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2. 10.1 ~'low features and scour hole development at a dl'Cular pier 

a) F/owfewlIre., {II {I cir('ld{lr pier 

The flow at a cylindrical pier is charac!Cliscd by a dmVllj/ow and bow wal'e at the up,;tream 

face of the pier, a horseshoe vor/ex around the pier hase and wake wmice., behind the 

()h~tacle (Figure 2.15). 

.? .? Wake HHticcs 

DGwnflow 

0/ t 
,0' " DEPOSITION 

~~·i 
t 

SCOIJR 

Horscshoc 
vmtex 

figure 2.15: Flow fcatures and seOUl' patterns at a circular picr 

(Gmf, 1998: lloffmans & Vcrheij, 1997: Raudkivi, 1998) 

For the purpose of the discussioll Ihat follows, il is asswned that ullifmlli flow with a 

logarithmic velocity profile approaches the pieL The velocity redllCes to 7.ero al lhe 

upslream pier face in the plane of symmetry giving rise to a stagnation pressure of 

magnitllUe p'", which decreas.e, from the free 'lirfacc to the channel helL This pressllre 

gradient gives ri,e to a downflow in front of the pier, The maxImum vertical velocity, v""'" 

ll'CCUrs O.02dp to 005dp lIpstream of the pier face \I,'here dl' is the pier diameter (Enema, 

Numerical modellin& of local .cour in ,iva, u.\'in& FIHen/ 6.2 

Chape, 2: Sediment LIamp'>rt in "pen chan",] flow 
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a) Fl{)w features a/ an abutment 

A numkr of inve,ligalor:s have drawn comparisons between the flow and scour patterns at 

pier> and abutments (Melville, 1997). 111is eomp~rison IS p~rticul~rly valid for "short" 

llbutmenl~ which protrude, m the transverse dircction, ~ relatively sm~Jj dl8lancc mto the 

flow. Dey & BarhhUlya (20{)4) define a ·'short" ahutment as onc at whieh the ratio ofthc 

~butment Ienglh I." mea~urcd perpendicular to thc mean tlow direction. 10 lhe approach 

flow deplh h. doe~ not exceed lIml)'. In thi~ instance, the flow pattern, at a ~h()]'t ablllmcnl 

~re like those at h~][ ~ pieL 

The !low features evident at a typical abutment llre ii iustrllted in Figure 2.16. 

-

Reatlachment point ------..,. 

o"a<! watel' -"'C_--:/~_0~'" 
~ /-

"/ ~/ ---// 

-nead wat~c ~ 

Bow wave ~ ___ --
Wake vonices 

? 
--' 

Oownflow 
--' -
~ 

--'" 
.../ 

I j 

J~-
\-

t 
&Coo<ial'Y 

v<:>ltC,-

V ? 

/ _-0 
-0-0,.( 
- Principal I vOIlex 

SCOlJR 

Figure 2.16: Flow featurc~ and ,;cOliC pallem~ at an ahUlmenl 

(Gr~f, 1998; Horfman~ & Verheij, 1997: Melville, 1997; Raudkivi, 1998) 

Num~",'ai "",<idlinlt ~fiocai ",-'Our in ricer, ll.Iing Flue", 6.2 

o,apler 2: &diment "'"'lXl!! in open chanr.el flow 
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Depending on the abutment geometry, a lleatl water region and eddy may develop 

upstream of the ~bulment. adjacent 10 the channel walL A sUl1"ace roller develops at the 

boundary of thi:; dead w~ter region where downtlow takes place. As at piers, in ~hallow 

flow the sUlface roUer or bow wave reduce~ lhe ~trength of the downtlow and principal 

vOItex as these two vortices wtate in the opposite sen<;e, 

The downtlow generates a prillCipaJ vortex which is analogous to the horseshoe vortex at a 

circul~r pier (Section 1_10_1) A, in lhe hor.;e~hoe vorte~, ~lron g ,pir~lling flow in the 

pnllCipal vortex, ~ided by the <.\ownllow, "~use:; scouring ~wund the ~hutment and 

transports :;ediment downstre~m_ The prillCip~J vortex induces development of a weaker 

secondary vortex (shown in Figure 1.J6) which rota tes in the opposite sense and may also 

cause some scouring if sufficiently strong. 

Down~tream of the abutment, the main flow region is separated from the eddie, in the 

downstremn <lead waler region by a trail of wake vortice~_ llnifOlm !low is e:;tablished 

some di:;tance down:;tre~m of the remtachment point, 

b) Sc()ur h()le developmenl al an almlmeni 

Scour at ~hnrl ahutment~ may be likened 10 that al bridge pier~ (Raudkivi, 1998)_ Kwan 

(19R4) compared scour depths at a circular pier and semi-circular ahutmenl of the ~ame 

diameter. As expected, the maximum equilibrium &cour depth m the ~butment was Jess 

than that at the pier due to fonn~tion of a boundary layer on the wall adjacent to the 

abutment, Flow ret~rdation at the wall reduces downflow up,lream of the abutment but 

these wall efrect~ become, le~~ ~ignificant for "long" ahutment~ where [," I h ;;. 2_~ 

(Melville, 1992)_ 

The principal vortex, driven by downflow near the upstream abutment face, is active in the 

>couring process (Graf, 1998). 

The maximum scour depth i~ often found ~t the protruding tip of the ~butment. Breuser:; & 

Raudkivi (l99J) note that experiment~1 investig~tion:; indicate th~t the slope of the 

Nume,.j~al mOiMI1n~ of ["',n[ """u,. in ,.i",,-, ""i",~ FI""" fi_ l 

Chaptor 2: sroirrcnt transport in "pcn chanrct !low 
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<lbutment and mtlO of the abutment lengl.h to flow depth, L.! It, arc impoltant in scour 

depth estimation. 

Due to the constriction effects caused by abutments, even if clear-water conditions prevail 

upstream, live-hed scour may still take place in the constriction and for some distance 

dO\o''Tlslream Raudkivi (1998) notes that local scour at the abutment will not fully 

compensate for tk effects of the constriction. 

2.10,3 Limitations of empirical formulae for prediction or ~cour deptb 

M<lny mvestigators have developed empirical formulae fO£ local scour depths from 

experiment<ll measurements and dimensional analysis. Hoffmans & Verhei] (1997) and 

Gr<lf (1998) present summaries of selected formulae and Raudkivi (199R) discus~es the 

effe~ts of specific variables on computed scour depths. Empirical fonnulae are, however, 

notoriously inconsi~tent in the scour depths they predict and have a limited r<lnge 01 

application, 

JohnOOll (1995) give, a summary of seven commonl)' u~ed empirical formulae for scour 

depth estimation at bridge piel">;. Iohnsoo compared scour depths predicted by these 

formulae to field me<lSUrement'. and found that the cakul<lted and ob,erved depths differed 

by up to a f<l~tor of 10, All seven formulae over or un<kr-pn:dicted scour depth, by a 

factor of 5 under certain conditions. Such large uncertainties arc unacceptable for the 

purpose of engineering de,ign. 

Coosistent and a::curale method~ for local ~cour predictioo need to he developed. Three­

dimensional numerical modelling "'ing Computational FllIid Dynamics (CFD) has become 

increasingly attr<lctive with adv<ln~es in computer hardw<lre. 

CrD has the <ldvant<lge thal, once a working model has heen developed, sensitivity studies 

may be conducted with relativel)' little additiooal effort. Very large sy,tems can be 

analyscd where controlled experiments would be difficult (e.g. large river system,) <lnd 

output m<ly be generaled to an almost unlimited level of detaiL This eliminates scale 

----- ~------~ -

Numcrimi mo<idhng o/Iocal ,'('Our in ri"~r> tiling /-'Inc,,' 6.2 

Chapter 2: Secl"nent <ramjXlrt in OpOll channd flow 
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effects in ex~rimcntal models. Haz~rdolls conditions where field me~SlIrements are 

dlfilclilt. such as dllJ"ing J~rge floods. can ~lso be safely simulmed in ~ numerical model 

(Versteeg & MaJalaseker~. 1995). 

2.11 Conclusions 

An overview of sediment trJnspurt theory relev~nt to clear·water loc~l scollring was 

presented in this chapter. "Ille concept of incipience and the Movability !\'umber and unit 

stream power models for incipient sediment motion were introdlleed. Flow features ;md 

typical loc~l scour patterns at piers and abutments were also reviewed. 

EmplT1eal formlilae for local scour depth eSjim31ion are inconsistent and unreliable. 

Kumerical modelling using CFD ,s an aitem31ive which may yield more reliable and 

accurate scour depth predictions. 

Num<rica l mooeiliHg of loml .!cour jH rh., r.! u., jng FI""" 0.2 

rh~ptcr 2: Scdimclll trm 'porl in open ch~nncl 11<,,,, 
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Chapter 3 

Numerical Modelling of Local Scour using CFD 

Compotational Floid DynHmic:; (CfD) is a tool for the Hnalysis of systems involving thllll 

now, heat tnmsfer Hnd relHted phenomena by mean:; of computer simulation (Venueeg & 

Malalasekera, 1 ')95 J. 

In this chapter the :;tructure of commercial CFD codes and the governing equation~ of fluid 

flow underlying the numerical algorithms arc discussed. The Navier-St()kes cqllations are 

pre~~nted and the three-dimensional unit stream P()WCT function i~ hnked t() the ~nergy 

equation. T<.Irbulen\ cl()sure schemes for the analysi:; of t<.lrb<.ll en\ open channel now are 

considerc{\. Past work in numerical modelling of locHl scour is also reviewed. 

TIle fClCllS ()f thi~ chapter i~ the theory underlying CFD codes in general. Pt-.lctical 

application of CfD to the problem of local sco<.lr1ng In open channel~ u,~ing Fluent 6.2 and 

parameten> relating specifically to the Fluent cod~ are addressed in Chapter 4. 

3.1 Structure or CFD codes 

A CfD code consist.~ ()f thre~ component~: a pre-proce~sor, solver and po~\-processor. In 

the pre-proce,~sor, the U~er defines the problem mputs, The flow field is then comput~d by 

th~ ~olv~r and \he results may be analysed in the post-processor. 

3.1.1 Pre-processor 

In th~ pre-proce~sing phase, the user defines the problem thOllgh a user-friendly interface 

and this mput is translated into a fOlm which may be: u:;ed by the solver. TIle geometry or 

computational domain i:; defined and :;ub-divided into a mesh of non-overlapping control 

volumes or cells in which the computation willtak~ place. 

Numni~al mndellint of local m,ul' in I'iven u.';nt Fluent 6 2 

Chaptcr 3 ' Numcrical modelling of local ""'lUC u,ing cm 
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The fllIid flow phenomena to be modelled, sllch as free surface flow, particle-laden flow, 

chemical reactions or comi:>ustion, are specified, Piuid propeT1ies are selected and 

appropriate initial and boundary conditions imposed, 

3.1.2 Solver 

The .~olver c()mputes the flow Sollilion using numerical lechmque.~ 11) solve the equations 

governing fluid flow (SectIOn 3.2). Solver.~ may he grollped into three different streams; 

finite difference methods, finite element methods and finite volume techniques. 

Finile diO,'rence techniques employ truncated Taylor series to approximale goveming 

differential eqllations, The derivative of an unknown variable is expressed in lerms ()f the 

values of this variable at neighbollring points. The differential equali()ns are thu.~ 

converted to algebraic eqllations for lhe values of the unknown variahle at each point and 

solved. 

In j1nile elemenl methods, which are more complex than finite difference techniqlles. 

variations of the unknown flow variables are represented by simple plecewlse-deflned 

functions These functi()ns will nO! satisfy lhe governing eqllations precisely .~o that there 

are some errors in the solution, These errors or residllals are minimi.~ed by multiplication 

wilh weighting fllnctions and integration, A system of algebraic eqllation.~ for the 

coefficients of the assumed piecewise functions is thus obtained and solved, 

The jlnile volume method is the most well-established and comprehensively validated 

general purpose CI'O technique (Versteeg & Malalasekera, 1995) and forms lhe basi.~ of 

the code Fluent 6.2 applied in thi.' study. Trw, fimle volume method is intermediate in 

complexily between finite difference and finite elemenl techniques. The governing 

equations are integrated over the control volumes into which the domain was sllbdivided 

f'inile difference approximations are substituted for terms in the integral equations which 

are then converted into algebraic equations and solved iteratively. Versteeg & 

Malalasekera (1995) comment that the finite volume method is an attractive approach as its 

Num"l'ical moddlillR of local Hvur ill ri," " usillR FI"'"1 6. 2 
C"h'plor 'I: Numeric , l m<><lelhnf of Inc.1 "-,,ur using CFD 
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formulation demonstrate.~ a clear link hetween the numerical algorithm and underlying 

conservation principles 

The post-processor facililale, visualisation and analysi, or the ,olulion data from a user 

friendly inlerrace. The user may generale alphanumeric report:;, graphs, :;haded COlllour 

and vector plots and animations. 

3.2 Go\'erning equations of fluid flow 

3.2.1 Control volume and Cartesian co-ordinate system 

The con.~ervalion principles presented 10 the following sections refer to a conlrol volume 

with dimen.~ion.~ £lx. dy and d,. in the mutually-perpendicular Cartesian co-ordinate 

directions x, y and <: respectively (Figure 3. 1). The velocity vector n, which is detined at 

the control volume centre, has component:; u, l' and w in lhe respective x, }' and z 

dire<: t;on~. 

, 

1 
dy rDJb • , 

/' ,be 

, 

Figure 3.1: COlllro! volume in the Cattesian co-ordinate system 

Numerical modellillg ()f I()ral .fcnu/" in ,-iv,"-, u-,ill8 Flu,nt 6.2 

Ch'pter): Numeric.l modolling "f t"c.l ,mllr u,i<lg CFD 



Univ
ers

ity
 of

  C
ap

e T
ow

n

3 - 4 

....... , ....... .., are mass " ... ", ........ .. 

momentum 

rnI'ee-wmcmS,lOlllaI mass at a a C01np'res:Sll),le 

~ as: 

+ =0 

an incloml:>res.si constant 

=0 +-+-=0 

or momentum ....... , .. ~., ....... states rate 

momentum to 

momentum x, y z 

::: + + 

== + + 

= + florn/1M! + 

Numerical fTW,Ue'tl:tnll Fluent 6.2 
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pis Dn:~ss11re or nn1l"Tl'itl'l stress aDlJileU to is a source 

tenn act on 

are tre~lted. set)arcltel momentum ~1 .. lCnlVIII" 

stresses to det:onna1tiOl 

is N"'UIT,~n. .., .. ,V'"',., stresses are .............. to 

= + + + 

Ais or s constant. 

...... '-'-.. JI'. a constant 

= + 

a 

is on 

use stresses to state 

Numerical mu,ueU,UlX scour in rivers Fluent 6.2 
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The VOF model computed the volume fraction of water in each cell in the domain, It was 

assumed that the n·ee smrace corresponded to the iso-surface where the water volume 

fraction was 0.5. 

The free surface elevation is shown in Figure 5.2. lbc nonnal depth measured by Midgc1y 

(2000) and applied as boundary conditions at the mlet and outlet was 74.4mm. A rise in 

the free sllrface associated with stagnation of the flow and fomlation of the bow wave at 

the upstream face of the pier is clearly evident as well as the drop at the side of the pier. 
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Figure 5.2: Elevation of the free surface around the circular pier 
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The velocity vectors in the horizontal x-z plane at the free sUlface and at the average 

sediment particle height are shown in Figures 5.3 and 5.4 respectively. Acceleration of the 

flow around the side of the pier at approximately 90° to the symmetry plane down the 

channel centreline is evident at both elevations_ 

The flow separation in the pier wake and formation or a recirculation zone are also shown. 

U(rn/s) - -- -- -- .. ---.-.-' 
- --'-S:--.-----•. -.--~-
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0.27 
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Figure 5.3: Velocity vectors at the free surrace around the circular pier 
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Figure 5.4: Velocity vectors aty - k, around a circular pier 
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The velocity VectOT8 in the vetiicalx-y plane in Figums 5 5 and 5.6 clearly show downflow 

at th~ upstream face of the pie!" and the milia] formation of the horseshoe vortex (figure 

5.6) even though there is no scour hok yet. Downflow at th ~ pi ~r sid~ n~ar th~ fr~e surface 

is again evident in Figure 5.5 as was suggested by the free surface elevations in Figure 5.2. 
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figure 5.5: Velocity vectors on the s)'lmn~try plane and pier 
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Figure 5.6: Downflow and begimling ofhorseslKle vortex at the pier base 
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The bow wave as,ocialed wilh a rise in lhe free ,urface al lhe upslream pier fxe is not 

shown by the velocity vectors in Figure 5.5, This is allributcd tu inadeqllate mesh 

refinemenl al the upstream pier face near the free surince. Some upwmd flow. which 

would be associated with formation uf the bow wave is, however, evident al lhis point 

Figure 5.7 shows the variation of vertIcal velo<:ity v with depth y at the pier nose. The 

negalive values of v indicate downflow. According to Euema (1980) and Raudkivi (1986). 

the maximum downflow velocity, """,-" occurs n distance O.02d" to O.05dp upstream of the 

pier fnce where dp ;s the pier <.!iamcler, If lhere is no scour hole present, V",ax '" O.4ll 

(Rau<.!kivi,I998). 

The numerical [nudel predicted a ma.\;mum <.!ownflow of v"",," 0.048 mls '" O,28ll at a 

po,ition 3.4mm '" O,08dp upstream of the pier face, The numerical model therefore 

underestimated the magnitude of the maximum downflow velocity, 

} Bow waVe 

Downflow 

0,02 -

-0,06 om 

v (m/s) 

Figure 5.7: Downflow and how wave at upstream fa<:e of the circular pier 

Qualitalively, the flow patterns at the pIer of Midgely (2000) pre<.!icle<.! by the numerical 

model correspond well with the theory given in Soction 2,10,1. Prominent flow fealllre, 

Num"i~al mood/ins of local ,'cour ii, ri"tts using Flu"",6.2 
Ch.pleT 5: Numeri<al mooel output ",,::I di",u~,ion 
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such as stagnation and downflo'" at the upsm:am pier face, initial development or (he 

horseshoe vortex, acceleration ~-ound the pier sides and formation or wake eddies are 

shown. 

IncipIent sediment motion at the pier is illustrated in the plots of Mn and P, on the channel 

bc:d in Figun::s 5.8 and 5.9 respectively. 

M" 

0.44 

0.36 

0.28 

0.20 

0.12 

0.04 

Figure 5.8: Movability Numbc, distribution around pier aty - k, (Mnc,D - 0.17) 

P, 

:;> 11K) 

80 

", 
", 
'" 
" 

Figllre 5.9: Appliad stream power disu'ibution around pier at y ~ k. (P"c,o - 22 W/ml) 

Numerical model/j',g ~flocal ,cour in rivers using Fluent 6.2 
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Critical values of Mn"o= 0.17 and P" , o = 22 Wlm' were computed for mcipience (Sections 

4,9,1 Hnd 4,9.2 respectively) to delineate the regions which would be subjected to scour. 

The scoured region lneasured experimentally by Midgely and that predicted by the 

numerical model of :'VIcG3hey (2OCH) are superimposed on the coloured contour.< of Mn 

and P, computed by Fluent. 

Both the plots of Mil and P, compUled by the ntlmerical model indicate thm scouring will 

commence 31 the foot of the pier at approximately 60 to 70 degrees to the symmetry plane, 

Th" lS consistent ..... ith the theory of Breusers & Raudkivi (1991) and Raudkivi (1998) ..... ho 

,uggesl lhat 'Cour !s initiated at laternl scour holes which then extend m the upstream 

direclion around the upstream pier face, Dargah! (1990) found that pier ,cour i, initi31ed at 

two srrnll lateral scour holes at approximately 45" to lhe pier centreline, 

The scoured area' predicted by both the Movabihty J\'umber and umt stream po ..... er 1TI<)de1s 

1Il this study are similar in shape and size, There are, however, some notable differences 

bet ..... een this numerical model and the experimental measurements of Midgely (21XXJ). 

Midgely mea<;ured a scoured region concentric ..... ilh the pier on the upstream side and 

extending downstream lO form a hor,eshoe shape. Following the theory of Breusers & 

Raudkivi (1991), it is suggested that the scoured region measured by Midgely reflects a 

131er stage of scour hole development than thM shown by the numerical model since. in the 

physical model, there is already scour at the upstream face of the pier. A sand laye r of 

only I mm to 2 mm in thickness was, however, used by :'VIidgely in the phySical model. h 

is therefore nOl pos,ible thai lhe l'I<m;e,hoe ,'orlex ..... as already well developed in the 

physical model. 

The numerical model of :'VIcGahey (2001) predicted much larger scoured regions than 

those mea.,ured by :'VIidgely and computed by lhe numerical model in lhe present study, 

The :'VIovability Numbers computed by McGahey, however, agree very we ll with lhe 

phy,ical model data upstream of the pier. It should be noted thm McGahey assumed the 

same critical value, for incipience used m this study; .111'1",0 = 0.17 and Pu,o = 22 Wlm' . 

Numuical ",,-,,jolting of 1000ai "cour in rivor" !/Sing Flu"nt (,,] 

Chapter 5: l\uTllCr;cal modol output aoo d"c,", , ;on 
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5.1.2 Rectangular abutment (Mitchell, 2(410) 

Flow ~nd incipient motion at a rectangular abutment wa.~ simul~ted as described in Section 

4.1.2. The mesh around the abutment in the horizontal x-z plane IS shown in Figure 5.10. 

The me,h was refined near the ch~nneJ walls and around the ~butmenl. In the vertical 

tlireetion. the mesh was generated to give y+ ~ I at the bed and refined around the 

expectcd clevation of the air-water interface to givc go(xi resolution of the free surfaee 

Due to the rectangular geometry of the domain and abutment, a structured, hexahedral 

mesh was u.~ed for simulalion of Oow arnuntlthis obstacle. 

Figure 5.10: Plan view of the mesh at the rectangular abutment 

The free surface elevations near the abutment are shown in Figure 5.11. A lise in the free 

smiace OCCUI'" in the slagnating dead water zone on the upstream side (Section 2.10.2). 

There is a sudden drop in Ihe water level at the abutment tip as the flow accelerates around 

the entl of the obstacle. The,e flow features are an~logous to the how wave ~nd 

acceleralion of !low around the side of the pier discussed in the previous section. A long 

zone of recirculation antllarge, slowly· rotating eddy forms in the wake of the ~bUlment 

(Figure 5.11). The minimum water level, intlieatetl by the dark blue region in Figure 5.11, 

corresponds with the centre of this large edtly. 

Numerical modpllin~ of local .,mur in river., u.,ing Flu~"t 6_2 

Chapter 5: Numeric.] mnde] <lUtput and discu"Km 
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Figure 5.12 gives all overall view of velocity vectors on the free surface around the 

rectangular abutment. Details of particular flow features on the free surface in the 

horizontal plane are shown in Figure 5.13. The velocity vectors at the average sediment 

paT(icle height,y - k, are shown in Figure 5.14. In all cases the mean flow diroc lion is 

from left to right. 

y (rn) 
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OJl'19 

0.098 
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Figure 5.11: Eleva\ion of\he Il"ce surface at the rectangular abutment 
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Figure 5.12: Velocity vectors allhe free surface around the rectangular abutment 

Numerical modelling oflocai 'cow- in ri,ers usb'g Fluent 6.2 

Chapter 5: Numerical model output and discussion 
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Region o[ma;;'lmum velocIty 
near the channel bed 

Figure 5, 14: Velocity vectors at y - k, at the rectangular abutment 
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The velocity vectors on the free slJrface (Figure 5.12) and near the channel bed (Figure 

5.14) show similar flow features such as the eddics downstream of the abutment. The 

maximum velocities, howevcr, occur in different regions, At the free surface the 

maximum velocity, indicated by the red vectors, is evident somc distance downstream of 

the abutment in the main flow region and is a consequence of the flow constriction caused 

by the protruding obstacle. At the channel bed, however, the ma;;.imlJm velocitv occurs 

near the tip of the ablJtrnent. 

Incipient motion predicted according to the Movability Ntunbcr and unit stream power 

models is shown in Figures 5.15 and 5.Hi. Critical values of Mnc.~ - O.17 and 

p,.<,a = 22 Wlm3 were again assumed for incipience (Section 4.9). Solid black lines 

delineate the scoured regions predicted by the numerical model. For comparison, the 

experimental measurements of Mitchell (2000) and numerical model predictions complJted 

by McGahey (2001) are superimposed on the coloured contours generated by Fluent. 

The ma;;.imum vallJes of Mn and P, predicted by the ntunerical model both occur at the tip 

of the abutment indicating that SCOUT will commence here. The extents of the predicted 

scoured regions are overestimated although the shapes appear Tealistic. It IS suggested that 

the constricting effects of the abutment on the flow are exaggerated by the numerical 

Numerical mode/lmg of local ,cour in riwrs using F/uenI6.2 

Chapter 5: "Iumerical Tl1(:>;!el oulput and discussion 
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modeL The lateral (z-direction) extent of the zone of recirculation in the abutment wake is 

overestimated reducing the cifective flow width and exaggerating the effects of 

constriction. Selection of higher thresholds tOr particle motion such as Mnc,D ,.;{).25 and 

p/.<,o <>40 W/ml, for example, "oll.ld yield better agreement with the experimental data or 

Mitchell (2000). 

Mil 

0.40 
0.35 
0.30 
0.25 
0.20 
0.15 
0.10 
0.05 
000 

Figure 5.15: Movability NlIlTlbe:"s arOlmd (he rectangular abutment aty = k, (Mnc.c = 0.17) 

P, 

> 1 ()() 

80 

6D 

40 

20 

o 

Figure 5.16: Stream power around the rectangular abutment aty = k, (P'.C,Q = 22 W/ml) 

Nu,"ericallnode/U~g a/local jC~ur in river> u.ing Fluent 6,2 
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5.2 Flow and scour in a developed scour hole 

Flow through the developing, non-equilibrium clear-water scour hole at a semi-circular 

abutment measured hy Unger & Hager (2005) was simlilated and the values of M" and P, 

on the channel hed and in the >'.Coor hole ..... ere compllled, The model was de~erihed in 

Section 4.1 ,3 and the !;Com hole hathymetry was illustrated in Figure 4.4. 

The flow features at the ~emi-ciTCular ahutment were compared to tOMe typically found at 

a circular pier due to the geometric ~imilarity and availability of data [or flow paUems at 

circular piers. At the upstream f~ce of the semi-circular abutment, a m~xjmum downflow 

velocity of v""" '" 0.32 m/~;~ 0.83U was foun<1 at a di~tanc e of 20 mm '~0.08dp up~tream of 

the abutment face and at a dist~nce of 164 mm '" 0.63dp below the initial bed level. 

According 10 Raudkivi (1998), when >0, > 2dp at the pier face, a maximum downflow of 

v"'" '" 0.8U occurs approximately one pier diameler below lhe bed of lhe approach flow. 

} Bow wave 

000 0.0 

-0,10 OoW!lflow 

-0.20 -

v (mfs) 

figure 5.17: Downllow and bow wave al the up~lream face of the semi-circular abutment 

Numerical mnddlin~ of local ,",,,,,r in riv~r' ""ing Flu~nf 6. 2 
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"The maximum down now predicted by the numerical model agrees \'ery well with the 

theoretical value of v""'-' co 0.8U. The location of V "",x, however, differs from published 

values, It must be noted tha!, fir~tly, the scour hole model led numerically had not reached 

It\ maximum equilibrium depth and, r.econdly, that the influence of the cilHnnel wall a! the 

abutment will cause flow patlems at the semi-circular abutment to differ from tho,;e 

typically found at a circular pier, 

A plot of the computed downnow againsl depth i,; ,;hown in Figure 5.17_ The initial bed 

level prior to scour is a! y == O. It can be seen that the maximum down now occurs roughly 

at the mid-depth of the scour hole. Upward flow associated with fOl.mation of a bow wave 

i~ evid~nt near the free ';Uli'ace at y = 18-6 mm. 

The flow thnll1gh the ,~cour hole measured b)' l:nger & Hager (200S) j,; ,;hown in Figures 

5.18 and 5.1 9_ Vedor plol.~ along the channel wall and on the ahutment ~urrace (Se<;tion 

A-A) and on \'atical planes at 45 degree ~ (Section B-B) and 90 degrees (Section C-Cl to 

the channel wall ,~how vanOUS pertinent flow features as,~''lCiated with h'lCal scouring at an 

ahutm~n[_ In Sections B-B and C-C the mean flow direction is out of the page, 

A bow wave ~an be ,;een near the free sUli'ace on the channel wall in Sedion A-A 

Development of the hone,~hoe vortex in th~ scour hole i,~ clemiy evident in all three cro,;s 

r.ection,~ in Figure 5.19. Downflow adjacent to the abutment lmpinge,~ on the ~hannel bed 

to aid the local :;<,;ouring proces,~_ A,; e~p"~ted, cro,~s-section,~ taken further down,;tream of 

tho>e ,;hown in Figure 5. I 9 did no! exhihitthe horseshoe Votlex clearly. 

The paths that would be followed by imaginary nuid «panicle~" travelling through the 

,~cour hole an: shown in Figure 5.20. The helical or ~piraJ1ing path that ~uch particles 

would follow around the abutment ~ide confinns the development of the horseshoe voIle;>;_ 

Sediment panicles would be tran~ported out of the ScOlir hole by the heli~al flow dllT-ing 

the scouring proc~ss_ The partic1e,~ ,;hown in the jjgl1rc were '"released" at the upsu-eam 

edg~ of the ,~~our hole a distancc 2 mm above the channel bed. 

Numeri<'ullooJelling of loc'al ,",'oUr in ri.a. u' ing Flue'" 6.2 

(1lap'er 5: N umericat model outplll and dis< uss ion 
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A-----, -----A 
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Figure 5.18: Sections for vector plots showing horseshoe vortex at semi-circular abutment 
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Figure 5.19: Vectors illustrating Ihe development orthe horseshoe vortex at the semi­

circular abutment 

Numerical modelling oj local ,·cour in rivers Wiing Fluem 6.1 
Chapter 5: Kumeric.l <rndel output and di""u.,ion 
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Free surface 

-'"-. 
Figure 5.20: Pa(h]ines of "fluid particles" relea.<:ed from upstream cdge of scour hole 

Pattem~ of ~cour and deposition computed according (0 Mn and P, are ,hown in Figures 

5.21 and 5.22 re~pectivc1y. Contour lines indicating the 'cour hole bathymetry are 

superimposed on the coloured contour plots of Mn and P,. It must be noted that 

comparison' between (he computed and critical values of Mn and P, arc only meaningful 

on the fla( region of the channel bed and in the dccpe~t parts of the scour hole whcre 'I' ",I. 

It should also be remembered (ha( much of the ~cour hole bathymetry was gcncrated from 

extrapolated rather than mcasured depth contours (Section 4.1.3). 

The Movability Numbers on the flat bed ~urrounding the scour hole are in the region of 

Mil = 0.16 to Mn = 0.20. Thi~ suggests that thre~hold conditions have already been 

reached on (he channel bed upstream of the scour hole since Mn,.o = 0.17. In the deepest 

part of the scour hole, Mn ...0.20> Mn,.o which indicates that equilibnum ha' not yet been 

reached and further scouring will take place. The critical applied stream power (or (he 

sediment of Unger & Hager (2005) i, pv.u - 33 W/m) (Section 4.9.2). It is clear that the 

numerical model underestimates P, since, at thc deepest point oj" thc scour hole, 

P, .. 3 W/mJ« p'.c.o ,uggesting that ~couring has takcn place bcyond an equilibrium statc 

as (he applied ~tream powcr i~ much lower than the critical value for incipience. The 

~-- ~~=~--
Numerical modelling oj1()(;al -,cour in rive,.,. u.,;ng Fluent 6. 1 

Chapt<r 5: Numerical model output ond di, """,ion 
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stream power model thus contI'ild~cts the Moyability Numbe-r model in this mstance. For 

convenience, P, in this defonnerl )Cd simulation was computed on the ehW1Ilel bed IlIther 

than at too average sediment particle height. Ibis is a possible source of error as P, is yery 

sensitive to the depth at which it is computed ncar the bed. 

M" 

0.32 
0.28 
0.24 

0.20 

0.16 
0.12 
0.08 
0.04 

0.00 

Figure 5.21: MoyabilityNumberdistribution in the scour hole at a semi-circular ablIlment 

(Mn"f! - 0.17; Superimposed c)ntour lines irxlicate scour hole depth in millime(res) 

P, (Wlm') 

Figure 5.22: Stream power distrihution in the scour hole at a semi-circulor abutment 

(Pt,.f! - 33 W/m); Superimposed contour lines indicate scour hole depth in millimetres) 

Numerical moc.eilling of local ,,,,,ur in riwr., ""ng Fluent 6.2 

Chapter 5: l'> umC"ric~l model <lutput and di:;c,,".ion 
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5.3 Scour hole development by manual bed adjustment 

Figures 5.~3 and 5.~4 ,how the computational me,h used for simulation of !low around the 

circular pier studied hy means of a physical model hy Ahmed {1995l. A radial mesh 

stmcture was used in the horizontal plane for the convenience of calculating node ro­

ordmates in the bed adjustment pmce,s. The cell height at the bed was chosen \0 gne 

y' 0< 30 for application of the wall junction approach in t.he turhulent. houndary layer. 

Figure 5.23: Plan view of mesh at the pier for manual bed adjustment simulation, 

Figure 5.24: Typical mesh around the pier in thex-y plane 

Nwn~riml modeUinR of loeal .'raul' in riwl'.' ".<ing pj"en' (,.2 
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The experimental setup used by Aluned (1995) was described in Section 4.1.4. Manual 

bed adjustment was performed according to the unit stream power approach as detailed in 

Section 4.10. 

The initial distribution of P, on the channel bed is shown in Figure 5.25 below. The critical 

strcam power tor incipience on a flat channel bed was p'.C,u = 29 W/mJ. The maximum 

stream power on thc bed computed by the munerical model was 17 Wlm) which suggested 

that thTeshold conditions required tor scdiment movement had not been attained. To 

facilitate development of the bed adjustment model, a critical strcam power of 

P"c,o = 5 Wlm) was simply assumed for the calculation of the tirst bed adjustment. 

16.0 
14.0 
12.0 
10.0 
8.0 

6.0 
4.0 

2.0 

0.0 

Figure 5.25: Tnitial distribution of applied stream power on the uudcformed channel bed 

The scour hole bathymetry computed in the e"<lch of the six adjustments is shown in Figures 

5.26 a-f. Coloured plots of P, are superimposed on the scour hole bathymetry and use the 

same colour scale as that for the initiallmscoured bed in Figure 5.25. The maximum scour 

and deposition depths in millimetres arc also giveu for each adjustmeut. !\egative depth 

values iudicate scour and positive values indicate depositiou. 

Initial development of the scour hole took place adjacent to the pier at approximately 70 to 

RO degrees to the symmetry plane used to represent the channel centreline. Migration of 

this lateral scour hole upstream with development of the local scour is shown in the 

figures, The maximum scour depth, however, remained at the side of the pier. 

----====._._--- --_. ,'Iumen'cal modelli,,>: of local ""our i" rive" ""inK Fluem 6.1 
Chop!., 5, Numeric.l model outpUt ~nd dis<u",ion 
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a) Adjustment I 

b) Adjuslmenl2 

c) Adjllstment 3 

Figure 5.26: Disnibution of applied stream power at the channel bed 

(Contour lines indicale hed elevation in millimelrcs, contour interval - 4 mm) 

Numer;cal mo:hll"g of local scour I" riven • .,.ing Fluem 6.} 

Chapter:i: Numeri<:al model output and discussion 
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d) Adjustment4 

e) Adjustmen\ 5 

f) Adjus\mcnt6 

figure 5.26 (continued): Distribution of applied stream powcr at the channel bed 

(ContoliT lines indicate bed elevalion in millimetres. contour interval - 4 nun) 

Plumeriwl modd;ing oj local :;cour in riwn using Fluent 6.1 
Chapler 5; r.uru:r;.,.l rnxlcl uutput onJ di!ICus, iun 
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The flow pattems around the pier after the 4th adjustment are shown in Figures 5.27 and 

5.28. The beginning of a horseshoe vortex is evident. The mesh near the bed is, however, 

too coarse to show this clearly. It was not possible to use a finer mesh near the bed as the 

cells would have had undesirably large aspect ratios and become highly skewed "jth 

increasing bed deformation. 
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Figure 5,27: Vectors on the s)iTllmetry plane and pier at Adjustment 4 

Num~rioal modellmg of weal , cour jn riwr>' U$inl: Fluont 6.2 
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The bed adjustment model was stopped after six adjustments as the manual process 

became very tedious and because the slope correction factor becanle undefined at an 

increasing number or nodes with continuing bed deformation as the bed slopes exceeded 

the sediment angle or repose. Al thc lirst adjustment If was undefined at 3 nodes but by 

the 6" adjustment, v/eou]d not be computcd and thcrcrorc had to bc cstimated at 40 nodcs. 

The computed values of p and ron the bed althe 4'n adjustment are shown in Figures 5.29 

and 5.30. ContouT!! indicating the scour hole hathymetry in millimetres are superimposed. 

The sediment angle of repose was approximately 35° (Ahmed, 1995). 
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Figure 5.29: Distribution of stream wise bed slope angie p for Adjustment 4 (¢ = 35Q
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Figure 5.30: Distribution oftransvcrse bed slope angle r for Adjustment 4 (¢ - 35°) 
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