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Preface

Water diverted from rivers to irrigation canals can contain high concentrations
of bed material sediments. As the sediment transporting capacity of canals is
usually smalier than that of rivers, sediment seities, reducing the quantity ot
water that canals can supply. Removing sediment deposits is expensive, and
represents a major proportion of maintenance costs in many run of river
frrigation systems. '

Sediment concentrations entering a canal must be reduced to match the
canal's transporting capacity if sedimentation is to be avoided. There.are
saveral means of achieving this, based on excluding sediment at the offiake,
and/or exiracting sediment from the canal head reach. The method chosen
will depend on local factors such as the size and quantity of sediment that has
{o be removed, and the availabilily of both head and water for sediment
tiushing.
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ODU at HR Wallingford has carried out research to provide engineers with
reliable quantitative design methods for sediment control structures for a
number of years. This manual is one of the resuits, and sets out methods for
designing and predicting the performance of Vortex Tube and Tunnel
sediment extractors. Using the methods an engineer can predict the sediment
trapping efficiency that will be achieved, the quantity of water and the head
needed to operate an extractor, determine its optimum location, principal
dimensions, and the cross-section and slope of the escape channel that is
used to return extracted sediment to a river. Calculations can be carried ouf
using design tables or with DACSE microcomputer software which is also
available from HR Wallingford.
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Design methods, particularly the method used to predict sediment trapping
efficiency, have been extensively field tested. This has only been possibie
with the willing collaboration of irrigation depariments in many countries. The
organisations who collaborated with HR Wallingford are acknowledged in
Chapter 10.
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A vortex tube sediment extractor

- The manual and the research on which it is based, was supported by the
British Government's Overseas Development Administration.



List of symbols

a

A

Reference level

cross-section area of flow in a channel
{also a coefticient in Ackers and White formulas

in Appendix 2) : (m?)
new cross—éection area in iterative method for

depth prediction {m?)
bed width of a channel {m)

channel width at upstream end of escape channel {m)

sum of widths of all tunnels at exit section {m)
mean width of a channel o m)
~ width of a tunnel in a sediment exiractor {m)
width of an individual tunnel at exit section {m)

A coefficient in Ackers and White fqrmulae

A constant in Brownlie's transport equation
Chezy’s_coefficient

Chezy's coefficient relating to grains

Concentration at reference level a

constant in method for depth prediction

diame.ter.of vortex tube {my}

flow depth at upstream end of escape channel {m

sediment grain size at which 10% by weight of the
material is finer (mm)

sediment grain size at which 50% by weight of the
material is finer (mm)

sediment grain size at which 90% by weight of the
material is finer ' (mm)

maximum allowable Dg, size in the canal bed
maierial {mm)

Dimensionless particle size

sediment grain size at which N% by weight of the
material is finer




List of symbols continued

Dnax maximum size of sediment reaching the exiractor {mm)
DpaxT maximum size of sediment which the canal flow
" can transport A {mmy}
Dg Particle size of suspended sediments
Fig Sediment mobility related to total shear stress
Fg Grain Froude number
Fgr-  Mobility number
aCr Critical grain Froude number
Fg L Fg value at transition
Fr ~ Froude number in canal, defined in Section 4.3 (i)
and 5.3 (iii)
g © gravitational constant, g = 9.81mv/s?
h flow depth in a channel (m)
e Defined h{w'/u.)2 (m)
hg tunnel height at exit section {m)
hy | tunnel height' which remains unblocked {m)
(See Figure 8.7)
hg guess for h in iterative method for depth prediction
using Manning's equation (m)
hog old guess for h in iterative method for depth
prediction using Manning's equation {m)
H head loss in tunnel due to friction {mm per m)
Hioss predicted head loss between canal and vortex
lube outlet {m)
kg Total roughness height {m)
K, Ralio u"./u.
. fength of vortex tube or tunnei seclion {m)
Liotal total length of ali vortex tubes in an installation,
equal to local canal bed width {m)

m. A coefficient in Ackers and White formuiae



List of symbols continued

n channst roughness value in Manning’s equation
{also a coefficient in Ackers and White formulae
in Appendix 2)

N number of tubes in a vortex tube design or tunnels
at a certain section of a tunnel extractor

proportion of size fraction which passes the

pl
extractor
Pas proportion of bed material downstream of extractor
consisting of the Dg size fraction upstream of
extractor
Pai proportion of bed material downstream of extractor
consisting of size fraction i
PuN ~ proportion of the total sediment load which
consists of sediment from the Dy bed material
size fraction
qs Non-dimensional discharge
Q discharge (m3/s)
Q. canal discharge upstréam of extractor (m%/s)
Qoale discharge calculated from Manning’s equation (m3/s)
Qq total flow through extractor, and passing into

escape channel (m3/s)

Qriushing  flushing discharge extracted from canal for a

tunnel extractor (mds)
Qr " discharge through each vortex iube or tunnel (m%s)
r hydraullic radius of channel cross-section, defined

as area/wetted perimeter {m)

new hydraulic radius in iterative method for depth

prediction ' (m)
R extraction ratio, the proportion of the upstream

flow extracted from the canal (%)
Reuve  Fadius of curvaiuré of canal bend (m)
R ~ Grain Réynolds number



List of symbols continued

Rig ratio of hydraulic radius to depth

R, ratio of unblocked tunnel height, hy, to tunnel
width, b

Run transport rate of Dy size fraction in bed material

relative 1o other size fractions {units not specified)

S energy slope in a channel
Sg specific gravity of the sediment, for quartz sand

Sy = 2.65
T Temperalure in degrees centigrade
Ts - Transport stage parameter
T ~ total transport rate for all size fractions {in units

of Ry)
TE trapping effiCIency, the proportion of the upstream

sediment load extracted from the canal (%)
TEys trapping efficiency of extractor when R = 26% (%)
TE; trapping efficiency of size fraction i (%)
u. mean velocity in a channel . (m/s)
Ge mean velocity at exit section of tunnel extractor (m/s)
Gi meén velocity at upstream end of escape channel (m/s)
u. Shear velocity {mfs)
Uegy Critical shear velocity

' (m/s)

u's : Shear velocily related to grain roughness {m/s)
v mean velocity along tube axis in vortex fube (m/s)
w o Fall velocity of particles {m/s)

Xaw: Xgy Total load sediment concentration from Ackers and  (ppm)
White, Engelund and Hansen elc transport equations

Xy Bed load transport {van Rijn formulae)
X . mean sediment concentration entering the canal {ppm)

system
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Og

Teo

ratio of the sediment conceniration that a canal
system can transport to the concentration entering

Suspended load concentration

sediment transporting capacity of the canal
system {ppm}

sediment concentration in flow through extractor
tunnels {(ppm)

Entrainment function

Suspension number

Modified suspension number

factor used in linear irﬁerpolation between tables

A tactor in van Rijn formulae

Bed form height {m)
Thickness of laminar sub-layer

Critical mobility parameter

kinematic viscosity of water (m@/s)
Geometrical standard deviation of particle size

Critical dimensionless shear stress
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1 Introduction and how to use the manual

1.1 Canal Sediment Exiractors

1.1.1 Description

The manual sets out methods for designing vortex tube and tunnel sediment
extractors. Both devices function by separating, and then ejecting, the
sediment faden bottom layer of flow in a canal. They are usually located in the
head reach of canals where additional water can be diverted to operate the
extractor, and head is available so that the extracted water and sediment can
be conveyed back to the river.

The two types of extractor are shown in Figures 1.1 and 1.2. Water and
sediment from the region close to the canal bed is diveried into the extractor,
and taken out through one canal bank to an escape channel, The escape
channel usually returns the water and sediment to the river, Figure 1.3.

. “MVortex tube
w7 gediment
extractor

EAAB2200

Figure 1.3 = Typical layout for a sediment extractor

By extracting water from the near-bed zone a substantial proportion of the bed
material sediments entering the canal can be removed, at the expense of
between 10% and 20% of the canal discharge. The quantily of sediment that
can be extracted depends mainly on the sediment sizes in transport, and the
quantity of water that is diverted through the extractor. it also depends, but o
a lesser extent, on other hydraulic parameters such as canal discharge and
flow depth.

1.1.2  Applicability

Vortex tube or lunnel sediment extractors are not a universal solution for canal
sedimentation problems. in many applications other, probably more
expensive structures will be more appropriate, for example sluiced settling
basins, The following conditions usually have to be satistied if a vortex tube
or {unnel extractor is to be used. -

{i The total discharge required to operate the extractor, and to meet
the irrigation demand must be available, and be capable of being
diverted to the canal head reach. The discharge required io operate
the extractor will usually be between 10% and 20% of the canal full
supply discharge. If the additional discharge required to operate an
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extractor cannot be diveried from the river then the discharge for
Irrigation has 1o be reduced.

(i) There must be a head difference between the canal headreach and
the river at the escape channel outfall in order to operate the
extractor and to convey the extracted water and sediment back to
the river. Thus vortex tube or tunnel sediment extractors can usually
only be used where there is a weir in the river at the offtake.

(i) ~ The sediment trapping efficiency for voriex tube and tunnel

' extractors reduces as the sediment to be extracted becomes
smaller. Between 40% and 80% of the bed material sediments
moving in the canal will usually be extracted. If larger sediment
trapping efficiencies are required, then vortex tube or tunnei type
extractors will probably not be suitable, unless used with some other
means of sediment control. Very fine sediments (silts and clays) are
distributed uniformly throughout the depth, and the sediment
trapping efficiency for fine sediments will be very low. Vortex tube
and tunnel sediment extractors are therefore not suitable for
extracting fine sediments.

1.1.3 HR Design methods

The design and performance prediction methods presented in this manual are
the result of research carried out by the ODU over a number of years. They
are based on theoratical descriptions of the sediment transport and hydraulic
process involved, and have been tested with field data collected at operational
structures. This approach contrasts wilh the empirical basis of many of the
earlier design methods for sediment extractors, which were often based on
hydraulic model studies,

The advantage of the methods described here is that the sediment trapping
efficiency, principal dimensions and head loss etc. of an extractor can be
predicted at the design stage, using tables or microcomputer programs. This
enables the designer to check that an extractor will provide a feasible solution
to a sediment problem, and to match the performance of the extractor to the
requirement at a particular site.

Only a very brief summary of the design theories that are used is presented
in the manual, reports and papers describing the theoretical framework
underlying the methods, and the field measurements that have been used to
verify them are listed in Chapter 11.

1.1.4  Choice of structure

The differences between vortex tubes and tunnel sediment extractors lie in the
method by which the bed layer of the flow is extracted. Both types of structure
would produce a very similar trapping efficiency when placed at the same
location. For this reason the applicability of an exiracior of either type is
assessed first and a suitable location sélected before the choice between
vortex tubes or tunnels is considered.
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1.1.5 Calculations and DACSE microcomputer software

Some of the calculations required in selting a design for a sediment extractor
are very complex, and would normally be performed on a computer. in order
to ensure that the manual is useful to engineers without access to computing
facilities, design tables have been included so that designs can be prepared
using the tables and a calculator.

However, the task of designing a sediment extractor is lengthy even with the
help of the design tables, and so a set of microcomputer programs has been
produced in conjunction with the manual. The programs are incorporated into
the software package “DACSE” (Design Analysis for Canal Sediment
Extractors), which runs on IBM compalible microcomputers. '

it is important to stress that the DACSE soflware package Is not an expert
system which replaces the need for the manual. 1t is a set of programs which
assist the user of the manual, and can be obtained from HR Wallingford.

Throughout the manual the user is given a choice of either hand calculations
and design tables, or use of DACSE. Markings have been included in the
margin to highlight those parts of the text which apply only to users of
the tables and those parts which apply only to users of DACSE.
Appendix 1, the examples, is split into iwo seif-contained sets, one set
for DACSE users and the other for users of the deslgn tables.

Tables associated with each section are contained in Volume Il of the Design Manual

1.2 How to use the manual

The design procedures are presented in self contained sections, centered
around the various aspects of the design task. The arrangement of the
sections generally follows the order in which the tasks would be carried out.

For simplicity the procedures have been presented for lypical operating
conditions in the canal and for averaged sediment loads. Once a workable
design has been developed, the procedure could be repeated for the range of
likely operating conditions that are expected, and engineering judgement used
to adjust the extractor dimensions or operating discharges as required. A
preliminary set of operating rules, such as the minimum canal discharge at
which the extractor can be operated, can also be prepared. :

As in any design task, compromises will probably be necessary, and these will
require the repetition of some or all of the steps shown above, as a suitable
design is evolved.

A list of the data needed to carry out the calculations is included in each
chapter. However, for many calculations there are a number of options,
depending on what data are available. Data requirements, and the preliminary
calculations that may be necessary 1o derive sediment size gradings and
hydraulic data etc. are discussed in more detail in Appendices 3 and 4, which
should be consuited before calculations are attempted.

Appendices appear in Volume [l of the Design Manual
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We recommend that the examples given in Appendix 1 are worked through
before the manual is used fo design a sediment extractor. The examples
present additional detalled information, and discuss some of the more
practical aspects of locating and operating a sediment extractor., DACSE
users should familiarise themselves with use of the programs by following the
tutorials in the “DACSE User Guidg”.

Note: to avoid confusion in writing the equations, an asterisk (*) has been
used throughout the manual to indicate “multipiied by”.
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2 Definitions, symbols and data

21 Performance parameters for sediment extractors
The periormance of vortex tube and tunnel sediment extractors can be
specified by the relationship between two parameters. These are:

Sediment trapping efficiency, TE, defined as:

Quantity of sediment extracted from canal
Quantity of sediment being carried by the canalupstream

*100%

Extraction ratio, R, defined as:

Discharge diverted through extractor
Canal discharge upstream from extractor

*100%

2.2 Sediment Transport Definitions

The sediment transported by a river and diveried into a canal can be divided
into three classes, depending on the mode of sediment transport (See
Figure 2.1).

Bed Load Suspended Bed (uﬁ%ﬁ;‘ s‘ﬁgagd
{large particles Material Load clay, transported

moving t;y {usually fine sand, uniformi
rolling or sliding) " transported In suspension) mroughoutﬁow)

\ Bed materia)

(Usually cortains
only sand and
coarser material)

EAR1B-02A0

Figure 2.1 Sediment transport definitions

Bed Load - The relatively coarse sediment that moves by rolling or sliding, in
almost constant contact with the bed is defined as bed load. By using an
appropriately designed intake, bed load in a river can often be prevented from
entering an irrigation offtake. Bed load usually represents less than 15% of
the sand sized and larger sediment in transport.

Suspended Bed Material Load - Sediment, usually fine sand, that is present
in the channel bed but is transported in suspension, is termed suspended bed
material load. Suspended bed material usually forms the bulk of the
sediments that enter and then settle in conventionally designed canal systems.
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Wash Load - We detine wash load as those fine sediments (usually silts and
clays) which are transported in suspension but are not present in appreciable
quantities in the bed. In rivers and conventionally desighed canals the wash
load is uniformiy distributed in the flow. Wash load is often passed through
canal systems and onto the fields.

In the manuai, washioad is defined as sediments smaller than 63 microns
(0.083mm), that is the silt and clay size fractions. Wash load is excluded in
all calculations.

in addition to these definitions the term “suspended sediment size” is used in
many places in the manual. Strictly this should be “The size of the material in
transport which originates in the bed”; however, for canals there is only a slight
distinction between the terms because the suspended bed material load
usually dominates the bed material in transport.

23 = Symbols .
Symbols are defined in the text, and are also listed at the front of the manual.

2.4 Data requirements

A summary of the data required to carry out the calculation is included at the
start of each chapter. A more comprehensive discussion of data requirements
is presented in Appendix 4.
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3 Estimating required performance

3.1 Introduction _—

The required sediment trapping efticlency is estimated from the ratio X; of
ihe sediment conceniration that can be transported by the canal, to the
sediment concentration that enters the canat (Figure 3.1},

Sediment concentration that can be transported
Sediment concentration entering the canal

Sediment

uantl ' = '
gmeri:% Sedimeant
canal quantl
) . that can 3
transporte:
W\'\\Eﬁanal
Sediment N
extracior

Elevation of maln canal will extract

the ditference
EFARR-9240

Figure 3.1 Required performance of a sediment
extractor

Approximate methods for estimating X; , based on the use of alluvial friction
and sediment {ransport predictors are presented in this chapter, however
these estimates could be subject to quite large margins of error. {The errors
that can be expected when sediment concentrations have to be predicted are
discussed in Appendix 2). If it is possible then field measurements of the
sediment concentrations entering and transported by canal systems where
extractors are to be considered are recommended. Even if a full programme
- of field data collection is not feasible, mited measurements can be of great
value as they will help in the selection of the most appropriate alluvial friction
and sediment transport predictors.

3.2 . Transporting capacity of a canal system

The concentration of sediments that can be transported by a channel is
calculated from its depth and the other hydraulic parameters such as velocity
and slope, and from one or more “representative” bed sediment sizes using a
sediment transport equation. It will usually be necessary to use an alluvial
friction predictor to estimate the depth of flow in a canal at its design discharge
before a sediment transport calculation can be carried out.

When sediment transport calculations are applied to conditions in an irrigation
canal system it is often found that the smaller canals have a lower fransporting
capacity than the main canal. The sediment load passing a sediment control
device cannot then be matched {o the transporting capacity throughout the
canal network. Possibly, engineering judgement must be used to select the
size of canal for which the transporting capacity is assessed. The examples
in Appendix 1 include calculations where the predicted sediment load passing



Iy

an extractor is matched to the main canal’s transporting capacity (Example 1)
and a secondary canal transporting capacity {Example 2).

Sediment transport equations and alluvial friction predictors are listed in a
common notation in Appendix 2, and use of the methods is illustrated in
Appendix 1. As the different methods can give significantly different
predictions a combination of friction and transport methods should be selected
which provides the best prediction of measured sediment transport rates in
existing canals, or for similar canals in the same region if the scheme has not
been constructed. If the field data needed to make this choice are not
available then the van Rijn friction and Engelund and Hansen transport
predictors should be selected. This combination of methods performed best
when the methods were tested against a set of measured canal data.
(Appendix 2, Section A2.14}.

If the canal system has not been constructed then the canal’s bed material
size grading must also be predicted to enable the calculations to be made.
The prediclion can be made using DACSE, or by undertaking the calculations
presented in Appendix 3, Section A3.2,

if the canal system is in existence then bed material samples can be collected
and size graded; the mean of af /east five samples {preferably more) shouid
be used. Samples shouid be collected from the centre of the canal bed at the
point where sediment transporting capacity is being assessed.

3.3 Sediment concentrations entering an offtake

3.3.1 Existing offtake

The sediment concentrations entering an existing offtake can be measured,
preferably using the pump sampling technique, described in Atkinson {1989).
Measurements should be repeated a number of times to cover a
representative range of river and canatl flows.

If measured data are unavallable then the “mean” sediment concentration
entering an existing offtake can be estimated using a sediment transport
equation, provided the slopes in the upsiream reaches of the canal system
have steepened to an “equilibrium” slope. (After a canal has been operated
for a tew years the bed may have adjusted to the incoming sediment loads so
that, while bed level fluctuations might still occur, no further rising trend is
observed. The average bed slope derived from those bed levels will then be
approximately the same as the average water surface slope, this is the
“equilibrium” slope.) The sediment transport predictor used to estimate the
transporting capacity under design conditions should be used for this
calcutation, fogether with discharge records, water level records, canal survey
data and bed sediment sizes collected from the site.

The above method is not valid if the canal reaches concerned are being

regularly desilted. However, desilting records will then be of use in estimating
the sediment input to the canal, see Figure 3.2.

10
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Figure 3.2 Example of combined use of desilting
records and an "equilibrium" slope to
determine sediment entry-to a canal

3.3.2 Offtake before construction

Estimating the sediment concentration that will enter an offtake before it is
constructed is difficult. 1t will be influenced by river conditions, the design and
siting of the offtake, the performance of any sediment exclusion features that
are to be incorporated, and the way in which the intake is to be operated at
times when high sediment concentrations are transported in the river.

As a first approximation, the suspended bed material sediment concentrations
that will enter the offtake can be taken to be the same as those transported in
the river. A calculation procedure based on this assumption is described in
Appendix 1, Example 1.

The proportion of the river's bed load entering a canal will also depend on
offtake configuration, and could be larger or smaller than the proportion of the
river flow abstracted. However, a well designed offtake will exclude bed load
from the canal.

11
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3.4 - Seasonal averaging

In many river systems, most of the sediment is transported, and thus enters
irrigation offtakes, during a more or less well defined wet season. At other
times very little sediment enters canals. If this is the case then a sediment
extractor would only be operated during the “sediment season”, and the mean
sediment concentralion should be calculated on a seasonal basis. If there are
significant variations in canal discharge as well as in the sediment
concentrations then the sediment concentrations entering the canal should be
weighted by canal discharge to assemble a mean "discharge weighted”
sediment concentration. An example of this kind of calculation is included in
Appendix 1, Example 1. '

3.5 Interpreting the ratio X;

X; is the ratio of the sediment concentration that can be transpoited by the
main canat system and the mean incoming sediment concentration, and is
estimated by procedures described in the previous sections. [f X; is small, say
less than 0.15, then a very high trapping efficiency will be required, this is
untikely to be achieved with a sediment extractor unless the sediments are
very coarse. On the other hand if X; is large, say more than 0.8, only a small
degree of sediment control is necessary, and occasional desilting of the canal
could be more cost effective than building a sediment exiractor. Thus if X is
larger than 0.8, a sediment extracter is in most cases inappropriate, and there
is no point in proceeding any further with the design procedure.

If X, is less than 0.15 an extractor could well be useful in providing a partial

solution to the sediment problem. However other sediment control struclures,
for example settling basins, should also be considered.

12



13




Estimate required
.performance
(Chapter 3)

Predict extractor
performance
(Chapter 4)

|

Determine location
of structure -
(Chapter 5)

SRR RN

Choose structure |
type -
(Chapter 6)

R R SR R R :/}y}%{q&h&ﬁﬁé&g

Determine leadin
_ of structure and

dimensions |
headloss .

Vortex tube
design
(Chapter 7)

Tunnel sediment
extractor design
(Chapter 8)

7 Escape channel
design .
(Chapter 9) o

14




4 Predicting extractor performance

41 Introduction

The method presented in this section is used to predict the sediment trapping
efficiency of a vortex fube or tunnel sediment extractor. A prediction of
sediment trapping efficiency is used initially to assess the feasibility of a
sediment extractor at the site In question, and later to determine the extractor
discharge needed to achieve the required sediment trapping efficiency. The
performance of the extractor is determined by the relationship between two
parameters, water exiraction ratio and sediment trapping efficiency, both
defined in Chapter 2.

The procedure is based on the trapping efficiency model described by
Sanmuganathan (1876}, with the modifications described by Atkinson, (1987).
The method, which has been extensively field tested (Atkinson, 1987), uses
the following computational steps. Firstly the position of the dividing
streamline, Figure 4.1, which separates the flow and sediment entering the
extractor from the tlow and sediment passing over the extractor, is estimated.
Then the proportion of the total sediment load below the dividing streamline is
calculated from theoretical sediment concentration and velocity profiles. This
ratio is the sediment trapping efficiency.

Waler surface

Flow with low concentration
of sediment passes over fube

¢ .

Dividing
streamline

"+*, Flow with high sedimanf. ~~.

~

. - gencentration is extracted. T
A .-,:..1;'._‘_" Lo ~

Canal hed

EAM 130240

Figure 4.1 A vortex tube sediment exiractor with
one tube

4.2 Data required

The following data are required in order to carry out a trapping efficiency
prediction, see Figure 4.2, More detalled information on data requirements is
given in Appendix 4.

15
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frapping efficiency

@ A cumuialive size grading curve for the canal bed material at the proposed
extractor iocation, Figure 4.3,

@ The mean width and typical operating discharge in the canal reach
upstream from the extractor.

@ The flow depth and water surface slope in the canal reach upstream from
the extractor. {Note that because there will be some sediment deposition
in the canal reach between the intake and the extractor, the flow depth and
slope upstream from the extractor will probably not be the same as the

- design flow depth and slope for the canal}.

(0.063mm) ) ) {2mm)
-—=- Sitt —H——— Sand sized sediment — % Gravel----
£ 100 3
&
4 /
Z 80
o
z /
&
o 60 /
g F———  Note: any small - Dgg
§ 40l quantty of silt sagiment
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o from the bed sample
g o0p so that Dg is 0.063mm
E \ 5
% rd sediz?:?am
e 0 9% size
0. 002  0.04 006 0.4 0.2 04 06 10 2.0 40 60 100
Sediment grain size in mm
EA4AB5210

Figure 4.3 Example of a bed material size grading
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The sediment concentration ratio X, (calculated in Chapter 3) is required to
determine a suitable extraction ratio.

4.3  Initial prediction of extractor performance

Using DACSE:

Selsct the Trapping Efficiency option on the main menu and enter the canal
data requested. In addition to the parameters listed in 4.2 above the program
requires water temperature and Sg the specific gravity of the sediment
{Sg = 2.65 can be used in the absence of data). Run the program with
- extraction ratios of 5%, 10%, 15%, 20% and 25%, and tabulate the resulting
. 1trapping efficiencies.

Using the fables:

Three sets of tables are included in Volume H. The first set gives trapping
efficiency predictions from the bed material size grading, the second set uses
the suspended material size grading, and the third set represents uniform
sediment grading. . '

Actual trapping efticiency predictions are based on the size grading curve of
the suspended bed material (Figure 4.3}, with an allowance for bed load.
Howsver it is more convenient for the user to have the bed sediment sizes as
an input in the trapping efficiency prediction. Thus the first set of tables is
used unless the Dsg of the bed material size is greater than 0.35 mm, or the
ratio Dsg/D1g is greater than 2.5, these being the largest values covered by
that set. _

It is not feasible to prepare the very large number of tables based on bed
~ sediment sizes required to cover conditions outside this range. Thus i the D
size or the D5g/D4¢ ratio are too large, then the second set of tables has to he
used. A preliminary calculation is necessary to estimate the size grading
curve for suspended sediments from the bed material, using the method given
in Appendix 3, Section A3.1.

The third set of tables is used later in this chapter (Section 4.5.2).
" The steps required for calculating trapping efficiency from the tables are:
{i) Calculate the sediment size ratio for the canal bed material,

gize ratic = Dgg/Dyo -

whers: .
Dsgl | = | .sizg at Which 50% of a sediment sample is finer
Dig = size at which 10% of a sediment sample is finer
: {see Fig 4.3)
: {iiy © - :Calculate the discharge per metre width (m2/s) of the flow upstream

of the extractor:

canal discharge (m3/ 8)

discharge per mwidth =

mean width (m)

17
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(iii) Calculate the Froude number, Fr, of the flow upstream of the
extractor: -
Fr _ “mean velocity

1/g * depth

where: -
R canaldischarge (m®/s)
mean velocity = -
mean width (m) * depth {m)
‘andg - = 9.81nv/s2
{iv) Use the tables for either bed material sediment or suspended

material sediment to read off the predicted trapping efficiency of an
extractor for each of the extraction ratios given (6%, 10%, 15%, 20%
and 25%j). A table of predicted trapping efficiency against extraction
ratio should be prepared. - Initially use the design table for the
nearest Dgp and sediment size ratio to obtain a first estimate for
trapping efficiency. - If a more precise prediction of trapping efficiency
is required then linear interpolation within and between tables may
be necessary. {Linear interpolation is demonstrated at the siart of
ihe lables}.

4.4 Assessing extractor performance
The required sediment trapping efficiency is approximately:

required efficiency = (1 - %) * 100%

where:

Sediment concentration which can be transported
- Sediment concentration entering canal

X

T

The required trapping efficiency usually reduces as the extraction ratio
increases, due to the extractor's effect in reducing the sediment sizes
downstream of the extractor. However, if the required trapping efticiency is
considerably more than the predicted trapping efficiency at an acceptable
extraction ratio, then a sediment extractor will not solve the problem. If this is
the case then: '

e consider another (probably more expensive} means of sediment control,
such as a sluiced settling basin, or

@ consider the economics of using an extractor to achieve only partial
sediment control.

it an exiractor appears feasible, then proceed with setting the extractor
discharge.

18



4.5 Setting extractor discharge

4.5.1 Method

Extractor discharge is set to obtain a trapping efficlency which reduces the
sediment concentrations to the transporting capacity of the canal system. A
typical exampie of the variation in trapping efficiency wilh water extraction ratio
is shown in Figure 4.4.

80
Predicted
70 - ' trapping
& efficlency
O — @_. - -

60 7 ik - Required
trapping
efficiency

50

g

g

g
£ 40
g

=

30

20 -

16 RN . : The required

. EERETI extraction ratlo is 20%
. Y .
0 : T —T— T T

. T - T
4] 5 10 15 20 25 30
Extraction ratio (%) EA4 45200

Figure 4.4 Example of the combined plot of
required and predicted trapping
efficiency to set required extraction
ratio

The trapping efficiency that is required tends to reduce as water extraction
ratio is increased. This is because the sediment sizes passing over the
extractor become finer as more water and sediment are extracted, and hence
the sizes in the bed material downstream from the exiractor become finer than
in the bed material upstream from the extractor. (An example of size grading
- curves upstream and downstream from an extractor is shown in Figure 4.5).
The reduced sediment sizes downstream from an extractor enables the canal
to transpont larger sediment concentrations at the design slope, and thus to a

19
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reduction in the trapping efficiency that is required. This effect is shown in the
“required trapping efficiency” curve in Figure 4.4,
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Figure 4.5 Example of size grading of bed
material upstream and downstream of
extractor

The point where the predicted and required trapping efficiency curves ¢ross is
the design condition and so sets the exiraction ratio, in the example shown in
Figure 4.4 it is 20%. -

Two sets of calculations have to be carried out, firstly the variation in predicted
trapping efficiency with water extraction ratio, and secondly the variation in the
required trapping efficiency with extraction ratio. The second calculation
involves predicting the effect of the water extractor in reducing the sediment
sizes in the canal bed downstream from the extractor, and recalculating the
canal's sediment iransporling capacity. These computations are best carried
out using DACSE, although lengthy hand calculations are possible. In many
circumstances a full hand caicufation would not be justified. This is discussed
further in the following section, and in the examples.

4.5.2 Computations

Using DACSE
The foliowing computations are carried out for a suitable range of water
extraction ratio, say 10%, 15%, 20% and 25%.

(a) If additional water is to be diverted to the canal to operate the
extractor new canal discharges have io be calculated for each water
extraction ratio. Flow depths for the new discharges are then
calculated using the Canal Depth and Slope option in DACSE if
prediction is necessary, or Manning’'s equation if data are available
{see Appendix 4, Section A4.7).

{b) A trapping efficiency calculation is carried out for each of the

selected waler extraction ratios, using the Trapping Efticiency option
in DACSE. The bed material size grading in the canal downstream

20
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from the extractor is computed and stored by the Trapping Efficiency
program, and thus each trapping efficiency calcutation should be
followed by a transporiing capacily computation. The Afluvial
Friction Calculation and the Sediment Transport Calculation options
in DACSE are used. :

The required trapping efficlency for each extraction ratio can now be
calculated from the new transponting capacities, and plotted on a
graph of trapping efficiency against extraction ratio:

100-R
Required efficiency = 100 - (100-R X

where: .

X is the sediment iransporting capacily of the canal sysiem

downstream of the extractor in ppm
and .

Xc is the annual or seasonal mean sediment concentration in the
canal upstream of the extractor in ppm.

The predicted trapping efficiency is plotted on the same graph, and
the operating water extraction ratio required to achieve the target

-sediment trapping efficiency is read from the graph where the two

curves intersect, (see Figure 4.4).

Using the tables:

The full procedure for selling the extractor discharge using tables and hand
calculations is iengthy, and will only be justified where the calculations are
based on reliable data. For example, if the canal has not been constructed,
both the incoming mean sediment conceniration, and the bed material size
grading have to estimated, and these procedures are based on many
assumplions. In these circumstances the accuracy of the predictions will not
justify the effort involved in carrying cut the full hand calculation and a simpler
procedure set out below is used:

- {a)

)

i additional water is to be diverled to the canal to operate the
extractor, new canal discharges have to be calculated for a range of
water extraction ratios. Flow depths for each of the new discharges
are then calculated using the method set out in Appendix 4,
Section A4.7.

“Plot a graph of pi‘édicted trapping efficiency as a function of

extraction ratio for exiraction ratios of 0, 5%, 10%, 15% and 25%,
Trapping efficiency predictions are obtained from the Tables 4.1 (a)
to 4.7 (d), for actual, rather than the closest tabulated conditions.
Use linear interpolation, as explained in the example at the start of
the tables.

'(If' the Dso' of the b'ed material is greater than 0.35mm, or if the ratio

Dso/Dyg is larger than 2.5, then the suspended material size grading

21
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has to be derived from the bed material grading, using the method
given in Appendix 3, and then Tables 4.8 (a) to 4.13 {f} are used to
predict trapping efficiency).

Plot on the same graph the trapping efficiency required at a very
smatll, (taken as zero), exiraction ratio:

required efficioncy = (1 - X;) * 100
X; is defined in Section 4.4

The extraction ratio that provides a sediment trapping efficiency
closest to that derived in step(c) can be selected as the design
condition. Alternatively, the design trapping efficiency can be set at
a little less than that estimated in step(c) above, because of the
effect of the extractor in reducing downstream sediment sizes.

If it is justitied then the additional calculations described below can
be carried out to quantify this effect. The cases where this might be
justified are discussed in the examples. As the calculations are
lengthy they should be carried out for only two values of water
extraction ratio, say 10% and 25%. Repeat steps (d) to (i) for each
extraction ratio. The procedure is demonstrated in Example 2.

Piot on a separate graph, sediment trapping efficiency as a function
of bed material grain size for the range of sizes found in the bed,
covering the range Ds to Dgs.

The graph should be prepared using Tables 4.14(a) to 4.14(0),
which are for uniform sediment sizes.

- For each of the canal bed material sizes Ds, D15, Dos, D35 ......

to Dgs make a table of the proportion of the size fraction which

' passes the extractor, Pp:

Ppi = 1.0 - TE/100
where: -

TE; is read from the graph in step {d). Here suffix | refers 1o the size
fraction: s, 15, 25 ete.

' Sum. the proportions Pp; and divide each proportion by this sum.

This gives the quantity in each size fraction as a proportion of the
total for the bed material downstream of the extractor. These new
proportions, Pgs ....Pggs, should be tabulated in the same table as in
step (e). -

‘Tabulate and plot the sediment size grading curve of the bed

material downstream of the extractor. The steps are as follows:

The Ds size upstream (in mm) becomes the Dy size downstream
where: ‘

22
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(h)

i
N=100[~p
[2 ds)

The D45 size upstream becomes the Dy size downstream where
| 1
N=100|Ps + -é-Pd|5
The Dog size upstream becomes the Dy size downstream where
1
N =100|PFss +Fai5 + > Paes | and so onup to
The Dgs size upstream becomes the Dy size downstream where

1
N = 100 [Pds + Py1g + Pao5 .oeveerennns + Pygs + -2- Pdg5)

An example of the table used in these calculations is given below.

Sample Calculation of Size Grading

Dsize Size Proportion Proportion  Sediment
upsiream in mm* passing of hed grading
of extractor material curve of
extractor (Ppi) downstream bed
In hed of materlal
material extractor down-

{Pai) stream of

extractor *
(N in Dy}
Ds 0.17 0.63 0.23 12
Dis 0.23 0.51 0.19 33
Dos 0.28 0.43 0.16 50
D35 0.33 (.36 0.13 85
Dss 0.40 0.29 0.11 77
Dss 0.48 0.23 0.08 86
Dgs 0.62 0.16 0.06 93
D7s 0.86 0.09 0.03 98
Dgs 1.25 0.04 0.01 100
Dgs 2,70 Q.00 0.00 100
T 274

* These two columns are used to plot the size grading curve for
the bed material downstream of the exiractor, Figure 4.5.

Re-calculate the sediment transporting capacities in the canal
system downstream of the extractor using the new bed material
grain sizes and, where appropriate, the new discharge which passes
the extractor.
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{i) The required trapping efficiency for this extraction ratio can now he
calculated, and plotted on the graph of trapping efficiency against
extraction ratio:

100-R
Required efficlency = 100 - (———)—ﬁ

where;

" Xy is the' sediment transporting capacity of the canal system
downstream of the extractor in ppm, as calculated in step (h},

and Xc is the annual or seasonal mean sediment concentration in
the canal upstream of the sediment extractor in ppm.

)] There now should be three points of required trapping efficiency on
the trapping efficiency graph; al R = 0%, R = 10% and R = 25%, join
them with a curve.

(k) The operaling water exfraction ratio required to achieve the target
sediment trapping efficiency is read from the graph where the two
curves intersect, (Figure 4.4).

4.6 Siting extractors in a fiumed section

There Is some evidence to suggest that siting an extractor in a short flumed
section (Figure 4.6) may enhance ils trapping efficiency. However, the effect
cannot be reliably predicted, so a clear recommendation cannot be made.

T eyE v s ||

==l goqwidin H I
Discharge } i1
Sy AN
o C Flumed
section

Conditions upstream of Q
flumed section should be

used as input to trapping
efficiency calculation

EAMBR-2A0

Figure 4.6 Example of an extractor sited in a
flumed section
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In some circumstances it is convenient to site an extractor in a flumed section,
Trapping efficiency should then be predicted using conditions in the canal
upstream of the flumed section.

4.7 Notes on the use of the tables
The tables for trapping efficiency prediction are presented in Volume H.The
tables presented are for the conditions:

® Temperalure = 20°C
] Specific gravity of sediment = 2.65
2] Uniform extraction of water across the canal

If these conditions do not hold, then the trapping efficiency predictions can be
adjusted using the following approximations:

(i Temperature. Predicted trapping efficiencies increase with rising
water temperaiure; use the approximate guide of a 3% increase in
trapping efficiency for each 5°C rise in temperature above 20°C.
Similarly a 3% drop in predicted efficiency for each 5°C drop in
temperature below 20°C. ‘

(i) - Specilic gravily of sediment, Sq. The tables were prepared with a
value of specific gravity of 2.65; most sand sized sediment has this
. value. However, Sq can be as high as 3.0, in which case add 4% to
the predicted trapping efficiencies. Similarly it Sg = 2.30 subtract 5%
from the predicted trapping efficiencies. The adjustment for
intermediate values of Sg can be obtained from linear interpolation

between these values.

(lii) Vortex tube sediment extractors do not extract water uniformly

- across the canal width, and the unequal extraction slightly reduces

- trapping efficiencies. For tubes with a tength to diameter ratio of 6

or less, the effect is insignificant. if L/d is equal to 10, its maximum

recommended value, then predicted trapping efficiencies from the

tables should be reduced by 4%. If L/d = 8, reduce predicted
efficiencies by 2%. :
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5 Extractor location and canal water levels

5.1 Introduction.

Ideally an extractor should be located at the point downstream from the
headworks where the turbulence created at the intake has decayed, and an
equilibrium sediment cncentration profile in the vertical is established,
Figure 5.1. If the extractor is located too close to the intake the sediment
trapping efficiency will be reduced. On the other hand placing the exiractor
-too far from the Intake unnecessarily increases the distance between the
intake and the extractor over which deposition will occur, which could result in
unacceptably high water levels at the downstream side of the intake gates.
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- . _ . settled towards bed
This “adaption lengih" 1s predicled using Table 5.1 or DACSE =
Figure 5.1 The "ideal" for sediment extractor

location

The method for predicting the “ideal” location uses a computational model to
solve the turbulent diffusion equation for suspended sediment, described in
Atkinson (1986). The distance from the intake for an initially uniform sediment
concentration profile to adapt to an “equilibrium” profile is predicted. Foliowing
UPIRI (1975) the predicted adaption lengths are increased by 50% to account
for the additionat turbulence generated at the intake. The prediction program
is included in the DACSE package, adaption lengths are also tabulated in
Table 5.1 as a function of sediment size and hydraulic parameters.

Adaption lengths are computed using a representative grain size, 1aken as the
Dso size in suspension. - However, because adaption length is dependent on
the grain size predicted, adaption lengths can only give an approximate
indication of the best extractor location.

5.2 Data required

The following data are required in order to estimate the distance downstream
from an intake at which an “equilibrium” sediment concentration profile will be
established. More detailed information on data requirements is given in
Appendix 4.
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5.3

A cumlative size grading curve for the suspended bed maierial
entering the canal. {If measured size gradings curves are not
available, then the suspended size grading can be estimated from
the canal bed material size grading, see Appendix 3, Section A3.1.
The DACSE trapping efficiency program provides the Dsq sediment

size in transport, and so DACSE users will not have to carry out this
caiculation}.

For users of the tabfeé: the mean width, lypical operating discharge
and depth in the canal reach upstream from the extractor.

For DACSE users: the flow depth, mean velocity and water surface
slope at typical operaling conditions in the canal reach upstream
from the extractor.

{Note that because there will be some sediment deposition in the
canal reach bstween the intake and the extractor, the flow depth and
slope upstream from the extractor will not be the same as the design
depth and slope for the canal, see Appendix 4}.

Procedure '-éo; predicting adaption length

Using DACSE:
Select the option Adaption Length Calculation from the main menu, and enter
the data requested.

It the trapping efficiency program has been run, the Dso sediment size in
transport wilt already be entered on the input screen. The velocity, slope and
the flow depth are for conditions upsiream from the extractor; if they have
been computed by the Canal Depth and Slope option, they too will already be
available in the input dala screen.

Using the table:
The adaption length table is used by following these steps:

)

| ."(;i)

discharge per'rrlawid'th =

B Detérrhine the Dsg sediment diameter from the cumulative size

grading curve for suspended bed material sediment entering the

canal.

Where:

Dsg = size at which 50% of the suspended bed material sediment Is
finer. (mmy

Calculate thé discharge per metre width (m2/s) for the flow in the
headreach. o

Where:

~ canaldischarge (m°/s)
mean width (m)
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iii) Calculate the Froude number, Fr, for the flow in the canal head
_ reach: :
mean velocity
Fr R

\{g * depth

canaldischarge (maf 5)

fﬁean vealocity -
mean width * depth

[

(ivy  Use Table 5.1 in Volume Il to obtain an initial estimate of the
. distance from the intake that the extractor should be placed.

54 Effects of bends and canal structures

Adaption lengths shown in the table should be increased if there are structures
in the canal that generate turbulence. Computational models can be used to
predict the effect of upstream bends or structures on extractor performance.
However, these effects are site specific and it is difficult to formulate general
guidelines. '

Neveriheless some guidance is still necessary. Firstly, for structures like
syphons and cross-regutators that generate high levels of turbulence, and mix
sediment in the flow, we suggest the fellowing: if this type of structure Is
iocated closer to the intake than the predictied adaption length, then the
adaption length should be measured downstiream from the turbulence
generating structure. :

Secondly, for canal bends, we have found from numerical model simulations
that bends concentraie sediment towards the inner bank for a considerable
distance downstream, so lateral adaption is slow. However, we found that the
vertical adaption was much more rapid. The table below gives distances from
the outlets of canal bends to the closest point where an extractor would
achieve a trapping efficiency as high as its value after full adaption. The
distances, termed “adaption lengths for bends”, are presented as numbers of
flow depths, and were obtained from numerical model simulations. The table
also gives the minimum irapping efficiency that would be obtained if the
exiractor was located near the bend outlet. The conditions assumed are
R=15%, TEmax = 50% and friction factor u/us = 20, TEmax is the trapping
efficiency which would be achieved after full adaption. These values represent
a “worst set” of conditions, predicted adaption lengths can be as low as half
those tabulated.
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Adaption lengths for bends (minimum trapping efficiency round bend is also
given in brackets, it applies to case where TEpax = 50%).

Angle of Ratio Adaption length/depth
bend Rcuwe/_bm (minimum TE,%)
bm/h =5 bm/h =10 bm/h = 20
45% 3 75 56 50
(33} {42) (46)
10 60 46 _ 33
(34) (45) {49)
30 55 33 -
: (40) (48) (50)
90% 3 80 51 41
(25) (34) (44)
10 65 39 30
o (26) (42) {49}
30 : 53 38 -
(37)'_ o (47) {50)
Reurve IS a radius of curvature of canal bend
bm is mean width of a canal section
h 7 is canal depth

If there is a canal bend between. the intake and the proposed extractor
location, then the adaption length is:

that computed for a siraight'channel, plus
the length of the bend, plus
" the product of depth and the value given by the table above,

For shallow bends which have only a small effect on trapping efficiency
(mintmum TE > about 48% In the table above) the predicted adaption length
need not be adjusted, as long as the exiractor is not to be sited on the bend
or immediately downstream.

5.5 Other factors affecting siting

In practice there are other factors which will influence the location of an
extractor (see Figure 5.2). Sediment is returned to the parent river via an
escape channel. The location of a natural watercourse that can be used as
an escape channel, or the need to minimise the length of the escape channel
so that its slope, and hence its sediment transporting capacity, can be
maximized will often be more important than satisfying the adaption length
criteria. ‘
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Figure 5.2 Other factors affecting location of an
extractor

If the extractor is placed closer to the intake than the predicted adaptation
length, then trapping efficiencies will be reduced. As a guide, halving the
predicted adaption lengths will reduce the predicted trapping efficiency by
about 10% when the predicted trapping efficlency is 50%. On the other hand,
increasing the distances wilk raise water levels at the intake by approximately
the extra distance multiplied by the increase in canal slope due to the excess
sediment load upstream of the extractor.

5.6 Canal water level at intake
The procedure for estimating canal watar level at the intake consists firstly in
deriving a canal slope upstream of the extractor. If the canal exists then
measurements can be used, otherwise:

Using DACSE:
Use the slope which was obtained from the Canaf Depth and Slope program.

Using a hand calculation:

Procedures are described in Appendix 4, Section A4.7.1 10 calculate depth
upstream of the axtractor, they should already have been carried out. Hf the
simple technique for predicting depth was adopted, then step(v) determines
the canal water surface slope.

It the full calculation using alluvial friction and sediment transport calculations
was undertaken, then the slope was determined by the friction calculation.

Subtract from the measured or predicted slope, the canal's original design
slope. Then muitiply by the distance belween the intake and the proposed
extractor location. The expected water level at the intake is then the design
water level plus this value,
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5.7 Deposition of coarser sediment near intake

If coarse sediment (gravels and cobbles) enters a canal then it is likely that it
will settle near the intake. The canal slope will steepen near the intake and so
water levels will rise higher than predicted in Section 5.6. Discharges through
the intake may be seriously reduced.

To overcome deposition of coarse sediment in the reach between the intake
and the extractor, some mechanical desilting of the canal headreach could be
allowed for, or improvements to sediment exclusion at the intake may be
possible.

If the canal exists then the problem will already be apparent. For new
schemes it is ditficult to predict the volumes of coarse sediment which will
enter the canal. It will depend on river characteristics, intake siting and design
and the gate operations during floods. An indication of when the problem
might occur is given by the procedure for estimating the canal bed material
grading. Both the DACSE option Canal Bed Material Grading and the
method of Appendix 3, Section A3.2 provide warnings when the predicted
maximum sediment size entering the canal exceeds the maximum size which
can be transporied.
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6 Choice of structure

Methods for designing both vortex tube and tunnel exiractors are presented.
Although the trapping efficiency model used in the manual predicts similar
trapping efficiencies for vortex tube and tunnel extractors, there is evidence
that in some locations vortex tubes will have a higher efficiency, (Ahmad and
Ali 1962). Other factors to be considered are:

Cost

Head loss .

Susceplibility 1o sediment deposition within extractor
Ease of access for maintenance

Susceptibility to blockage by trash

26000

- Vortex tube extractors are superior to tunnel exiractors when judged by the
first three criteria above, but large numbers of tunnel extractors have been
constructed, particularly in the Indian sub-continent. Tunnel sediment
exiractors have mostly been constructed in canals carrying a discharge of over
100m3/s. )

It is recommended that a vortex lube extractor is considered first unless
access for maintenance or blockage by trash are overriding considerations.
Qutline designs can be attempted for both types of extractor, and evaluated
against the criteria listed above, together with other factors that may be
important locally. {See Figure 6.1.) ’

Vortex lubes

Constriction at entry to

tubes: ggz{;r‘messe

BUSLEP! o

blockage by trash - Swirkng flow in tubes:

: helps 1o prevent

seciment deposton.
This in tuza means that
tubes with refatvely

fow fow velociies, and | -
hence low head losses,
¢an be designad
Tunnel sadiment
Tunnel sadiment extractors f:‘ b’:“,}i’;,?éﬂ ns;:ﬁdoomphx,
henacs higher cost
=
For lerger scalo applcetions,
tuanels caa bo detigned lo

alow aceess for martenance
EAN 182200

Figure 6.1 Comparison between vortex tubes and
tunnel sediment extractors
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7 Vortex tube extractor

7.1 Introduction

A vortex tube sediment extractor consists of one or more slotted tubes taid
flush with the canal bed. One end of the tube is closed, the other is opsn and
connected to an escape channel. Water and sediment flowing near the bed
of the channel upstream is diverted through the vortex tube and discharged
from the canal to an escape channel. Figure 7.1 shows the principle. A
strong vortex flow is developed in the fube, which, provided the fube
dimensions have been chosen correctly, prevents sediment from settling and
blocking the tube. Figures 7.2 and 7.3 show plan views of two vortex tube
extractors. The first is a simple single tube design, the second, constructed
in a larger canal, is a multiple tube design, seg also Figure 7.4

Waler surface

Flow with low conceniration
of sediment passes over tube

ot

Dividing ~
R treamline

*, Flow with high sedimeni -
* -, concantration is extracted ~

1

Cana'l bed

EATRG2L0

o Figuré 741 Sec_tiori of a vortex tube sediment
- ~ exiractor with one tube
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Figure 7.2 Plan of vortex tube on the Warujayeng-
Kerlosono Irrigation Scheme, Java

This chapter presents the method for determining the leading dimensions of
the vortex tubes and the number of tubes required.

The design procedure is based on the theory presented by Sanmuganathan
(1976). Two design criteria are used. Firstly the tangential velocity at the
closed end of the tube must be large enough to prevent sediment seitling in
the tube. Secondly the head loss across the iube must not be excessive.
These lead to conflicting requirements because the high velocities required o
prevent sediment deposition result in large head losses. In practice this, and
the.requirement of an even extraction along the tube to maximise trapping
efficiency, resuits in a limit in the tube length that can be used. Multiple tube
installations such as that shown in Figures 7.3 and 7.4 are often required.
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'Flgure 7.3 Pian view of vortex tube sediment
extractor at RD39, Chatra Canal, Nepal

Gate wells

Hand raillng {gates not shown) Water lovel
il | I n Il
o e e e e

Dry stone pitching

EAT A0

Figure 74 Section along canal centreline at
vortex tube sediment extractor, RD 39,
Chatra Canal, Nepal

Vortex lubes have somestimes been designed with tubes at an angle to the
flow, not perpendicular as shown in Figures 7.2 and 7.3. However, laboratory
studies at HR Wallingford have shown that perpendicular tubes are preferable
as the swirl velocity is maximised and the tube length minimised. (Lawrence
and Sanmuganathan, 1983.)
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The design is carried out with the aid of either DACSE or the tables presented
in Volume i

7.2  Data required
The following data are required in order to carry out a design, data
requirements are discussed in more detail in Appendix 4, see also Figure 7.6.

@ A cumulative size grading curve for the canal bed material at the
extractor jocation. -

@  The width and discharge in the canal reach upstream from the
extractor,
@ A estimate of the maximum allowable head difference between the

canal and the upsiream end of the escape channel.

DACSE users also need an estimate of the temperature of the canal water
and the specific gravity of the bed material sediment.

7.3 Procedure

The principal steps in the design procedure are summarised in the flow chart
shown in Figure 7.5. A design is attempted initially for a single tube spanning
the canal, if the "head loss" or "no deposition" criteria cannot be satisified then
designs with two or more tubes are attempted until one or more acceptable
configurations have been derived.
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Figure 7.5 Flow chart for the design of a vortex
tube sediment extractor
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Figure 7.6 Parameters in vortex tube design

Using DASCE:

The option Vortex Tube Design is selected from the main menu. Initially set
the number of tubes at 1 and input an initial tube diameter, for example a
value of about one sixth of the length. The design parameters are illustrated
in Figure 7.6.

Repeat the calculation changing the tube diameter until the smallest
convenient tube diameter which produces an acceptable head loss is found.
If the initial head loss is too high then a larger diameter should be used, while

“if it is small then a smaller diameter tube could he used.

The head loss given by the program includes friction loss in the closed pipe
section in multiple tube designs, and the exit loss at the outfall to the escape
channel. it does not include an allowance for the head loss produced by the
control gate at the vortex tube cutlet which must be calculated separately.

(The exit loss is taken as the velocily head in the tube in DACSE, if the
available head is very limited then a more detailed calculation of exit loss may
be justified. An example of the methods used is given in Section 8.3.3 (iv). If
the more dstailed calculation is carried out then the velocity head, V2/2g,
should be subtracted from head loss across the tube given by the DACSE
program, and then the new estimate of exit loss added.)
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The maximum allowable Dgg sediment size, Dgomax, i§ also cutput by
DACSE. If it is less than the Dgg sediment size in the canal then the tubes
may block. In this case a design with one more tube should be tried, until
Dgomax I8 less than Dgg of the canal bed sediment, and the head loss is
acceptable. S

More than one viable design can be prepared and the most suitable selected.
The final choice of tube length and- diameter may be influenced by the
. availability or ease of construction of the pipes used to form the vortex tubes.

The siit width at the top of the tube is ouiput for each design case. .

If the ratio of tube length to tube diameter, L/d, is more than 6 the variation in
water extraction along the fength of the tube will result in a small reduction in
sediment trapping efficiency. When L/d is 10, the largest value recommsended,
trapping efficiency will be reduced by about 4%. DACSE prints a warning
when L/d is larger than 6 and gives an estimate of the reduction in trapping
efficiency that can be expscted.

Using the tables:
The procedure is

(i) The total length of the vortex tubes must be set equal to the bed
width of the channel upstream of the extractor. Let this total
fength be Ligta. Initially a design with a single tube should be
altempted. If this proves impossible then attempt a design with two,
and if this still is impossible, three or more tubes. For each number
of tubes, N, the length of an individual tube, L, is:

1.- : = LtotailN
(it .. The discharge through each tube, Qr, is
QT. = .. Qs R/N, md/s
where: : |
Qg = | tﬁé canal discharge in m3/s
R = the exiraction ratio of the extractor, as deﬁned in

Section 2.1 of the manual, expressed as a number not a
percentage. (ie 0.08 not 8%)

(iy .~ Design tables are included in Volume Il. Each table is for one tube
length, select the table for the tube length nearestto L. i L is
greater than 30m, the maximum iube length iabulated, then the

- extractor must be designed with more ubes.

R
PR AR

Look down the left hand column of the table ("Discharge through
tube”) until the tube discharge nearest Qr is found. Now look along
the row of predicted head losses (Hipss) until a low enough head
loss is found. The predicted head loss should be less than or equal
to the maximum allowable head loss of the exiractor. The predicted
head loss includes the exit loss at the outfall to the escape channel,
but does not include an allowance for the head loss produced by the
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control gate at the vortex tube outlet. This should be calculated
separately. -

{In the iableé,.the exit loss is taken as the velocity head in the fubs.
If the available head is very limited then a more detailed calculation
of exit loss may be justified. An example of the methods used is

‘given:in Section 8.3.3 sub-section (iv). If the more detalled

calculation is carried out then the velocity head, V2/2g, should be
subtracted from head loss given in the tables, and then the new
estima_t_e of _exit loss added.)

For designs with more than one tube there is an additional head
loss: that produced by the closed pipe from the slotted section of
vortex tube to its outfall, This can be significant, and is estimated as
follows:

. . o 2

(Ltotal - L) OT

Head loss = ——
346 d

where:

Liotal, L and Qy are defined in (i) above, and

d = - diameter of tube (m), is given at the head of the

column in the design table.

The equation gives head loss in meters for the longest tube, it is
based on Miller (1971), with a high roughness value assumed.

- 'When a suitable head loss has been found, then the tube diameter

at the head of that column of the table should be recorded. The

“maximum allowabls .Dgp sediment size {Dgpmax) should also be

noted, it is the number immediately below the head loss number.  If
the Dgg sediment size in the canal is larger than Dggomax, then
sediment may settle in the tube. A design with one more tube
should be attempted, returning to step {i).

The tube length, L, may not be equal to one of the tabuiated tube

- fengths, and the tube discharge may not be equal 1o one of the

tabulated discharges. - If necessary, linear interpolation will provide
a closer estimate of the fube diameters required to satisfy both the

“head loss and no deposition criteria.

'More than one viable design should be prepared and the most
-suitable selected. The final choice of tube length and diameter may

be influenced by the availability or ease of construction of the pipes

* used to form the vortex tubes.
- The slit width at the top of the tubes should be set as

-7 0.3 * tube diameter-
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The slit should be set flush with the cill level of the extractor as
shown in Figure 7.1.

If the ratio of the tube length to {ube diameter, L/d, is more than &
the variation in water exiraction along the length of the tube will
result in a small reduction in sediment trapping efficiency. When
L/d is 10, the largest recommended value, trapping efficiency will be
reduced by about 4%. The reduction when L/d is between 6 and 10

. can be found by linear interpolation between these values.

Flushing discharges

It may be difficult to satisfy the “no deposition” criteria at the operatmg
discharge when a voriex tube sedimeant extractor is built in a canal with large
sediment sizes present in the bed material. If this is the case then tubes can
be designed for occaslonal flushing at a higher discharge. The flushing
discharge should be set at about 25% of the canal discharge. The tube
diameter should be set using the flushing discharge and the head loss
available during flushing. Daomax Should then be compared with the largest
size present in the bed material of the canal. The tube lengths and diameters
can then be checked at the lower, “working”, dtscharge which was used in
Chapter 4.

7.5

Q.

Design options
The following points are relevant to selection of the final design:

The procedure is used to generate a number of design options,
which can be assessed for cost and ease of construction. They
should also be tested for operation at a smaller extractor discharge,
as the exiractor discharge will probably need o be reduced when
the canal discharge is reduced. The head loss at a reduced
exiraction will, of course, be acceptable but the maximum allowable
Dgg size will need to be checked. Either DACSE should be run
again for the expected minimum extraction, or the column in the
design tables relating to the chosen {ube length and diameter should
be looked up again, and Dgomax checked for the minimum {ube
discharge. :

if the designs generated by the design method have large tubes
{greater than say 1.5m in diameter) or an unacceptably large
number of tubes, then a tunnel sediment extractor could be

considered.
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8 Tunnel sediment extractors

8.1 Introduction

A tunnel sediment extractor consists of a row of tunnels placed at the bed of
a canal that diveri water and sediment flowing near the bed of the canal.
Figure 8.1 shows the principle. Figures 8.2 and 8.3 show plan views of typical
extractors, and a front elevation is shown in Figure 8.4,

Water surface
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Figure 8.1 Elevation of a tunnel sediment extractor
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Figure 8.2 Sediment extractor on Salempur
feeder, India

- An initial design for a tunnel extractor will usually be based on designs that
have proved successiul at other locations. If the design does not follow the
design used in earfier structures, hydraulic model studies have often been
recommended to ensure that the hydraulic performance will be satisfactory.
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Here we assume that the designer has prepared an outline design, the
procedures described in this chapter can then be used to finatise the leading
dimensions, estimate the head loss and check that the extractor will not block
with sediment.
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Figure 8.3 Sediment extractor at RD 10500 on
UBDC Hydel Channel, Punjab, India
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Figure 8.4 Front view of UBDC Hydel Channel
extractor

The design procedure is based on satisfying two criteria. Firstly that the
tunnels should not block with sediment, and secondly that the head loss
across the structure should not be excessive. Non-depositing tunnel cross
sections are designed using a modification of the Ackers and White (1973)
sediment transport equation which was made by Ackers (1986) to allow the
equation to apply to conduits. Head logses through the tunnels are predicted
using the procedures presented in Miller {1971).
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A safely factor of 2.0 is included in the head loss table and equivalent DACSE
calculation; the factor is based on head loss measurements at a tunnel
extractor in India and accounts for effects such as increased roughness in the
tunnels due to wear or bed forms.

The method for determining the dimensions of funnel extractors has not been
tested for a wide range of conditions, and could give unreliable predictions
where the bed material contains a wide range of sediment sizes. (The
equations presented by Ackers use a single “representative” sediment size).
Bed material sediments in canals af likely extractor locations wili usually have
a relatively narrow size grading, and so this restriction will not apply.
However, the method should not be applied to design tunnel excluders in
rivers where there is a wide range of sediment sizes present in the bed
material.

8.2  Data required
The following data are required in order to carry out a design. Data
requirements are discussed in more detail in Appendix 4.

e A cumulative size grading curve for the canal bed material at the
extractor location, to determine the Dsp sediment size.

@ The width and discharge in the canal reach upstream from the
extractor.
-9 - | The sediment concentration in the canal upstream from the

exiractor, and the sediment trapping efficiency at an extraction ratio
of 25% (Obtained using the methods presented in Chapler 4).

@ An outline plan of the extractor layout, showing tunnel widths, etc
(This is discussed furthar in the text).

8.3 Procedure

The principal steps in the desigh procedure are summarised in the tlow char,
Figure 8.5.
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Figure 8.5 Flow chart for the design of a tunnel
sediment extractor

8.3.1 Initial layout

An initial plan of the extractor shouid have been prepared. This should show
the tunnel widths, lengths and radii of curvature and the number of tunnels
and sub-tunnels.

8.3.2 Tunnel height for no sediment deposition

There will be two or three sections in a typical tunnel layout: an inlet section,
a bend section and an outlet section (see Figure 8.6). Some extractors do not
have inlet sections, see Figure 8.3 for an example.
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Figure 8.6 Idealised plan of outermost extractor
tunnel ‘

For each section the tunnel height can be set such that no sediment
deposition will occur at the flushing discharge through the extractor. Tunnei
exlractors are often operated with water extraction ratios of between 15% and
20%. However they are usually designed so that a larger discharge can be
passed through the tunnels. This provides a factor of safety, and ensures that
any sediment that settles in the tunnels can be flushed through to the escape
channel. A flushing discharge equivalent to a water extraction ratio of 26% is
a reasonable choice for initial calculations to set the tunnel heights, although
this may need revision later.

The steps are:

(i) Set' the flushing discharge as 25% of the main channel discharge.

{ii) Calculate the flow through the individual tunnels of each section:
Qr _ Flushing
N
where:
Qr - = flow through a tunnel, m3/s

Qriushing = Flushing discharge, m3/s

N = Number of funnels or sub-tunnels at that section.
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(i) Estimate the sediment concentration in the tunnels:
where:
Xt '=  “sediment concentration in the tunnels (ppm)
Xe = estimate of sediment concentration upstream of the

extractor (ppm)

TE2s ‘= trapping efficiency (in %) of extractor at an extraction ratio
- of 25%.
(v} if sediment settles in a tunnel, the height of the sediment deposit will

increase until the flow velocity rises sufficiently to prevent further
deposition. The tunnel height which remains unblocked, hs in
Figure 8.7, must therefore be predicted:

Tunnel width, b, >

Tunnel
helght

... Sediment -
deposits -

B
I+

Figure 8.7 Cross-section of a partially blocked
- tunnel

Using DACSE:
Select the Headloss option from the Tunnel Extractor Design main
menu option. (The results of the calculation will be used later to
predict headloss, but the program also predicts the tunnel height, hy,
- for no deposition). Enter the data requested in the data entry
screen, selecting a large initiaf tunnel height, several times the
- tunnel width. The output will display the pradicted unblocked tunnel
height, hy, and the headloss in mm per m length of tunnel.
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Using the tables.

Tables 8.1(a) to (h) give the results of a series of computations to
determine the height, hs of flow in a partiafly blocked tunnet. Use
tables 8.1(a) to (h) to find the predicted value of the ratio Ry

Rt = h/by

. where:

by = tunnel width

First select the appropriate tables for the sediment concentration,
then use linear interpolation to obtain the predicted value of the ratic
R for each tunnel section. {An example is shown at the front of the
tables.)

Using the“'ratio', the tunnel height is determined from

height = Ry* by

For each section of the extractor, the tunnel height should be set

~either at the value predicted in (iv) or a lower value. The tunnel

height could be made grealer, but it would then he likely to block
partially. The targer cost of construction would produce no benefit.

Head loss

The head loss between the-main channel and the outfall 1o the escape
channel has to be less than the head available. The comparison between the
available head loss and predicted head loss should be carried out for the
longest {outermost) tunnel, see Figure 8.6. The procedure is as follows:

(B

(i)

wm I

(i)

As in Section 8.3.2, set the extractor discharge at 25% of the main
channel discharge. The tunnel discharges for the inlst, bend and
outlet sections will also be the same as in Section 8.3.2.

Calcutate the head loss per m length of straight tunnel.

Using DACSE: " _

" If the tunnel heights output by the program are those chosen for the

design, then also use the head losses, H, predicted by the program.
if for any section a smaller helght is chosen then re-run the program,
using the new tunnel height, to determine the head loss.

Using the tables:
For each section of the extractor read from Table 8.2 the predicted
head loss for the tunnel in mm per m. (Linear interpolation similar to

that used with Table 8.1 will be required}.

Calculate the total head loss, in m, due to friction in the tunnels. For
each section:

head loss = L * H/1000 meters
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where:

length of tunnel section {m)

L
H predicted head loss from Table 8.2 (in mm per m)

For the bend, this head loss should be multiplied by a factor to
account for bend losses, the factor depends on the angle of the
bend and the radius of curvature of the bend, which are shown in
Figure 8.6, Figure 8.8 should be used to obtain the multiplying
factor..

Angle of bend
80°80°70°80° §0°40° 30° -
24 ' \ \\ \ -
NEEEL W
VAN N
§ 20 \\ \\ \\ '
i NN
FEEEEANNNNNE
£ \ \\\ N
85 \\\\\ NN
2 \\\\\\i\\\\i\
31_4 \\ NN \\\
IR
12 \%§\:\\.\\
\\§§h
N
"% 5 10 15 20
" Ratio: Radius of curvature of bend
" Width of tunne! in bend section N

Figure 8.8 - Multiplying factor for bend head loss

oW

The indivi'dua[ losses for each section should be summed.
Calculate the exit loss.
A first, conservative, estimate for the exit loss can be obtained by

equating the exit loss 1o its maximum value: the velocity head at the
tunnel exit. Referring to Figure 8.8:

T Q
Exit loss = | —> | /2g
. be o
where:

g = 981m¥s
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Figure 8.'9‘ - Definition of variables to calculate exit
loss

if the available head is very limited then a more detailed calculation
may be justified. As this requires a knowledge of conditions in the
escape channel, an initial escape channel design will have to
completed, using the procedure set out in Chapter 9, before the exit
loss calculation can be carried out.

The prOdedure below is vailid when flow at the extractor outlet is
drowned, and flow in the escape channel is subcritical.

Using DACSE: N

" From the Tunnel Extractor Design option select Exit Loss. Referto
Figure 8.9 for the definition of the input variable requested, the depth
dg and width dg will need to be obtained from the escape channel
design, Chapter 9. The exit loss is predicted in m.

' Using hand calculation:
‘Referring to the definition of variables in Figure 8.9 (the depth dy and
width bg will be obtained from the escape channel design,

Chapter 9).

Ge = Qex
be he

. aQ

Ui - a8 X
be dd :
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{v)

{Note:

If +— 2 —— 4

d3he h3 _ afdg di
g 2 g 2

then the outlet is not drowned and the calculation procedure is not
valid. Refer to a standard hydraulics texibook.)

Exit loss =

-2 | .2 1 2 a2

uj 20 dg V12 Gf | 2af b2 (bg-be) be
— adg|t- |1 = [1- 2 |+ = - 2
29 gdyg he 29 g dg by by

No allowance is necessary for the head losses across the gales
used to control the tunnel discharges, because the headloss
calcutation is for the flushing dicharge with the gates fully open. If
the sum of the friction foss, in {iii}, and exit loss (iv) is greater than
the head loss available, then the design of the exiractor should be
revised. The following adjustments fo the design could be made:

L Greater tunnel heights (if this did not cause sediment
deposition)

e Narrower divide walls between tunnels, making the tunnels
wider

] Fewer and hence wider tunnels

'~ @  Largertunnels in the outlet section and at exit

If the calculations in (ii) to {iv) show that the head loss is still
unacceptabie, then a tunnel sediment extractor is not feasible. A
vortex tube sediment extractor could be considered, as this could
probably be designed o have a lower head loss.

8.3.4 Elevation of tunnel roof
It is conventional to set the tunnel roof at the same elevation as the dividing
streamline, see Figure 8.10.

The height of the dividing streamline (Fig 8.1), can be calculated using
DACSE or by using Tables 8.3(a) to 8.3{m).

Using DACSE:

The third option under tunnel extractor design, Height of Dividing Streamline,
should be chosen. Data for the canal just upstream of the extractor should be
entered in the same way as for the trapping efficiency calculation. The
extraction ratio should be the operating extraction ratio, as set in Chapter 4,
not the 25% flushing extraction ratio.

The height of the dividing streamiine is output by the program in meters.
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Using the tables:
The height can be read from Tables 8.3(a) to 8.3(m) using values for:-

& discharge per m widih of canal upsiream of the extractor {m2/s)
L ] Froude numhber, Fr, of the flow upstream of the extractor
mean velocity
Fr = ——
ydepth * g
@  Extraction ratio, R: The operating extraction ralio, as determined in

Chapter 4 should be used for this calculation, not the 25% flushing
extraction ratio.

The elevation of the tunnel roof can be set lower than the elevation of the
dividing streamline, but it should not be set higher than the elevation of the
dividing streamiine. It may be necessary to set the base of the tunnels below
the canal bed elevation, as shown in Figure 8.10.

Water surface

Tunnel helght at entry

Helght of ™
alviding
sireamling
Tunnals set
down Into the
canal bed

AR 10B5210

Figure 8.10 Tunnels set down into the canal bed

8.3.5 Design details _

The extractor tunnels should each pass an equal discharge, this is often
achieved by adjusting the widths of the funnels so the shorter tunnels have
higher head losses per meter length. '

The head loss prediction methods presented earlier can be used to adjust the
tunnel dimensions to equalize tunnel discharges.

Finally, design streamlined leading edges to the divide walls and tunnel roof.
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9 Escape channel design

9.1 Introduction

. The simplest method of disposing of exiracted sediment is to return it to the
parent river, via a short escape channel, Figure 9.1. There must be a head
difference between the canal and the river for this option to be viable and thus
gravity disposal can usually only be used where the river can transport the
sediment returned by the exiractor when the river discharge is reduced by the
supply to the canal. This is not covered in the manual. '

\ River

Escape channel

Extractor

Canal

(a) Gravity disposal to river (convemlonal methed)

%

\

Escapa channel

Pump

/

—> ] Canal
' Extractor
(b) Disposal to river with aid of a pump

| M
\ wer

Basin dredged,
perhaps returnio
material to rivar

Settling basin

Water returned to canal

= [ % o

v \Cross
Extractor regulator

{c) Extractor dischérges to a small settling hasin

EABR1Z821Q

Figure 9.1 Alternatives for sediment disposal

If gravity disposal is impossible, other options can be considered. Sediment
could be diverted to a small settling basin which is emptied periodically,
perhaps with the extracted water being returned to the main canal. If power
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(Water levels and not energy levels are used, as the proportion of the velocity
head that is recovered at the escape channel outfall will depend on focal
conditions. 1n some cases this will provide a small additional factor of safety.)

The calculation is summarised in Figure 9.2, the steps required are as follows:

(0

(i)

(3i)

Determine the maximum allowable water level at the upstream end
of the escape channel. It is the water level in the canal at the design
discharge minus the predicied head loss across the extractor,
(include the head loss across the extractor control gates).

include a margin of safety at the upstream end of the escape

" channel, to allow for accretion in the escape channel. The margin of

safety will allow for {a} inaccuracy in the sediment transport equation
used {o calculate escape channel slope, and (b) seasonal affects
such as accretion due o short periods of high sediment loads being
abstracted from the canal or periods with a low extractor discharge.
The margin of safety should be at least 25% of the product of
escape channel slope and length. The upstream bed elevation in
the escape channel is then set from the new design water level

minus predictad flow depth.

The bed and water surface elevations at the downstream end of the
escape channel are then determined as those at the upstream end

" minus the product of escape channel slope and fength.

(iv)

v

Check that the water surface elevation at the escape channel outfall
is higher than the river water surface. The river water level is
derived from the stage discharge curve using the flow with &
spacified réturn period. A further margin of safety may be advisable
here, if accretion in river bed levels is expected, Figure 9.2.

If the criteria in step (iv) cannot be achieved then consider one of the
options’listed below:

Canal
water

g lavel "}

N N
’ ) Slope of escape channsel
. . : . . N

'Extr'actor_ _ ' R  Escape Cutfall  River

Hesd loss .
aLro5s Product of slope
extractor - ' ard length of
| R - . _ escape channel
Margin of
---------- ¥ salety

o —
N "
———
——

set by tables or DACSE

River water lavel
{for spacified
return period)

channel structure - o

Figure 9.2 Head available to operate escape

channel
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9.5 Options if available head is insufficlent to operate
escape channel
i) Avoid operating the extractor for the (probably short) pericds when
' river levels are very high, {design for maximum river water level with
a shorter return period). The canal may be closed during these
periods anyway, for example when high river flows are associated
with high rainfall in the irrigated area.

(i) Re-site the extractor or re-align the escape channel, see Figure 9.3.

(i) Increase the design water level in the canal at the extractor location.
{iv) Re-design the extractor for a smaller head loss.
(v} Consider using an alternative msthod of sediment disposat.

@ Initial proposal

for extractor and

escape channe)
ayout

Resiting the extractor {options 2 and 5) or re-aligning the escape channel {options 3 and 4) may
overcome problems of lack of head to operate the escape channel. Options 2 and 3 may help Erl
shortening the escape channel, Alternatively, options 4 and 5 may heip if the river slope is mu
larger than the canal slope

EAgamgal0

Figure 9.3 Some options if insufficient head to
operate escape channel

9.6  Options if the head required to operate the escape

channel Is less than the head available
(i) Include a higher margin of safely at the upstream and downstream
ends of the escape channel.

ii) Design an exiractor with a higher head loss, for example vortex
tubes with a smaller diameter.

iii} Increase the slope of thé escape channel and prevent scour by
lining.
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