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Abstract

A series of laboratory tests were carried out to understand the extent of effect of roughness and Reynolds number on mean
velocity in both outer and inner scaling. To this end, four different types of bed surface conditions (impermeable smooth bed,
impermeable rough bed, permeable sand bed and impermeable distributed roughness) and two different Reynolds number (Re, =
47,500 and 31,000) were adopted in the study. Sand particles of median diameter of 2.46 mm were used to create the roughness.
The results show that the mean velocities collapsed well for different Reynolds number and for all different bed surfaces. The
maximum velocity for all flow conditions were observed below some distances from the free surface. The location of maximum
velocity is seen to be dependent on both of roughness and Reynolds number. The smooth bed test data agrees well with the
standard log law and collapses well in viscous sub layer and overlap region. The extent of collapses is found to be dependent on
Reynolds number. Friction coefficient is noted to be dependent on both the Reynolds number and roughness.
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1. INTRODUCTION

Frequent drastic changes of bed condition are often
encountered in hydraulic engineering. The velocity
distribution would be changed in both streamwise waall-
normal direction due to this sudden change of hethse.
The understanding of flow characteristics in difetr bed
conditions is very important in hydraulic engineeri
practice. One example is the deposition of insoluble or
sorbed contaminants into river bed due to uncdetlol
disposal of municipal and industrial waste. Entdin
contaminants deposited in the river bed can bespeswed
and transported downstream by maritime river tcaffian
then deposit in a new location affecting the ecyplegd
fisheries of previously uncontaminated areas.

2. LITERATURE REVIEW

Kirkgdz and Ardichglu (1997) studied the flow progression
from developing to fully developed flow. They notttat at
the axis of a fully developed turbulent flow seantithe
boundary layer extends to the water surface if abpect
ratio b/h> 3. Here b is the width of channel and h is the
depth of flow. They didn't observe any velocity dipr
channel centerline even for channel with aspeat & low
as b/h = 3. Balachandar and Patel (2002) indictitatdthe
streamwise mean velocity profiles follow the wetiekvn
logarithmic law for a smooth surface, and the appate
downward shift, for a rough surface. Tachie et(aD03)
used laser-Doppler anemometer (LDA) to measurecitglo

on a smooth and two geometrically different typésonigh
surfaces in an open channel and showed that rosghne
effects on the velocity field were similar to thoseserved
in a zero-pressure gradient turbulent boundaryr)ageen
though the boundary layer in an open channel flew i
influenced by the free surface. They observed soiatace
roughness substantially increased the value of whke
parameter in comparison to the smooth wall valuezuN
(2005) correlated aspect ratio (width/depth ratfoflow,
b/h) with the formation of secondary current andedathat
the maximum velocity on the centerline occurrecdbibethe
free surface for b/h < 5 (velocity-dip phenomenimaicated
the presence of secondary currents generated duketo
effect of side wall. He examined the critical vabfeb/h and
proposed that rectangular channels could be dedsif
according to whether b/h < (b{i)(narrow open channel) or
b/h > (b/h),; (wide open channel), with (bfy = 5 for
smooth channel.

Afzal et al. (2009) studied the effect of Reynaotasnber on
the velocity characteristics of smooth open-charifloels.
Their mean velocity profile in inner scaling showédt the
extent of overlap with the log region increased hwit
increasing Reynolds number.

The existing literature on Reynolds number effattneean
velocities was briefly reviewed. No definitive statent can
be made as to the persistence of the effect of &ldgn
number on the velocity profile. Only few researchbave
used laser Doppler anemometer technology to stlaly f
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velocities. The present study investigates the mean
velocities in an open channel flow using LDA forrioais
values of Reynolds number.

3. EXPERIMENTAL SETUP

Experiments were carried out in a 9-m long rectéargapen
channel flume (cross-section 1100 mm wide by 920 mm
deep) (Figure 1). The header tank upstream of the
rectangular cross-section was 1.2 m square anch3iéep.
The nominal flow depth in the measurement regios 20
mm, resulting in a width-to-depth ratio (b/h) of
approximately 11. This value of the aspect ratio is
considered to be large enough to minimize the eftdc
secondary currents and the flow can be considevebet
nominally two-dimensional (Nezu, 2005). The watessw
recirculated by two 15-horsepower centrifugal pumpise
sidewalls and bottom of the flume were made ofdpanent
tempered glass to facilitate velocity measuremestag a
laser Doppler anemometer (LDA). The flume is a parent
facility and the quality of flow has been confirméd
several previous studies (Faruque et al., 2006GtBaet al.,
2008). The bottom slope of the flume was adjustahld for
this study, it was kept horizontal. Two constargctiarges

of 720 GPM and 450 GPM were used.

Four different types of bed surface conditions wesed in
this study. The base case was a hydraulically smaatface
generated using a 3.7 m long polished aluminumeplat
spanning the entire width of flume (Figure 2a). &ér
different types of rough surfaces were used. Santictes

(dso = 2.46 mm,qy =1/d84/d16 = 1.24) were used to

create the rough surfaces. To generate the fizgfiraurface
(designated as ‘distributed roughness’), 18-mm wsdad
strips were glued to the smooth aluminium plateratiting
with 18-mm wide smooth strips as shown in Figure Tie
second roughness condition consisted of the samd sa
grains glued over the entire smooth surface as shiow
Figure 2c (continuous roughness). In both casesséma
was affixed to the aluminum plate in a single grkiyer.
Third rough surface was generated using 200-mnk tduncl
3.7 m long uniform sand bed as shown in Figuret# flow
conditions were maintained in such a manner ttexetivas
no initiation of sand movement. As a precautiosaad trap
was provided at the downstream of the bed to pteaen
accidental transport of sand particles into the pipiping
assembly.

Two different Reynolds numbers were used for eagth b
condition. Reynolds numbers were chosen in order to
maintain subcritical flow conditions (i.e., Froudembers
less than unity). Flow conditions correspond toueal of
Reynolds number, Re= Uy div = 47,500 & 31,000 and the
corresponding Froude numbers are FEJa\,E{(gd)O'S: 0.40 &
0.24 respectively. Here, ) is the average velocity, d is the
depth of flow, g is the acceleration due to grawhdv is
the kinematic viscosity of the fluid. In the tesicions, the
measured variation of water surface elevation was than
1 mm over a streamwise distance of 600 mm implang
negligible pressure gradient. Flow straightnersengsed at

the beginning and the end of flume to conditionftbes. To
ensure the presence of a turbulent boundary lay&mm
diameter rod was used as a (Figure 1) trip. Thentary
layer shape factor for the smooth bed defined agdtio of
displacement to momentum thickness was found to b8,
which is an indication of fully developed turbulefibw
(Schlichting, 1979). The measurements for the idisted
roughness were conducted on top of th8 §and strip. Al
the measurements were conducted along the ceetrefin
the channel to minimize secondary flow effectsliRiaary
tests were conducted to ensure a fully developew fl
condition.

A commercial two-component fibre-optic LDA system
(Dantec Inc.) powered by a 300-mW Argon-lon lasersw
used for the velocity measurements. This systembleas
used in several previous studies and details ao&led for
brevity (Faruque et al., 2006; Bey et al., 2007zafet al.,
2009). The optical elements include a Bragg ceip@-mm
focusing lens and the beam spacing was 38 mm. 00,00
validated samples were acquired at each measurement
location.
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Figure 1. Schematic of the Open Channel Flume
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Figure 3: Section of natural sand bed.

4. RESULTS AND DISCUSSION
4.1 Mean Velocity Profile: Outer Scaling

The distributions of the streamwise component efritean
velocity in outer scaling are shown in Figure 4.xtaum
velocity (U,) and maximum flow depth (d) are used to non-
dimensionalize the mean velocity (U) and the walimal
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distance (y), respectively. Figure 4a indicatest timean (b) Natural Sand Bed
streamwise velocity for flow over a smooth bed aptles ! 008 e )
reasonably for different Reynolds number. Schiiugti o XRe = 31000 %
(1979) indicates that velocity profile becomesdulas the 0s J00s | X a %
Reynolds number increases in flow through smoofiegi i KA &
One can also note from the insets of Figure 4a higter M %k
Reynolds number causes the increased velocityaméar 06 0'020_4 U, 05 08 D
bed location and simultaneously causes the redudtio ' 1 >A<3
velocity near the free surface to satisfy the curity yld 'S xf
considerations. Similar observations of increasgldoity in 04] 091 £ 2 x4
the near bed location and simultaneously causes the Y 2 XA*A
reduction in velocity near the free surface canseen for 08 1 A % A
the flow over the sand bed (Insets of Figure 4l)weler, 02 $ X8
there is no effect of Reynolds number for flow ntfe bed e U oo 1 e
or near the free surface for the flow over the riisted s & A
roughness (Insets of Figure 4c) and continuous hmoess 0 ol : :
(Insets of Figure 4d). In the outer region, eachoacity 02 04 uu, °° 08 1
profile shows a slight dip where the local maximuaiue
(Uo) occurs below the free surface adid/dy is negative in . © Disiributed Roughness
the vicinity of the free surface. Although the @&ty dip is 0.08 AK ARe=47,50 )&f
largest for the sand bed (Figure 4b), the smootifiace N * Re = 31,000 5&
shows a greater dip (Figure 4a) than both the poatis 0.8 {005 - % * A
roughness (Figure 4d) and the distributed rough(feigsire yid | K ;i
4c). 002 . &
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Figure 4: Streamwise Mean Velocity Profile — Outer
Scaling
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One can also note from Figure 4 that the locatidn o
maximum velocity moves upward from the bed with the
variation of roughness. Location of maximum velpdibr
the distributed roughness and continuous roughisessy/d

~ 0.8 from the bed for higher Reynolds number e t
location of the same is at y/d ~ 0.7 for lower Radgs
number. However, the location of maximum velociy the
flow over smooth bed and sand bed does not varnhmitt

the variation of Reynolds number.

4.2 Mean Velocity Profile: Inner Scaling

The distributions of the streamwise component efritean
velocity in inner scaling are shown in Figure 5icion
velocity were calculated using the Clauser methpfitbng
the mean velocity profiles with the classical logw|
U'=k*Iny" + B —AU". Here, U = U/U,, y* = yUdv,
K=0.41 and B = 5 are log-law constants aAd” is the
roughness function representing the downward shithe
velocity profile. AU" is zero for flow over the smooth bed.
The smooth bed test data agrees well with the atdnidg-
law (solid line). The profiles collapse at each Ralys
number in the viscous sub layer as well as overtgyon.
As Reynolds number increases, the extent over wtkieh
experimental data follow the log law increases. ths
Reynolds number decreases the length of log laler a
decreases. The expected downward-right shift ofptioéle

is clearly visible for the rough beds (Figure 5k6tH). Since
the downward shift of the profile is a measurehs effect
of roughness, so it increases from natural sand toed
continuous roughness bed to distributed roughneds b
Friction coefficient is calculated as,; G 2(Ur/Ue)2 and
found to be maximum for distributed roughness fo#d by
continuous roughness and sand bed. It was alsal fthat
friction coefficient reduces as the Reynolds number
increases. One can also note that the flow ovemgtaral
sand bed resulted in a reduction in friction caédfnt
compared to the flow over the impermeable rougliases
(distributed roughness and continuous roughnes§le T
probable explanation can be the development ofefiglip
velocity at the interface of the permeable layerciwhwill
eventually reduce the surface friction. Howeverg@aand
Smith (1976) noted that the boundary resistancehef
permeable boundaries is higher than that of nonpabie
boundaries having identical rugosity and thougtdt th
might be due to the net effect of combined losemérgy
(energy dissipation within the transition zone lie fporous
medium and additional energy loss due to fluid and
momentum exchange across the interface translaeaed b
into the main flow).
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(c) Distributed Roughness
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Figure5: Streamwise Mean Velocity Profile — Inner Scaling

CONCLUSIONS

The present study was carried out to understancxbent
of the effects of roughness and Reynolds numbemean
velocity and velocity profile. To this end, fourfférent
types of bed surface conditions and two differeaydlds
number values were adopted in the study. The niadiings
are summarized as follows:

1. Mean streamwise velocity for flow over smooth bed
collapses reasonably for different Reynolds numbers

2. Higher Reynolds number causes the increased welocit
in the near bed location and simultaneously catlses
reduction in velocity near the free surface for etho
bed and sand bed.

3. There is no effect of Reynolds number for flow néer
bed or near the free surface for the flow over the
distributed roughness and continuous roughness.

4. In the outer region, each velocity profile showslight
dip where the local maximum value occurs below the
free surface andU/dy is negative in the vicinity of the
free surface.

5. Although the velocity dip is largest for the saratibthe
smooth surface shows a greater dip than both the
continuous roughness and the distributed roughness.

6. The location of maximum velocity moves upward from
the bed with the variation of roughness.

7. Location of maximum velocity is closer to free sud
for the distributed roughness and continuous roagén
for higher Reynolds number.

8. The location of maximum velocity for the flow over
smooth bed and sand bed does not vary much with the
variation of Reynolds number.

9. The smooth bed test data agrees well with the atand
log-law. The profiles collapse at various Reynolds
number in the viscous sub layer as well as overlap
region.

10. As Reynolds number increases, the extent over which
the experimental data collapse onto log law inareas

11. As the Reynolds number is decreasing the lengthgf
layer is getting reduced.

12. As the downward shift of the profile is a measufir¢he
effect of roughness, the distributed roughness shaw
maximum effect, followed by continuous roughness an
natural sand bed.

13. Friction coefficient is found maximum for distritmat
roughness followed by continuous roughness and sand
bed.

14. Friction coefficient reduces as the Reynolds number
increases.

15. Flow over the natural sand bed resulted in a récludh
friction coefficient compared to the flow over the
impermeable rough surfaces.
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