TURBULENT FLOW WITHIN HEADCUT SCOUR HOLES IN RILLS AND GULLIES
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1. Introduction

Sil erosion remains the prnciple cawss of soil
degradation  worldwide, and off-site  Gupscs of
sadimentation can severely affact water quality, ecology,
and ecological habitar fe.z, Pimentel et al., 1985 Oo
Lillslopes and agricaloaral felds. soil erosion oocurs in
areas of concentrated flow such as rills, crop furrows, and
gullies. Within the:e relzfively zmall chapnel: localized
erosion oftan ocours due to the development and upstraam
mizration of headewts, which are abrupt step-changes in
bad elevation (se2 Bennar 27 al, 20000, The development
and migratien of hesdouis can sigmificantly increase soil
losses and sediment yislds (see Berped et al., 20000,

Becent anslytcal models for headoar erosion o seils
kave udlized =lements of jei impinzement theory (B2
Stein et al., 1993 In these studies, flow &t the headcus
brivkpoint aed in the scour hole domain, a5 well as erpsion
of the soul, all were meated explicitly as an impinging jet
and associated wall jers that wonld act on the erodibls
bovadary. This hypothesiz has been further suppored by
thes expernmneants of Berper ar al, (20000 and the analyiis of
Aloweo et al. (23020, who showed thar the plunge pools of
actvely nugrating beadoas kave trbulewt flow paterms
mesembling an impivging jet. However, lintle mdformation
exists on the torbulent flow spacthure withue headeounr scour
Lkoles, and whether such spalvoc treatments are justified.

The objecdoves of the presant smdy were 0
expernmentally detenmine the dme-toesp furbnlent How
characteristics within fized-bed meodels of bkeadon scowr
bkoles wpical of wpland concenmated fows and fo assess
spdl erosion mechandsms within the scour bole domain

2. Experiments] Methody

All expermments were cobducted using a recirculatiag
5.5-m long tldag flvons. The main fSow channel was 2 m
long and 0.15% m wide.

Two wooden modals of headoar soour koles were placed
imto the flame. These forms were replicated from previous
live-bed experiments using a sandy loam o sandy clay
loamy sl The first headon: fonmn (Model 1) i an exact
replicz of the time-averagad. steady-state bed profils of
Fun & fom Beonett er zl (20000, representing ths
vorventilated pearly submerged owverfall. For the fiwad-
bed sxperiment, bed slope was 1% and nmie discharge was
0.0071 w” 57, The second besdour forme (Model 20, an
exact replica of the instartaneons bed profile fom Bux 5 of
Bappet (19097 represents the partally veanlated, free
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overfzll. For this fixed-bed experiment, bed slope was 5%
and unit discharge was 00052 e =7

Velpoity measurements wera obnined witk 2 300 mW
Argon-ton laser Dopplsr apemometer (DDA, The LDA
was operated o back-scater mode wsing a 400 nun focal-
length lers and a velociny reseluton of 0.5 mum 5. Flow
wvelocines were recorded oo the flume axial plane of
syvmmemy o the directions parallal arpd perpendioniar o the
flumie slope. desisnated as w, and 1. their at-a-point fHme-
averaged value: desizvated as w and v, and their farbulent
fluctistions desizmated a3 wew;-n 2pd Ve -,
respecively. Velocites wers messurad for peroeds up 120
5, spaced approvimarely §ofo 2 mum vermcallv and 3§ onum
borizoarally wirth data rates exceeding 100 Hz.

3. FBeculiz

Smeztolines based on Gme-averaged Sow vectors witkin
tha headcout soovr hols models are shown in Figuae 1. The
overfzll pappe eptars the sopur pool demain and creates a
core of high-velpcity fuid that extends towand the bed
Thiz kish-velocity core s deflected by the scour hele
curvanuwe and remains o close prosimuty to the bed,
achoeving wniform flow conditen: uwpon entting the
megsuring secton. Two relatvaly large recirouladon zones
ocour on bath gides of the high-velocity core.

Fizupe 1 demonsmates that fow within headeut scour
hioles npical of upland conceptrated flows is a farbuleot
reattachked wall jar. For nrbulent impinging jefs, the fee
jet axis {or high-velecity core) exfands compleely 1o the
boundary, creatng 2 point of stegpanor :pd flow
deflection {eg. Beltaos and Fajsramam, 1973 In
contrast, the point of reatachonent in the present cases, as
detenmuinad from the veotor data, corresponds to the wpper
boundary of the recirculzticn zens delimited by the scour
hiolz and the fres jer. Turbulewt reamacked wall jes. as
dizenssed by Fajarsman spd Svbramawmya (19823) and
shopm  here, have an elongated Impinsement zone
dowmsmeam of flow reamachment where flow svolves mio
a plane nuwbulent wall jet.

Contour plorz of salect twbmlence parametsrs for
beadoas Model 1 are shown @ Figare 2. Faladgvely huogher
nrbalence intepsities are associsted with the free et upon
entry o the scor bole domain,  Maximman values of the
reot-mean~square of the downsmezm veleclyy componsnt

= .
fara | Yppe =4a  whers fthe overbar repressnts & fimpe-

avarage) ocoour alonpg the wpper pam of the fee et in
aszociation with the shest layer separating the subinarged



jer and the downstream recirculation eddy.  Cowwversaly,

-F} ooour along the
lower part of the free jet, in aszociaticn with the shear layer
separating the submerged jet spd the reciroulamer eddy
wesr the beadont face (Fig. 2}, Secoadary meaximea for both
parzmeers oo witkin or pear the larze raciroulation zons
downsmeam of the jer  Maximoon values of positve
Fevroolds siress 70 = —ou'y where o is fluid density) ars
i clese spatizl assoctzton with the apper shaar laver of tha
submerzed jat and near flow rsatachrment (Fig. 23 Large,
positive rwvalues also dpminats the free jer region of the
ooy hele demain and downsmeam of flow reamaclunsnt.

Sirmilar distrbutoans of these turbnlence paratmeters were
obtamed for beadoar Madel 2.

maximum valwes of v, (v,

Ineaee (el

Fig. 1. Flow fields (streamlines) within headcut Model 1 (upper)
and Model 2 (lower). Solid lines show water surface and bed
profiles.

4. Discussion and Conclusions

In upland concentrated flows, the development and
upstream migration of headcuts can significantly increase
soil losses, sediment yields, and landscape degradation.
Velocity data and streamlines show unequivocally that flow
within headcut scour holes is analogous to a reattached
plane turbulent wall jet. The overfall nappe entering the
scour hole domain evolves into a free jet, with flow
reattachment occurring just upstream of the maximum
scour depth. Recirculation zones bound the free jet region,
and the deflected flow downstream of impingement evolves
into a classical wall jet. Maxima for turbulence and
Reynolds stress occur along the shear layers of the free jet,
near reattachment, and within the recirculation eddies.

TWitkin headcur  sconr  beles,  thvee  hywdrodynanuc
machapisms are responsitla for soil erosion. These are: (1)
Ligh shear strasses due 1o large near-bed velociny gradients
{e.z., Pajaramam and Subrammamya, 1963) () hizh near-
bed Feyoolds swesses due to mrbulsor flucmsticas in
velociiv (Fiz. 2% {3) targe wall pressuae sradients nesr
flow reattachment (e.z2., Beanett and Alonso, 2006}

Thiz smdy provides experimental confimuation of the
mrbulanr flow stucoure withie beadon: soour holes oypical

of uplaed areas. Such eyosional phenomens can be meared
bydrodyvoamically 2z plane resmached wall jers.  Tlos
conclusion enzbles the further development snd application
of jet Impingement theory for predicing soil erosion
procssses in mlls, crop farrows, and epharmeral mailies,
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Fig. 2. Contour plots of the root-mean-square of the downstream
(upper) and vertical (middle) velocity components and Reynolds
stress (lower) for headcut Model 1.
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