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Abstract
In this paper, an experimental study was carrietitounvestigate the turbulence field and flow c@eristics in the separated flow
through inclined hump in water structures in reaatar channel using Laser. To study the variatidrihe@ turbulence, energy loss,
relative energy (efficiency) and relative depthhaiitain parameters affecting the inclined hump Thpesameters include the hump
angle, relative height, upstream Froude numbertdiatslope. Non-dimensional design curves are pewvid relate the turbulence
intensities and flow characteristics. The resultew that, the variation of the energy loss increatiiéof hump angle about 45°. This
rate of increase decreases about this value of@o§hump. The energy loss increases with the asimg of bed slope and relative
height. The energy loss is quite high at a relatweatraction of 0.3. Also, the results clearly skdwhe dependence of the hump
inclination angle on the turbulence intensitiesr Famp angle> 20°, the turbulence intensity in the separatione®was growing
with increasing hump angles and the maximum wasrgbd for hump inclination angles between 20° add Ihe results indicated
that, the most significant differences in flow stures occurred with hump angle less than 45°.

Keywords: Energy loss-Turbulence intensities-Water struesdrHump-Laser Technique-Hump angle-Bottom slope-

Relative height-Relative depth- Froude number-safiam zones.
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1. INTRODUCTION

In the design of hydraulic structures, designershair best to
avoid sudden transition of the flow by sudden titamss to
ensure smooth flow with minimum energy loss anduced
turbulence patterns. Open channel transition amanoonly
used in hydraulic structures in variety of situatim serve as
link with minimum possible energy loss. Since theaasitions
are meant for continuous use, their role in minatian of the
energy loss and attenuation of turbulence assuigesisance.
The flow through the contracted section may beiceit
subcritical or supercritical with subcritical floupstream. The
change in the cross section disturbs the flow edbntracted
reach and near to it from both upstream and doeasir The
change in the channel cross section, slope, aralignment
over a specified reach is termed local transituch channel
transition are used mainly to avoid or minimize theessive
energy loss, to eliminate the cross waves, the Ithegu
turbulence and to ensure safety of both the stracémd the
downstream channel reach. The information regarding
turbulence characteristics in the transitional dtites is
somewhat scanty. Paradoxically enough, the probleim
separation of the main stream of flow at open ckann
transitions or at an abrupt change of the boundtrgcted the
attention of investigators since the earliest tiama yet it
remains one of the least understood and the mastatr

problem of fluid dynamics today. Open channel titorss
have been studied extensively because of theiriuseater
resources engineering and their efficacy in redytive energy
loss in hydraulic structures. Transitions are pied, whenever
the size or the shape of the cross section of &m @pannel
changes. Such changes are often required in natumell
artificial channel for water structures economigalk well as
for practical reasons. The transitions may be oaltior
horizontal, contracting or expanding, sudden ordgadly
which are required for subcritical or supercritifl@ws. Thus
the transition on the flow depends mainly of theurary
geometry, the discharge and the state of flow. gfrenomenon
is usually so complicated that the resulting floattprn is not
readily subjected to any analytical solution. Sopractical
solution is possible, however, through experimental
investigation. The present research deals only wiltical
transitions through inclined hump. Studies on clednn
transitions and design of flume inlets include tho§ Attia [2],
Nandana [14] and Vitta [19]. Formica [6] tested exxmentally
the various design for channel transition. The nrasults of
Formica were reported in Chow [4]. The turbuleotfimodels
in open channel flows were discussed by GardeRa@tli [16],
Nezu and Nakagawa [12]. Experimental investigatiom
turbulent structure of back facing step flow, haeen reported
by several investigators [1, 8, 13, 15]. Measuremeof
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turbulence characteristics in open channel flowisgud DA
have been pointed by several investigators [3, 20911].

In the present investigation, the main objectivéoistudy the
effect of the inclined hump on the turbulence anowf
characteristics in the separated flow through wateuctures
using laser technique in sloping rectangular ofemoel. Also,
to assess the influence of hump angle, bottom slogative
height, relative depth and upstream Froude numlmerthe
stream wise and vertical turbulence intensity congmds,
stream wise and vertical mean velocity compondatbulence
shear stress, energy losses and efficiency.

2. EXPERIMENTAL SET UP AND PROCEDURE:

The experiments were conducted in a tilting gladedsflume
4m long, 10 cm wide and 30 cm deep as shown inlFithe
discharge was measured using a pre-calibrateccerifieter.
An in-line valve fitted into the main supplying gine was
used to regulate the flow rate. Depth measuremeats taken
using a needle point gauge with a reading accuodcy 0.1
mm. Uniform flow conditions were reached using aetally
designed inlet tank. The slope was adjusted usisgew jack
located at the upstream end of the flume while fa t
downstream end, the flume is allowed to rotatelyredout a
hinged pivot. The slope was directly determinechgsslope
indicator. A downstream adjustable gate was useedalate
the tail water surface elevation. The experimengsewcarried
out using five different relative heights, h/b 0100.2, 0.3, 0.4,
0.5 and 0.6. Six different hump slopes, & 0.0 0.005, 0.01,
0.015, 0.02, and 0.025. Also, six different humpgles6 of
15°, 3@, 4%, 60, 75 and 90 were used to illustrate the flows
formed in sloping hump. The slopes were selectsgdban the
flume facilities. For each combination of upstredroude
number F, hump slope, hump angle and relative height, five
different flow rates ranging from 400 L/min to 2b0min were
used. The upstream control gate was so adjustgataduce
supercritical depth,y The downstream adjustable gate was
adjusted to control the tailwater depthy. yFor each
combination of hump slope, hump angle and reldigight, the
flow rate, the depth depths upstream and downsttharhump
were measured.

3. LASER MEASURING TECHNIQUE:

The experimental data were collected using a DANT®&G
color back-scatter mode, two Burst Spectrum Anal/ZBSA]
were used to evaluate the Doppler frequenciessabdequent
computer analysis consisted of velocity bias aviegagnd
rejection. Figure.2 shows a block diagram of theo tw
component LDV set up used for the measurements.aOn
traverse bench, the measuring probe [laser beammeasuring
volume] was focused on a measuring a point fromide of
the channel glass wall through an optical lens. fitiaber of
sample taken at every point was 4000 bursts. Timges point
to a simple averaging time of about 100 seconds. ddia rate

was about 10-20 Hz. Before acquiring the datal ¥ signal
was checked for its regular Doppler burst thatespond to a
particle passing through the measuring volume. Mmkasuring
were taken at different positions along the ceirterlipstream,
within and downstream of the hump. Fig.3 showsltization
of measuring sections [x/b].

4. THEORETICAL STUDY

Figure 3 shows a definition sketch of flow througke inclined
hump in sloping rectangular channel. The varialaffecting
the flow through the inclined hump are shown onfityere and
explained at the notation section. The functioeftionship of
the energy los@AE) through the inclined hump could be
written as follows:

fl [g! YU! Vua de hv bn bd, AE! %, e] (1)
Using the dimensional analysis @bs=b), the following
dimensionless relationship is obtained:

AE Yqg b b
v ey vy
u u u u

1S, 0] 2)

It may be appear better to analyze the energytlossigh the
inclined hump as a ratio related to the upstreaergn E.

Therefore, Ewas used instead of upstream depttinythe left

hand side of equation (2), which become:

AE

e = filFu g5 .0] ©)

in which V is velocity at the point of the flow dipY, b
channel width u for just upstream the hump and st ju
downstream of the hump.
Also, from continuity equation

F* = (ba/by)? (Ya/Y.)® Fo* @

The above equation represents the relationship dstvig, Fy
and Yy/Y, as parameters.

The energy loss is computed using the followingresgion:

Y, + Q?/2 ghu?Y,* = Yd + Q*/ 2 ghd*Y,* + h+ AE  (5)
Equation (5) may be rearranged to
Y, + Y. F,%/2 =Y+ Yy F4°/2 +h+AE  (6)
Hence,
Y,(1+F,*/2) =Y, (1+F;*/2)+h+AE ()

From equations (4) and (7), equation may be rege@dias:
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F,2 =2[Yy/Y, — 1) + AE/Y, + h/Y,]/[1 —
1/(bq Ya/by Yy)?] (8)

The above equation represents the relationship destwi,
YdY,andAE/Y, as parameters.

Again, Equation (5) could be written as follows Kg=hy):

AE/E, =Y, /E,[(1 + Fu2 /2)—Yq/Yy —h/ Y, +
Fu.? /2 (Ya/Y)?] 9)
The above equation represents the relationship destwhe
efficiency

(Ed/Eu =1- AE/Eu)'AE/Eu !Yd/Yu ’ Fu
as dimensionless parameters.

Where;

E, and E, specific energies upstream and downstream the
hump respectively; fFand R Froude numbers upstream and
downstream the hump respectively, &nd Y; water depths
upstream and downstream the hump respectivelyard b
upstream and downstream widths respectively; h hheight;

0 hump angle; $Sbed slope; b hump width; and the energy
losq AE).

5. RESULTSAND DISCUSSION

The relative energy loss with regard to the enengstream of
the inclined humpE/E, is plotted as a function of hump angle
0 of 15, 3¢, 45, 6, 75 and 90 for various relative heights
h/b, at different bottom slopes. Fig.4 shows theation of the
hump angled with the relative energy lossE/E, for relative
heights h/b = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 &ewmint bed
slopes of 0.0, 0.01, 0.02 and 0.025. From thisrégit can be
observed that for a fixed,Sthe trend of variation betweén

remarkable effect on the energy loss. With increasbed
slope, the energy loss is increase.

Figure 5 depicts the variation of upstream Froudmlmer F
with relative energy losaE/E, for different relative heights of
0.1, 0.2, 0.3, 0.4, 0.6 and 0.6 for different bottelopes $of
0.0, 0.01, 0.02 and 0.025 respectively at a fixach angle
0=15°. The relationship between, Bnd AE/E, is family of
curves which are similar hyperbolas of a highereoatcording
to Equation [5]. It can be shown that, from thigufie, with the
same value of bed slope, the valueA&E, increases with the
increasing value of J Also, with the same value of,,Fthe
value of AE/E, increases with the increasing value gf Also,
with the same value of,Fthe value ofAE/E, increases with the
increasing value of h/b. Also, it is observed twatxtension of
the lower sides of the curves through the poigtQFAE/E=0)
gives hydrostatic case. The variation of bed slapeith AE/E,
for different relative heights h/b are presente8ig6 for hump
angled of 15°, 30°, 45°, and 90° respectively. From figsire,

it can observed that for a fixéd the trend of variation between
S, and AE/E, is increasing with approximately linear trend.
Also, at a particular $ AE/E, increases as the relative height
h/b increases. This figure indicates that the motstope §has
a remarkable effect on the energy loss, with ingiren the
bottom slope the energy loss is increased.

Figure 7 presents the effect of the hump angle therrelative
energy (efficiency) EE, at different relative height h/b for
bottom slope of 0.0, 0.01, 0.02 and 0.025 respelgtivit is
observed that the effect 6fon E/E, is significant. The EE,
decreases non-linearly with the increase of hungpeah Also,
the higher the h/b, the lower the efficiencylg which proves
that the increasing f h/b has decreasing effectefficiency
E4/E,. The efficiency is the least value for h/b=0.6 aad
maximum value for h/b=0.1. The rate of decreas&f, is
relatively small up to h/b=0.3. The rate of deceeds the
efficiency, Fig.7, is almost the same between éhative height

and AE/E, increases as the relative heights increases. The0.1 and 0.2, and 0.2 and 0.3, and 0.3 and 0.4edtedises to

energy loss is the least value for relative hefghtof 0.1 and a
maximum value for relative height h/b of 0.6. Tregigtion of
the energy loss increases till f hump angle ab80tThis rate f
increase decreases about this value of angle ofphurhe
energy loss is relatively small up to the relathaight h/b of
0.3. The rate of increase in energy loss, Figdalisost the
same between the relative height 0.1 and 0.2, ghdri@il 0.3, it
has the double value between 0.4 to 0.5 and alsirsblds
between 0.5 and 0.6 as compared to the increasesm
between the relative height ratio 0.1 to 0.2. Theed is almost
the same for all other relative heights. Also, las &ngle of
hump© increases up to 45° the rate of increase in theegegn
loss AE/E, is relatively high for all the relative heightsbh/
being very high for the relative height h/b of 0Mhove 6=45°,
the increase in the energy loss is much slowerqudatly for 6
greater than 45° at which the energy loss is almosstant for
all practical purpose. This figure indicates thiag slope has a

about 3 times between 0.4 and 0.5 and almost 4stheéveen
0.5 and 0.6 as compared to the decrease in effici&/E,
between the relative height 0.1 to 0.2. As the hwangle6
increases up to 50° the rate of decrease in thmesfCy E/E, is
relatively high for all the relative heights h/bgibg very high
for h/b of 0.6. Aboved=50° the decrease in the efficiency is
much slower. Fig.8 shows the variation of upstre@mude
number i with the efficiency EE, for different relative
heights h/b for Sof 0.0, 0.01, 0.02 and 0.025 respectively at a
fixed hump anglé® of 15°. From the figure the family of curves
are similar hyperbolas of a higher order accordngq.(5). At
the value of F, the values of efficiency increasing with the
decreasing value of relative height h/b. Also, witie same
value of h/b, the value of4H, increases with decreasing value
of the upstream Froude number F
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Measurements were made for various flow conditions.
However, only representative results are presehtgd. The
turbulence intensity components and steamwise attical
mean velocity components are non-dimensionalizedthsy
stream wise free stream velocity in x-directiop Whe water
depth is non-dimensionalized by the stream wise figzeam
water depth Y. Turbulence at the wall was construed to be
turbulence at a very location from the wall of tirder of 1 mm

as observed in laser Doppler. Anemometry (LDA)
experimentation, and not at the wall itself perus¢.the
boundary velocity and turbulence are zero. Fig.8wshthe
stream wise mean velocity profil&U, in the inclined hump
with angle of variatiort of 15° and 30° at different locations.
The stream wise mean velocity/U, varies considerably
according to the inclined hump anglend the flow conditions.
The flow acceleration is seen to be maximum inchse of the
30° inclined hump. Interestingly, the 15° inclinedmp not
only reduce the flow acceleration with their gradg but also
influence the various effects close to the chabeel since wall
shear stress deduced from the velocity of the fiesy point
from the surface, seems to vary with the geométhe wall
shear stress of the inclined hump first increaskesnagradient

is madeh=30° and then it decreases when the gradienttisdur
changed t®=15°. Such reduction in the wall shear stress is a
desired result and would be expected to reducereegy loss.

It can be seen that with decreasing hump inclimatithe
maximum negative (counter stream wise) velocitiesthe
recirculation zone are reduced. In the external flaver the
separation bubble, the maximum positive velocitiesreduced
as well for flatted hump. For flatter humps, theximaum mean
velocities 0 max. moves toward the middle of the channel
behind to hump edge. With increasing an§lehe velocity
profiles become more and more asymmetric and wgloci
gradient (du/dy) in the shear layer is growing. &sual flow
could be observed for hump an@e30° as shown in Fig.9 at
the locations x/h of 1 and 2, as was observed byirgjgction.

Root mean square (RMS) values of stream wise anticake
components of turbulence intensity (uand v') eafriout
nondimensional with respect to the stream wise nieee
stream velocity l Figs.10 and 11 show steamwise and vertical
turbulence profiles u’/y and v/ as a function of
dimensionless channel depth ¥/¥f the inclined hump for
0=15° and 30° for relative heights h/b of 0.3 arfsl &t different
locations which are measure of fluctuations abohe t
respective mean velocity shown in Fig. 9. The ctiods of the
flow at the inlet of the inclined hump cause urediional
distortion of the fluid elements which may be expdcto
produce nonhomogeneous and anisotropic turbuledoder
the action of dynamics process, the turbulencepmaduced to
some degree all over the field. The stream wise \@rtical
turbulence intensities u'fUand v’/ grow rapidly after the
flow separation and is spreading in all directicfusther
downstream. An increase of the inclination angtamfrl5° to
30° and relative height form 0.3 to 0.5 do increasermously

the turbulence intensities after the hump edgethi wall
region defined by Y/Y < 0.2 the turbulence intensities uy/U
and v'/U, have substantially small magnitude closer to th#é.w
With increasing distance from the boundary, théoulence
intensities u’/yY and v’/ increase in wall region tending
towards an maximum in the intermediate region (ceggon)
defined by 0.2< Y/Y, < 0.6, where is the location of the
maximum value of turbulence, reaching a lower valughe
free surface region defined by Y{¥0.6 subsequently. It has
been observed during this experimentation thafasarwaves
play an important role in the turbulence productids a
comprehensive observation, it was noted that, tfeas wise
and vertical turbulence intensities uy/ahd v’/ for 30° hump
angle flow were always greater than that for 15fpuangle
flow x/h > 30 the maximum turbulence intensely weduced
almost to the same level of the stream wise freeast
turbulence intensity.

Corresponding to the stream wise mean velocityileofig.9,
measurements of vertical mean veloadity, were conducted
for inclined hump ob=15° and 30° for relative height h/b of
0.3 at the same flow conditions and locations atclwithe
stream wise mean velocities were measured. Figdsepts the
profiles of vertical mean velocity distributionU, at various
locations. The profile ofo/U, assumes both positive and
negative values at the same section and hencestbevalue at
some intermediate locations. This nature of vaigtiviz.,
change from positive to negative magnitude and vieesa
occurred almost at all sections. The zero magnitfdeertical
velocity component/U,, occurs at more than one point at
several locations. The magnitude @, increases steadily
from the entrance section, the magnitude graduiddlgreases
reaching small value at the farthest downstreax/lof=30. At
exact entrance location, velociifJ, was negative all along the
vertical height. This observations may be attridute the
expanding velocity field and diversion of flow dtet hump
corner.

The observation of the multiplicity of null point the three
dimensional interaction between the entrance flowhe hump
almost with negative vertical velocity componentheT
influence of hump itself along with the bed impeglithe
downward component of velocity. This complex intti@n
would influence the flow pattern giving rise to riplicity null
point. In Fig.13, the stream wiggU, velocity profiles in a
channel cross section are plotted exemplarily fordéferent
hump angle® of 10°, 15°, 20°, 30°, 45° and 90° at channel
location x/b=3. The described changes in the vgtatita with
decreasing hump angtecould be seen. Smaller positive mean
velocities in the external flow and the smaller atbge
velocities in the recirculation zone reduce theatisions of the
separation bubbles for flattened hump angles. Th&imum
negative stream wise velociti,,/U,, is shown in Fig.14 for
different hump angle variatiortsof 10°, 15°, 20°, 30° an 45°.
The maximum ofin./U, is registered for all hump inclinations
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always in the middle of the separation zones. #&80° and
45° the peak of the maximum counter stream wiseciéts.
Also, it could be seen that steeper inclinationlengesult the
higher maximum negative counter stream wise vakxit
imadUo in the recirculation regime and the rotating mfass of
the total through is growing in the range betwe@hand 45°.

In Fig.15 normalized turbulent profiles as showmraplarity
for different hump angles at x/b=3. It could berséeat hump

angle variation®<20° result in much lower turbulence data

than a 90° hump flow under same conditions. Figldgicts the
variations of maximum stream wise turbulence intéts
UmadUo In cross section as a function of hump anglat

different positions of the hump. Turbulence,4¥U, rises

rapidly to reach maxima with subsequent monotor®esease
with increasing the hump angle. Generally, the maxn

turbulence intensities occur almost at the rangeuofip angles
0 of (25°-35°) at the different locations. Cleartize trend of
maximum stream wise turbulence intensitieg.¥U, variation

were quite similar in all different locations. It ayp be

concluded that, beyond specific valuedefB0°, un./U, values
were always higher in the case of cross sectiondxénd lower
for cross section x/b=1.

CONCLUSIONS

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

Form the evidence of the variation of the energyB/E, with
the range of the hump angdle It could be concluded that the
loss of energy increases rapidly up to hump aégl€45°. But
above this anglef=45° the effect of the boundary is
insignificant and with decreasing hump angl¢he energy loss
decreases. The energy loss is quite high if thativel height

h/b>0.3. Thusp=45° appears to be critical defining a border

value between the maximum loss of energy and theevap to
which energy loss increases rapidly as hump abghereases
from 0° to 45°. The results indicate that, the ngghificant in
energy loss occur with hump angle in the range tleas 45°.
Also, the energy loss increases with increasinguesl of
upstream Froude number, Frelative height h/b and bottom

slope S. Then, the hump angle, upstream Froude number and

bottom slope have major effect on the energy I&st of
equations of energy loss are presented in termtheofnitial
Froude number and relative water depth. The stne@a and
vertical turbulence intensities udland v/l along the flow
depth were lower at the bed in the wall region rdi by
Y/Y ,<0.2 and the free sufface region defined by .6 and
the minimum values of u’/Uand v/ occur at the same
location of the profiles, either close to the bedclmse to the
free surface. The maximum of uyldnd v/ being located
approximately at the same location of the profilasthe
intermediate core region defined by 0.2<¥4£9.6. The u'/y

and v'/U, increase with increasing relative height h/b. As a

comprehensive observation, it was noted that, Wk always
greater compared to the vyWhere the trend of variation

being similar. After h/b>30 the maximum turbulennog&nsity
was reduced almost to the same level of the stnem®m free
stream turbulence intensity. It can be concludeat, thump
angles <20° result in much lower turbulence, wheras
20°<9<30° lead to higher turbulence compared with=890°
flow. Also, it may concluded that, beyond specifiglue of
0=30°, turbulence intensities values are higherhia tase of
cross section x/b=4 and lower for cross sectiork/0.

NOMECLATURE:

i Stream wise mean velocity in x-direction,

U, Stream wise mean free steam, velocity
averaged over the cross section.

u Stream wise component of turbulence

intensity in x- direction (RMS),

Vertical mean velocity in y-direction,

Vertical component of turbulence intensity in

y- direction (RMS),

x Longitudinal axis along channel length,

y Transverse axis along channel height,

z Transverse axis along channel width,

Q Flow discharge,

RMS Root mean square.

S <
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