Scale Effects in Flume Experiments on Flow around a Spur
Dike in Flatbed Channel
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Abstract: This paper presents the findings from a series of flume experiments conducted to determine scale effects in small-scale mode!
of flow around a single spur dik@ving-dam, groyne, or abutmerplaced in a channel whose bed is fixed and flat. The flow features of
primary interest are flow-thalweg alignmetine of maximum streamwise velocjtaround a dike, and area extent of the flow-separation
region(wake immediately downstream of the dike. Those features are of practical concern in the deployment of dikes for various channel
control purposes. The scale effects of concern herein are those attributable to use small length scales together with a bed-shear stre
parametefe.g., Shields paramejeas the primary criterion for dynamic similitude. Small-scale models, especially micromodels, often are
used for investigating channel-control issues. Also, the shear-stress criterion is commonly used for models of flow in loose-bed channel:
whereas Froude number commonly is the primary similitude criterion for models of fixed-bed open-channel flows. The experiments show
that use of a shear-stress parameter as the primary criterion for dynamic similitude influences the flow thalweg and flow separation regio
at a dike. It does so by distorting pressure gradients around the model dike and by affecting turbulence generated by the dike. It also |
shown that, for a range of small models, thalweg alignment and extent of separation region do not scale with model length scales. Thes
findings are important for interpreting results from small hydraulic models, especially micromodels, of flow in loose-bed channels.
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Introduction stress(shear velocity similitude parameter, affect thalweg align-
ment and the flow separation. The experiments focused especially
on the distance required for flow symmetry to recover down-
stream of a dike in a straight flatbed channel. That information is
useful in designing dike length and location. Two measures were
used in this respecfig. 1): the channel lengthT,, needed for
the thalweg to return to the center channel; and the downstream
extent of the flow-separation region behind a diBg, Flumes
with fixed flat beds were used so as to avoid, for the moment,
complication issues attendant to scaling of bedforms and scour.
The experiments were part of a study to determine how accu-
rately very small hydraulic models of flow in open channels, no-

The principal contribution of this paper is a delineation of scale
effects incurred with the use of small hydraulic models to simu-
late two features of flow around a single dike in a flatbed channel.
The features of interest are flow-thalweg alignm@nmtalignment

of the maximum flow velocityaround a dike, and the area extent
of the flow-separation or wake region downstream of a dike.
Thalweg alignment and wake region are important in the use of
spur dikes for diverse channel-control purposes. Of concern, how-
ever, is the veracity of small, loose-bed hydraulic models to simu-
late those flow features. Because dynamic similitude for loose-

bed models commonly is based on a bed-shear-stoesshear- o micromodels, can simulate flow around spur dikes; Ettema
velocity) criterion associated with a required level of bed- and Muste(2002 document the study. Over the past few years,

sediment mobility in the moddHydraulic Modeling 2000 such several districts of the U.S. Army Corps of Engine€tSACE)
models may not adequately replicate the local flow field around a 56 used remarkably small hydraulic modédsibbed micro-

dike, and thereby not adequately replicate thalweg position and ,qqels by the USACEto aid in the design of channel-control

flow separation around a model dike. Flow inertia and gravity \qrks. Such models typically reduce the plan area of a multimile
forces, not to mention the effects of viscosity and surface tension, river reach to the convenient size of a tabletop, measuring about 2
are important in the simulation of flow around a structure. m long by 1 m wide. Flow depths in the model range from about
The writers conducted series of flume experiments using 10 to 50 mm. The commensurate horizontal s¢h&rein, scale is
single dikes placed in flatbed flumes with the aim of determining yofined as prototype/model ratiof micromodels typically is of
how decreasing length scales, together with the use of a shearyo order of about 70 and vertical scale is about %0the exact
scales vary with the dimensions of channel simulated. The small-
'Professor, Dept. of Civil and Environmental Engineering, The Univ. ness of the micromodels, and commensurately their substantial
of |gwa, lowa City, IA 52242. . o _ vertical distortion, raise questions about the capacity of micro-
Research Engineer, lIHR—Hydroscience and Engineering, The Univ. ,qqels to simulate alluvial-channel processes, especially the flow

of lowa, lowa City, |1A 52242, . . ) ;
Note. Discussion open until December 1, 2004. Separate discussionsf'elds around hydraulic structures such as channel-control dikes.

must be submitted for individual papers. To extend the closing date by

one month, a written request must be filed with the ASCE Managing .

Editor. The manuscript for this paper was submitted for review and pos- FIow around Dikes

sible publication on October 29, 2002; approved on October 30, 2003.

This paper is part of thdournal of Hydraulic Engineering Vol. 130, Many laboratory studies exist of the flow fields around linear
No. 7, July 1, 2004. ©ASCE, ISSN 0733-9429/2004/7-635-646/$18.00. structures such as dikes, abutments, low walls and fences, and
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Fig. 1. Flow thalweg and separation around a single dike in a flatbed channel of fixed width

through diverse orifices formed by walls. Additionally, numerous

Flow around Dikes and Abutments

studies exist of scour caused by structures in loose-bed channels.

For dikes, however, few studies have investigated the effects ofFairly numerous studies have examined the performance of spur
length scale on thalweg alignment and separation regions aroundlikes (also known as groyngsind abutments. It seems, though,

a dike; and no study has investigated whether those flow featureshat most such studies have focused on the local flow field imme-
are affected by dynamic similitude based on bed-particle mobility diately around a dike or abutment, and on bed scour produced by

rather than Froude number. Moreover, there appears to be a laclsuch structurege.g., Schmidt et al. 1993; Melville and Coleman

of detailed mapping of the flow field, or even the thalweg around
a full-scale dike. Fairly numerous aerial views exist of flows
around dikes, such as Fig. 2, in which drifting ice usefully delin-
eate dike deflection of flow thalweg and dike wake. Full-scale
data do exist for portions of flow fields in close proximity to dikes
(e.g., Uijttewaal et al. 2001 and on scour and sediment deposi-
tion at dikes and abutments.g., Brinke et al. 1999

Reviewed briefly here are prior studies on flow around dikes
and abutments. Those studies, however, are not particularly in

structive for the purpose of the present study. More useful are

several rather early studies on flow around low walls used for
developing boundary-layer flow in a wind tunnel, and on flow
through orifice plates in pipes. A considerable amount of informa-
tion exists on the behavior of flow around two-dimensional walls
and flow through two-dimensional and symmetric orifices.

Fig. 2. Drifting ice delineates flow pattern around a dike in the
Mississippi River
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2000. Some studies have included the upstream separation region
insofar that it directly affects the flow field locally at a dike or
abutment. Additionally, some studies have examined how a dike,
or series of dikes, might affect thalweg alignment; those studies
typically have been conducted to determine dike effects on
alluvial-channel bathymetry, rather than dike effects on flow field
in the channel.

Considerable laboratory investigation has been devoted to
scour of channels at dikes and abutments. Those investigations,
however, include scant few sets of data about flow visualization
and measurement at a dike or abutment over a range of scales.
Relevant studies include, for example, Rajaratham and
Nwachukwu (1983; Kwan (1984); and Kwan and Melville
(1999.

In recent years considerable effort has been devoted to
numerical simulation of flow around a dike or abutment. Pertinent
studies include those by Tingsanchali and Mahesw&i£90);
Michiue and Hinokidani(1992; Muneta and Shimizu1994;
Mayerle et al.(1995; Jia and Wang(1993; Chen and lkeda
(1997; Ouillon and Dartus(1997; and Kimura and Hosoda
(1999. The studies present insights into the time-averaged values
of velocity immediately at a dike or abutment. They show
the main features of the local flow field, but do not reveal much
about dike effects on thalweg alignment or the downstream
separation region. Neither do they capture the highly unsteady
nature of the large-scale turbulence shed from a dike. Moreover,
the numerical models presently in use do not have the capacity
to simulate reliably the turbulence generated by flow around a
dike, then dispersed and dissipated in the flow downstream of a
dike.
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Fig. 3. Flow features produced by a low wall of lendthin a uniform two-dimensional approach fldadapted from Arie and Rouse 1956’
is velocity fluctuation

Flow around a Barrier Wall =orifice diameter;k=roughness height; and=kinematic vis-
cosity of fluid. The first two parameters are pipe Reynolds num-
ber and relative roughness. They characterize the velocity distri-
bution of the approach flow to the orifice; i.e., the relative

magnitudes of maximum velocity and mean velocity. The third

Studies on flow fields involving shear layers and separation re-
gions are common for an extensive range of wall-like structures
extending into flow. Information from such flow fields, especially

for flow around a two-dimensional barrier wéind axisymmetric i ’ . . .
walls such as an orifice plate in a pjpés of potential use in parameter is the re!atlve opening .of th.e orifice. Fig(Rbuse .
explaining scale effects incurred with models of flows around 1938 shows thalC, increases as pipe diameter decreases while

dikes. Though quite a few studies describe flow features in the 9/D is maintained. The increase (bq with decreasing pipe di-

near field of a dike or an abutment, few studies have investigated@Meter is attributable to the influence of relative roughness on

the flow features in the broader vicinity of a dike. approach v_elocny d|str|but|o_n. For largkfD, the ratio of maxi-
Arie and Rouse(1956 describe the flow field produced by a Mum velocity to mean velocity increases. Then, for constant,

low wall transversely placed in a uniform, two-dimensional flow the orifice causes less flow contraction. o

in a wind tunnel test section. Low walls, like that studied by Arie 1€ three-dimensional flow field around a dike in a flatbed

and Rouse, commonly are used to modify flow, notably to hasten ©P€n-channel flow is complicated, beyond the essentially two-
the development of a fully turbulent boundary layer. Arie and dimensional flow field shown in Fig. 3, and beyond the flow field

Rouse studied air flow in a 0.914 m wide test section for which associated with orifice plates in pipes. The presence and interac-
the low wall occupied only a small portic%) of the local flow ~ tions of three boundary layefene associated with the channel
cross section. Fig. 3 depicts the flow field they observed around P&d: and two associated with the channel's watisn influence

the wall, and delineates important, elemental features of flow the flow field around a dike. A further complication is the flow’s
around a linear structure like a dike. free surface, whose position can adjust in response to the extent

The following features are significant for the present study: ~ ©f flow constriction by a dike. These complexities may lead to
1. The wall contracts the flow and develops two flow- scale effects for models of flow around a dike in a flatbed chan-

separation regions, one upstream of the wall, and one down-Nel-
stream of it;
2. The downstream separation region produced by the wall ex- Similitude

tends about 18 lengths of the wall. This value of separation

length is representative for separation regions formed by aThe present flume experiments are based on similitude consider-

vertical wall; o _ations used for evaluating the technical utility of small loose-bed
3. The wall produces turbulence, which first grows, then dis-

perses and decays; and
4. Turbulence produced by the wall may disperse across much
of the channel, including across the streamline of maximum
velocity.
The velocity distribution of an approach flow can have an impor-
tant influence on the flow field developed around a structure such
as a wall or a dike. In this regard, it is useful to consider the body
of information that exists for flow through an orifice plate in a
pipe. It is well known that the discharge characteristics of orifice
plates in pipes vary with those in accordance with the following
parameters:

D=125mm...
D=250mm:

Y

-D=500mm,
“*0=1000 mm,
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in which C,=discharge coefficient for flow through the orifice;
U=average velocity of approach flowD=pipe diameter;d

ola.

Fig. 4. Variation of pipe orifice discharge coefficient withD; D
=pipe diameterd= orifice diameter
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models to simulate flow and sediment movement in alluvial chan- Independent Parameters
nels. Besides the well-known concerns for Reynolds-number and
Weber-number effects in small models, similitude considerations
give rise to other concerns, two of which are especially important
in loose-bed modeling of flow around a dike. The considerations
are similitude of Froude number and of the state of bed-particle
mobility; the latter criteria commonly is expressed in terms of the

Shields parametge.g., Hydraulic Modeling 2000

Some loose-bed modeling, including micromodeling, customarily
entails adjusting channel slope and water flow to attain a chosen
level of sediment transport intensity in the model. In effect, the
key flow variables adjusted are a reach-average channel slope,
Sy, and a reach-average value of shear veloaity,, for flow

prior to placement of a thin dike of length Therefore the vari-
ables influencing flow and bathymetry in a hydraulic model of a
thin dike channel, such as shown in Fig. 1, can be stated as
Important Variables 0,0111:S0,Uy 0.0 U, ¢ WL
Most loose-bed hydraulic models focus on a few crucial pro- wherep, o, and w=fluid density, surface tension, and dynamic
cesses, and attempt to simulate the important engineering Vari“viscosity, respectively; g=gravitational acceleration; d
ables associated with them. Hydraulic models rarely are used t0—representative particle diametar; .= critical value of shear

simulate the full details of flow and sediment transport. In the velocity associated with entrainment of bed sediment; #hd
case of micromodelée.g., Davinroy et al. 1998most have been  — channel width.

used to simulate thalweg behavior along a channel whose overall  The variables lead to the following set of independent param-
width was more-or-less fixed and whose thalweg was constrainedegters results when, o, d, andp are used as the repeating vari-
to a given alignment. Their use principally has entailed estimating gples in a dimensional analysis:
the extent and number of flow-training structures, especially spur
dikes, needed to constrain channel thalweg to a required depth (Ugo)? Ugo pUyod pduiy, W L
and alignment. " gd 'Uu,e’ k0 o d'W (Set1)
For a short subreach containing one dikég. 1), the follow-
ing variables have major engineering significance regarding flow
shift around a dike:
1. The upstream distance at which thalweg shifts from channe
centerline, Ty ;
2. The downstream distance required for the thalweg to realign
with the channel centerling, ;
3.  Maximum lateral location of thalweg in the short subreach,

This parameter set is not entirely useful for interpreting scale
effects on the flow field around a dike. Adjustment of the first two
| Parameters brings out Froude numbes U,/\gR; here, U,
=mean flow velocity in the channel prior to placement of the
dike, and R=hydraulic radius. The combination ofSy
=(u,0)?/gR and (u,)%/gd gives (U, )%/ gR and R/d. When
the substitutionu, o=Uy\/f/8 is made in (,,)%gR, Froude

T: and number emergestJ,\f/gR=F/f. In the foregoing relation-
4. The maximum downstream extent, and lateral width, of the Ships, f=a representative value of the Darcy—\Weisbach resis-
flow-separation regiorB, andB,, respectively. tance coefficient for flow along the channel. The parameter

For the present flatbed experiments, the thalweg is taken to be theV/R[=W(W+2Y)/(WY) ] essentially expresses the aspect ratio,
streamline of maximum velocity around a dike in a straight rect- W/Y, of flow cross section and can be replacedvi#y .
angular channel. It is assumed that the streamline of maximum Parameter Set 1 therefore can be restated as
velocity, and thereby bed shear stress, would coincide with the
line of deepest flow(thalweg in an alluvial channel. The three
lengths, Ty, Ty, andT¢, can be used to define the deflection of
the thalweg around a single dike. in which R=4UyR/v is the Reynolds number based on flow
hydraulic radiusR,; andW=pU§L/c is the Weber number. From

_ Set 2, the Reynolds number readily can be written in terms of
Dependencies dike length. Note thaf modifies the mean velocity,, and
thereby reflects the flow resistance characteristic of the entire
channel cross section; moreover, as mentioned subsequently, it
plays a role in eddy formation and dissipatidd.together with

ables. whose values relv on so-called independent variables tha /d and f characterize the approach flow distribution in which
chara,c'\[,t\;rize f\llovy sedir¥1ent a-nd chalnnef eometrv (I:onditions he dike is to be placed; these parameters lead to an important
' ' 9 y thalweg parametet) jax/Uo-

prescrlbed by ”?‘t”re and/or ENgINeers. As descrlb_ed be_low, the Consideration of Set 1 or 2 raises the practical issue of how
independent variables can be cast in general, nondimensional pa-

rameters that, taken as a whole, define sets of similitude criteriaIndeecj o attain similitude of the parameters. Similitude of an
T . ’ overall shear stress exerted on the flow Keal, u, o/u, ¢ simili-
for hydraulic modeling.

The dependent variables are usefully expressed as dimension'EL.lde may-occur at the cost of similitude of ﬂOW. Tleld around a
less parameters: dike, with the_ upshot that pressures _and velocmes_ Iocally_ near
) flow boundaries are not accurately simulated. Typically, simili-
To Te Ty By B, tude ba_sed on, ,/u, c exaggerated),, and thereby amplif_ies
— T T o stagnation-pressure heads)q)?/2g, generated when flow im-
pinges against a dike or a riverbank. That amplification is partly
An important dependent parameter of use in describing flow thal- offset by the inclusion of an energy dissipation terrfi, which
weg in a channel is the velocity ratld,,,/U, in which U5, is too is amplified by virtue of the use of an exaggerated value of
the maximum velocity of flow along the thalweg. This parameter, R/d.
with other parameters described below, expresses the distribution For models requiring simulation of pressure gradients, the pa-
of approach flow to the dike. rameters in Sef2) can be adjusted to better express similitude of

Uxo

WR L
u*C,R\/?,Wf,F\ﬁ,V,a,W (Seta

The important engineering variables defining thalweg depth,
alignment, and sinuosity, as well as the variables defining the
separation regionTy, Ty, Tc, By, B,), are dependent vari-
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pressure gradients. The three paramefafs, W/Y , L/W can be ogy. Those changes, notably bed scour in the vicinity of the dike
restated ayéf/gL’W/Y’ L/W These parameters are particu_ and bed fOI‘m movement, WOUId Obscure the inﬂuences Of the
larly useful for describing the stagnation-pressure gradient at aflow-field parameters. _ .

dike, flow aspect ratio, and dike width relative to channel width. ~ The experiments were conducted using two flumes fitted to
Together with Reynolds number and Weber number they are use-contain a rectangular, straight channel containing a spur dike

ful for describing the modeled flow field around a dike. Addition- &ligned at 90° to one side of the channel, as illustrated in Fig. 1.
ally, flow aspect ratioW/Y, exerts an important influence on the The dike extended across one-third of the channel width. This

local flow field around a dike. condition of a relatively long dike is fairly common for dikes used
For the present study, the downstream extent of the down- for channel control along the Mississippi and Missouri Rivers

stream separation regioB,, can be described functionally as ~ (USACE, personal communicatipiThe bulk of the experiments
B were conducted using a flume whose dimensions enabled replica-
1

u WL R i i i
oy, LO,Wf,F\/f,R\/?,—,—, = @) tion of flow for an adequately large range of length dimensions,
L Uy c Y'W'd and thereby length scales. The setup and conduct of the flow cases
A similar relationship can be written for the normalized, down- associated with the smallest dimensions of channel and dike were

stream distance required for the thalweg to realign with the chan-d_o_ne using a_small flume that enabled b_etter control of flow con-
nel centerlineT, /L. Besides the first parameter, which expresses ditions associated at such small dimensions. ,

state of bed mobility, this equation contains essentially the same The principal flatbed flume is 30'0. m long, 0.91 m wide, and
parameters expressed in Ed), but adds other parameters asso- O'_45 m deep. The flume has glass-sided Wal!s and a smooth alu-
ciated with the typically nonsymmetrical cross section of a chan- minum b?d- The smaller flume was formgd in a 1.6 m long by
nel and the presence of a free surface. The additional parameterQ'98 m wide by 0.15 m deep water table; inserts formed a flume

admit opportunities for further scale-effect trends beyond those narrowed to 30 mm. . . . .
indicategpin Fig. 4 for orifice plates 4 Before the dike was inserted in the flow established in each

The similitude criterionu, c/u, , ~constant is followed tac- flume, the channel-average shear velocity for the flow associated
* * . . _ . .
itly for the micromodels used by the USACE and commonly by With €ach experiment was calculated @s= VgRS, in which
other modelerse.g., Hydraulic Modeling 2000 The customary R:hydr_aullc radius of flow. For each comblnatlpn_of horizontal
micromodeling procedure entails adjusting model slope and dis- 2nd Vertical length scale$; andY,, the channel within the flume
charge until the model sediment attains an intensity of movementWas Set to a prescribed width. Then, flow discharge and flume

judged by the modeler to adequately represent bed sedimenS/OP€ were set to produce the required uniform depth of flow
movement at full scale. As practically the same model sediment 2/0nd the channel. Flow uniformity was verified by comparing the

(or range of sedimentss used for simulating alluvial beds in free-surface slope and the_ flume’s bed slope. Flow depths were
micromodels, the relationship expressed in E2). reduces to measured at cent_erllne points along the flume. FI_ume slope_ :_;md
U, o~cons}, becausel, -~ constant for the model sediment. fIO\_/v rate were adjust(_ad in an iterative manner gntll the requisite

An observation from micromodeling practice is that average ynn‘orm flow was attained. A consequence of this procedure was
flow depths are approximately prescribed, in terms of a required incréased value of bulk average velocity of flow and a corre-
flow depth associated with tow-barge navigation, or commonly SPonding increase in flow Froude number. The buI2I/<3v§2Iocny of
occur in about the 10-30 mm range. The minimum horizontal flow was calculated using Manning's equatidy=R"*Sy/n .
width of the main channel in a micromodel is about 25—75 mm. 1he value of the Manning's coefficien, for each experimental
Hydraulic radii nominally range from about 5 to 20 mm. The channel was calgulated from the flow' gondmons to be 0.012,
slopes of the table base holding micromodels typically are in the commensurate with the smooth metal finish of the flume and the
range of about 0.01, andu,,~2.0x10°2 to about 5  Watertable. , , ,
X102 m/s. These dimension ranges, together with @k.were The Reynolds numbers associated with flow in the channel
used in designing the program of flume experiments for the Was calculated as
present study. 4UoR 4UgA 4Q

R= v  wP WP )

Flume Experiments For flow around the model dike, the Reynolds number is taken as
The preceding considerations of dimensional analysis, similitude Rdike:% (4)
criteria, and scale effects indicate the difficulties potentially faced v
in using hydraulic models to simulate flow around a dike in an The results are keyed to a baseline flow figheh. 5), herein taken
alluvial channel. Because modeling, especially with small mod- to be representative of the flow field around a full-scale dike in a
els, is primarily based on about one or two similitude criteria, fixed, flat-bottomed channel of rectangular cross section. The
scale-effects arise. To date, there appears to be no study that docibaseline flow field corresponded to the following hydraulic con-
ments scale-effect trends for the flow features shown in Fig. 1. ditions: W=0.91 m, Y,=0.15m, u, ,=0.01 m/s, F=0.20, R

The present experiments were conducted to delineate such=1.5x 10°, Ry=0.75x 10°, W/Y,=6, andW/L=3. For these
trends, and are based primarily on the similitude criterion conditions, horizontal and vertical length scales are herein desig-
u,o/u,c~const. They sought to chart deviations in simulation nated, respectively, as,=1 andY,=1. Relative to these base-
accuracy of the parametei®, /L, Ty/L, Tc/W, B4/L, and line values, the experiments were conducted over a range of five
B, /W for a single dike in a flatbed channel. The experiments are horizontal scales and four vertical scales; 51, 4, 8, 12, and
a necessary precursor to experiments with a dike in a loose-bed24 andY,=1, 2, 3, and 6.
channel, as the scale-effect trends associated with the flow-field The thalweg alignment and the areal extent of the separation
parametersugf/g L, W/Y, andL/W should first be determined  region downstream of the simulated dike were observed and re-
for the baseline case uncomplicated by changes in bed morphol-corded by way of video-tracking of drogué&-mm-diameter
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-7+ polyethylene beadgeleased in the flow, and large-scale particle

0sk [—%=t%=1] J image velocimetryfLSPIV). Figs. §a and b show both a normal
s Thalyeg ] perspective of 0.9-m-wide flume with lighting arrangement for
06fF B the tracking and an image transformation used for LSPIV estima-

z g g

Mok Dike E tion of the pair of flow features. Each pair of flow features was

L Upstream il ] observed and recorded for 10-12 min, and average values then
021~ separation Region ] determined for thalweg alignment and the extent of the down-
A el ] stream separation region.
) 4 2 0 2 4 6 10 12 14
XIL

. . ) . Results

Fig. 5. Thalweg alignment and separation zones for flatbed baseline

condition Presented first are the flow distributions and the values of the

aforementioned parameters for the baseline flow field. Considered

Fig. 6. View of two flows set au, =0.01 m/s:(a) 0.9 m flume and a model dike and after image transformation for large-scale particle image
velocimetry (LSPIV) analysis of black tracer drogued), view of 0.030-m-wide flume with white traceffor LSPIV) showing dike eddies
dispersing across full width of channel; afal velocity vectors obtained from tracers using LSPIV.
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Fig. 7. Variation of thalweg alignment and flow-separation regions it/

subsequently are baseline-parameter sensitivities to dike lengthremains at about 13 to 14. Conversely, however, relative to dike
and variations of andu, y/u, ¢ (in effectu, o, asu, ¢ is con- length, the upstream influence of the dike slightly decreases with
stany. The sensitivities are considered for ranges of values occur-increasingL/W; i.e., T, /L decreases, though the results are not
ring in the ensuing scale-effect experiments, and were examinedentirely clear due to the dike’s protrusion into varying lateral
to ensure that the selected baseline condition of flow is suitably distributions of approach velocity. This latter trend can be ex-
general and, for the purpose of the study, itself free of significant plained in terms of the magnitude of stagnation pressure head
scale effects. The bulk of the results concern the sensitivities of developed at the dike. The average value of the stagnation head at
Tp/L, Tc/W, Ty/L, B4/L, andB,/W to reductions inX, and the dikes was slightly larger for the longer dike, as area average
Y, , with flow for each case set af, ,=0.01 m/s. The results are  velocity of approach flow increased with distance out from the
presented in sets associated with four flow depths or vertical flume wall.
scales,Y, . For this series of experiments, flume width, length All other parameters held constant for the range of values con-
dike, depth, and a bulk value of shear velocity were prescribed. sidered here, Froude number exerted no pronounced effect on
Flow discharge and flume slope were adjusted until uniform flow thalweg alignment and the extent of the downstream flow-
occurred for the prescribed. Then the model dike was placed inseparation region. Fig. 8 shows the thalweg alignment and the
the flume. extent of downstream flow-separation region for the rangas
=0.01, 0.02, and 0.3m/s, akd=0.20, 0.40, and 0.60. The dike’s
influence on flow thalweg alignment extends about the extent of
the flow-separation region downstream of the dike. The down-
As expected, the dike laterally displaced the flow, locally con- stream extent of the flow separation regi®@,/L~13 to 14, is
tracted it, and thereby deflected the thalweg to approximately, asslightly shorter than the flow separation region shown in Fig. 4
indicated in Fig. 5,Tc/W=~0.74. The maximum lateral extent of for the two-dimensional flow of air over a low walArie and
the flow-separation region is aboBt /W~0.34, orB,/L=1.1. Rouse 1956 The maximum deflection of the thalweg line,
In due course, the thalweg re-aligned downstream with the chan-T./W, is to about 0.7.
nel centerline at a channel location coinciding with the down- The results shown in Figs 7 and 8 confirm that the flow con-
stream extent of the flow-separation regiBn/L~13. These val- dition selected as the baseline condition for the experiments is
ues ofB, /L andB,/W concur fairly well with the values often  adequately consistent and comparatively insensitive to flow varia-
cited for extent of flow separation region; e.g., Arie and Rouse tions for the ranges o¥W/L andF considered. Consequently, it
(1956 indicate B,/L=18, B,/L=1.6; and, from numerical = was decided to proceed with the baseline flow condition as the
simulation Chen and lkedd 997 indicateB,/L=14. The prox- benchmark flow for investigating how thalweg alignment and ex-
imity of the far wall likely would reduceB, /L andB,/L for the tent of flow separation regiofvariable$ may vary with reduc-
baseline condition, compared to the flow measured by Rouse.tions in horizontal length scal&, , and vertical length scal¥,, ,
Further details of the flow field are reported by Ettema and Muste in small models whose primary criterion for dynamic similitude is
(2002. U, o/u,c=const. In lieu of flow-field data from an actual dike,
the baseline condition is taken herein to be the prototype flow
condition.

Baseline Flow

Sensitivity Tests

The baseline flow field was checked to determine whether the
overall structure might be sensitive to limited variations of dike
length, L and, for a given dike length, to variation of Froude The length-scale data indicate an increasing difficulty in simulat-
number,F, andu, ,. Three values of./W were examinedl./W ing thalweg alignment and extent of separation region with in-
=0.33, 0.22, and 0.11. The results presented in Fig. 7 show thatcreasing length scaleX, andY,, owing to the increased large-
increasingL/W increases the lateral displacement of thalweg scale turbulence with scale increase. The data are presented in
alignment,B, /W, but does not significantly altef, /L, which Figs. 9-12, which show thalweg alignments and extents of sepa-

Length-Scale Data
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Fig. 8. Thalweg and separation-region variation with Froude nunfiber

ration regions recorded for variable length scalfesandY, , but alsoindicates a- 10% margin of error. That error margin is cho-
with the same bulk value af, =gRS=0.01 m/s. For each figure,  sen in direct relationship with the accuracy of the instrumentation
X, is varied by narrowing the channel and shortening the dike used in the experiments.
(W/L held at 0.33, while flow depth(vertical scaleY,) is con- The parametell, /L relative to the parameter’s benchmark
stant. The figures show the streamwise trajectory of the thalwegyajue, (To/L)y, increases with increasing,. The ratio,
line normalized with flume widthtop plot in figure$, and the [(To/L)J/[(Tp/L),], also increases witl, over the range of
extent of the separation areas normalized with length of the dike fjo\ dimensions considered in this study. It attains a maximum
(bottom plot in figures , . _value of almost 3 wherX,=24 andY,=6. In other words, the
For the range of length scales and channel dimensions consid+q. around a very small hydraulic model dikeuch as in micro-
ered in the present study, the data indicate consistent scale-eﬁec}nodels in a flatbed channel does not replicate the thalweg align-

trends, showing that horlzontal length sczﬂ,ea_md verfucal scale ment around the dike. The thalweg requires almost three times the
Y, affect flow thalweg alignment and separation regions around a .
. 2 benchmark value of /L in order to return to the channel cen-
hydraulic model of a dike in a flatbed channel. The trends are of . .
terline downstream of the dike.

use in interpreting the results from hydraulic models. .

P 9 y With regard to lateral extent of thalweg, the paramétgfL
Thalweg Alignment relative to the parameter’'s benchmark valu€g (L), is com-
Model scales less than the baseline scales caused the thalwefaratively insensitive to horizontal and vertical scatesandY; .

alignment to deviate from the benchmark alignment. The trends At the maximum value of horizontal scak; =24, the ratio is
are presented in Figs. @8 and b, which for purposes of scale about 1.2. If anything, the value of ratiqTc/L)1/[(Tc/L)p]

1.0 T —————

0.9} —V—X,=1:Y,=1 |
| —- Xr=4;Y,=1
08} —v— Xr=8Y,=1 .
—O— X, =12, Y, =1
- X, =24,Y,=1|
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Fig. 9. Thalweg alignment and separation regio¥iss1 (Yo=0.15m)

642 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / JULY 2004



L e e e e B e e LI B B S S B B B B S N
—-p— X =1Y,=2
08 - X=4Y,=2 |

I -y X=8Y,=2 1
- X =12, =2 [
O X, =24Y,=2

PR IS U WS ST N IR

8 6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
L

Fig. 10. Thalweg alignment and separation regio¥is=2 (Y,=0.075 m)

mildly reduces as(; increases up to about 12, before increasing. of testsX,=1. The other cases were not plotted because the dif-
The comparative insensitivity, and decreasel ©fL with respect ferences in the maximum lateral extent were minor, and within
to X, is to be expected for two reasons. The flow is constrained by the uncertainty of the instrumentation and experimental methods
the rigid dike, which extends across a third of the channel, and employed.
rigid flume wall, and therefore does not have much latitude to ~ The maximum lateral extent of the separation regida/W,
adjust. decreases with increasing andY, , until B,/W~L/W; i.e., the

Fig. 13a shows that whery, =1, the thalweg alignment pa-  separation region does not extend out beyond the dike. The
rameterT /L departs from its baseline values wh¥p exceeds separation-region paramet&; /L is quite sensitive to length

about 8. The baseline value allows for an error margirt@0%. scales, and distorts beyond the 10% margin whkegnexceeds
The figure also shows that modeling error occurs for lesser valuesabout 4 andy,=1. Moreover, the distortion occurs earlier 4s
of X, andY, increases. increases.

Downstream Separation Region Scale-Effect Trends

Figs. 14a and b show that the downstream length of the separa-

tion region,B, /L, shrinks continuously in streamwise length as The trends obtained for thalweg alignment and extent of separa-
horizontal scaleX, , increases. Additionally, it decreases as ver- tion region[Figs. 13a and b and 14a and b, respectively are

tical scale,Y,, decreases, as shown in Fig.(Bonly for the set explainable in terms of the turbulence formed in, and dispersed

LRV e e S S S S B L L LA S S R S S L S S S
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x/L

Fig. 11. Thalweg alignment and separation regio¥s=3 (Y;=0.05 m)
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Fig. 12. Thalweg alignment and separation regio¥is=6 (Y,=0.025 m)

from, the wake eddy formed by the model dike. That turbulence constricts flow it creates a backwater effect, which increases with
influences the length of flow needed for the thalweg to return to increasing dike length. This effect influences the pressure distri-
the center channel and flow symmetry to be reestablished down-bution around a dike, and thereby influences the local flow imme-
diately at a dike; i.e., the formation of separation eddies, rollers,
The complexity of the flow field is indicated in Fig. 15, a various submerged vortices, and vertical components of flow at
schematic sketch of turbulence generated by the model dike. Thethe dike. Yet to be investigated in this regard are the effects as-
flatbed flow field approaching the dike comprises three boundary sociated with the presence of the resistance coeffi¢iémtluded
layers, one formed from the bed and each of the two walls. Fur- in several of the parameters in E@®). One effect concerns the
thermore, dike presence affects the approach-flow field. As a dike

stream of the dike.

3.2
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Fig. 13. Effect of length scales on thalweg alignme(a: normalized
length of thalweg disturbance downstream of dike éndormalized
distance of thalweg line across channel
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Fig. 14. Effects of length scales on extent of downstream separation
region: (a) normalized length of separation region downstream of
dike and(b) normalized width of separation region across channel
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Fig. 15. Three-dimensional nature of approach flow complicates
similitude for modeling flow around a single dike in a flatbed
channel

formation and dissipation of turbulence generated by a dike. The
literature on similitude of flow around dike-like structures does
not address this effect.

Explanation of the trends in Figs. (8and b and 14a and b
requires consideration of the conflicting requirements of simili-
tude criteria evident in Eq2), by way of example for one aspect
of thalweg alignment. In particular, values of bath,/u, - and
F cannot be maintained when modeling from field to flume. The
criteria conflict is troublesome for modeling of one-dimensional
(up/down changes in bed elevation flow, but can be taken into
account by way of model calibration. However, the conflict be-
comes especially severe in modeling local, two-or three-
dimensional behavior of flow and bed behavior at larger values of
X, and possiblyy, .

These considerations can complicate interpretation of scale-
effect trends, even for flows in which Reynolds number and
Weber number effects arguably are not significant. Variations in
approach-flow condition, boundasped, wall, and dikg rough-
ness, and dike geometry may influence the specific values of thal-
weg alignment and flow-separation extents for a given baseline

case. However, those values should undergo the same trends as

model length scaleX, andY, alter.

For loose-bed models it is imperative to simulate intensity of
bed sediment movement, there is little alternative than to base
dynamic similitude oru, /u, ¢ rather than orl3f/gL. The in-
evitable consequence of so doing is larger valuedJgfin a
model than required by the Froude-number criterion. Fig. 16
shows that the actual values of bulk velocityy, used in the
models exceed the values bf, specified from Froude number
similitude criterion for the range oX, used in the flume experi-
ments. The disparity, or exaggeration df,, is larger for in-
creasedX, . It is important to mention that, in absolute vallig,
actually decreases a§ increases, but thad, exceeds the value
prescribed in accordance with Froude-number similitude.

An exaggeration otJ,, with increasingX, , leads to amplifi-
cation of velocity heads of flow. Velocity heads are proportional

o4 r—r——"+7T T T T T T T T T T T T T
0.20 |- u* = constant —
| — Fr constant J
Qo6 N 4
E t )
£012 1 \ -
o
o | ]
Loos} T~ -
- T — .. 4
v S——. . —3
0.04 - —_—. .
ool v v 4 e
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Fig. 16. Comparison of the bulk velocity of flow in the model, for
similitude based primarily om, /u,c constant or Froude number
constant.

to U3, and they set the magnitudes and gradients of pressure

around a structure in the flow. Pressure magnitudes and gradients

determine the magnitudes of local-flow velocities and intensities
of turbulence.

The decrease in aspect ratd/L with increasingX, and con-
stantY, further increases the velocity heéaor headlosgassoci-
ated with flow around the dike. In turn, this effect increases flow
backwater elevation, increases the upstream extent of the up-
stream separation region, produces a more uniform distribution of
flow velocity through the flow constriction caused by the dike,
and thereby shifts the thalweg closer to the dike. In so doing, it
reduces the width of the downstream separation region.

The consequences of exaggerated velocity head for thalweg
alignment and extent of downstream separation region are ex-
plainable in terms of Fig. 15 and the following points:

1. Exaggerated velocity head and flow aspect rd#e ex-
pressed in parametetﬂsﬁf/gL andW/Y) leads to increased
vorticity of wake eddy formed by the dike. Increased vortic-
ity of wake eddy causes the eddy to contract the downstream
separation region behind the dike.

Increased vorticity of the wake eddy intensifies flow turbu-
lence shed from the dike, which then is dispersed further,
relative to dike length, along and across the flow down-
stream of the dike. The increase in the larger scale vorticity
downstream of the dike is enhanced by the wall-induced
vorticity, which is a parameter not directly controlled in the
model, and which plays an increasing influence in the overall
vorticity budget as model scale increagesodel size de-
creasep This relative increase in turbulence dispersion en-
trains more slower moving water into the flow passing
around the dike, which thereby delays the overall reestab-
lishment of flow symmetry downstream of the dike, and in
so doing retards thalweg return to the channel centerline. A
consequence of increased turbulence intensity is the growing
divergence of thalweg alignment and extent of the down-
stream separation region.

The flow distribution at the end of the separation region is

markedly skewed, velocities locally being larger towards the wall

across from the dike. Eddies and turbulence generated by the dike
and a shear layer downstream of it disperse across the flow. As
with boundary layer development, the mixing action of turbulence

causes small water masses to be swept back and forth from a low
velocity zone outward into a higher velocity zone. Through an

exchange of momentum, the slow water acts as a retarding shear
stress applied to the faster flow. As the eddies and turbulence

2.
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