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•• Limited by Limited by 
–– Water availabilityWater availability
–– Economics of crop productionEconomics of crop production
–– And thus water productivityAnd thus water productivity

•• This talk focuses on the engineering This talk focuses on the engineering 
aspects of water productivityaspects of water productivity



•• Background Background 
–– water productivity water productivity 
–– water balancewater balance

•• Flow Measurement Flow Measurement 
–– WinFlumeWinFlume SoftwareSoftware

•• Irrigation Uniformity and EfficiencyIrrigation Uniformity and Efficiency
•• Canal Automation Canal Automation 

–– SacManSacMan SoftwareSoftware

•• Surface Irrigation Improvement Surface Irrigation Improvement 
–– WinSRFRWinSRFR SoftwareSoftware
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WATER BALANCE needed to evaluate WATER BALANCE needed to evaluate 
water productivity for largewater productivity for large--scale systemsscale systems
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Water consumed Water consumed -- beneficialbeneficial
Water consumed Water consumed -- not beneficialnot beneficial
Water flows out Water flows out -- recovered and recovered and 
reused.reused.
Water flows out Water flows out -- not recoverable not recoverable 
or not reusable.or not reusable.
Water in storageWater in storage
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(1987-1996 average, 1,000 ac-ft = 1,234 ML)
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Disposition of I rrigation Water in I IDDisposition of I rrigation Water in I ID
(1987(1987--1996)1996)
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•• Reduce consumption of water outside the Reduce consumption of water outside the 
cropped area cropped area (e.g., phreatophytes)(e.g., phreatophytes)

•• Reduce nonReduce non--productive consumption productive consumption 
within the cropped area within the cropped area (e.g., weed ET)(e.g., weed ET)

•• Reduce outflow of water that cannot be Reduce outflow of water that cannot be 
recovered recovered (with reasonable quality)(with reasonable quality)

•• Reduce degradation in quality of water Reduce degradation in quality of water 
that leaves the watershed that leaves the watershed (more water is (more water is 
required when salinity is higher)required when salinity is higher)
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•• Even with 2% accuracy of main supply, accuracy Even with 2% accuracy of main supply, accuracy 
of consumption as remainder only 5%of consumption as remainder only 5%

•• Flumes and weirs can have 2 to 5% accuracyFlumes and weirs can have 2 to 5% accuracy
•• Current metering stations 2 to 5% accuracyCurrent metering stations 2 to 5% accuracy
•• Sluice and radial gates Sluice and radial gates ––

–– 2 to 10% accuracy, free flow2 to 10% accuracy, free flow
–– 5 to 50% accuracy, submerged flow5 to 50% accuracy, submerged flow



•• Where water is extracted from water Where water is extracted from water 
supply (i.e., reservoir or groundwater)supply (i.e., reservoir or groundwater)

•• Where water passes from one Where water passes from one 
administrative unit to another (e.g., water administrative unit to another (e.g., water 
district to farmer)district to farmer)

•• Within administrative unitWithin administrative unit
–– to aid in overall managementto aid in overall management



Broad-crested weir measures
Water diverted from river



Zero-setting of 
Long-throated Flume for farm delivery





SOFTWARE FOR THE DESIGN AND CALIBRATION OFSOFTWARE FOR THE DESIGN AND CALIBRATION OF
LONGLONG--THROATED FLUMES AND BROADTHROATED FLUMES AND BROAD--CRESTED WEIRSCRESTED WEIRS

U.S. Arid Land Agricultural 
Research Center

Water Resources Research 
Laboratory

Denver, Colorado

International Institute for Land 
Reclamation & Improvement

http:/ /www.usbr.gov/pmts/hydraulics_lab/winflume/



Components of LongComponents of Long--Throated FlumesThroated Flumes
Approach ChannelApproach Channel



•• AccurateAccurate

•• ProvidedProvided thatthat criticalcritical flowflow occursoccurs inin thethe throat,throat, aa ratingrating tabletable cancan
bebe calculatedcalculated withwith anan errorerror ofof lessless thanthan 22%% inin thethe listedlisted
dischargedischarge.. TheThe calculationcalculation cancan bebe mademade forfor anyany combinationcombination ofof
aa prismaticprismatic throatthroat andand anan arbitrarilyarbitrarily shapedshaped approachapproach channelchannel..

•• WideWide rangerange ofof flowsflows

•• TheThe throat,throat, perpendicularperpendicular toto thethe directiondirection ofof flow,flow, cancan bebe
shapedshaped inin suchsuch aa wayway thatthat thethe completecomplete rangerange ofof dischargesdischarges
cancan bebe measuredmeasured accuratelyaccurately..

•• LowLow headhead lossloss

•• TheThe requiredrequired headhead lossloss overover thethe weirweir oror flumeflume isis minimalminimal toto
ensureensure aa uniqueunique relationshiprelationship betweenbetween thethe upstreamupstream sillsill--
referencedreferenced head,head, hh11,, andand thethe discharge,discharge, QQ..

•• AsAs--builtbuilt calibrationscalibrations areare possiblepossible



Design Criteria, Methods, Design Criteria, Methods, 
ObjectivesObjectives

•• Control Section Adjustment MethodsControl Section Adjustment Methods
–– Raise sill heightRaise sill height
–– Raise entire throat sectionRaise entire throat section
–– Raise inner section of throat (used with complex Raise inner section of throat (used with complex 

crosscross--sections)sections)
–– Adjust lateral contraction by changing bottom Adjust lateral contraction by changing bottom 

width of throat section or changing diameter or width of throat section or changing diameter or 
focal distance of circular or parabolic sections focal distance of circular or parabolic sections 
(only option for movable(only option for movable--crest flumes)crest flumes)

•• Head Loss ObjectivesHead Loss Objectives
–– Minimum head lossMinimum head loss
–– Maximum head lossMaximum head loss
–– Intermediate head lossIntermediate head loss
–– Match head loss to drop in Match head loss to drop in 

canal invert at sitecanal invert at site

• Primary Design Criteria (4)
– Maintain necessary freeboard at maximum flow
– Maintain modular (critical) flow at minimum and maximum flow (ensure free flow)
– Froude number at maximum flow must be less than 0.5

• Secondary Design Criteria (2)
– Control section must produce sufficient head to provide a user-specified level of 

discharge-measurement precision at both minimum and maximum flow, based 
on the precision of the device used to measure upstream water level. 



•• Ultrasonic Ultrasonic 
–– Transit timeTransit time
–– Doppler Doppler –– multipath/profilingmultipath/profiling

•• Magnetic (pipe flows, smaller pipes)Magnetic (pipe flows, smaller pipes)



I rrigation Productivity is limited by UniformityIrrigation Productivity is limited by Uniformity

Uniformity Uniformity produces quality and value!produces quality and value!



All irrigation systems have some nonAll irrigation systems have some non--uniformity,uniformity,
which influences yield and irrigation efficiencywhich influences yield and irrigation efficiency
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•• Most nonMost non--uniformity tends to be systematic!uniformity tends to be systematic!
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I rrigators apply extra water to avoid deficits caused by Irrigators apply extra water to avoid deficits caused by 
nonnon--uniformity, but there is diminishing return.uniformity, but there is diminishing return.

Most nonMost non--uniformity tends to be systematic.uniformity tends to be systematic.
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Improving uniformity reduces water applied Improving uniformity reduces water applied 
and reduces the deficit, and reduces the deficit, 

and may also increase consumptionand may also increase consumption
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•• Irrigation Efficiency (Burt I rrigation Efficiency (Burt et al. et al. 1997)1997)
–– water water is only considered beneficial or not is only considered beneficial or not 

when it leaves the boundarieswhen it leaves the boundaries
–– IE is defined in terms of a time intervalIE is defined in terms of a time interval

•• Application Efficiency (Burt et al. 1997)Application Efficiency (Burt et al. 1997)
–– Event basedEvent based
–– Primarily to add water to soil storagePrimarily to add water to soil storage
–– A target application amount is impliedA target application amount is implied

IE
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Water Distribution is the result of ChaosWater Distribution is the result of Chaos

Distribution Distribution from from one level to the nextone level to the next

2 ha to plants

0.0 0.5 1.0 1.5 2.0

Relative water amount



Project scale distribution of water to Project scale distribution of water to 
plants can be related to productivityplants can be related to productivity

20,000 ha to plants w/ losses
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Relative water amount



RIS = 1.36
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•• Most canals are operated manually!Most canals are operated manually!
–– Operators adjust manual gates to distribute flow Operators adjust manual gates to distribute flow 

between offbetween off--takes and check structures.takes and check structures.

–– At a division pointAt a division point, , 
•• The water level will rise or fall until outflow equals inflow.The water level will rise or fall until outflow equals inflow.
•• Flow distribution depends upon the Flow distribution depends upon the relativerelative setting of the setting of the 

gatesgates..

•• Unsteady Flow causes ChaosUnsteady Flow causes Chaos
–– Gate changes cause downstream flows to vary.Gate changes cause downstream flows to vary.
–– Upstream changes arrive Upstream changes arrive gradually downstream, gradually downstream, 
–– Flow Flow to users to users varies over time.varies over time.

–– This This is independent of flow measurement errorsis independent of flow measurement errors..



ControlControl is rapid, butis rapid, but
Errors go to downstream endErrors go to downstream end
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Delays can be long, but Delays can be long, but 
Errors go to upstream endErrors go to upstream end
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Software for Automated Canal Management
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•• Water orders are entered into computerWater orders are entered into computer
•• Computer routes flow changes through canal Computer routes flow changes through canal 

system based on volume compensationsystem based on volume compensation
•• Canal operator opens turnout gate at prescribed Canal operator opens turnout gate at prescribed 

timetime
•• Water level errors are corrected with feedback Water level errors are corrected with feedback 

control (new technology works!)control (new technology works!)
•• HeadgateHeadgate and check gate flow controllers and check gate flow controllers 

maintain flow balancesmaintain flow balances
•• Main Main canal pool volumes are canal pool volumes are varied varied to balance to balance 

secondary canal volume errorssecondary canal volume errors
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LaserLaser--guided land grading is essential guided land grading is essential 
for improving surface irrigationfor improving surface irrigation



Software for surface irrigation analysisSoftware for surface irrigation analysis



Different analyses are performed in Different analyses are performed in 
different different WinSRFRWinSRFR WorldsWorlds



•• Event Analysis WorldEvent Analysis World
–– Evaluate irrigation eventsEvaluate irrigation events
–– Determine infiltration parametersDetermine infiltration parameters

•• Simulation World Simulation World 
–– conduct simulationsconduct simulations

•• Physical Design WorldPhysical Design World
–– Determine field dimensionsDetermine field dimensions

•• Operations Analysis WorldOperations Analysis World
–– Determine flow rate and operating rulesDetermine flow rate and operating rules

•• TimeTime--based cutoff based cutoff 
•• DistanceDistance--based cutoffbased cutoff



•• Full hydrodynamicFull hydrodynamic

•• ZeroZero--inertiainertia
(equilibrium model)(equilibrium model)

•• KinematicKinematic--wave wave 
(normal depth model)(normal depth model)

•• Volume balanceVolume balance
(assumed average surface depth (assumed average surface depth 
model)model)
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•• Create scenarios Create scenarios 
from existing from existing 
WinSRFR WinSRFR 
scenariosscenarios

•• Exchange data Exchange data 
with Windows with Windows 
applicationsapplications



Field geometryField geometry
Length Length 
Cross section Cross section 
Bottom description (slope or Bottom description (slope or 
elevations)elevations)

Soil and crop hydraulic Soil and crop hydraulic 
propertiesproperties

InfiltrationInfiltration
Hydraulic resistanceHydraulic resistance

Management variablesManagement variables
Inflow as a function of timeInflow as a function of time
Downstream boundary Downstream boundary 
conditioncondition

Evolution of surface and Evolution of surface and 
subsurface flowssubsurface flows

Q(x,t)Q(x,t)
A(x,t)A(x,t)
Z(x,t)Z(x,t)

Performance measuresPerformance measures
Application efficiency (AE)Application efficiency (AE)
Distribution uniformity (DU)Distribution uniformity (DU)
Adequacy (AD)Adequacy (AD)
Runoff and deep percolation Runoff and deep percolation 
fractions (RO% and DP %)fractions (RO% and DP %)

Given Find



Field geometryField geometry
Length Length 
Cross section Cross section 
Bottom description (slope or Bottom description (slope or 
elevations)elevations)

Management variablesManagement variables
Inflow as a function of timeInflow as a function of time
Downstream boundary Downstream boundary 
conditioncondition

Observed outputsObserved outputs
Advance/recessionAdvance/recession
RunoffRunoff
Water penetration profileWater penetration profile

Performance measuresPerformance measures
Application efficiency (AE)Application efficiency (AE)
Distribution uniformity (DU)Distribution uniformity (DU)
Adequacy (AD)Adequacy (AD)
Runoff and deep percolation Runoff and deep percolation 
fractions (RO% and DP %)fractions (RO% and DP %)

Infiltration parameters Infiltration parameters 
(resistance parameters in (resistance parameters in 
future versions)future versions)

Given Find



•• Irrigation performance Irrigation performance 
evaluationevaluation
–– Probe penetration analysisProbe penetration analysis

•• Infiltration parameter Infiltration parameter 
estimationestimation
–– MerriamMerriam--Keller PIVBKeller PIVB
–– ElliottElliott--Walker 2Walker 2--pt methodpt method

•• Erosion parameters Erosion parameters 
estimationestimation
–– Erodibility and critical shear)Erodibility and critical shear)



•• Field geometryField geometry
–– Cross section Cross section 
–– Slope or bottom elevationSlope or bottom elevation

•• Soil and crop hydraulic Soil and crop hydraulic 
propertiesproperties
–– InfiltrationInfiltration
–– Hydraulic resistanceHydraulic resistance

•• Management variablesManagement variables
–– Available flow rateAvailable flow rate
–– Downstream boundary Downstream boundary 

conditioncondition

•• Length/width or Length/width or 
length/discharge length/discharge 
combinations combinations that will that will 
attain feasible and attain feasible and 
practical levels of practical levels of 
performanceperformance

Given Find



•• Field geometryField geometry
–– Cross section Cross section 
–– Slope or bottom elevationSlope or bottom elevation
–– Field dimensionsField dimensions

•• Soil and crop hydraulic Soil and crop hydraulic 
propertiesproperties
–– InfiltrationInfiltration
–– Hydraulic resistanceHydraulic resistance

•• Management variablesManagement variables
–– Downstream boundary Downstream boundary 

conditioncondition

•• Unit dischargeUnit discharge and and cutoff cutoff 
timetime combination(s) that combination(s) that 
will attain feasible and will attain feasible and 
practical levels of practical levels of 
performanceperformance

Given Find





DUmin = 0.86, AE=81.5%

DUmin = 0.69, AE=74.4%



Research model for prediction of Research model for prediction of 
erosion, sedimentation and erosion, sedimentation and fertigationfertigation



Improve water productivity through:Improve water productivity through:

•• Evaluation of water destinationsEvaluation of water destinations
–– Where does the water end up?Where does the water end up?

•• Better flow measurementBetter flow measurement
–– Design of flumes with Design of flumes with WinFLumeWinFLume

•• Improved control of water distributionImproved control of water distribution
–– Canal automation with Canal automation with SacManSacMan

•• Improved design and operation of Improved design and operation of 
irrigation systemsirrigation systems
–– WinSRFRWinSRFR and laserand laser--guided land leveling for guided land leveling for 

surface irrigationsurface irrigation


