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ABSTRACT

A common method for estimating mean flow speeds in studies of surface runoffis to time the travel of a dye cloud across a
measured flow path. Motion of the dye front reflects the surface flow speed, and a correction must be employed to derive a
value for the profile mean speed, which is always lower. Whilst laminar flow conditions are widespread in the interrill zone,
fewdata are available with which to establish the relationship linking surface and profile mean speeds, and there are virtually
none for the flow range 108 Re < 500 (Re = Reynolds number) which is studied here. In laboratory experiments on a
glued sand board, mean flow speeds were estimated from both dye speeds and the volumetric flow re(@ftiahwith d

measured using a computer-controlled needle gauge at 64 points. In order to simulate conditions applicable to many dryland
soils, the board was also roughened with plant litter and with ceramic tiles (to simulate surface stone cover). Results
demonstrate that in the range 1@0Re < 500, there is no consistent relation between surface flow speeds and the profile
mean. The mean relationshipvs: 0-56 vg,, which departs significantly from the theoretical smooth-surface relation

v = 0-67vsyr, and exhibits aconsiderable scatter of values that showa dependence onflow depth. Given the inapplicability of
any fixed conversion factor, and the dependence on flow depth, it is suggested that the use of dye timing as a method for
estimatings be abandoned in favour of precision depth measurement and the use of the vetafmd, at least within the

laminar flow range tested. Copyriglas 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Studies of overland flow hydraulics commonly require information on flow depths and speeds, to calculate
friction coefficients or to use as independent variables in studies of soil loss. Often, these variables are
calculated from the simple volumetric flow relation:

Q = wdv (1)

where Q is the volumetric flow rate (discharge) and w, d and v are the mean width, depth and speed,
respectively. Given three of these values, the fourth can be estimated by substituting the known terms into
Equation 1, and this makes for economy in field measurements. For example, on bounded runoff plots where
flow width is predetermined or can be measured and where flow depth can be measured at sufficient test
points, together witlQ at the plot inlet and outlet, an estimate of the mean flow speed can be derived (e.g.
Abrahams and Parsons, 1991). Measuring depth is in principle straightforward and can be done at as many
points as are required, whilst flow speed is more difficult and may require a flow path of at least 20-50 cm in
order to be able to time the motion of a dye cloud. In the case of flow speed, this restricts observations to
‘zone’ measurements rather than point observations, since there is no way to record speed variations that
occur within the timed flow path. The measurement of flow speeds using dye has been refined by the division
of the flow into multiple ‘partial sections’ within which flow conditions are relatively uniform; results from
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364 D. DUNKERLEY

thesearethenaggregatedAbrahamsetal., 1986).Dye speedneasurements principle allow anestimateof
themeanflow depthto be derived(e.g.Katz et al., 1995).Lesscommonly,both depthandflow speechave
beendeterminede.g. Dunneand Dietrich 1980).

This paperfocusesontheuseof dyetracingto estimatehe meanflow velocity v (asrequiredfor the useof
Equationl to estimated) in laminarflows that arisein certaintemporaland spatialrealmsduring surface
runoff, andwhich arediscussedhortly. Onecrucial difficulty with thisapproachs thattheonly distinctpart
of thedyeplumethatcanreadilybetimedis thedyefront (dyearrivaltime). Giventhatthefastestwaterflow
is atthewatersurface a correctionfactoris requiredin orderto derivean estimateof the meanflow speed,
andthis factor dependsuponthe form of the vertical velocity profile. Very few dataof good quality are
availablewith which to determinethe appropriatevaluefor this correctionfactor, which is knownto vary
with flow state.The surfacevelocity considerablyexceedghe profile meanin laminarflow butin turbulent
flow, eddymixing ensureghatthe surfaceflow speedexceedghe profile meanby a lesseramount.

Here, carefulmeasurementsf all four flow parametergQ, w, d andv) arereportedfrom a laboratory
experimentvherelaminarflow waspasseaveraboardroughenedvith sandgrains. Thus,meanflow speeds
canbe estimatedirectly usingEquationl, without relianceon dye timing. Dye timing wasused ,however,
andthevalidity of usingthe standardtorrectionfactorto yield vis examinedThegoalis to establishwhether
conventionalapproacheso the estimationof meanflow speedin laminarflow arevalid, andto evaluate
appropriatevaluesfor the factor linking surfaceandmeanflow speeds.

Velocity profilesin laminar flow
The vertical velocity distributionin laminarflow of depthd is given by the quadraticequation:

_ gsing
Y

y(2d —y) (2)

whereu is the velocity, y is the distancefrom the bedandv is the kinematicviscosity (RobersorandCrowe,
1975).Thisequationapplieswherethe surfaces smoothandhasano-slipboundarycondition,andwherethe
downstreamflow trajectoryis unobstructedor moleculesat all distancesfrom the solid surface.For a
parabolicprofile whereu = 0 at the bedandreaches maximum(vg,) atthewatersurface the profile mean
velocity v is reachedat 0-33 of the depth,andthe relationshipbetweenv andvg is:

v=0- 67Vsurf (3)

Wherethe solid surfaceexhibits grain roughnessandthe grainsextendupwardto partially obstructflow
paths thereis anambiguityin the definition of the ‘bed surfaceelevation’from which depthsaremeasured.
Emmett(1970)resolvecthis by usingablunttip onaneedlegauge someasuringheelevationof thetopsof
grainsrougheningthe bed. Othershaveaddedto the measurediepthat averagegrain-topelevationsome
fraction of the grain diameter(0-25 diametersin the caseof Woo and Brater 1961) to allow for the
unmeasurablerevicesbetweengrains on the bed. Leaving this issueto one side for the moment,the
observatiorremainghatprotrudinggrainsobstructflow paths andmustretardflow in theregionof thegrain
tops.Detailedflow observation®y Phelps(1975)haveshownthatvg,is loweredrelativelylittle (butto an
extentthat is a function of the relative roughness¥or flow over fully submergedsandgrains, and that
significantflow retardationoccurswithin the body of the flow abovethe grains.As a result,the transition
from retardedflow nearthe grain topsto maximumspeedat the surfaceoccursover a narrowerrangeof
depths,and the vertical velocity gradient (assumedto be parabolicin Equation 3) is modified. The
experimentakconditionsusedby Phelps(1975)includedonly widely spacedgrainswhoseprojectedcover
fractionwas0-1, andthereappeato beno correspondinglatafor surfacesompletelycoveredoy grains like
many dryland soils. Clearly, however,the presencef protrudinggrainsaltersthe vertical velocity profile
from the smoothparabolicform onwhichtherelationof Equation3 dependsandits validity in laminarflow
overroughsurfacexomesnto questionWe mightanticipatethata generakelationshigike thatof Equation
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3 would apply, but take the form:
\_/ == aVSL"f (4)

whereux is a coefficientwhosevaluemay dependuponpropertiesof the solid surfaceincludingmeasuresf
relativeroughnessndthe spacingof the roughnes&lementsandthe effectthatthesehaveon the shapeof
thevelocity profile. Theexperimentseportechereevaluatex for fully submergedrainroughnesn laminar
flow, suchasariseson surfacesnundatedby shallowoverlandflow, andalsofor flow throughdistributed
plantlitter andprotrudingsurfacestonesBoth of thesefeaturescommonlyoccuratfield researctsites,and
arefeaturesroutinely affecting surfacerunoff in drylands.

Prior evaluationsof the value of «

A setof carefully deriveddataon quasi-uniformlaminarflow on a laboratorysandboardof fixed width
wasderivedby Emmett(1970).He measurediepthusinga micrometergaugeandalsosurfacevelocity using
dye-arrivaltiming over measuredlow distancesUsing Equation1 with Q, W andd explicitly determined,
Emmettsolvedfor meanflow speedHe thencomparedhis with surfacespeeddrom the dye timing, and
derived o from the ratio of these speeds(Equation 4). His 37 data for the range 200< Re < 2000
(Re= Reynoldsnumber)showthevaluea = 0-576 (stddev.0-11: my calculation;notethatall original values
of Re derivedin the presentstudy,andthosederivedfrom the literature,havebeenbroughtto the common
form indicatedby Equation5). Emmett(1970) notedthat the value « = 0-67 derivedfor laminar flow on
smoothsurfaceprovidedonly anupperenvelopdimit for hismeasurediata.Emmett(1970)did notdefinea
meanvalue of o for the flows exhibiting « < 0-67, sincethe value of o appearedo declinefor shallower
flows. However thevaluedie in therange0-365< o < 0-825(thatis, somevaluesexceeded-67). Certainly,
o did not adoptthe constantvalue0-67, andindeedfew valuesnear0-67 wererecorded Emmettspeculated
that extremeflow retardationarising from surfacefriction in very shallow flows might accountfor the
departurefrom the behaviourknown to apply in flow over smoothsurfaces.However,even amonghis
‘smooth’ surfacetests,on a boardwithout addedsand-grairroughnessyaluesin therange0-37 < « < 0-59
were found. Therefore,comparedo the glassor metal surfacescommonlyregardedas ‘smooth’, perhaps
eventhe boardsusedin thetestsbhy Emmett(1970)exhibitedsignificantsurfaceroughnessThesedataspan
both subcriticaland supercriticallaminar flow, so that the samelowering of the apparentvalue of « was
exhibitedin bothregimes.

Additional experimentsexaminingthe value of « were performedby Li et al. (1996) and by Li and
Abrahamgq1997),for bothclearwaterandwatercarryingsaltatingsedimengrains.Onceagain,it wasfound
thata did notexhibitavalueof 0-67 for laminarflow, nordid it adoptthetheoreticalvalueof 0-8 for turbulent
flow. Li andAbrahamgq1997)foundthato waslowestin laminarflow (wherenodistincttrendwith Recould
be shown),rosesteeplythroughthe transitionalrangeof Re, and continuedrising slowly in the turbulent
range.Interestingly,for the assumedaminarrange(Re < 2000),Li and Abrahams(1997)found the mean
valueof o to be0-37,whichis muchlowerthanthevaluesreportecby Emmett(1970).Themediansandgrain
size contributingsurfaceroughnessn the testsof Li and Abrahams(1997)was 0-74 mm, whilst Emmett
(1970)usedsandgrainsof 0-5 mm mediandiameter This raisesthe possibility thatthe valueof « declinesas
surface grain roughnessincreases.To my knowledge, this possibility has not been systematically
investigated.However, if it is real, then such a marked dependenceof « on grain size posessevere
difficulties for theuseof dyetracingto estimateflow speed®n naturalsurfacesvheregrainroughnesseight
is markedlyvariable.

A furtheruncertaintythatremaings how o behavesn thelowerrangeof laminarflows, far from theregion
of transitionto turbulence.The presentstudy attemptsto fill that gap by concentratingon the range
100< Re < 500. Thoughsuchflow Reynoldsnumbersare commonin overlandflow on gently sloping
dryland surfaces(Dunkerley, unpublisheddata), no studiesof flows in this range, apart from a few
observationdy Emmett(1970),havebeenpublished.To put this rangeof Rein perspectivepn a strip of
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slopingterrain 1 m in width, andtaking a representativeneanoverlandflow speedof 5cm s 2, if rainfall
intensityis 30mm h~* andsoil wateruptakeis 15mm h~* (reasonablealuesfor drylandsof westernNew
SouthWales,Australia)(Dunkerley,in press)aslopelengthof 30 m would berequiredto reachRe=500;a
runoff fetchof 6 m is neededevento reachRe= 100. Thus,oversignificantpartsof theinterrill realm,flows
will have Re values< 500. On the assumptiorthat the thresholdvalue of Re marking the beginningof
turbulentflow was1200,Woolhiseretal. (1970)concludedrom rangelandxperimentsn SouthDakotathat
laminarflows persistedor flow lengthsof upto 170m. Thus,it is importantthatthe behaviourof « in these
widespreadlows be examined.Conditionsin the early stagesof overlandflow would be affectedby the
impactof raindrops.Variationin the magnitudeof this disturbancevould vary with flow depths,andwith
drop sizesandrainfall intensities. Thesefurther potentialeffectson the value of « arenot considerechere.

Despitethe early findings of Emmett(1970),andlaterLi etal. (1996)andLi andAbrahamg1997),there
hasbeenwidespreadiseof the value o = 0-67 in the processof estimatingmeanflow speedfrom surface
valuesfor flows in thelaminarrange.For example this wasdonein thefield for flows thatincludedlaminar
regimeflows over gravel-coveredurfacesdy Abrahamset al. (1986)who useddye speedsneasuredver
flow lengthsof 25cm. The value o = 0-67 was also adoptedfor the conversionof surfacevelocitiesin the
laboratoryflume testsof Guy etal. (1990),whereflows werepassingovera sandytestsoil, by Rouhipouret
al. (1999)for field trialsin apineappldarm wherewaterwastrickled ontothetop of testfurrows,andby Fox
andBryan (1999)in alaboratorystudyof interrill erosionin soil boxesexposedo artificial rain. Similarly,
for turbulentflows, the correspondingheoreticalvalue o = 0-8 hasbeensystematicallyadopted(e.g. by
Nearinget al. (1999)in a studyof rill flow hydraulics).Dye timing hasalsobeenusedin a rangeof flow
roughnesstudiesjn somecasege.g.Roels1984)without any conversiorto profile meanspeedIn noneof
thesecasesvherea valuefor the coefficienta wasadoptedwvasevidencepresentedhatthe valuehadbeen
justified exceptby extrapolatiorfrom the knownbehaviourof viscous(or turbulent),sediment-fredlows on
smoothsurfaces.

To my knowledge thereare no studiessystematicallyinvestigatingthe effectsof protrudingroughness
elementsor organiclitter, on the value of o applicableto laminar flows. If dye tracingis to be usedto
estimatemeanflow speed®nnaturalplots,it mustbeestablishedvhetheror notthereis anappropriatesalue
for o for usewhenthe effectsof protrudingobstaclesandlitter are present.

MATERIALS AND METHODS

Experimentswere conductedon glued-sandboardsof 0-6 x 1.2m, madeby applying a heavy coat of
waterproofvarnishand sprinkling this with sandwhile still wet. The excesssandwas then removed.By
sievingandcalculationof the mass-weightedheandiameter the meangrain sizeof the two sandsusedwas
foundto be0-4 mmfor mediumsandboardand0-67 mmfor coarsesandboard.Thecoarsesandwaslesswell
sortedthanthe mediumsand.Sidewalls 2 cm in height,and roughenedwvith sandin the sameway, were
attachedo eachsideof theflow boardsto makea confinedchannel0-5 m wide and1-2 m long. Eachboard
wascarefullylevelledlaterallyandinclinedataslopeof 1-2 ° by theuseof wedgesThis gradienttypifies the
slope of runoff-runonlandscapesn arid Australia (e.g. Dunkerleyand Brown (1995) studiedthe banded
vegetationof westernNew SouthWales,Australia,thathasdevelopedn slopegradientdying in therange
0-5-21°).

Waterwasrecirculatedrom atankusinga variable-speegump,andfed to thetop of the boardthrougha
perforatedpipe havingeight outlet holesspacedevenlyacrosshe width of the board.Unit flow rateswere
variedin therange0-25 to 1-14cn? s ; thesewereassociateavith flow depthsrangingfrom about0-8 to
2.7 mm. Flow passingrom thebottomof theboardwascaughtin agutter,atwhoseoutletpipeflow ratewas
measuredvolumetrically every 2 min during testswhich lastedabout 15min. Water temperaturesvere
recordedat the sameintervalsusinga platinumresistanceahermometeandrecordedto the neares-1 °C,
andkinematicviscosity calculatedusingthe polynomialrelationshipsof Weast(1979).

Foreachtestconditionandflow rate,dropsof fluoresceindyewereaddedo theflow andthe surfaceflow
speedsecordedrom traveltime of thedyeatthreelocationsacrossatestsectionof 50 cmmid-wayalongthe
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board.In anattemptto minimizeerrorsarisingfrom thereactiontime of the observeranticipatiorwasusedn
judgingwhento operatehe stopwatckcontrols. Thatis, in releasinglye,anattemptwasmadeto depresshe
syringeandthe stopwatch'start’ buttonsimultaneouslyLikewise, the dye front wasclosely observedasit
approachedhe lower boundaryof the flow pathmarkedout for timing so that the watch could be stopped
simultaneouslyvith the arrival of the dye front. Whena mistakewasmade(beginningor endingtiming too
soonor too late) the dye testwasdiscardedandthe testrepeated.

In eachof the surfacetreatmentsdescribedoelow, four to six different flow rateswere appliedto the
boards.

All surfacetreatmentavereappliedto the mediumsandboard.Onesetinvolved placingobstacleon the
sandboardto simulatesurfacestonesprotrudingthroughthe shallowoverlandflow. In orderto avoid the
complicationof irregularobstacleshatmight nottouchthe surfaceexceptat their extremities andfor which
arealcoverfractionwould thusbe of limited use(e.g.irregularnaturalpebbles)glazedceramictiles of two
sizeswereused.Thesehadsurfaceof the samesmoothnesasis typically foundfor the stonedittering the
desertsurface which aremostly of glassyvein quartzor otherresistanimaterialscarryinga desertvarnish.
The ceramictiles weresetout randomlyon the boardto yield coverfractionsof 5, 10 and20 percent.The
tiles usedhad a thicknessof 6 mm, sufficientto ensurethat they were neverovertoppedoy the flow, and
remainedasobstaclesvhichgeneratedlargerupslopewettedareaasflow depthsvereincreasedTileswere
all placedwith their upslopeface normalto the flow, soasto presenthe mostblunt obstaclepossible.

The othertreatmentinvolved the applicationof plantlitter collectedfrom the BrokenHill regionof arid
westernNew South Wales. Three loadings were used (20, 40 and 80gm~?) with the litter sprinkled
uniformly overthe board.Theseloadingslie within the rangesfound by variousworkersin dry shrublands
andgrasslandswherelitter covercanreach20-70per cent(Woolhiseret al., 1970; Johnsorand Gordon,
1988). As measureddy grid counting,theselitter loadingsprovided approximatelythe sameareal cover
fractions(5, 10and20 percent)asemployedn the ceramictile experimentsExceptfor someof thesmallest
litter fragmentswhich movedepisodicallywith theflow, thelitter wasimmobilein therangeof flows used.

To allow flow to reachequilibrium speeddownthe board,andto avoid edgeeffectsat the downslopdip
(wheresurfacetensioneffectscausewaterto pondbeforespilling over), all depthmeasurementseremade
in acentraltestareaof the boardlocatedatthe mid-pointof its length,andmeasuringg0 cm x 50 cm. Within
this area,depthsweremeasurean a grid of 64 points,usinga computer-controlld gantrythatwaslevelled
abovethe sloping board. Steppermotors were usedto move a measuringcarriageto nominated(X, Y)
coordinatesn this grid, andat eachpoint an electronicneedle-gaug&vasloweredby a precisionstepping
systemuntil a circuit was closedwhen the needletip contactedthe water surface.This Z probe had a
resolutionof 0-025mm (<0-001inch). To mapelevationsacrosghe dry board,the sameZ probecarriedan
opto-electronicswitch that was activatedwhen a solid object was touched.This had the same0-025mm
resolution,and the needlepoint probehad a diameterof 0-35mm (smallerthan the diameterof the sand
grains)andwasadditionallydrawnto a narrowpointedtip. Waterdepthsateachgrid pointwerethenderived
by subtractinghe elevationof the dry boardat that point from the elevationof the watersurfaceatthe same
grid point onceflow hadbeenturnedon. The X-Y systemreturnedto eachgrid point within a toleranceof
0-25mm. Datawereloggeddirectly onto a laptopcomputerinked to the motor control electronicsandthe
time andcoordinate®f eachpointrecordedIn addition,the datafile recordedvhetherthe needleprobehad
touchedthe watersurfaceor whetherthe optical switch hadbeenactivatedby a solid object.In this way, it
waspossibleio decoddrom thefile thosepointswherearoughnesglementiay beneathhegrid point. These
non-submergeg@ointswere excludedwhenmeandepthswere calculated/Abrahamsand Parsons1990).

Calculationof flow parameters
Flow Reynoldsnumberswere calculatedfrom the relation:

Re= ﬂ (5)

<
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andthe Froudenumberwasdeterminedrom:
Fo—t (6)
v/ gd
To characterizeetardationof flow, the Darcy—Weisbals relation

8gdsS
==

(7)

wasemployedwith Sbeingthe boardslope.Thefour to six differentdischargeatesemployedallowedthe
samenumberof valuesof f to be derived. Thesewere then usedto deriveda roughneswalue, K, for the
surfacetreatmentusingthe relation:

K
f=ro ®)

RESULTS

Dyetracingsconfirmedlaminarflow onthebaresandboardswith no mixing of adjacenflow filaments.Dye

pathslikewise showedthat flow wasdivertedin smoothlycurving pathsto passbetweenandaroundthe
ceramictiles,whichrestedlat ontheboardsurfacesothatnoflow passedbeneaththem.Areasof stalledflow

upslopeandareasf flow separatiodownslopewerenotedto arisefrom the squardiles placedwith leading
edgenormalto the flow. Flow wasnot steady but acceleratedhroughconstrictionsbetweemeighbouring
tiles, and slowedwherelessof the boardwidth wasoccupiedby theseobstructionsSimilarly, evenin the
presencef thehighestitter loadingsflow pathsdowntheboardweresmoothlycurvedandof low sinuosity.
Owingto theangularshape®f twigs, thornsandflower parts flow wasableto passeneatHitter particlesor

throughgapsin clumpedlitter. Absenceof mixing of adjacentfilamentsagainindicatedthat laminarflow

conditionswere maintainedat all discharges.

Thenumericaldescriptionof laminarflows onthe mediumsandboardis consideredirst, sincethis board
was studiedin greaterdetail than the coarsesandboard,and was usedfor all subsequentile and litter
treatmentsThe five dischargeratesusedresultedin 1038 < Re< 4102 (Tablel), while all flows were
subcritical. Meandepthsdirectly measuredby the probesystemlay in therange0-85—-1:22 mm, while mean
flow speedsalculatedrom Equationl usingthesedepthslay in the range2-98-823cm s~ *. Surfaceflow
speedswere 528 < Vg < 14-19cm s The Darcy—Weisbal f was 1-56 at the lowest flow rate, and
declinedto 0-29 at the highest.Overall, the value of K for this board(Equation7) was138. Fromlowestto
highest discharge,values of « lay in the narrow range 0-56—061, showing no tendencyto change
systematicallywith the value of Re.

On the coarsesandboard,resultswere similar in all respectsthoughflow speedswere lower, andthe
derivedvalueof K (Equation8) for thisboardwashigher,at199,asexpectedn view of thecoarsesandgrain
size.

The litter andtile treatmentgesultedin complexpatternsof changein depth,velocity, Darcy—Weisbach
roughnessandotherflow parameterg¢Tablel). Thesearenot pursuedn detailhere,in orderto focusonthe
behaviourof «. For largetile tests,0-53 < o < 0-64 (mean0-561), andfor small tile tests0-47 < « < 0-69
(mean0-574).1n thelitter tests,0-50 < « < 0-61 (mean0-543).1n comparisonthe meanfrom bothbaresand
boardswvasa = 0-579. Thereis no statisticaldifferenceamongthesepopulationsat p < 0-01 (small-samplé-
test;Freund1974).In view of this, theresultscanbe pooledandacrosghetestedrangel00< Re < 500this
yields a meanvalueof o = 0-56.

Thereis norelationshigbetweent andRein the presentiata.However,in theplot of o versusRe(Figurel)
it is notablethatthe lowestvaluesof o seemto be associatedvith the heaviestitter loadingandwith the 10
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Table I. Rangef key testconditionsandresultingflow propertiedor baresandboard,ceramictile andplantlitter tests
usinglaminarflow

Rangeof Q
tested
(cm®*s™) Meanerror
and(number _ in using
of increments Rangeof Re Rangeof d Rangeof v Rangeof o V=0-67 Vgyr
Boardtreatment K (Eqn8) of Q) (Egnb) (mm) (cmsY (Eqn4) (%)
Baremediumsand 138 12.6-501 (5) 103-410 0-85-122 2.98-823 0-56-059 144
Barecoarsesand 199 225-564 (4) 190-485 1.11-174 4.05-667 0-43-058 265
5% coversmalltiles 142 160-535(5) 137-465 0.91-133 369-841 .63-.69 1.35

10%coversmalltiles 233 133-536 (5) 119-478 098-168 3-01-708 0-47-057 309
20%coversmalltiles 211 139-483(4) 141-490 1.00-164 3-47-734 0-55-061 158
5% coverlargetiles 171 12.3-493 (5) 106-423 0-88-135 2.91-769 0-54-059 204
10% coverlargetiles 133 12.7-508 (5) 107-429 0-84-133 3-37-848 0-53-064 165
20% coverlargetiles 177 148-400(4) 141-380 1.02-1.38 3.62-725 0-54-062 173
20g m2 plantlitter 264 129-472 (4) 106-385 0-96-159 2.68-593 0-54-061 177
40gm~2 plant litter 288 134-398 (4) 108-319 1.06-154 2.53-518 0-54-061 183
80g m2 plantlitter 1015 133-533(6) 103-410 1.51-267 1.76-400 0-50-059 265

percentcoverof smalltiles; in bothcaseghesetreatmentsesultedn high valuesof the Darcy—Weisbach.
The highestvaluesof « arosefrom someof the largetile tests,andthesewereassociatedvith low valuesof
the Darcy—Weisbale f. The baresandboardflows lie in aboutthe middle of this range.Theseobservations
suggestrathertenuously thattheremay be aninverserelationbetweernx andthe Darcy—WeisbaclHi in the

7 .
675
[ ]
[ ]
.65 ®
O ° + medium sand board
625 O coarse sand board
<->_| u A ° ® 5% cover small tiles
6 5 % 10% cover small tiles
A * © 20% cover small tiles
O 5 x ° i) * A 5% cover large tiles
* [ o O 10% cover large tiles
55 i A o a M 20% cover large tiles
' g xXeo ] X A20 g/rn2 plant litter
525 A a o ™ ° ® 40 g/rn2 plant litter
’ o o M 080 g/m? plant litter
5 Q (o]
x x
475 %
45

50 100 150 200 250 300 350 400 450 500

flow Reynolds number (Re)

Figurel. Relationshipbetweertheratio of surfaceandmeanflow speedsy (Equation4), andthe meanflow Reynoldshumberfor the
laminarflow experiments
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0.8
0.7 C
A + medium sand board
.
o ° o coarse sand board
0.6 ™~ & l‘ A @ ® 5% cover small tiles
A N A * o % 10% cover small tiles
(04 % %o © 20% cover small tiles
® (4
T oAy OD. ° A 5% cover large tiles
%2 AD L] o 0 10% cover large tiles
0.5 = ° L O W 20% cover large tiles
) 420 g/m? plant litter
. x x \ ® 40 g/m2 plant litter
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04
0.7 1 4
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Figure2. Relationshipbetweertheratio of surfaceandmeanflow speedsz (Equationd), andthemeanflow depthfor thelaminarflow
experimentsThe solid line representshe least-squarepowerfunction regressiormodelfitted to thesedata

range100< Re < 500. Statisticaltestsof significancedo not supportthis contention,but it is notedasa
hypothesighat may be worthy of furthertesting.

A statisticallysignificantrelationshipwasfound betweernx andmeanflow depth(Figure2). This relation
wasbestfitted asa powerfunction taking the form:

a=0-5870

(9)
Forthisrelation,r? = 0-27 andp = 0-0001.This indicatesthatthereis a significantdeclinein thevalueof o in
deepeflows, regardlessf thetreatmen(baresandoboard,smallor largetile cover,or litter loading)although
thescattelin therelationshipremaindarge.In very shallowflows, thevalueof « approachemostcloselythe
theoreticasmooth-surfacealueof 0-67,andthevaluefalls asflow depthrises.Thisrelationships concealed
whenusingReastheindependenvariable,suggestinghat changesn depthandflow speedo someextent
offseteachotherin waysthatrequirefurther study.

DISCUSSION

In all of thetestsmade the adoptionof « = 0-67 to estimatemeanflow speedd$rom surfacedyearrival times
resultsin overestimatesf v, the meandifferencebeing18 7 percentandthe maximumnearly 31 percent.
Thisis a sizeableerror,but possiblemeasuremergroblemsthatmight arisein observingthin flows mustbe
eliminatedaspossiblecauses.

The observatiorof vg,s usingthe stopwatchis thefirst potentialsourceof difficulty. It is uncleafjustwhat
errorsof judgementremainedn the stopwatchtiming despitethe carefuluseof anticipationnotedearlier. It
seemssafeto deducethatthe useof anticipationwould reducethe normalreactiontime thatwould applyin
respondingo aneventoccurringwithoutwarning,which is commonlya few hundredmilliseconds(Welford
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1980).1f, therefore thetraveltime of the dyefront wasmisjudgedby say200ms (half of a plausible400ms
arisingpartly atthe momentof dyereleaseandpartly at dye front arrival downslope)thenthe erroramounts
to <5 percentfor slower,shallowflows, but up to 13 per centfor the deepesandfastestflows. However,
severakepeatimingsweremadefor eachflow condition,andthe meantraveltime taken.Judgemenérrors
shouldinvolve botherroneoushshortandlong traveltimes,sothatresultingerrorsin themeanshouldbeless
thanthoseof the individual dye observationsFurthermorejt is known that practicegreatly reducesthe
reactiontime (Welford 1980),and anticipatorystopwatchtiming was usedrepeatedlyand underidentical
conditionsthroughoutthe experimentsin orderto accountfor a 30 per centspeederrorin atestwherethe
traveltime of thedyefrontwasnear6 s (acommonvalue) thetiming errorwould haveto benearly2 s,which
doesnotappeatikely, thoughtiming errorsof 13 percentwould neverthelesbeof concernn theveryfastest
flows. Evidenceagainsta major role for timing errorsin eventheseflows is, however,provided by an
examinationof the relationshipbetweensurfacedye speedsandthe dischargeln all casegsherelationship
wasextremelystrongacrossall observationgrom lowestto highestdischarggcoefficientsof determination
in the regressiorrelation betweenvg,; and Q werein all cases>0-99). Had increasinghaphazardiming
errorsbeenaffecting the dye timing, theserelationshipswould be expectedio show increasingscatterat
highervaluesof Q, andthiswasnotobservedThereforejt doesnotseenprobablefor timing errorsto bethe
causeof the 15-30per centdifferencebetweenthe speeddasedon dye timing andthosecalculatedusing
observedlow depthstogetherwith Equationl, andindeed,giventhe very tight regressiormodelslinking
Vsurf @NA Q, it would appearthat substantiakrrorsarisingfrom timing arenot presentn the data.

Consideratiormustnow be givento the potentialerrorsin the instrumentalobservatiorof flow widths,
depthsandflow rates.

Flow width wasfixed at 50 cmin all testsandcannotbein error,at leastfor the baresandboards For the
tile experimentspbstaclesize was uniform and the appropriatereductionin flow width to allow for the
protrudingobstaclesvasapplied.In the caseof litter, thereis muchmoreambiguity abouthow flow width
oughtto bedeterminedin view of theobservatiorthatnoflow pathalongtheboardwastotally obstructedy
litter (theflow passingaboveunderor throughlitter particlesandlitter clumps),width wasin all casesaken
to be 50cm. Likewise, Q wastimed repeatedlyusing a stopwatchand graduatedaboratoryvesselsand
acrosgheseverahundredneasurementgportedcannotconsistenthyhavebeenunderestimatetly nearly19
percentaswould berequiredto accounffor thediscrepancypetweerv andvg,,+ Ratherjt wouldbeexpected
thaterrorswould be small, andabouthalf too low andhalf too high.

This leavesonly depthmeasuremengrror, andthis is perhapshe most problematicof the variablesto
observewith extremeprecision However,depthwould haveto be consistentlyoverestimatethy about23 per
centto accounffor thediscrepancyn flow speedcalculationsin fact, the probemechanisnusedto measure
depthis morelikely to underestimatdélow depth,ratherthan overestimatefor two reasonsNot eventhe
narrowtip of theneedleprobecanpassnto thesmalldepressionbetweercloselyspacedandgrains,sothat
theapparentlevationof theroughenedurfacewvould betoo high. But theerrorherecannotexceedabout0-5
grain diameterssincethe grainsare packedcloselytogetherandwould touch at about0-5 grain diameters
abovethevarnishedsurfaceof theboard.Further this erroris compoundedbecaus®f themodeof operation
of the probesystem The steppemechanismmovesthe needleprobein stepsof fixed size(0-025mm). This
incrementabkteppingmechanisnmresultsin worst-caserrorswhena downwardstepbringstheprobetip very
nearto the water surface.The next downwardstepwould then carry the tip below the surface(i.e. an
overshoot)sincethe smallestdownwardstepof the probeis 0-025mm. Giventhatwaterdepthis determined
from the distancebetweenthe downwardtravel distanceto the bareboardandthe downwardtravel to the
watersurface the slight overshootpossiblein this worst-caseanalysistendsto resultin depthsthataretoo
low. Giventhis maximumerrorof 0-025mm, thelargestdeptherrorarisingfrom needleprobeovershoofor
flows 1 mm deepis an underestimatef 2-5 per cent,and 1-25 per centfor flows 2 mm deep.However,
consistentlyworst-casesrrorscould not arisesystematicallyandmostdepthmeasurementsould certainly
haveinvolvedlesserror.If theinability of the probeto sensdiny gapsbetweerthe sandgrainsis addedand
estimatingthis to havea meanof 0-2 grain diametersthe total underestimatef depthon the mediumsand
boardcouldamountto 0-105mm, or 10-5 percentin flows 1 mmdeep and5-25 percentfor 2 mmflows. But

Copyright © 2001 JohnWiley & Sons,Ltd. Earth Surf. Process.Landforms26, 363—-374(2001)



372 D. DUNKERLEY

theseare underestimatesand overestimate®f depth are requiredto accountfor the speeddiscrepancy.
Therefore it seemsalmostimpossiblefor deptherrorsto be responsibldor the results.

Finally, thediscrepancyn speedtalculationscouldbeaccountedor by acombinationof consistenerrors,
suchasmeasurementsf Q consistentlytoolow by nearly10 percentandmeasurementsf depthconsistently
too high by 10 per cent,but this againseemdamprobablethroughmorethan3000depthobservationsaken
duringthe study,andseverahundredcarefulmeasurementsf Q. The conclusionis thatthe discrepancyn
flow speedestimatess realandnot a measuremerurtifact.

Having ruled out artifacts of the measuremensystem,we can observethat the meanvalue of « =0-56
closelyresembleshe valuederivedearlierfrom Emmett's(1970)data,of « = 0-576. Emmett’'svaluesspan
severalifferentslopeanglesandarangeof roughandsmoothsurfacesbutwith roughnesglementsll fully
submergedTheseconditionsareidenticalto thoseusedin the presentestson the baresandboards but are
distinctfrom boththetile andlitter tests.Li andAbrahamg1997)alsofoundvaluesof « to lie below0-67in
thelaminarrange buttheir resultwassomewhatower, with a meanof 0-37.Li andAbrahamg1997)found
no clearsupportfor any relationbetweern: andRe for laminarflow, andthis is consistentith the present
results.

The resultsconfirm the findings of earlier workers, cited previously, that the behaviourknown from
viscoussmoothflow’ cannotbetransferredo roughartificial or naturalsurfacesvithoutincurringerror.The
mismatchbetweermeanflow velocity estimatedusingEquationl andconvertedsurfacevelocitiesestimated
from dye timing reachesa maximumof 30-9 percent(Tablel). Whilst this is a substantiakrror, whenthe
resulting erroneousvaluesare carried into subsequentalculations,the errors can be compoundedFor
examplewhentheresultingestimateof meanvelocity areusedto estimatethe Darcy—Weisbalk roughness
coefficientf (Equation7) (e.g. Dunne and Dietrich 1980), the errorsare increasedbecausea term in v
appearsn thedenominatorThus,avelocityin errorby 20 percentproducesnerrorin v2 of morethan30 per
cent,andan equalunderestimat®f the surfaceroughnessin contrastto the moderateerrorin flow speed
estimation this errorin roughnesgoefficientcanbecomesevere and could swampdetectionof roughness
variability arisingfrom different surfacesunderinvestigation,leadingto a failure to achieveexperimental
objectives.

Thevaluesof « derivedherearenotablyhigherthanthosederivedby Li andAbrahamgq1997),whofound
valuesapproachind-3 for Re= 500 (thelowestRe valueexaminedoy them).The dataof Li andAbrahams
(1997 figure 2) showu rising steadilyfrom this minimumin thelaminarregion,andthroughthetransitionto
turbulencelt seemaunlikely thatthe curverisessteeplyoncemoreatlower valuesof Reto reacha meanof
0-56 asfoundherein therangel00< Re < 500.Thereforeijt is difficult to reconcilethe presentesultswith
thoseof Li andAbrahamgq1997).It is worth emphasizinghatthe coarsesandboardusedherehasaboutthe
samemeangrain size as that employedby Li and Abrahams(1997), whilst the litter treatmentstested
providedatestconditionwith a dramaticallyhigherDarcy—WeisbacH. Despitethefactthattherangesf Re
testedin thesetwo studiesdo not overlap,they nonethelessbutoneanother andthe differencein o values
warrantscloserinspection.

Li andAbrahamg1997)foundfrom trials on aglasssurfacethato waslower onthis smoothesurfacethan
ontheir sandboard.Theyalsofoundthattheir useof concentratedaltasa tracerin measuringlow speeds
wasassociategvith underestimationf «, possiblybecaus¢hedensesalinesolutiontravelledatthebottomof
the watercolumnwhereflow speedsarelower. On glassat Re= 1056,the value« = 0-30 derivedfrom salt
tracingwaslessthanhalf of thevalue(x = 0-61) derivedthroughthe useof a pointgaugeandsolvingfor v in
Equationl. This is a considerablaliscrepancyandit is notablethat the value derived by needle-gauge
measuremenf depthis very similar to the valuesderivedin the presenttudy.

Whilst in the presenstudyno goodrelationwasfoundlinking « andRe,avery strongonewasestablished
linking « and meanflow depth. Given the formula for Re (Equation5), and the negligible variation in
kinematic viscosity during the experimentsthis is informative. It suggestghat flow depthis involved
physicallyin settingthevalueof «, butthatthisis concealedvhend is enterecasatermin theformulafor Re.
Thus, co-variationin v mustnullify the effect of changingdepth,so that their productremainsrelatively
unaltered.For example,while flow depthincreasedn the presenceof protruding obstaclesn the flow,
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velocity is not sensitivelyaffected.Dunkerleyet al. (unpublisheddata)showedhatfor obstaclegprotruding
throughlaminarflow, meanflow speedsaneitherbe increasedr decreasediependingon the geometric
arrangemenof the obstaclesNarrowingof the flow pathsoffsetsthe obstacledragbecausen the laminar
range thedeeperesultingflow pathsareassociatewvith highervaluesof Reandtherefordower overallflow

resistanceln the presencef litter, flow depthsarenotablyincreasedbut correspondinglyflow speedsre
reducedThus,again,the value of Re canchangeessthanthe valuesof the depthandspeedermsusedto

deriveit (Dunkerleyetal., in press).

CONCLUSIONS

In view of the scatterof valuesfor « derivedhere,it is suggestethatestimationof meanflow speeddy the
conversiorof leading-edgelye arrival timesdoesnot providea suitablebasisfor researchnvestigationsat
leastwithin the range100< Re < 500, which encompassethe rangeof at leastsomeoverlandflows (see
earlier discussion).Natural soil surfaces,in particular, have a wider range of roughnesselementsthan
laboratory sand boards, and may have surface stones, litter, faunal mounds and other kinds of
microtopograph. All of thesewill perturbthe flow and the vertical velocity profile, and so modify the
valueof «. It doesnot appearfeasiblefor a workerundertakingan experimentaprogrammewheredataon
runoff speedsare neededo be ableto characterizeboth the surfaceroughnessand other featuresin great
detail, merely to estimatev. Instead,it is the writer's recommendationthat either direct velocity
determinationsbe made (e.g. using laser doppler or hotwire methods)or that flow depthsbe observed
usingcarefulneedle-gaugebservationsk-ailing this, it appearshatdataof doubtfulvaluewill begenerated
whenadoptinganyvaluefor o whoseapplicabilityto theparticulartestconditionshasnotbeendemonstrated.

An importantissuenotaddresseth the presentork is whatpropertyof theroughsurfaceoverwhichthe
viscousflow passess responsibldor the settingof the appropriatevalueof «. It seemdikely thatthisis the
heightanddensityof theroughnesglementdhatprotrudesignificantlyinto thebody of theseshallowflows,
or throughthem in the caseof litter clumps or surfacestones.However, this is an areawhere further
investigationis required.
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