency and the increase in adaption

length which i t  is l ikely cause.

The work presented in this

determine the si t ing of a

summary, the procedure is

report can be used to

sediment extractor. In

as fo l lows:

Determine the depth, mean velocityn and median

sediment size in transport in the canal

( i )

20



headreach for typical operating conditions. Use

these t,o calculate Froude number and discharge

per meter width.

( i i ) Determine the adaption length for a straight

channel using Table 1. Remember that this is

only a representat ive value, there is l ikely to

be a range of sediment sizes in transport in the

canal headreach and eaeh size will have its own

adaption length. Adaption lengths will also vary

with the canal discharge.

If there is a canal structure producing high

levels of turbulence (such as a sn)hon or a

cross regulator) in the canal headreach, and the

slructure is closer to the intake than the

adaption length , then the adaption length

should be measured downstream from the

structure.

( i i i )

( iv)  I f  there is a canal bend closer to the intake

than the adaption length, then use Table 5 to

estimate its adaption length. If the minimr:rn

trapping efficiency in Tab1e 5 is greater than

about 4B%, then the adaption length need not be

adjusted. However the extractor should not be

sited on the bend or closer to the bend than the

adapt ion length derived from Table 5.

(v) If Lhe minimum trapping efficiency in Table 5 is

less than 48% then compute the total adaption

length as the sum of: the length given in Table

1, the bend's length, and the length derived

from Table 5.

(vi)  Do not loeate the extractor closer to the intake

(or turbulence generating structure) than the

total adaption length. However if other

21-



7 . CONCLUSIONS

considerat ions are overr iding, such as l imited

options for sediment disposal, then guidance on

the penalty of poor si t ing is required. I f  the

predicted trapping efficiency is 50% then it

will be reduced by approximately 10% if the

extractor is sited at half the adaption length

in a straight canal.  The penalty of s i t ing an

extractor on or near a bend can be derived from

Tab le  5 .

(vii) Locating the extractor further from the intake

than is necessary will cause a higher water

Ieve1 at the intake. This is due to the

relat ively higher canal s lope which wi l l  form

upstream from the point of sediment extraction.

The main conclusions drawn fron this study

(1) When a sediment extractor is used to eject

sediment from an irrigation canal it must be located

sufficiently far from the headworks, otherwise the

turbulence and mixing introduced by the canal

headworks structures will reduce the trapping

eff ic iency of the device. The ideal locat ion for an

extractor is where the sediment concentrations have

just adapted Lo an equilibrium state. The distance

from the headworks to this point is termed the

adapt ion length.

(2) Adaption lengths can be conputed from an

analyt ical  solut ion to the turbulent di f fusion

equat ion (Equat ion 1),  provided that sone simpl i fy ing

asswnptions are made. Simulations using a

computational fluid dynamics code have shown that this

22



8 . ACKNOWLEDGEMENTS

approach provides acceptable predictions of adaption

length in straight channels when a 50% increase on

adaption length is applied to account for the errors

introduced by the simplifying assumptions. Table I

gives the predictions produced by the analytical

solution Lo the turbulent diffusion equaLion, and is

recommended for specifying the approximate location

for a canal sediment extractor in a straight canal.

(3) The increase in adaption length due to a canal

bend has been investigated using simulations carried

out with the computational fluid dynamics package. The

results are summarised in Table 5.

(4) Both Table I and Tab1e 5 are contained in the HR

design manual for sedimenl extraetors (HR Wallingford,

1991).  Detai led advice on how these Tables can be used

to determine adaption lengths, and on how to treat

other aspecLs of s i t ing sediment extractors is given

in the design manual.  A procedure is also given in

Chapter 6 above.

The work descr ibed in this report  was carr ied out as

part  of  a larger research study on the performance of

canal sediment control structures funded by the

Engineering Divis ion of the Bri t ish Governmentrs

Overseas Development Administ,ration.
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Table I : Adaption lengths predicted by the turbulent diffusion
equation
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Table 2. Adaption lengths predicted by PHOENICS.

Settl ing velocity

(cm/s)

0 .6

1 .0

2 .0

3 .0

4 .0

5 .0

6 .0

7 .0

8 .0

9 .0

10 .0

11 .0

L2 .0

Adaption length

(m)

Case I

478

279

131

82

57

43

34

28

24

2L

19

t7

l5

Case 2

479

28L

135

B6

63

50

42

37

34

31

29

27

25

Case 3

L922

LL26

538

348

257

l9B

r62

t42

t25

113

104

96

91

Case 4

1920

IT22

534

336

241

184

746

72I

i04

92

B2

75

69



Table 3. Adaption lengths predicted by solving the turbulent

diffusion equation (for comparison with PHOENICS predictions)

Sett l ing veloci ty

(cmls )

0 .6

I . 0

2 ,0

3 .0

4 .0

5 .0

6 .0

7 .0

8 .0

9 .0

10 .  0

I t . 0

12,0

Adaption length

(m)

cases I & 2

622

348

148

89

61

46

36

30

25

22

19

T7

16

cases 3 &, 4

2486

1393

596

359

249

lBB

150

L25

L07

94

L'J

76

69



Table 4. Adaption lengths predicted from Ahmad's (1"962) nethod

Sett l ing velocity

(cn ls)

0 .6

1 .0

2 .0

3 .0

4 .0

5 .0

6 .0

7 .0

8 .0

9 .0

10 .0

11 .0

12 .0

Adaption length

(m)

cases I & 2

5225

3  135

L567

1045

784

627

522

448

392

348

313

285

26t

cases 3 & 4

147 49

8850

4425

2949

2212

r77 0
r47 5
1264

I  106

983

885

805

737



Table 5. Adaption lengths for bends

trapping eff iciencies are also given in brackets

adaption lengths)

(Minimum

below the

Angle of bend Ratio

Rc/W

Adaption length/depth

(rninimum trapping efficiency, %)

56

(42)

t0

45

45

3045

90

W/h=5

75

(33 )

60

(34 )

55

(40 )

80

(2s)

65

(26)

53

(37 )

W/h = 10

46

(4s )

(48 )

51

(34 )

39

(42)

38

(47 )

N/h = 20

50

(  46)

3 5

(4e)

(s0)

41

(44 )

30

(4e)

(s0)

1090

3090
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Fig 1 Representation of an intake gate in the PHOENIGS simulations
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