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Abstract

An experimental study was carried out to investigate the effect of free surface, Froude and Reynolds numbers on the protection length
and tur bulence through compound transitions using Laser Doppler, in a rectangular channel. Measurements of turbulence are carried
out along the compound transition, at different contraction ratios, at different bed slopes. Vertical transition in the bed were also
changed. From the results, the protection length increases with the increase of the incoming Froude number, and increases with the
increase of the relative height, while it increases with the increase of the contraction ratio. The steep slope has a major effect on the
protection length. Free surface has a unique role in governing the turbulence in open channe flows. Within and downstream of the
transition, the turbulence occurs primarily in the wall region. Within the transition, flow tends towards the critical state (F;
approaches close to 1) with a rise in the turbulence intensities in the free surface and the wall region which may be attributed to the
flow tending towards critical state. At small values of Froude number F, < 0.22, the effect of Froude number on turbulence intensities
and the free surface waves negligible.
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1. INTRODUCTION

As the flow passes through a bridge, a channesitian in the
form of contraction and subsequent expansion i®lied.
Flow in open channel transition being free surfélosy, is
governed both by gravity and the viscous forcesnddethe
discussions are presented accounting both theset®fin
terms of Froude and Reynolds numbers. Open channel
transitions have been studied extensively becafisgs® in
water resources engineering and their efficacyetiucing the
energy loss in hydraulic structures. The informatiegarding
the turbulence characteristics in the transitioructtires is
somewhat scanty. It is well known that turbuleetdiin open
channel transition can be regarded as the supé&posf
many eddies with different scales, and the fundaaben
characteristics of turbulence are the intersecéiorong these
structures. Paradoxically enough, the problem passtion of
the main stream of flow at open channel transitionsan
abrupt change of the boundary has attracted tleatamth of
investigators since the earliest times and yetritains one of
the least understood and the most critical problem#uid
dynamics today. In designing a channel transitibis, always
desirable to avoid excessive loss, to eliminatesmwaves and
the turbulence, to ensure smooth streamlined fldoy,
minimize standing waves, and to prevent the tremmsitrom

acting as a choke influencing upstream flow. Thuree of the
purposes of this study of the turbulence in opeanokl
transitions is to gain insight about the role oé thffect of
Froude and Reynolds numbers on the turbulencesities in
open channel transitions. Therefore, precise anclrate
measurements of the mean and fluctuating flow duesitare
carried out to study the depthwise variation of timdulence
intensities upstream, within and downstream ofttaesitions.
The turbulent flow models in open channel flows are
discussed by Chen and Jaw [2], Kim and Kline [7§zN and
Nakagawa [15] and Rodi [16]. Experimental invedima on
turbulent structure of back facing step flow haeet reported
by several investigators such as Nakagawa [13]ubition of
turbulent flow at a Reynolds numbers, has beentpdiby
Antonia [1]. Measurements of turbulence in open ncleh
flows have been reported by Nezu and Rodi [14], and
Kironoto [8], Nezu and Nakagawa [12].Turbulent hdary
layers have been reported by Clauser [3], and Khnel
Reynolds [9]. Turbulence and secondary flow oveliraent
stripes has been studied by Mclelland and Ashwjdi®h The
present research involves measurements of the raedn
fluctuating flow quantities such as streamwise aedtical
mean velocity components udland v/ and streamwise
and vertical turbulence intensity components yadd v'/U,
and in a rectangular open channel with constanthwidihe
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measurements are carried out using a Laser Doppler
Velocimetry (LDV) a non-intrusive Fibre-optic stabéthe art
technique, in sudden and gradual channel transitiah
channel contraction rationd b/b 0.3 and 0.5. The main
objectives of the present study are, (a) To use laser
technique (LDV), which includes the date acquisitsystem,
data processing to measure mean and fluctuatingy flo
characteristics at different locations of the cleriransitions,
(b) To study the influence of free, Froude numbej and
Reynolds number (Re) on the mean and fluctuatirogy fl
guantities such as streamwise and vertical meaaciiels

u' /U, and v/, streamwise and vertical turbulence intensities
u /U, and v/ upstream, within and downstream of the
channel transitions, (c) A comparative study of depthwise
variation of the velocity components uy/ldnd v/ (d) A
comparative of the depthwise variation of turbukenc
intensities u’/J and v’/ at different cross sections along the
centerline of the channel. The experiments werelgcted at
different values of Fand Re viz. 0.240 , 0.090 and 0¢51C°,
and 0.15X 10° respectively, generated by altering the depth of
flow, and (e) To study the effects of channel caction,
bottom slope., approaching flow Froude number a@diocal
transition on the relative protection length doweain of the
transition (sudden expansion).

2. THEORETICAL STUDY

The variables affecting the protection length (L) the
distance defined by spacing between section [2] seulion
[3] in Fig.(3), may be defined as: velocity of apach (y),
channel bottom with (B), flow width within trangiti zone
(b), water depth of approach )y transition length (J),
channel bottom slope {5 gravity acceleration (g) and hump
height within the transition(h). The functional agbnship of
the protection length downstream of sudden expansould
be written as:

fi(y, 2 Ve Yo h,Ab, L, S, 1)=0 (1)
Using the dimensional analysis principles (Pi teeor based
on Vv, Y, and by repeating variables, the following
dimensionless relationship of the relative protactiength
(L/b), could be expressed as:

Keeping in mind the properties of the dimensionadlgsis,
dividing L/y, by bly, , to get L/b,Ably, by bly, to getAb/b,
hly, by b/y, to obtain h/b and neglecting the effect gfaks it
was kept constant during the course of the experiahevork,
the following relationship is obtained.

L ¥, h b
e=f [F, 22 s |
b SO L T T

®3)

In which F, is the approaching flow Froude numbeglbyis
the relative approaching depth, h/b is the relatigght of the
vertical transition andb/b is the contraction ratio.

3. EXPERIMENTAL SET
EXPERIMENTAL PROGRAM:

The experiments were carried out in a rectangulpeno
channel that is 8.0 m long, 0.3 m width and 0.5eigt with
glass wall 6mm thick and thick and a steel platd. d€g.1
shows layout of the test facility. The water is gligd from a
constant head overhead tank to the flume at a etksir
discharge that is continuously monitored with anlina
orifice meter. The discharges were measured usimqgea
calibrated orifice meter fitted in the feeding gdipe. And in-
line discharge control valve that is fitted intoethmain
supplying pipeline was used to regulate the flote.r@epth
measurements were taken using a needle point gaitiyea
reading accuracy of +0.010 mm. The flume side walls
made up of 6mm thick glass sheets. A tail gatedviged at
the downstream end of the flume to maintain a reguwater
depth of the channel flow. The water is finallyleoted in a
sump placed in the basement from where it is punijaet to
the overhead tank by a 15 hp pump. The experimaeete
carried out using five different lateral contractitios,Ab/b,

of 0.1,0.2,0.3,0.4,0.5 and 0.6. Five different atedrnbottom
positive slopes, & of 0.00, 0.005,0.01,0.015,0.02 and 0.025
were used to illustrate the effect of bottom sl&yeon the
protection length L/b due to local contraction. Bhepes were
selected based on the flume facilities. For eachhbioation of
lateral contraction ratio and bottom slope, fivéfedient flow
rates ranging from about 45 lit/sec to 15 lit/sezravuse. The
upstream water depth was adjusted to produce adErou
number k of approach ranging from 0.11 to 0.45. The flow
through the transition was always subcritical butmiay
changed to supercritical state just at the enti®tiansition or
away from it, depending upon the incoming flow ratiee
applied flume bottom slope,&nd the contraction ratib/b.
For each combination of contraction ratio and buttslope,
the flow rate and the water surface profiles werasured.
The effect of the vertical sudden transition on fpmetection
length (L) was also studied, for a different laterantraction
ratios Ab/b and a different bottom slopg. Five bed vertical
transitions, within the lateral contraction, wersed with
relative heights of h/b =0.1,0.2,0.3,0.4,0.5 an@ far each
particular value of h/b, five different dischargegere
considered. Channel transitions were fabricatedmfro
transparent prespex sheets. The construction ainteieand
expansion at the outlet were, sudden.

upP AND

With reference to the origin fixed at the chanred land in the
centre of the channel transition, traverse of meagwolume
was run to obtain the profiles of both the meanoesigy

components and root mean square (RMS) of the tenloel
intensities. The measuring points were closely sgado the
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region of high velocity gradient. The Reynolds nembased
on the free stream velocity<410* which ensured the turbulent
how for all the test conditions. Froude number loé free
stream flow F=0.24, ensured the free stream flow to be
subcritical. To obtain the vertical profiles the aneand
fluctuating flow quantities, the measurements wareducted

in the vertical plane at z/b=0 and z/b=0.25 at Q40

4. LASER MEASURING TECHNIQUE

Laser Doppler Velocimetry (LDV). A 5 Watt Argon-idraser
with two Laser beams; one blue (488 nm) and onergre
(514.5nm), were focused at a measuring point fromm side

of the channel through on optical lens. Two bupstcsrum
Analyzers(BSA)were used to evaluate the Doppler
frequencies. Subsequent computer analysis consisted
velocity bias averaging and outlier rejection. Thenber of
samples taken at every point was 4000 bursts. This
corresponds to a simple averaging time of aboutl(D-
seconds. The data rate was about 50-60 per se8afidte
acquiring the data, the LDV signal was checkedtforegular
Doppler burst that correspond to a particle pasgingugh the
measuring volume. The measurements were takerffetedit
cross sections upstream, within, and downstreamthef
transition. Figure 3 shows the location grid of theasuring
stations for all the channel transitions.

5. RESULTSAND DISCUSSION

The relationship between the relative protectiongth L/b
and the approaching flow Froude numbgis=shown in Fig.4,
for different bed slope St particular contraction ratiasb/b
of 0.1,0.2,0.3,0.4,0.5 and 0.6, respectively. h t& noticed
that the protection length L/b increases as theohoslope §
increases at particular, and constant value of contraction.
Also, L/b increases as the Froude numbgrif€reases, at
particular slope and fixed value of contraction iaat
Comparing figures, it is obvious that as the catiom ratio
Ab/b increases from Ab/b=0.1 to 0.5,L/b increases,
considering particular bottom slopes. This obséwwais valid
for all tested bottom slope and all tested rangé 0fThese
observations are attributed to the increase inveiecity of
flow as the width of the channel is reduced frortol{b-Ab)
leading to longer L/b at the small contraction. c®inthe
incoming flow is subcritical and the incoming udischarge is
smaller than the unit discharge through the tramsitone, the
depth of flow is lowered resulting in higher veliycbecause
the pressure head is converted into velocity h&ad higher
velocity of flow that exits from the transition z@friorces the
jump to form away from the end of the transitioading to
longer protection length L/b compared to the casfelarger
contraction ratiosAb/b. Similarly, the resulting high velocity
due to the steeper bottom slopg causes the jump to form
away from the end of the transition zone vyieldirgnder
protection length compared to flatter slopes.

The relationships between L/b and the approachirgude
number F are presented in Fig.5 for different contraction
ratios Ab/b and particular slopes of
S$,=0.00,0.005,0.01,0.015,0.02 and 0.025 respectively.
Inspection of this figure indicates that the trerfidiariation of
L/b with F, is similar for different slopes and different
contraction ratiof\b/b. It can be noticed that at fixed bottom
slope § andAb/b, the relative protection L/b increases gs F
increases. It can be observed that the relativeytherof
protection is longer for the bigger contractionicatat
particular iF when the bottom slope is kept constant.

Moreover, the present research investigated thecefff a
vertical transition formed within the lateral camstion zone
on L/b for different Froude number, and different bottom
slope G and fixed contraction ratinb/b=30%, as mid values
of the tested ranges. The relationship betweenrétetive
protection length L/b and the relative verticahs#ion h/b for
different Froude number ,Fat different bed slopes,Ss
presented in Fig.6. It can be easily observed #tatixed
bottom slope and Froude number, the relative ptiotec
length L/b increases as h/b increases. Also, Ldoeases as
the relative vertical height h/b increases at thmes Froude
number E. This may be attributed to additional increasthim
velocity head due to the transformation of the gmes head to
velocity head when the flow meets the vertical $ion. This
can be simply explained as follows: since the aagmnong
flow is subcritical and the incoming energy is heglthan the
energy at a downstream section, consequently, dicgpito
the specific energy principle, the depth of flowldasvered
resulting in higher velocity which is turn leads @olonger
projection length.

Root mean square (RMS) values of streamwise anticaker
components of turbulence intensities u™ and v' mr&de non-
dimensional with respect to the steamwise mean $tesam
velocity U, Figs.8,9 and 10 depict the variation of non
dimensional streamwise and vertical components of
turbulence intensities u'flAnd v/, as a function of relative
channel depth vyly in sudden channel transitions for
contraction ratiosAb/b of 0.3 and 0.5 at different locations
upstream, within and downstream the transitions@lthe
length for different discharges (15-40)Lit/sec. Relgs and
Froude numbers are respectively X410° and 0.24 for free
stream flow. The trend of variation of streamwisel aertical
turbulence intensities ufUand v’/ are similar in all the
cases of channel transition. The trend of yédnd v/U
upstream, within and downstream in all the casdsaoisition
have higher values close to the bed, followingadgal fall in
the wall region (wall effect) defined by y&0.2, reaching
minima in the middle region (core region) defineg b
0.2<y/y<0.6. Turbulence intensities uJdUand v'/U rise
gradually and then rapidly in the upper region €fsurface
region) defined by yjy»0.6 reaching the maximum at the free
surface. Generally, the minimum streamwise and ioadrt
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turbulence intensities u'fUand v/} always lie in the core
region at the same location of the profiles of clen
transition. The maximum turbulence intensities y'/ahd
v'/U, close to the bed or at the free surface depenatinthe
location of the profile station at the same loagatdd the of the
profiles of transition. Also, as a comprehensiveeashation, it
is noted that the streamwise turbulence u'l8 always
stronger compared to the vertical v,/Un the wall region
defined by y/¥<0.2, the turbulence intensities uy/Bind v’/
have substantially large magnitude closer to thd Yveall
effect). With the increasing distance from the any, both
the turbulence intensities decrease in wall regiending
towards a minimum in the intermediate region (caegion)
defined by 0.2y/y,<0.6, where the location of the minimum
value of the turbulence consistently correspondshtd of
maximum streamwise mean velocityU, where the velocity
gradient is locally zero, reaching a higher valoethe free
surface.

Figs.8 and 9 depict the variation of uy)/dnd v’/ in the
transition for different F and R viz. 0.240,0.090; and
0.5x10° and 0.5<1C°, for free stream respectively at
contraction ratioAb/b=0.3, comparison of ufUand v’ /U
upstream, within and downstream the transitionicetes that
an increase in the Froude number and Reynolds nymbe
decreases the turbulence intensities gidbd v/l upstream
and within the transition slightly with a slightdrease in the
turbulence intensities downstream of the transitinonthe
expansion zone at the same flow conditions. Thighsl
decrease in the turbulence intensities y'And v/ with
increasing Fand R occur in the wall region and the free
surface region and slight corresponding increaserrgdn the
downstream region. However, in the core region oticaable
change in the turbulence levels upstream, withind an
downstream region of the transition occurs. Thigéase or
decrease in Fand R is not associated with the drastic change
in the nature of turbulence intensity profiles ntaining the
similarity of turbulence profiles with ,Fand R in the
transition. This observation is consistent with tieservation
reported by Nezu and Nakagawa [14].

Figure 10 depict the turbulence intensity profiEeng the
depthwise and channel axis, for contraction ratido=0.5. In
the upstream region of the transition, the Frout®Reynolds
numbers are 0.23 andx40° on an average respectively,
turbulence is relatively lower compared to the tlebce
within and downstream regions of the transitionstdgam of
the entrance to the transition, surface waves welaively
mild. Upstream the transition, since the incomingwf is
subcritical and turbulent as Froude and Reynoldslrars are
0.24 and &10° on average respectively, for x/b<-1,
turbulence is relatively lower upstream of the sitian. At the
location of x/b=-4, z/b=0; x/b=-3, z/b=0.25; x/bz-3/b=0;
and x/b=-1, z/b=0 at Reynolds number of ¥ and the range
of Froude number 0.218w80.229, clearly, the trend of

variation in streamwise and vertical turbulenceemsities
u'/U, and v/ are similar in all cases. In all the cases bath
u/U, and v/, the maximum turbulence intensities occur
close to the bed, following a gradual fall in thalMregion at
y/y,<0.2, reaching up to the free surface. It is alsted that
the values of u’/Jand v’/ are approximately constant in
the core region. At x/b=-1, z/b=0, that is the cernust before
the entrance of transition, the trend in variatomve of u’/y
and v/l is parallel. It has been observed during this
experimentation, that surfaces waves play am inaporble in
the turbulence production. Before the entrance he t
transition, surface waves were relatively mild. Eefiar away
from the entrance, at x/b=-4 for instance, the ulehce
intensities in the core region and at the surfaeerelatively
low. The turbulence intensities are almost the samt x/b=-

2 for Ab/b=0.5. As the flow approaches the entrance, tisesie
gradual increase in the turbulence intensities giahd v'/U,

in the core region as well as at the surface, &idubsequent
fail in water depth within the transition. The mimim depth

of water occurs approximately at the centre. Théuience
intensities at the free surface reach a large valuabout
u'/Uy=30% and v'/4=23% at the centre compared about 10%
and 9% of the corresponding values at the freengatdace is
primarily due to oblique waves that are generatétimvthe
transition. The vicinity of the upstream cornettloé transition

a likely location separation at x/b=-1, z/b=0.26rbulence
levels are substantially higher compared to the aineentre
z/b=0 at the location. The trend uy/&ind v’/ are similar in
the nature. At the entrance of the transition,gteduction of
turbulence is higher compared to previous upstreaations.
This increase in both turbulence intensities y And v /U
occurs throughout the depth of flow. The transverse
component of deflected velocity vector at the carirgeract
with the longitudinal velocity vector at the ceflitree at the
entrance, may be instrumental in higher turbulgmoeluction

at x/b=-1, x/b=0.

Within the transition, the Reynolds and Froude nersb
increased to 6.810" and 0.7 on average respectively. As the
flow approaches critical state as indicated pyegching close
to unity, it tends to be unstable due to higher avav
disturbance, although the flow in transition is retactly
critical at F=0.6. In addition, oblique surface waves are seen
during experimentation within the transition andwfe
centimeters, about 30-35 cms downstream of the agfxihe
transition. The combined influence of these surfaeses in
the subcritical flow and the oblique waves due dostriction
could have enhanced, the turbulence intensitiethén free
surface and wall region at the centre x/b=0, angbe up to
exit section at x/b=1. This surface wave disturleaedfect
appears predominant from the centre and at all esyuent
section downstream. At the center itself at x/d=@yever, in
the core region turbulence is minimum. This maytigbuted

to the high linear velocity generated due to cactsdn and
reduced depth. Along the centerline defined by 8/zfb=0;
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x/b=1,z/b=0; and x/b=2, z/b=0, the trend variatioh both
u/U, and v/ is quite similar as stated earlier, viz.,
turbulence decreases from large magnitude in wetgjion
reaching minimum in the core region and again rieeslarge
value in the free surface region. Within the coegion
turbulence decreases slightly as one approach ahtrec At
the centre itself the turbulence in the core regabtains a
minimum value. Continuing from the centre downgstnag to
the exit of transition, turbulence profile show &stidct
change. Compared to the turbulence at the centre, t
turbulence intensities increase in the magnitudéha core
region. The turbulence variation, both in the waljion and
the free surface region at the centre and up tbsexition of
the transition, at x/b=0 and 1, are specificallyemmrthy.
Turbulence levels are enhanced significantly in finee
surface and the wall regions compared to the cag@on. The
streamwise component uJdlis much larger at the surface in
comparison with v’/ at the centre and exit.

Downstream of the transition in the expansions gpne
Froude’s number increases slightly after inlet gpansion
zone and then decreases slightly, Reynolds numdreains
almost same atX10". The conditions of the flow at the inlet
of the expansions zones cause unidirectional digtoof the
fluid elements which may be expected to produceh hig
nonhomogeneous and anisotropic turbulence dowmstiefa
the transition. Under the action of dynamic procethe
turbulence is produced to some degree all overfitié. A
high level of turbulence intensities uyland v/l in all
expansion zone occurs compared to the upstreanoreas
seen in the Figure 10. Specially the maximum twbcé
intensities u’/y and v/ can be seen to occur either close to
the free surface of close to the bed. Even in ligion,
turbulence intensities u’fUand v'/U in core region are
relatively low. It can be 2 to 4 times as high camga to
minimum value in the wall or free surface regiomeTnature
of variation in turbulence intensities ugldnd v /U at the
entry of expansion zone and subsequent sectionssieam

is somewhat distinct compared to the turbulencefilpso
before and within the transition. Herein, in theecaegion
turbulence intensities profiles udland v’/ do not exhibit
the tendency towards constancy unlike in the ttemmsior
before the transition. Generally, after reaching thinimum
turbulence intensities ujlAnd v/ as the distance increases
from the wall, the turbulence tends to increasesistently till
the free surface is reached. Turbulence intensites
particularly  largest at u/{#52%,v/U=35% and
u'/U,=63%,v /U=40% at x/b=2, z/b=0 and x/b=2, z/b=0.25
closer to the wall region and free surface regiespectively.
Similarly as stated earlier both the turbulenceristties u’/y
and v’/ are large at all the sections investigated dowastr
of the transition in the wall region and the freeface region.
The general trend in variation of depthwise turbaoke is
similar in the downstream zone up to x/b=5 observethis
work. The turbulence intensities uydnd v/ are, however,

observed to be of the same order at the wall aeel urface
along the centerline located at entrance to thamsipn zone
x/b=1, farthest section at x/b=5, z/b=0 and x/b=8d a
z/b=0.25. However, at an intermediate location Z/bthese
values do differ significantly. The changes in ulence
intensities u’/l| and v’/ both in the wall region and the free
surface region, and noteworthy at and after thetreeof
transition x/b=0 are specifically significant. Tlmcrease in
the turbulence in the downstream may be attributedhe
probable separation occurrence at the exit cormer the
occurrence of diverging flow, associated with thiique
surface waves.

Summing up it may be concluded that the depthwise
turbulence characteristics upstream, within andrddgream of
the transition differ as revealed in the profildsown. The
vertical side walls may be affect the depthwisebtilence
away from the transition upstream of it. Howevet, tlae
entrance of the transition, at the corner, turbcgehas a large
magnitude particularly near the bed, but not atdbeterline.
Just downstream of the entrance to the transitiohplence is
significant throughout the depth for the probaldée rof the
lateral component of velocity as explained earlier.

Free surface has a unique role in governing theutance in
the open channel flows. Hence the effect of the fnerface is
emphasized in this section. As already presentigd,&;9 and
10 depict the variation of turbulence intensitiesUy and
v'/U, in the channel transition at different contractiatios,A
b/b of 0.3 and 0.5, at different discharges of &8 40 Lit/sec
at upstream, within and downstream locations. Thee f
surface influences to a larger extent outer regidhe
influence of increased turbulence in the outer dayay also
be transferred in the lower core region. At upstreaf the
transition, the most noticeable effect is the dammge
streamwise and vertical components of turbuleneetdations
u /U, and v'/U near the free surface. Associated with this
effect is a reduction in eddy near the free sutfasecompared
to the wall region(wall effect)at yg¢0.2. Clearly, upstream of
the transition, the free surface suppress the mewenof
eddies and the surface waves. Also, the most raitiee
feature is that, Froude numbers of less than oéleQ22, the
surface waves do not occur at the free surface.éefteet of
surface waves on the turbulence becomes signifisaet the
Froude number exceeds about 0.22 as can be se#re in
figures. This influence drawn from the Laser tegoei
measurements is the same as stated by Nezu and 1R&@).

If both the upper and lower boundaries were fixate would
expect symmetric distribution of u’jland v/U. The non-
symmetric turbulence distribution along the velticgith
respect to the centre of the depth of channel, \atiger
turbulence intensities u*jUand v’/ at the channel bed and
top of the surface, are not necessarily equalk kancluded
that, upstream of the transition, turbulence flattbn u’/U,
and v/U are slightly decreased at the free surface as
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compared to the wall region. Within the transitidhe flow
approaching the critical condition from the trarqsiate,
Froude number close to 1.0, the turbulence intiessit /U,
and v’/ near the free surface are higher as comparedeto th
core region. The turbulence intensity u,/at the free surface
is always larger than v'/Lalthough both increase as the flow
proceeds downstream. It may be explained by ndtag as
the flow approaches near critical condition, théquie waves
under chocking state were formed within the tramsit This
leads to high values of velocity gradients and auef
disturbances leading to the greater turbulence ymtimh.
Downstream of all the transition, the probable safi@n and
wave generation coupled with the oblique surfacevesa
transmitted to about 30-40 cms, generates nonhomeoges
and anisotropic turbulence. This can be clearlyedotfor
instance, atA b/b=0.5 as shown Fig.10, the maximum
turbulence intensities u {nd v’/ occur at the free surface;
u'/U, at the free surface being twice as large as atvtieat
x/b=2, z/b=0.25 and also at x/b=1 and z/b=0.25.

Fig.11 depicts the profiles of streamwise mean aiglo
distribution @w/U, of channel transition along the depth for
discharge 40 Lit/sec at different locations upstreavithin
and downstream of the transition at free strearmBlelg and
Froude numbers of 0410° and 0.240 respectively. The main
observations are as follow. The streamwise meancitgl
profile along the longitudinal direction at the tetine of the
transition indicates general increase from upstreane up to
the entrance of expansion zone of the transitiobs8&quently,
the magnitude decreases gradually downstream.eAtohner
locations of the transitions, reversed flow andvfleeparation
could be observed downstream of the transition hesvsin
Fig.11 at x/b=1 at z/b=0.25 as can be seen byhhpesof the
velocity profile and was observed by dye injecti®eversed
flow was also observed at the beginning of thesitaom. With
the increase in the contractigkb/b, the flow reversal also
increased. On the other hand the maximum veloaiturs
close to the end of the transition at the centerfifb=0, x/b=1
and 2, below the free surface in the downstreame.zon
Velocity distribution along the depth shows a climgar
nature, with greater distance downstream.

Fig.12 depicts the profile of vertical mean velgciE/U,
profiles is marked changes in the magnitude aldwegdepth.
In /U, profile, changes were relatively smooth, with deral
number of points of contraflexure in wall, core ahé free
surface regions. Secondly/U,, assumes both positive and
negative values at the same section and henceetbevalue
also at some intermediate locations. This natureaofation,
viz., change from positive to negative magnitudel a&ice-
versa occurred almost at all the sections. Howeirerthe
profile of 4/U, such a variation occurred near the separation
zone due to reversal of flow. Thirdly, the zero miagde of
vertical velocity componen¥/U, occurs at more than one
point at several locations. This observations mewhat more

intriguing as one may not expect more than onetimcaat
which %/U, could be zero. Fourthly, the magnitug@éJ, of
increases steadily from the upstream section frelatively a
small value (albeit predominantly negative in trethest
section of this investigation) with a gradual irese reaching
maximum positive and negative values at the ceotréhe
transition, x/b=0 and z/b=0. At exact entrance fiote
velocity ¥/U, is negative all along the vertical height. At
x/b=1, z/b=0.25 just outside the exit section ainsition,
velocity ¥/U, is positive and a fairly of large magnitude.
Subsequently, althoughvw/U, fluctuates as one moves
downstream of the transition, the magnitude grdgual
decreases reaching relatively small value agatheafarthest
downstream of x/b=5.

In order to study turbulences variation downstreainthe
compound transition covering the entire cross eactnd
longitudinal direction, the turbulence intensitie¥U, and
v'/U, were measured at three transverse locations D945
and 0.30, and several longitudinal x/b locations, a
horizontal plane y/f#0.5 for three contraction ratios of
Ab/b=0.5 and 0.3, for Q=45 lit/s. Figs.13 and lpickethese
variation of turbulence intensities uy@nd v'/U. The trend
of variation in both streamwise and vertical tudnde
intensities is quite similar, the maxima of botle fhtensities
also occurring at the same location of x/b. A dlighift in x/b
for such a maxima was sometimes noticed. The tarivel
rises rapidly to reach maxima in the of 3<x/b<4’.the
region beyond x/b>4.5, turbulence decreases smoathtl
continuously at slower rate for all the cases. Eb=0 and
0.15, the trend is reverse at 3<x/b<4.5 in all thses. It is
noted that the steamwise turbulence y'/$ stronger
compared to the vertical turbulence v, /Un the inlet region
of the expansion (transition outlet), the turbukeimcreases as
the side wall is approached as noted earlier. Fpop%0.3 the
turbulence levels are higher along the length ef ¢hannel.
The nature of variance of turbulence in all theesaslearly
indicate that the flow is nonisotropic and nonhoergpus at
all locations. As well as later, isotropy of turbnte has been
observed at some locations and depths. Althoughahee of
variation in turbulence u'/Uand v’/ are similar in all the
cases, the difference in magnitude of the variation
turbulence forAb/b=0.5 and 0.3, and also at the location
z/b=0.3 is significant.

Figs.15 and 16 show the variation of turbulencerisities
u/U, and v’/ at yly, of 0.5 downstream of compound
transition in the expansion zones beyond x/b=0 heieet
spanwise locations z/b of 0 and 0.25 for Q=45 dit/sat
different Ab/b of 0.5, 0.4 and 0.3. Both the uy/dnd v’/
increased rapidly and almost simultaneously. Réfaearease
of turbulence is greater than the rate of decraétse reaching
the maximum, in all the cases. A slight graduatease in x/b
at which the u’/Jand v’/ are maximum, is observed as the
contraction ratioAb/b decreases from 0.5 to 0.3, in all the
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cases of experimentation. The maximum turbulencerscfor
the maximumAb/b ratio, viz 0.5 in the present investigation
and the least of the maximum turbulence occursrioimum
Ab/b of 0.30. Similarly, the largest maximum turlnde
intensities u’/|J and v/ occur at spanwise location z/b=0.25
and smallest of the maximum turbulence intensitguocat
spanwise location z/b=0. At z/b=0 i.e. at the cdime
turbulence intensities u’fUand v’/ assume intermediate
values. Turbulence intensities at the wall itselfl we nil.
Thus the turbulence intensities in transverse tioedecrease
form the maximum approximately at z/b=0.25 and é&ghin
to zero at the wall. The trend is the same infal tases of
experimental observation.

CONCLUSIONS

The conclusions arising out of this study can brarsarizes as
follows:

The relative protection length L/b increases with increase
of the incoming Froude number, Rt particular contraction
ratio Ab/b and fixed bottom slope,.SAlso, the L/b increase
with the increase of the bottom slope. The flatter bottom
slope §G is, the shorter the relative protection length, at
particular lateral contraction ratio and certainluea of
upstream Froude number. The L/b increases withntrease
of lateral contraction ratid\b/b. The smaller the contraction
ratio, the smaller the relative protection lengdh,particular
bottom slope. At particular bottom slope and Idtera
contraction ratio, the relative protection lengtlb Las the
vertical transition ratio h/b increases for patf@écuupstream
Froude number.

Free surface has a unique role in governing theutance in
the open channel flow. The free surface influerioes larger
extent outer region. The influence of increasethulemce in
the outer layer may also be transferred in the toamre
region. At upstream of the transitions, the mosticeable
effect is the dampening of turbulence intensitiearrthe free
surface, Associate with this effect is a reductioneddy
viscosity near the free surface, as compared toviieregion
(wall effect), also the free surface suppressesrttreement of
eddies and the surface waves in the upstream dfahsition.
An increase in the Froude and Reynolds numbergedses
the streamwise ad vertical turbulence intensitipstream
slightly, followed by slight increase in the turbote
intensities downstream of the transition in theagion zone
at the same flow condition. This effect in the tudmce
occurs primarily in the wall region and the freefaoe region.
However, in the core region no noticeable changehia
turbulence levels upstream, within and downstreagions of
the transition occurs. Within the transition, fleends towards
the critical state (Fapproaches close to 1) with a rise in the
turbulence intensities u’jUand v/ in the free surface and
the wall region which may be attributed to the fléending
towards critical state. At small values of Froudember
F<0.22, the effect of Fon turbulence intensities uJland

v/U, and the free surface wave is negligible. As a
comprehensive observation, it is noted that, theast wise
turbulence u'/\ is always greater to the vertical turbulence
v'/U,. The turbulence intensities udland v/} are higher
nearer the bed in the wall region defined by,s@y2 due to
wall effect and the free surface region definedylyy»0.6 due

to free surface effect. In the intermediate coggae defined
by 0.2<y/y<0.6, minimum turbulence intensities uy/l@dnd
v'/U, occur. With the increasing channel contractiore th
variation of turbulence intensities uydnd v'/U) increase and
become pronounced within and downstream of thesitian,
changing rapidly in the wall, core and the fredate regions

NOMENCLATURE

b Channel width,

Ab Channel contraction,

F. Upstream Froude number,

R. Reynolds number,

L Protection length, spacing between(2)and(3),

L, Transition length (Ilength of contracted reach)

U, Streamwise mean free steam, velocity averaged theer
Ccross section.

u” Streamwise turbulence intensity component inrgetion
(RMS)

u Streamwise mean velocity component in x- direction
(RMS) Root mean square

v’ Vertical turbulence intensity component in y-etition
(RMS).

% Vertical mean velocity component in y- direction.

x Longitudinal axis along channel length

y Transverse axis along channel height

Yo Free stream water depth

yu Upstream water depth

z Lateral axis along channel width

h Height of vertical transition

S, Bottom slope.

Q Flow discharge
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Fig.(15)Variation of streamwise and vertical components of turbulence intensities i/U, and viU, m_cm_m the
centerline at y/y,=0.5 at different Ab/b=0.3,0.4 and 0.5 at spanwise location z/b=0.25 for Q=40 lit./s .
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Fig.(16)Variation of streamwise and vertical components of turbulence intensities i/U, and v/U, along the
centerline at y/y,=0.5 at different Ab/b=0.3,0.4 and 0.5 for Q=40 lit./s at spanwise location z/b=0.0.
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