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Abstract

Understanding the flows inside plunging drop suites could enable efficient ways to
transport water between different elevations inaarldrainage systems. A physical
modelling approach is pursued throughout this thiesinvestigate the complex nature
of the flow developed inside some of these strigsturhis work is comprised of four
parts based partly on published papers or on méaptssubmitted for publication.
Two separate experimental investigations focushenpterformance of stacked drop
manholes. A flow regime classification is proposeded on hydraulic characteristics.
The effectiveness of these structures in dissigatie surplus inflow energy and its
suitability to perform adequately under diversewfleonditions is assessed. An
analysis based on the integral momentum equatipresented to estimate pool depths
and energy losses under critical flow conditionsthikd part of the thesis is focused
on estimating the energy dissipation achieved lmpk jet diffusion inside a confined
chamber emulating the pool formed at the base wbws drop structures. A vertical
jet issuing into a rectangular chamber is set uhdervalues of confinement and three
locations of entry. Velocity measurements to assiessaxial centerline jet velocity
development as well as turbulent characteristias tfe axial center line of an
eccentric jet are presented. The results are cadgarclassical jet behaviour and jets
under other confined conditions showed that a oewfisetting can be largely
dissipative. A fourth portion of the thesis is @metd on a tall plunging dropshaft.
Flow observations on the jet out of a horizontéttipipe and falling down the shaft
are described. Velocities at different cross sestialong the shaft and outflow are
computed from high speed imagery. Local water flates are recorded to help
understand the physics of the flow inside the dnafis Finally, energy losses and air

flow rates are compared with the ones reportedroites plunging structures.
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CHAPTER 1: INTRODUCTION

1.1 DROP STRUCTURES IN URBAN DRAINAGE SYSTEMS

Waste water and storm water drainage systems adominantly designed to let
water flow by gravity action to a downstream wdiedy or treatment facility. Sewers
at different elevations should be provided with cadee structures to resolve the
elevation difference between them. The main purpafséhe drop structure is to
minimize the effects of the falling flow by disstpay energy from the falling flow

and reducing the amount of air entrained into thecture (Williamson 2001).

Two basic categories of vertical drop structures ha distinguished according to
their height and inlet characteristics: a) vortegpshafts and b) plunging type drop
structures: dropshafts and drop manholes (Fig. Yditex dropshatfts let the flow to
spiral down the vertical shaft essentially clingialgng the shaft walls and the air
moves as a central air core (Hager 1999). Plundmg structures simply direct the
flow into the vertical shaft and no provisions tbe air flow are in place within the
shatft.
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Figure 1.1 Typical urban drainage drop structures:a) vortex dropshaft of helical inlet; b)
plunging dropshaft of elbow entrance; and, ¢) sandétry drop manhole (adapted from Williamson,

2001)



1.2 THESIS OUTLINE

In this thesis, the hydraulics of certain plungdrgp structures implemented in sewer
and stormwater systems are investigatedChapter 2 of this thesis, a novel design
of drop manhole consisting of two identical rectalag chamber manholes at an
elevation difference is introduced. The purpos¢hef stacked drop manhole (SDM)
was to extend the limit of drop height referredb® around 1.00 m by most sewer
City guidelines in North America (e.g. City of Calg 2000). The study focused on
the hydraulic performance of the stacked structtiaur distinctive regimes were
classified on the basis of the pool depths in thenmbers and the manhole geometry.
The energy losses were associated to the inflovditons, geometry of the design

and outlet controls.

The SDM design was further investigated @mapter 3. A symmetric SDM is
proposed to extend results on the offset desiga toore compact and simplified
arrangement that could help to standardize its ais@g critical flow condition
associated with pool depths is recognized and ar¢kieal treatment based on the
integral momentum equation is pursued. In additianfully surcharged state is
recreated by imposing a downstream pressure. Bdtaiklocity profiles at the
horizontal center plane of the opening are measureder surcharged flow and
energy loss coefficients are obtained. Finallykhkail flows are measured in a large
height SDM (drop heightt = 8D, whereD is the inlet pipe diameter) and compared

with drop structures of comparable drop height.

In Chapter 4, a key process of energy dissipation achievedinvithost plunging

drop structures is reviewed in detail. Energy logget diffusion occurring inside the
pool formed at the base of drop manholes and dedfssban be very effective. An
investigation of a confined circular jet issuingti@lly into a pool was examined.
An inspection of the effect of the enclosure sinel ghe location of entry of the
inflow jet as well as the velocity decay in the teline of the jet was done. A method
was developed based on jet theory to assess tlezitapo dissipate energy of a

confined jet enclosed within a chamber of only fiameters in length.
3



In Chapter 5, an experimental study of the flow inside a maglehging dropshaft
with drop height about 20 times its shaft diameétemtroduced. The model could
stand for a typical prototype dropshaft in the @fyEdmonton with a shaft diameter
of 1.20 m at a scale ratio of about three on adissusimilitude. Observations on the
impinging jet from the inlet pipe on the shaft waktre made. Relative energy losses
achieved by the structure as well as relativelaw fates were obtained for the whole

range of discharges available for the se@ipapter 6 summarizes our main results.

References
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CHAPTER 2: USE OF A STACKED DROP MANHOLE:
A CASE STUDY IN EDMONTON"

2.1 INTRODUCTION

Outfalls discharging into rivers should ensure thair erosive capacity is not
detrimental to the river or creek system. Windeen&ubdivision is a recently
constructed urban development within the City ofmedton, Alberta, located on the
bank of the North Saskatchewan River with an elemadf about 50 m above the
river valley. To convey stormwater safely into terth Saskatchewan River without
excessive flow velocity is crucial. Two possiblgpegaches were examined to convey
and dispose urban storm waters to the river: leepdunnelling system with a
number of street sewers connected to it; and, 8halow sewer system with a

number of small drops.

The first approach requires dropshafts of a laggght drop (of about 50 m). Much of
the research to explore efficient ways to carryewdlows from one elevation to

another has centered on drop structures of largeghh (see review Williamson

2001). Plunging type dropshafts of rectangular andular shapes have been
investigated (Rajaratnam et al. 1997; Chanson 206dnson 2007) as well as vortex
type dropshafts (Hager 1990; Guo and Song 199khéisand Hager 1995; Zhao et
al. 2006). A second approach is to provide a sarfawel system having sloping

sewers connected in intervals by drop manholess Tdption is much more

“The content of this chapter has been publishedarCanadian Journal of Civil Engineering, CJCE. DamG.
A., Zhu, D. Z., Rajaratnam, N. and Manas, S. (2009%e of a stacked drop manhole for energy disisipaA
case study in EdmontonCan. J. Civ. Eng.36: 1037-1050. Thomas C. Keefer medal for the paper in the
Canadian Journal of Civil Engineering



economical basically due to the reduced excavatmsts, simplified construction
technigues and easier maintenance than the fipgbaph, as it is close to the ground
level. In Windermere Subdivision, it is estimatédttthe surface level system has a
cost of about $250,000 in comparison to the $lionilfor a deeper system. With this

significant economical benefit, it was importanstady this second approach.

Very few guidelines for designing small height dstpuctures are currently available.
In North America, most cities simply restrict theod to less than 1m (City of

Calgary 2000). Restriction of the height reducetepinally harmful effects on the

structure such as erosion, abrasion, vibration, eessive air entrainment (Hager
1999). The design guideline of the City of Edmontequires a drop manhole to be
used for elevation differences higher than 1.00 etwben incoming and outgoing
pipe. This drop manhole should be equipped witlvants and be designed following
requirements outlined in the design guidelineseA# discussion with the City, a
drop manhole of 1.40 m would be allowed and treagdtandard as long as the
design scheme ensures an efficient performanceit icenveys urban waters safely

into the outlet maximizing the dissipation of theeess energy of the inflow.

To further extend the limit of the drop height,@val design scheme was proposed by
Stantec Consulting by stacking two identical drognhmoles at different elevations.
The purpose of the design was to dissipate exeegsametic and potential energy and
meet the general requirements of municipal draireggencies. The scheme consisted
of two rectangular chambers of same geometry, aildngth of 3.00 m and a width
of 2.40 m, and a total drop height of 2.80 m. Tharsbers were left uncovered with
full provision of air. The proposed design was relyeconstructed (Fig. 2.1) after the

confirmation of the design by this study.



Figure 2.1 Constructed stacked drop manhole in Windrmere, Edmonton. A total of 5 such
manholes were used to resolve an elevation drop B m.

There are no previous records related to stackedhates. In general, very few
studies have focused on small-height drop strustuie municipal systems.
Christodoulou (1991) explored initially the study energy dissipation in drop
manholes concentrating on supercritical flows #ows. All the processes of energy
dissipation inside these structures were lumpea antoefficient of local head-loss,

K, as is frequently used in standard manholes (Bedesnd Mark 1990). The loss
coefficient, K, was essentially found to depend on the parai,/gh/V,whereh is

the drop height an¥l; is the incoming average velocity. The head losfment K
was also found to be linked to manhole size, antlsldape under surcharged flow
conditions in a straight-through pipe (Kusuda anmdoA1996). Later Calomino et al.
(1999) supplemented this with empirical relatiopshior K as a function of the
approach flow Froude number, shaft diameter, @lliratio (i.e. flow depth/pipe

diameter) and drop height.

More recently, de Marinis et al. (2007) presentegegimental results of an ongoing

7



study on drop manholes. The relative energy loseesexperiments for one drop
height (2.00 m) and various approach flow condgjowere correlated with the
dimensionless parameter related to the approaehFlmude number and the inflow
filling ratio. The losses showed certain correspm with the regimes classified by
the jet impact location. These previous investaaihave given some light on the
global losses but there are still several issueh sas flow development, regime

transitions, flow patterns and most favourable dreghts that are not well known.

In the present study, flow within a stacked dropnhwe model was carefully
observed for several inflow rates (subcritical asugercritical) over a wide range of
prototype flows. The study focused on the hydrab&baviour of the flow inside the
stacked structure along with an assessment ofrtaegy dissipation, distinctive flow
regimes and water levels in the chambers. By ekmothe performance of the
stacked manhole, this study intends to further woderstanding on flows inside

standard drop manholes and propose an economitahdpr hydraulic designers.

2.2 EXPERIMENTAL DESIGN

A model of the prototype design was built in themih Hydraulics Laboratory of the
University of Alberta. The prototype has an inlge(DR41 PVC) of 750 mm in
diameter with a slop8= 5.5 % and a design dischaafel.80 ni/s. Two reinforced
concrete chambers house 1.40 m drop height eaeéhoféning between the first and
the second chambers consisted of a sharp-edgeshgetar opening of 1.00 m width
and 1.00 m height. To prevent short circuiting, ltteation of the opening was offset
to the alignment of the inlet-outlet pipes. Theleupipe had the same diameter as

that of the inlet pipe and its invert was levelwiihe bottom of the second chamber.

The physical model was designed based on Froudmailitsde. Adapted to the
available acrylic commercial pipes, the model reslin a scale of 1:3.95 and the
manhole chambers were constructed using Plexigtasvisual observation. All

dimensions of the physical model are detailed g Bi2. Note that the outlet pipe



was set horizontal and behaved as a short pipéotdmnilow in the inlet in prototype
was produced using a jet-box and a set of platethe inlet pipe of the model

(Gargano and Hager 2002). Dye plumes and tuft graye mesh were used for
observation of flow patterns for certain regimes.

Chamber 1

Jetbox < 1.5B+1.5Df

- D:(:).19 Q—>§ Chamber 2

-0.30- oTsss e
———200—0

- o6 4| 41',5Dr

o
~N
o

0.07 «Ofs D Qs —
\
~——0.61— |
b)
-~ 061~ 0.6
Piezometric | !
measurements 4o Chamber 1 3 0.26 2.00
| T 10.77 | |
- - Qs - Q »%%
- 1 P Chamber 2 |
0.14
0.30- =

Figure 2.2 Laboratory model of a stacked drop manhie: a) sectional view; and, b) plan view. All

the dimensions are given in meters.

An online magnetic flow meter was used to meashe=discharge. A number of
piezometers were placed in both pipes aDldistance between each other, where
is the pipe diameter. Straight and inverted poatgges were implemented to measure

free falling nappes, water surface profiles in chara and flow over the rectangular

9



opening between chambers. Averaged velocities enfldw passing through the
opening were attempted using a Schiltknecht mi@@idigital anemometer of
propeller for periods of 120 sec. In addition, PithRitot-tubes of 3 mm and 1.5 mm

diameter were adopted to measure the velocityarfahing nappes.

Point gauge measurements of the upper and lowgresagf the inflow jet had errors
less than 0.5 mm. Similarly, errors on piezometiepths were estimated to be less
than 0.5 mm in the conduits. Water depths in casdiad estimated errors of the
order of 2 mm in the inlet and about 5 to 10 mntha more aerated flow in the
outlet. The water surface elevations inside thentieas could be highly fluctuating
with standard deviations of about 5 mm for smaiimlrates up to about 50 mm for
large flow rates. Velocity measurements in the @lyacontracted flow over the
opening between chambers could have errors of rither @f 0.1 m/s, measured with
the anemometer. More streamlined flows in therfglliet were measured with the

Prandtl tube with reading errors less than 1mm.

Prototype conditions were tested in a first seexgperiments by varying the inflow
rates (A series). A second set of experiments (Bsewas designed to assess the
sensitivity to the approaching Froude number. A ewithnge of flows were
reproduced in series B at filling ratios of 54, 88, 38, 28 and 2%. The inflow was
subcritical in some cases and supercritical in ro#geriments. In the C series,
experiments were run at full pipe flow conditiorr fawhich no plates were used.
Series A, B and C had a constant section in thamgalar opening, that was opening
width b, = 0.26 m and height,= 0.26 m.

Experiments in series D and E were designed tostigage the contribution of each
chamber to the overall performance of the manhble series D was run with a
reduced opening widtlbetween the chambers. This reduced width produced a
comparable depth of water in both chambers. Theesdét was run with reduced
opening height and had an additional change irdtbp heights; i.e. the drop in the
first chamberh; = 0.22 m and the drop in the second chanfber 0.48 m. Primary

10



details of the experiments are given in Table 2.1.

Table 2.1. Experimental conditions

Rectangular
£ hy ha opening
(m)  (m)

Series Comments

(hw x bw)

A 3.0-41 035 0.35 0.26x0.26 Prototype flow condition with

incoming pipe slope S = 5.5%

B 06-74 0.35 0.35 0.26x0.26 Testing the effeaf incoming
Froude number by setting/p =54,
46, 40, 32, 22 & 14% and variable

inflow rate.

EZ3

C - 0.35 0.35 0.26x0.26 Incoming pipe running full

D 0.7-5.7 0.35 0.35 0.26x0.13 Testing comparablater depths
chambers and using filling ratios of
yo/D =14 & 32 %

E 0.8-5.7 0.22 048 0.13x0.26 Testing variaiio drop height and
using a filling ratio of yD = 32 %

" Froude number in the inflow was calculatec F :V1/ (gyh) , whereV; is the approaching

velocity andy;, is the hydraulic depth A/T; T being the top width and, the wetted cross-sectional
area of inlet pipe.

™ Full pipe flow condition

11



2.2.1 Flow patterns and regimes

The flow behaviour inside the structure is rath@mplicated. It was obvious that the
flow in the first chamber was primarily dominateg the inflow conditions, while in

the second chamber, carrying less incoming momenivam basically controlled by
the downstream conditions. Except for very smatharges, the inflow entering the
chambers undergoes considerable deflection affgingement. The jet, impacting on
the chamber’s bottom, forms two vertically-orientactulating zones at both sides of
the jet, and rotating in opposite directions (FAg). The jet impacting on the front
wall gets equally deflected, creating a componédrthe jet rising up (observe first

chamber in Figs. 2.3c and 2.5c¢) which falls forméngater curtain along the wall.

Either free falling, surface jet, or submergeddgetild be developed in the chambers
as a function of tailwater depth and incoming ctinds. Regime Iwas distinguished
by a purely free falling condition in both jets.Happened at low discharges (Fig.

2.3a), i.e. when the dimensionless disch&yavas lower than about 0.61, whepé

is defined a:Q/\/ﬁ, whereg is the acceleration due to gravity. kgt higher than
0.32, the outgoing pipe entrance became submeRggime Il was recognized by a
surface jet developed in the second chamber (ezfetw asSurface Jet 2in this
paper).Surface jet 2 occurred forQ* between 0.61 and 1.00 while three different
conditions were found in the first chamber: (1) rae surface flow running through
the rectangular opening f@* < 0.77; (2) A submerged condition in the opening fo
Q* > 0.77 from upstream; and, (3) Submergence at pe@ing, and a surface jet in
the inlet flow forQ* > 0.96. This last case is depicted in Fig. 2RBbgime Il was
defined by submergence of the opening from the dtneam flow. It starts whe@*
was higher than about 1.00 as illustrated in Figc.2This stage generated either an
inflow surface jet forQ* < 1.30 or a submerged jet otherwise. Finally, fully
submerged flow aRegime IV was characterized in both chambers@drlarger than

1.30 (Fig. 2.3d). An outline of the types of flol@ssummarized in Table 2.2.

12
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Chamber 1
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Figure 2.3 Definition sketches and flow regimegha manhole: a) Free overfall; b)

Surface jet 2; ¢) Submerged sharp-edged openirggltd) submerged

The averaged water depths in the first and secbadber,y; andy,, respectively,
are correlated witlQ* in Fig. 2.4. Each water depth was divided by arattaristic
length scale, i.ey; by hy, height of the rectangular opening for the filsaimber and
y> by D, the exit pipe diameter for the second one. Thiangement was found
convenient for design purposes of the present gegmet, a more general approach
will be presented in following paragraphs. The elations in Fig. 2.4 suggest that the
normalized water depth in chambers for all approwrkroude numbers tested (0.5 <

F < 7) is not particularly dependent on the inconflo conditions.
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Table 2.2. Typical jet flows in chambers

1% chamber 2" chamber Other relevant features
0<Q* < Free Free Submerged
0.96 falling 0<Q*<0.61 falling Q*>0.32 entrance of
' jetl jet2 outgoing pipe
Submerged rect.
0.96<Q* <  Surface . Surface . :
1.30 et 1 0.61<Q* <1.00 et 2 Q*>0.77 open:jr;g from
Submerged rect.
Submer- Submer- opening from
Q*>130  jedjetr Q7100 gedjer2 Q1096 s duly
submerged)
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Figure 2.4 Flow regimes and onset conditions
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2.2.2 Energy dissipation

Essentially, the mechanisms of energy loss in theked drop manholes can be four-
fold: 1) impact on the bottom of the chamber; 2patt on the front wall; 3) jet
plunging into the pool; and 4) circulation in chard The impingement location is
dependent on the inflow characteristics and gegnudtthe chambers. The process of
impact can be explored considering the nappe ctaistics of the falling jets. The
nappe profiles of rectangular and circular sectibebave differently. The vertical
nappe thickness from a circular conduit expandssirinearly starting from the end
depthy.. Conversely, the nappe thickness decreases §lighth jet coming from a
rectangular conduit (Clausnitzer and Hager 1997).

Overall energy dissipationThe total energy loss in a stacked drop manhole Ineay

written as:
[2.1] AH =H,-H,

2
whereH =z+ y+a\2/— is the total head, with being the invert elevation above the
g

datum,y the water depth, ard the mean velocityu is the kinetic energy coefficient
and was assumed to be 1 for the inflow and outlff®etions. Subscript O indicates
the incoming section, and subscript 3 the exit @peut5D downstream, see Fig.
2.3a. ThusHp andHs; are the total head before and after the stackechabanThe

datum is fixed at the level of the invert elevatiohthe outlet pipe. The relative

energy los: is defined as:
[2.2] n=0H/H,

Free overfall (Q* < 0.61). Regime | presented the highest energsipdison, i.e.
between 93 % and 78 %. The dissipation appearg ttabsed by the impact of the
falling jet. The impingement can either be on tle&dm of the chamber or the front

wall of the first chamber depending on the incomijgg momentum. The
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impingement on the front wall occurred when thdowf Froude number was greater
than 3, andQ* > 0.60 (Fig. 2.5a and b). In the second chamberfdlling jet never

hit the front wall. It plunged into the pool andestually reached the bottom. In the
first chamber, a circular hydraulic jump, whichashighly dissipative process, was
observed at very low dischargd$e flow through the rectangular opening presented
approximately critical flow (less than 17 % difface in depth) when flowing

partially full.

Surface jet 2(0.61 <Q* < 1.00). As the tailwater depth increased, thepraghanged
in direction and the flow was lifted from the battdbecoming a surface jet. In regime
Il, the air pocket under the falling jet disappehrkie to large water depths in the
second chamber. In this regime, the rectangulamiogesection presented free
surface flow or submerged flow from the upstreade sFor the highest discharges of
the range, 0.979* < 1.00, surface jet was also observed in the fldet. There was
considerable air entrainment in the impingementezoh the first chamber. The
resulting energy dissipation varied between 61 % a8 %, being lower for the

higher discharges.

Fully submerged jet (Q* > 1.30). The water level in the chambers immers$ed t
incoming jets inside the chambers. This type oivfleas not tested in our setup and it
is only included here for completeness. Extrapotpfprevious results, the energy

dissipation is expected to be less than about 45 %.

Opening submerged from downstream sid€1.00 <Q* < 1.30). In regime lll, the
flow in the rectangular opening is submerged frbm downstream side (chamber 2).
The nature of this flow is depicted in Fig. 2.5o0r R* > 1.2, the formation of a long
vortex rope, consisting of air bubbles, was obsgfedowing a transition from free
falling to submerged jet (Fig. 2.6). This bubbletea rope broke after it entered the
exit pipe. Similar observations were reported iteda or side channels when
increased tailwater created submergence (Hager)198% energy dissipation

achieved in this regime varied between 48 % an&6Z his is the highest range of

16



discharges achieved in this setup.

0g0

o
=
=}

¥ (m)

0.35

Figure 2.5 Water surface profiles of the flow in rgime | at a) Q* = 0.2,F=0.8. b)Q* = 0.44,
F=2.3; and regime Ill at c)Q* = 1.07,F=3
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Figure 2.6 Rope like vortex forQ* >1.2 in chamber two

Energy loss per chamberTwo chambers contribute differently to the oveeadergy
dissipation. The first chamber dissipates most e €nergy, while the second
chamber appears to stabilize and absorb high tembwlariations. Both chambers,
integrated in one structure, seem to have an adgaous compound behaviour. The
individual contribution of each chamber to the lko&mergy loss required the
assessment of the total energy of the approachomg the flow passing through the

opening between chambers and the outgoing flow.

Due to the location of the opening (offset to thiet-outlet axial direction), the flow
over the opening was contracted laterally and defttasymmetrically as observed in
the view facing upstream of Fig. 2.7. Under freertal regime (Q*<0.6), the flow
entering the second chamber behaves as a semnedriélling jet. The velocity head
of the flow passing through the opening section magomputed by dividing the wet
cross sectional area into slices of constant wititle variation of velocity in each
slice was small; hence, each slice was assumedite the same flow velocity

throughout. The energy head of the flow across dpening may be written as

H, =h, + 0%y, eraget ZViSXAA/(ZQZ\/i XAA); whereAA is the elementary area of
each slide. Note that’ is a pressure coefficient accounting for the fdwt tthe
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pressure distribution at the end section is notrdstdtic. If the pressure distribution
is considered hydrostaticy should be 1. The actual pressure distribution leesb
modified theoretically for different channel seao (Dey 2002) and studied
experimentally in rectangular channels (Rajaratiaach Muralidhar 1968). Delleur et
al. (1956) establishedr from 0.6 to 0.3 for flow ranging from subcriticab t
supercritical for a rectangular channel. A valuenbfequal to 0.5 was considered a

good approximation at the end section of the regtkam opening.

Figure 2.7 Deflection of flow over the rectangulaopening at Q*=0.1

The averaged energy head showed less than 10 &etiffe from a single-water-
depth energy calculation. Hence, the total headhat rectangular opening was

computed aH, =h, +a'xy, L1 Q
29\ Ce (v, *hy,)

the sharp-edged opening, is the drop height of the second chambgy.is the total

2
j , Whereb,, represents the width of

energy head computed from a single depth measuteypeat the center of the

opening.

For Q*>0.61 (beyond regime I), the energy of the flow asrdhe opening was

19



2
computed bHW=y2+i _Q , Where the water surface heigit at
2g CC(yWXbW)

section right after the opening replaces the pietdmlevel for the emerging jet into

the second chambet, is the contraction coefficient for the flow acrdbe opening
section.

When the sharp-edged rectangular opening gets sgboheit behaves as an orifice
control. Based on the measurements of transverser waofiles, the contraction

coefficient C.=A/A was found to vary between 0.74 and 0.94 in the iogen

between chambers, whefg is the contracted area aAds the cross sectional flow
area covered by the water depth (measured clotdexal wall) times the opening
width (Fig. 2.8). An average value of 0.8 was cdastd representative f@; at that

opening. In any outlet, it is advantageous to avhi&l formation of an orifice flow
which would reduce the discharge capacity. It isvemient to provide a smooth
entrance curve in both outlets (rectangular opeaimg outlet pipe) to maintain their

carrying capacity.
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Figure 2.7 Water surface profiles of the flow passig through the rectangular opening facing
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upstream

On average, the energy lost by jet impact and waiteulation inside the first

chamber corresponds to about 50 % of the approgatmergy for series A to C.

Accordingly, the losses achieved in the second tesinwvere of 26 % of the total

averaged head loss of 76 % attained by all thegss®s inside the structure for series

Ato C (Fig. 2.9).
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Figure 2.8 Energy head losses per chamber

The Froude number of the inflow does not appedratee a significant effect on the

energy loss in our study in contrast to that irgkrdrops. However, it is observable

that for a given Froude number, with increasingliigge there is a decrease in the

energy losses (Fig. 2.9). Analogous relationshipseweported previously in single

drops for subcritical and supercritical flows (Charand Beirami 2002). Similarly,

for a given discharge, an increase in the Froudaebeun showed a decrease in the

relative energy losses in single drops, which diffeom our results.
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Neither the change in the drop height of the chamber the variation in the cross
sectional area of the opening revealed any sigumifieffect on the global head loss of
the structure. As shown in Fig. 2.10, the contidoutof the second chamber to the
total head became important when its drop heiglcteesed; i.e. in series of
experiments E. Its head loss became not only hitjfaer the one of the first chamber
but also of the same order of that of the firstncbhar when both chambers had the

same drop height.
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X Chamber 1. Series E
A Chamber 2. Series E
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Figure 2.9 Comparison of energy head losses per chamber forrges of experiments E

A closer assessment of the energy head componetits inflow and outflow shows
that when the incoming Froude numibeis less than about 3, the total inflow head is
basically the piezometric head considering the mda#i the invert elevation of the
outlet pipe. The piezometric head is then approteigeconstant at the level of the
drop height. As the approaching momentum increabesincoming kinetic energy
becomes important. For instance, for Froude numgexater than five, the velocity

head is as high as the piezometric head.
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It is noteworthy to mention that the approachingmmatum was not significantly
carried down into the outlet pipe. For the expentaen E series with increased drop
height in the second chamber, it appears that famlgertain discharges)¢ = 0.44
and 0.48) the momentum imparted by the fallingyjas by some means carried down
to the outlet pipe which increased its dischargecay; even so, its final effect in the

energy loss was negligible.
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1 [o]
10.0 1 O Current study. Chamber 1 {
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——Christodoulou, 1990. Equation
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Figure 2.10Energy loss coefficient as a function of the dropgrameter

Comparison with typical manholesThe loss coefficienK in a drop manhole was
previously correlated with the so called drop pastn @/Vl (Christodoulou

1991). Interestingly enough, this parameter shoigh kborrelation with the energy
losses in the stacked drop manhole (Fig. 2.11). "M impact processes are

important, i.e. at large drop heights or high Feudimbers; one can argue that the
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impact pressure is basically a function of theigattvelocity attained by the falling
jet. Therefore, drop manholes of equivalent toteight are expected to have
comparable energy losses if the inflows are alseivatent. The loss in the first
chamber is more closely correlated to the drop rpater than that in the second
chamber. Due to the uncertainty in velocity measam@s at the rectangular opening,
the drop parameter for the second chamber was dechpronsidering the mean

velocity in the inlet pipe.

2.3 WATER DEPTH IN CHAMBERS

From a design standpoint, it is essential to guaiei the water depths in chambers to
set their height related to a given discharge apd piameter. A typical Bernoulli
equation can be applied along the streamline showny. 2.12 between points 1 and
2 in a submerged outlet of a drop manhole. Poistl@cated just upstream and Point
2 is located immediately downstream of the exit.

Chamber 2 @

Figure 2.11 Sketch of the flow in chamber two

One can estimate the exit velocity iV, =,/29(z, —z,), wherez andz are the

elevations of the corresponding points. Basic agsioms of this derivation include:
24



1) pressures at 1 and 2 are the same and equahdsheric, which is not really true

for point 2; and 2) the approach velocity at pding negligible. Further, if the depth
in the chambey can be approximated ta ¢ z), we haveQ =C, x A,/2gy, where

Cp is the discharge coefficient ardis the area of the outle€y should account for
inaccuracies from applying the Bernoulli equatiosimplifying assumptions,
contraction of the flow by the sharp-edged outiesidual pressure in 2 and internal

friction.
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Figure 2.12 Non-dimensional water depths in chamber

Considering the theoretical veloci/20Y, a possible non-dimensional relationship
can be established Q" = Q/Jng . Q" should be then proportional /y/D,,
where D, = ,/4A/r andA is the area of outlet section; i.e. in a stackeahimole, area
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of the opening between chambers and area of thepiga. Fig. 2.13 illustrates the
water depth in chambers associated with differeoingetries in the outlet. The water
depth inside manholes can be easily predicted ertignt on the shaft geometry if
the outlet is not highly perturbed by the inletwlolnside typical drop manholes

having 98 (angle between inlet and outlet axial directiotis} dimensionless water
depth ,/y/D, presented a close correlation wifi (Fig. 2.14, the continuous line

represents the best-fit line to measurements). &sely, the water depth in shafts
was reported to be correlated to inflow conditiomside manholes with 180angle

between inlet-outlet directions (de Marinis et24l07).

ol ® vy for 900—angle inlet-outlet pipes (Christodoulou,1990) B
y in stacked drop manhole
+ 'y in stacked drop manhole measurements
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Figure 2.13 Comparison of depths of water in chamlre

For small discharges, the water flowing through ¢liet is not submerged. In the

rectangular opening, the discharge is thereforeeteg to be a function ¢f? as in a
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typical weir equationQ:CDg\/z_gbwym. In Fig. 2.14, two weir equation€f =

0.50 and 0.40) are plotted in a dimensionless fanchare compared to measurements
at freefall condition in the opening. The seriesdata are clearly converging into
straight lines in this arrangement, and they falloitwo distinct lines due to
individual discharge coefficients associated wilchegeometry. Sincgp is in fact a

function of the discharge, for largg, few points do not fall in the consta@g weir

equation.
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Figure 2.14Non dimensional water depths in chambers in free faregime

A more general classification of regimes can nowpbgposed for drop manholes

regardless of its shaft (chamber) geometry; in Wwhiee water deptly in chambeiis

compared to the drop height 1) Free overfall, that is wher y < h, will occur for

Q<C,A|/2gh; whereA is the outlet cross sectional area;S2face jet, occurring
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when h<y<h+D; where D = diameter of inlet section, is observed when
C,AJ/2gh<Q<C,A/2g(h+D); and, 3) Submerged jet occurring when
y >h+ D, takes place correspondingly Q >C,A,/2g(h+D).

2.4 SUMMARY AND CONCLUSIONS

A shallow storm sewer system using stacked manhses selected to resolve an
elevation drop of 50 m in Windermere SubdivisiorEgimonton, with a cost of about
a quarter of a deeper storm sewer system. In gste®, a novel design of drop
manholes was applied to connect the sloping sewets dissipate energy. This
distinct design was built by stacking two identichbmbers with an elevation drop
between them. A detailed experimental investigatd@monstrated that such a
structure can achieve an energy dissipation of @606 to 90 % for the range of
flow rates tested.

Given the uniqueness of the design, four distirctegimes classified were related to
the water depths in chambers and the particulamgay of the manhole. While the
first regime (free overfall flow in both chamberaghieved an average energy
dissipation of 86 %; the second regime (surfacenjehamber 2) diminished to about
70 %. The third (submerged opening from downstreaany fourth (fully
submergence) regimes dropped to an average of @045 % of total energy
dissipation, respectively.

Evidently, the energy dissipation was associatet thie inflow conditions, geometry

of the design and outlet controls. However, smiadlnges in the rectangular opening
and drop heights in the chambers did not exhibyt fignificant effect on the global

energy dissipation; a larger drop height in theosdcchamber apparently increased
the energy dissipation achieved by that chamberth®mther hand, it was interesting
to observe that at a constant Froude number thelbwnergy loss decreases with
increasing discharge. Conversely, for a given disgh, an increase in Froude

number showed an increase in the relative energgek In addition, a comparison
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with typical drop manholes was done to assessfflogeacy of energy dissipation in
the stacked drop manhole.

The water depths inside the chambers of the steigtere basically governed by the
outlet controls and not directly dependent on thigr@eaching flow conditions. A non-
dimensional relationship was then established fedipting water depths based on
the downstream control. Furthermore, a more gen#oal classification was
proposed based on the water depth and the dropthegide a typical manhole for

which the downstream controls are dominant.

This investigation has revealed a robust economilesign option for hydraulic
designers. The special configuration has proverywate performance in terms of
energy dissipation and water depths in chambergdtential applicability in outfalls
was evident; hence, it is quiet appropriate tohkewtinvestigate its attributes for
standard usage.
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CHAPTER 3: HYDRAULICS OF SYMMETRIC
STACKED DROP MANHOLES"

3.1 INTRODUCTION

Drop manholes are commonly used in urban draingsfem®s in order to reduce the
slope of sewer pipes by allowing a drop at pipeciioms (i.e. manholes). Most

municipality guidelines in North America restridtet height of drop manholes to

about 1m (e.g. City of Calgary 2000). There is heotetical or experimental basis
supporting this limit except for the concern of essive aeration and erosion in the
drainage system. An effort to extend the drop heajhstandard drop manholes is
pursued by investigating an alternative designihefestacked drop manhole (SDM)

is constructed by stacking two identical drop mdekat an elevation difference

(Fig. 3.1) (Camino et al. 2009). Such structurel§ allow the designers to extend the
applicable range of the drop height.

Despite the extensive use of drop manholes in urbeminage systems, our
understanding of their hydraulics is relatively iied. Local energy losses in drop
manholes were studied firstly by Gayer (1984). Tbeses were correlated to a
parameter that incorporates the inflow velocity aheé drop height. Similarly,
Christodoulou (1991) related the local losses aodl plepths to a dimensionless
number, so called drop Froude numbBgr which was essentially the same as the one
proposed by Gayer. More recently, a detailed ingagbn was conducted on
supercritical flows in circular drop manholes (Gatmet al. 2010). Granata et al.

(2010) were able to classify flow regimes basedtten parabolic trajectory of the

“The content of this chapter has been publishelderdournal of Irrigation and Drainage Engineeri§CEas
Camino, G.A., Zhu, D.Z. and Rajaratnam, N. (201#lydraulics of stacked drop manhole§."Irrig. Drain.
Eng, ASCE, 137(8): 537-552.
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falling jet and the geometry of the shaft. Theyamid empirical relations for local
energy losses related t, as well as pool depths in terms of drop heighgftsh
diameter and flow rate. So far, however theoreticahtment of flows inside drop

manholes supporting the empirical relations remtorize found.

Camino et al. (2009) conducted a model study orpecial offset SDM for its
construction in Edmonton, Canada. A sequence afksth drop manholes was
proposed instead of a large dropshaft of drop upOim. It was estimated that the
SDM option was able to cut down the total cost I 70% from the large
dropshaft option of about $1 million (Canadian dd). Offset and symmetric SDM
refer to the alignment of the inflow-outflow diremt with the centerline of the
opening section connecting the two chambers (Fidj). 3A symmetric SDM is
proposed herein to extend previous results onftisetalesign to a more compact and
simplified arrangement that could help to standardis usage.

The US Army Corps of Engineers (USACE 1997) aditsst drop structures for
vertical conveyance should dissipate the energgcesied with the elevation drop,
remove the air entrainment associated with thentaljet and impinging flow, and
minimize head losses when the tunnels are surctiafgerthermore, pool depths
inside the chamber shafts should be assessed o averflows in urban drainage
systems. This experimental investigation systeradyicexamines the effect of: 1)
inflow conditions; 2) pipe elevation differencesida 3) passage between chambers,
on the energy head of the outgoing flow and pogpthiein chambers to secure proper
hydraulic performance. Flow regimes in the offsBtMBstudy were related to the
water levels in chambers; i.e. based on downstre@mditions (Camino et al. 2009).
Flow regimes in a symmetric SDM combine the effeicboth inflow and outflow
controls. A critical flow condition associated wiplool depths was recognized and a
theoretical treatment based on the integral monmen&guation is pursued. In
addition, a fully surcharged state is recreatednyosing a downstream pressure.
Detailed velocity profiles at the horizontal cenpdéine of the opening are measured

under surcharged flow and energy loss coefficiemes obtained. Finally, bulk air
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flows are measured in a large height SDM (drop Hiteig= 8D, whereD is the inlet
pipe diameter) and compared with drop structurescarparable drop height.
Overall, this study aims to assess the performaiceDMs and at the same time

further our understanding on flows inside drop nwes

3.2 EXPERIMENTAL PROGRAM

Experiments to test major design parameters ofl2M %ere focused on a model of
a symmetrical SDM (Fig. 3.1b). The experiments stigated the effect of drop
height, passage between chambers and the presstire outlet pipe on the energy
loss, pool depths and air flows. Additional expemnts were conducted in an offset
SDM, with equal configuration as the Windermere gig€amino et al. 2009). This
part of the study investigated the effect of thigrahent between the opening in-
between chambers and the inlet-outlet longitudiamels. A model structure of a
symmetric SDM was built using Plexiglas and tramepapipes. Two chambers with
identical squared geometry3dwvidth by D-length whereD refers to the inlet and
outlet pipe diameters of 0.19m) were mounted at dnap heightsy; and hy; and a
rectangular opening was located connecting the bbeesn A flow straightener was
inserted right after a jet-box in the inlet condwitavoid flow concentrations and set

an inflow depth independent of the flow rate (Gamand Hager 2002).

Piezometer taps of 1.6mm diameter were drilled. 280 intervals (1.B) in the inlet
and outlet pipes. Pool depths were recorded alositions in each chamber. When
the water levels were unevenly increased by loedligt impingement, pool depths
were averaged at less perturbed locations, i.bintehe falling jet. While water flow
rates (up to 60L/s) were recorded with a magnéiw feter, the air flow rates were
obtained from air velocity measurements using avinetanemometer (Omega Model
HHF42, www.omega.com). Two air vents were fittedviro air tight lids at the top of
each chamber for that purpose. The accuracy aehiee was 1% of the full scale or
5% of the measurement. Water velocities were rexbid certain locations using a

Prandtl tube of 3mm diameter or a SonTek MicroACNbOHz (www.sontek.cohas
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Figure 3.1 Setup of a SDM: a) Sectional view; b) Bh view of a symmetric SDM; c) Plan view of

an offset SDM

The experiments consisted of four series with altot 300 runs (Table 3.1). About

250 runs were tested in a symmetric design andinegngaruns on the offset design.

Series A concentrated on the effect of drop heights symmetric design. The effect

of plunging pool depth was studied by resizing dpening section in series of

experiments B. Series C observed the effect ofltvenstream end pressure by using

a butterfly valve at the end of the outlet cond&ihally, series D considered the
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effect of the offset alignment of the opening wiglspect to the pipes axis.

Table 3.1. Summary of experimental conditions

Series Alignment LxB h h, h, a b Valve
8D 4D 4D
A Symmetric 3D x 3D 6D 4D 2D D D open
4D 2D 2D
B Symmetri 3D x 3C 8D 4D 4D 0.5C D oper
C Symmetri 3D x 3C 4D 2D 2D D D Y2 opel
D Offser” 3.2Dx4C 3.7C 1.8C 1.8C 1.36D 1.36D oper

+ A second offset arrangement was tested havingnareased diameter in the outlet pipe to
Dou=1.25D

3.3 FLOW PATTERNS AND REGIMES

3.3.1 First Chamber

Flow patterns inside the first chamber of a SDM aralogous to the ones in
plunging dropshafts (Chanson 2002). Three flow sypee distinguished in the first
chamber of the SDM based on the inflow impingemiemiation and chamber
geometry. ARegime | (RI) refers to a drop type flow which is observedmall flow
rates. Rl is featured by a free falling jet frone timflow maintaining partially full
flow through the opening between chambers and topipe (Fig. 3.2a). ARegime
Il (RN refers to a dropshaft type flow and is chdesized by an inflow jet

impinging on the front wall (Fig. 3.2c). Often, Rik observed in large plunging
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dropshafts due to its slender shaft geometry. Asitonal Regime II (RIl) is
recognized between regime | and Ill when one oh hwippes of the falling jet

impinged in the surroundings of the in-between apg(Fig. 3.2b).

Figure 3.2 Flow types: a) Regime I. Drop flow; b) Rgime II. Transitional flow; c) Regime llI.
Dropshaft flow
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A plot of dimensionless pool deptlgD. with respect to a dimensionless discharge

Q =Q/+/ gD is shown in Fig. 3.3; wherBe = @A/ A, is the area of flow

across the rectangular opening , gnsl the acceleration due to gravity.

Fig. 3.3 illustrates that small pool depths in Rt turther reduced as the upper nappe
of the inflow jet approaches the opening. Fullywyance of the inflow jet across
the opening (RII) shows minimum water depths. Pegains depth as the lower
nappe leaves the opening with increasing flow aaid at a faster pace. A transitional
regime prevails over larger range of flow ratesdorallh/L ratios and larger opening
heights;L refers to the length of each chamber.

4.0

-0~ Symm SDM. h=8D; a=D 1

ss - 4 SymmSDM. h=8D; a=0.5D {
= Symm SDM. h=4D {
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25 +

Y1 /De

15 -+

1.0 +

0.5

0.0

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Q*
Figure 3.3 Dimensionless pool depths inside thedt chamber of a SDM

Transitional regime (Regime Il) could serve as diivy criteria of more distinctive

Regimes | and Ill. The trajectory of a free fallifgg from a circular conduit was

correlated experimentally by Clausnitzer and Ha@®97) with the approaching

Froude number, water depth and end depth in infl@@suming a simple parabolic
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trajectory, RIl occurs whehy+(y./2—a/2) approache€:(g/2)(L/V,)* wherehy is the
drop height of the first chambey, is the inflow water depthy, is the inflow
velocity, a is the opening height an@; is an experimental coefficient. From
experimentsC; below 0.8 produced RI flows, ar@ above 1.4, RIIl flows in the
SDM. Values ofC; of 0.6 and 1.5 were obtained for correspondingdit@ms in
circular drop manholes (Granata et al. 2010) arg0®.and 1.01 in rectangular
dropshafts with subcritical inflows andL.=1.683 (Chanson 1998), neglecting the
difference y,/2—a/?. This approach could be further refined accountor the upper
and lower nappes of the falling jet, the residualspure and velocity profiles at the
end section, the jet thickness contraction and gbel depth. Yet, for practical

purposes the expression is kept in its simpleshfor

3.3.2 Second Chamber

Flow patterns inside the second chamber are lirtkedipstream conditions and
outflow controls. Due to the initial turbulence ensity and aeration level, the flow
out of the opening between chambers disintegrdteslg after leaving the opening
section. After impingement, regime | flow in thesti chamber gets deflected
horizontally towards the opening and into the sdocimamber. As the upper nappe of
inflow approaches the opening (RIl), the flow thghuhe opening gets immediately
deflected down about 3Gangle @ is the deflected angle of the outflow from the
opening with the horizontal; see Fig. 3.2b). Fiyallegime Il flow in the first
chamber gets deflected at the entrance to the dezltamber intd® between 60to
40° (Fig. 3.2¢).

Once the outlet entrance gets submerged from trstragm pool depth, two
conditions are of practical interest: 1) when th#low runs as full pipe flow; and, 2)
when an orifice type of flow is developed in thetleupipe (Fig. 3.4). Zhao et al.
(2004) argued that the transition from full pipewl into orifice flow in junction
manholes was independent of the outlet slope; adstg was induced by the inlet
waves formed at the entrance to the outlet pipmil&i disturbances, yet more drastic

due to the elevation difference are relevant ia ttansition in the second chamber of
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a SDM. A swell is formed when the jet dischargés iime second chamber and hits
its bottom. A full pipe flow at the exit is prone tlevelop when swells are observed.
Thus, the angle of deflection of the flow issuealtirthe in-between opening appears
to be a significant feature in the transition framifice flow to full pipe flow. An
oscillatory state between a full pipe flow and jzdlgt full flow was observed in a
small height SDM{=4D) atQ*=0.90 ~ 1.00 for about 30 secs every 180 secs.

Figure 3.4 Two flow regimes in the second chambef a small height SDM: a) orifice flow in

outlet at Q*=0.92; b) full pipe flow in outlet at @*=0.96

A fully surcharged flow regime could appear whee wmater surface in the chambers
rises above the pipes crowns and the opening betale@mbers. Even though, there
is a close connection between surcharged flowsrap dnanholes and in straight-

through or combining junction manholes, the latias received significantly more

40



attention. Extensive velocity and pressure distiins were measured and mapped
inside combining junctions (Ramamurthy and Zhu 19%fumate and Weber 1998;
Zhao et al. 2006). From these investigations, floatterns, separation zones and

regions of highest turbulence intensities are defined in combining junctions.
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The two plots in Fig. 3.5 show clearly the conveige of the flow to the opening
between chambers. The jet from the opening can bsereed to diffuse as it
approaches the outlet creating zones of reciramatn both sides. The flow is
reasonably symmetrical about the central plane. alidition, experimental
measurements of velocity and pressure profileshef jet out of the opening are
plotted in appendix 3.A,; i.e. Figs. 3.14 and 3.5 ffee falling flow (RI) and fully

submerged flow across the opening, respectively.

3.4 THEORETICAL FRAMEWORK

Large pool depths develop under a dropshaft type (RIII), inside the first chamber
of a symmetric SDM (Fig. 3.2c). While this conditiean be considered critical in
terms of pool depths for the first chamber, anicegiflow in the outlet pipe is for the
second chamber. Predictions on pool depths coulchde by applying the integral
momentum equation in control volumes £&hd C\; along the longitudinal axis
(Fig. 3.6).

3.4.1 First chamber under a dropshatft type flow

Under regime lll, the inflow jet hits the front walnd is deflected along the wall
forming a splash upwards and a main flow slidingdoThe major component of the
deflected jet is in the vertical direction. Prowddthat the inflow is free falling and
hitting on the front wall, the pool depth in thestichambey; could be derived from

the momentum equation in G\fFig 3. 6a) in Eq. [3.1]:

[3'1] Fo-Foa-F,= IOQVM

whereF1, and F14 represent the pressure forces on the upstream @mdstream

walls of CV; andF,, the pressure force at the vena contracta ofltve dut of the

opening between chambek,x is thex-component of the mean flow velocity at the

vena contracta. Noteworthy is that Ckéfers to the volume below the impingement

zone. A normalized pool dep#/De is derived in Eq. [3.2] from the momentum
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analysis detailed in appendix 3.B.

= -1+ 1+ i_ +2C089i & _1_
3.2 yl/De_E ) Jl [¢1 g(l op A@m a[¢l 1D

Whereg; is a coefficient relating the effective to hydedst pressure forcey is the

height of the opening; an€. is the contraction coefficient relating the ardéahe

vena contracta to the area of flow across the ogeki.

3.4.2 Second chamber for submerged flow with orificelowtf

Zhao et al. (2004) established a distinction irclsarged junction manholes between
an orifice flow at the exit of the junction-chambsith open-channel flow in the

outlet pipe and a full pipe flow in the outlet pigeven though, they demonstrated
that the flow structure inside the pool was basroahchanged under both situations,
the water surface elevation was appreciably aftebtethe outflow type as it happens
in the second chamber of a SDM. Zted@l. provided evidence that the most critical
condition considering the water level in a surckdrgnanhole is observed when an

orifice flow is featured in the outgoing flow.

The momentum equation in G\{Fig. 3.6b) yields an expression for the pool Hept
the second chamber (Eq. [3.3]), provided that kv £xiting the first chamber is not
submerged, and an orifice flow in the outlet pipemaintained. The details of the

derivation are illustrated in appendix 3.B.

33] %[, 1@[&_1][ QZZ(_l_Cof_A}_ ez, 1)] {[_1@_[5]
D A\ g, 9w, A\ G G A) 209, ¢, A

where A= 7D?/ 4, Cgs is the contraction coefficient of the outgoingwloand,¢; is

a second coefficient relating the effective to logdatic pressure force.
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Once the contraction coefficien®z andC.z and the effective pressure coefficiepts
and ¢, are rationally assumed, pool depths in the chasnli@r the conditions
established can be computed with Eqgs. [3.2] an8].[3.0 find the values o€, a
square chamber (0.38m x 0.38m) was constructedexigbass. A dropshaft type
flow was simulated by a vertical inlet pipe attathe the wall where an orifice was
situated flush with the bottom of the chamber. db#low was issued freely into the
air. The inlet pipe was located within few millimes below the water surface to
avoid air entrainment that prevented measurementia SDM under RIIl. Three
velocity profiles were measured with a Pitot tulbéhe falling jet out of the orifice;
from which the values of velocity coefficien®k = 0.97, 0.79 and 0.76 f@*=2.8,
1.9 and 1.6 were computed. Similarly, values otltisge coefficien€Cy= 0.62, 0.59
and 0.62 were directly computed from its definiti@onsideringC.=C4/C,, a mean
value of C;=0.7 was obtained which compared fairly well witte tmean of direct

measurements df.= 0.75:3.4e-2 using a point gauge. The angles of defleatio

varied between 60and 46 in the flow out of the opening of the SDM; a vahfeCos

6 = 0.64 was adopted for the computations.

Smith (1995) proposed a value of contraction coedfit of 0.7 for orifice flow in
circular-pipe culverts with a square-edged entradeao et al. (2004) measured
values between 0.7 and 0.8 in orifice flows outgfinction chamber. In the present
experiments values @3 between 0.45 and 0.75 were measured. An averdge ob
0.6 was used. Finally, a pressure force on the frafl was considered equivalent to
the force on a sluice gate. Roth and Hager (1998pgsed an experimental

expression for the ratio of effective to hydrostgtiessure forces:

[3.4] #,,=0.75+ 0.25eX|(>— 2,165 y/)“"’)

whered is the gate opening andhe approach flow depth . Consideridgequal to
the height of the opening andasy; the pool depth, mean value @=0.87 andp, =

0.90 were computed.
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Predictions on pool depths are compared with measemts in Fig. 3.7. The pool
depths derived in Egs. [3.2] and [3.3], pursuinguaely hydraulic approach, are
theoretical depths of unaerated flow. Falvey (198@Yes that the observed flow
depth of the air-water mixturey) in drop structures could be decidedly differdvart

a flow depth with no aeration. In a SDM not onlynamber of air entrainment
mechanisms are present but also large bubble resdéimes are observed.
Photographs from a high-speed camera at a sideoivéile chambers were used to
get average void fractions based on the relatiwea arccupied by the respective
phases. Estimations of air trapped within the tlemtuvortical structures inside the

chambers were gained from the sectional void foasti

When assuming an even distribution of air througlloe water flow, the depth of the
mixture could be predicted based on the air comagah C (Falvey 1980); that is,
yuly=1/(1-C). The actual pool depths in the SDM,; i.e. corresiog to the air-water
composite, denote an increase of 1.8 and 1.25redbect to the theoretically derived
depths for the first and second chamber, respégtives these factors relate
measured to computed depths, they also accountaéiitional simplifying
assumptions made in the model, such as disregartedf and wall frictional
resistance, horizontal momentum from the water erithe side walls or forces due
to jet impingement below the pool. Note that thedxted pool depths do not
consider the splash formed at impingement. A fregrd of about R above the inlet

pipe is recommended for supercritical inflows.
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3.4.3 Oirifice flow equation

Interestingly, from the momentum equation, pooltispare related to the square of

the flow rates. Expressed in a dimensionless fayy,/ D, is directly proportional

to Q" =Q// gD . Fig. 3.8a shows a linear relation nyll D, with Q" for all

experiments under RIIl. This relation could be egsed as a classical orifice flow
equation:Q=C, A,+/2gy whereCyis the discharge coefficient. Fig. 3.8b illustrates

the dependence @4 on a dimensionless pool deptBy; in direct association to
flows under sluice gates for both free flow and malged flow conditions
(Rajaratnam and Subramanya 1967). ValueSydbr small opening heightsa€ %2D)
are in the upper range 0.61 to 0.42 and for lapgnimg heightsg=D), between 0.45
and 0.28. Three points in a surcharged regime shiowlmost constant value in the

upper range.

A more general relation a4 could be derived from an energy equation between
sectioni (Fig. 3.6a at vertical inflow jet right before plging) and the vena contracta
of the jet out of the opening as illustrated in epgix 3.C. Solving the energy

equation simultaneously with the continuity equatyeelds:

[3.5] C,=C.G /\a.-CC(A/ A

where a; is the kinetic energy correction factor. Whie could be assumed close to
unity for free jets; the velocity coefficief,, Aw/A, andC.are likely to be affected by
y1/De Which is expressed by the experimental rela@grn-0.39D4/y1)+0.63 obtained
in Fig. 3.8b.
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3.5 ENERGY DISSIPATION

Major energy losses inside SDM are caused by ajmeingement on chamber
boundaries; b) recirculating flows inside the chamb c) plunging jets into pools;
and d) abrupt transitions created by contractiord expansions of the geometry of

the manhole. The head losses in a stacked dropateaate defined as:

[3.6] AH =H, -H,

where: H =z+ y+a V?/2g is the total headz is the invert elevation above the

datum,y the water depthy the mean velocity and, the kinetic energy coefficient for
non-uniform flow. This last coefficient is assuntedbe unity in inflow and outflow
sections. The subscripts 0 and 3 correspond to anle outlet sections. The datum is

fixed at the level of the invert elevation of thatlet pipe.

The overall efficiency on energy dissipation of SPp&kpressed by;=AH/H_,

ranges between 70 to 95% (Fig. 3.9). A mild de@edghe relative energy loss with
an increase in flow rate is perceived in all serfgs examination of the energy terms
revealed that more than 90% of the elevation headthe drop height) and about
50% of the inflow velocity head is lost within tlsructure. From the momentum
analysis, some predictions on the energy loss doellchade when the entrance to the

outflow is submerged and an orifice flow is featume the outlet conduit (Fig. 3.9).
The residual energy is then given byH,=C,D+Q*/2g(C,A". This

approximation is restricted to the critical conalitiin the second chamber and is
sensitive to the contraction coefficieGs. Alternatively, a linear fit between a non-
dimensional energy head loss and a non-dimensikinatic energy head for all
experimental series is illustrated in Fig. 3.10m&alinearity was also found in
circular drop manholes (Granata et al 2010); alghdess of the kinetic energy from

the inflow was lost on average in a circular dragnfmle than in a SDM.
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Figure 3.10 Dimensionless energy losses as a funotof dimensionless velocity head in SDMs

Considering a local loss coefficiett, defined byK=(Ho-Hs)/(Vo2/2g), a single
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relation was found for all configurations of dro@mholes and SDMs (Fig. 3.11) with
the drop Froude numbdtp (Gayer 1984; Christodoulou 1991; Hager 1992). This
parameter characterizes the inflow velocWy with the gravity action over an
elevation droph by Fp=V/(gh)"% Fp in SDM is computed consideririgas the total
elevation drop. A close correlation was obtainetiveen K and Fp in an offset
(Caminoet al 2009) and symmetric configurations (Fig. 3.11}jetastingly enough,
rectangular open-channel drops, studied extensi{Mbyore 1943; Rajaratnam and
Chamani 1995; Chamani and Beirami 2002), are alfanetion of this parameter
(Fig. 3.11).An empirical equation was fitted for different capfrations of SDMs:

[3.7] K =0.75+ 1.9q 1F, )’

More physical insight can be gained expressing&d] as:
[3.8] AH =0.75V7 / 29+ 0.9%

Eq. [3.8] shows that on average about 75% of th@ragehing kinetic energy and
90% of the elevation head is lost within the swuetwhich agrees well with the
analysis done on each energy term. A close inspect each series of experiments
revealed that the actual amount of kinetic eneogy in the structure depends on the
drop height, being larger for smaller drop heigBtVb Only about 40% of the kinetic
energy is dissipated in the large SDREBD) and up to 80% in the small SDM
(h=4D).

It is obvious that in a surcharged regime the festn of Eq. [3.8] has no contribution
to the loss as the approaching kinetic energy igvatgent having both pipes full.
Instead, losses due to abrupt changes in the gepofehe SDM become important.
When the manholes get surcharged, it is advantag@ominimize the energy losses
as not to back up water into tributary sewers. Vidtle work has been done on
surcharged flows in drop manholes. Kusuda and Af#896) studied the energy
losses in circular drop manholes with bell-moutthd aguared-edged exits under
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surcharged conditions. Their experimental study&tbmaximum loss coefficients

close to 2.0 for square-edged exits.
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Figure 3.11 Local head coefficients related to thérop Froude number

As compared to surcharged rectangular junctioschiambers of a surcharged SDM
show larger losses possibly due to the rectangydaning in between the chambers;
which resembles an orifice plate when submergeds Lapefficients 0K=0.20 in
surcharged squared junctions Io6£3.3D were reported by Sangster et al. (1958)
Marsalek (1984) obtaine®=0.334 for aL=2.2@ squared junction; while Zhao
(2004) reportecK=0.596 for a junction witl.=3D having 5cm bottom sump. The
joint loss in the two chambers of a SDM should &mén upper limit value of 1.2.
Needless to say that losses in a surcharged SDMatsan be estimated by the
combined action of entrance log9s=(1.0), exit loss K=0.5) and loss due to the
opening; which is largely dependent on the leveswbmergence. The SDM was

tested under surcharged flow by imposing a dowastreressure of half closure of
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the valve located at the end of the outgoing pipeerage loss coefficients &=2.7
for the SDM of large opening height ake 6.4 for the SDM of small opening height

were registered in those tests.

3.6 AIR ENTRAINMENT

The bulk air demanded by a drop manhole is a prtodfithe combined action of
mechanisms of air movement, air entrainment andred@ase. Edwini-Bonsu and
Steffler (2006) recognized that a manhole could a&ta source of fresh air or
eventually as an escape of odorous disturbancesreélative importance of different
processes affecting the interaction air-water define an overall balance. In general,
drop manholes could introduce air into the systgmmiechanisms including: 1) air
drag by the falling jet or air boundary layer fotroa; 2) air entrainment by jet
impingement on the boundaries of manhole and/argihg into the water pool; and,
3) free surface aeration due to surface disturtsaatéhe cushion pool. As compared
to dropshafts, mechanisms associated to air dragnmiabe as significant due to the
smaller drop height of the SDM. However its relativontribution could increase
considerably when the outlet runs partly full. kistlatter case, the water flow drives

an air flow in the outflow headspace (Gargano €2@08).

Plunging and impinging jets may be the most sigaiit aeration processes inside the
SDM. Air flows measured inside the large height S@M reported in terms of the
dimensionless air dischar@®/Q, Q4 being the air flow rate an@ the water flow rate
(Fig. 3.12). Overall, the dimensionless air flowsa@gh for small water flow rates
decreasing a®Q* increases. Deeper plunge pool in the first chandb@roduced by
reducing the opening height fro@ to 0.9. Apparently when the impinging
mechanism is predominant, larger air entrainmentusc The plunging air
mechanism may entrain less air comparably due &dlenvelocity of the jet as the
pool depth reduces the drop height. In additiorgepee water cushion allows air
bubbles to be released back to the chamber; hessse dir is transported to the

downstream conduit as is illustrated in Fig. 3AB.demand in the second chamber
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of an SDM of large openin@€D) were less than in the first chamber as the second
chamber has larger pool depth. Similarly, the fatsamber of a small opening SDM
showed reduced air entrainment due to increasetdemsh. When the depth of the
pool increases, the recirculated air entrainmemigletstood as the air bubbles
entrained by discrete vortices and released upwandseases (Ervine and Ahmed
1984). The water in the second chamber after bsirgected to the contracting
opening becomes diffused into a disintegratedTje¢ air entrainment is as high as to
transform part of the disintegrated jet into spirayhich case the energy dissipation
could be large. This is due to the drag force exktd the dispersed flow.
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Figure 3.12 Dimensionless air flow rates inside thehambers of a symmetric SDM of large height
(h=8D) of two opening heights

At high water flow rates, beyon@*=0.80, an intermittent inflow and outflow was
experienced in the vent on top of the second chandite direction of the air flow
could not be differentiated by the hotwire anema@neReferring to Fig. 3.13, total
air demanded by the SDM is compared with: 1) Rajara et al. (1997) with
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h/D=6.63 whereDs is the shaft diameter; and, 2) Gargano et al. §200 drop
manholes, forh/Ds<=7.5. Overall the role of the water cushion appetrsbe
favourable in limiting the air entrainment in th®8 as it reduces the drop height
and hence the jet velocity at impact. Ervine (1988jued that the aeration is
extremely sensitive to the degree of surface distoces and internal turbulence in
the upstream jet. In this regard, the turbulentenisity of the falling jet and highly
disturbed free surface pool could contribute gyeafi the water cushion has a large

interfacial area.
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Figure 3.13 Dimensionless air flow rates inside: Jymmetric SDMs of two opening heights, 2) a
single drop manhole (Gargano et al. 2008), and 3)dxopshaft (Rajaratnam et al. 1997)

3.7 SUMMARY AND CONCLUSIONS

An experimental investigation on stacked drop mé&savas carried out on two
model structures with symmetric and offset alignteeifhree flow regimes were
classified in the first chamber: 1) A regime Ritiegad by a free falling jet hitting the

bottom of the chamber and maintaining open-chafioel throughout the structure;
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2) A regime RIII characterized by an inflow jet imging on the front wall; and, 3) A
transitional regime RIl when one or both nappeshef falling jet impinged in the
surroundings of the in-between opening. In the sécohamber, once the outlet
entrance was submerged, two types of flow weraufedt 1) when the outflow runs

as full pipe flow; and, 2) when an orifice typeflaiw is developed in the outlet pipe.

From momentum considerations, predictions on pepilts and energy losses were
derived for a critical condition; i.e. a dropshgfpe flow in the first chamber and an
orifice outflow in the second chamber. Empiricalttas were required to adjust pool
depth predictions with corresponding measuremégtative energy head losseg)(
ranged between 70 to 95% inside the SDM. A mildelese o7 was observed with
an increase in flow rate. Under surcharged flowdations, average loss coefficients
of K=2.7 for the SDM of large opening height aKe 6.4 for the SDM of small
opening height were recorded. Finally, air flowesatvere recorded in a SDM for the
largest total drop heighth£8D) and two opening heights. Overall less air was
entrained into the structure once submergence @fojpening from downstream
occurred as compared to other drop structuresnafasi height. The increased drop
height tested in this design showed an adequat®rpemce being efficient in
dissipating energy and producing moderate air gmtrant in the system.

From a design standpoint, a square geometryfx33D in the chambers of a
symmetric SDM is found sufficient to allow major amanisms of recirculation and
plunging. No added dissipating benefit is obserfvedh a larger section (32x 4D)

of an offset SDM. A rectangular opening of largéghe (@=D) produces small losses
under surcharged condition being efficient in giating energy under free fall
operation. A drop height ofl8does not show excessive air entrainment as cohpare
to other drop structures; however, a noticeableicion in air transported into the
outlet pipe is observed once the opening is subadefipm downstream. Air vents in
both chambers are required to supply the air demariicee board of aboutl2above

the inlet pipe is recommended for supercriticalows.
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Notation

a, b= height and width of the rectangular opening ihalsen chambers

A = flow cross-sectional area normal to the directibthe flow

A~ area of flow across the rectangular opening
B, L= width and length of each chamber

C = air concentration

C, = experimental coefficient

C. = contraction coefficient of the flow across the apgn
Ccs = contraction coefficient of the outgoing flow
Cq = discharge coefficient

C, = velocity coefficient

CV. = control volume 1 and 2.

D = pipe diameter

De= equivalent diameter =/ 7)*?

Ds = shaft diameter

Fo= approaching Froude number

F1u, 2u= pressure forces on the upstream walls of &l C\,

F14 24 = pressure forces on the downstream walls of &\d C\4

Fuw= pressure force at the vena contracta of the @lotof the opening

F3 - pressure force from the outgoing flow

Fp = drop Froude number

g = acceleration due to gravity

h; » = drop height of chamber 1 and 2, respectively
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h = h; + h, = total drop height

H, = total energy head in the incoming flow

Hs= residual energy in the outgoing flow

K = coefficient of local head-loss

Q = water flow rate

Q4 = air flow rate

Q* =Q/(gD°)°* = dimensionless discharge

Q" =Q/(gDs)%* = dimensionless discharge

V = mean velocity

Vm= maximum velocity

Vux= X-component of the mean flow velocity at the venat@axrta
x = axial coordinate in the direction of the inletlasutlet pipes;
Yo.3= central water depth in the incoming and outgdggipee, respectively
y1.2 = characteristic depth of water in chamber 1 and 2

Yo = flow depth of the air-water mixture

Yop= flow depth across the rectangular opening

a = kinetic energy coefficient for non-uniform flow

AH = energy head loss

Ay=y,+h-y,

n =A4H/H, = efficiency in energy dissipation

p = water density

¢12 = coefficient relating effective to hydrostatiepsure on walls of Gvand C\4

6 = deflected angle of the outflow from the openith the horizontal
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Subscripts

0 = inlet pipe section
1 = chamber 1

2 = chamber 2

3 = outlet pipe section

w = sharp-edged rectangular opening or zero-heigint section
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APPENDIX 3.A: FLOW CHARACTERISTICS OVER THE OPENING IN-
BETWEEN CHAMBERS

Velocities and pressures at the vertical centertih¢he jet out of the in-between
opening were measured with a Pitot tube. Firstlfrealy falling jet into the second
chamber was considered having regime RI in thé dmamber. The velocity profiles
were normalized by the maximum velocity of eacHifgd/m and the local coordinate
y normalized by its valugi, whenV equalsV/2 (Fig. 3.14). The local coordinate
was measured upwards perpendicular to the flonctire from the lower nappe of
the jet at the section of measurement. Secondigetlevels of submergence in a
small height SDM [{=4D) were set using a valve at the end of the outgpipg. A
fairly uniform velocity and pressure distributioasross the vertical centerline of the
flow out of the opening are illustrated in Fig. 3.TThe elevation difference between
the water surface in chambers equals to 0.40 n®, .zand 0.125 m fo®*=0.50,
0.83 and 1.09, respectively.
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Figure 3.15 Normalized pressure and velocity profés in the centerline of the jet out of the
opening under fully surcharged flow inside a smalheight SDM (h=4D)



APPENDIX 3.B: ONE-DIMENSIONAL MOMENTUM ANALYSIS.

Control volume CV;

Recalling the momentum equation in O Eq. [3.1]:
[3.1] Fy = Fu —F, = 0QV,,

While Fy,is assumed to follow a hydrostatic pressure distidn, F14 is expected to
deviate from a hydrostatic pressure distributiothim front-to-jet wall due to a curved
streamlining into the exit of the first chamber.cAcdingly, a coefficient; relating
the effective to hydrostatic pressure force is @ered forF,4 for the area above the

opening.F, is assumed to be negligible as long as water flivaely out of the first

chamber.
[B1] Fy = % pgy; B

1 1 a
[B2] Fia =7 PO, (B~ @+¢1{—Zp 9y b-p g«%{ %—Zﬂ

Substituting Egs. [B1] and [B2] in [3.1], gives:

B3] (1-0) 3P0 b+ 098 x—%j:% Cos

where:B represents the width of the chambexandb, the height and width of the
opening (Fig. 3.6a); and is the contraction coefficient relating the aréshe vena
contracta to the area of flow across the opeiipgDividing Eq. [B3] bypgAwp;, it
yields:
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1 )1, . [QCo¥  a_
[B4] {71 1j2ay1+y1 {—¢19A£Q+2] 0

The quadratic Eq. [B4] could be solved feras presented in Eq. [3.2]:

=| -1+ [1+ i_ +—2C089i & _l_
[3.2] y1/De—[ 1 \/1 (¢1 1}(1 a9C. g/&n{ a(q)l 1}}

Control volume CV»

The momentum equation for G\é given by:

[BS] FW + FZ

u

2
uore (& oo
c3 c

where C¢3 is the contraction coefficient of the outgoingwloWhile a hydrostatic
pressure force could be assumed on the upstreanirwaén effective pressure force
in the downstream walF,4 is a more realistic assumptioRyq is corrected from a
hydrostatic pressure force lpy The pressure in the vena contra€iais considered
negligible as is a free jet; and a hydrostatic gues force in the partially full flow of
the outlet pipd3 is accounted. An approximate relatidg=(ys/D)A with an error of
less than 5% foy/D>0.4 could be applied whera = 7D?/ 4, ysis the water depth

in the outlet pipe anB the diameter of the outlet pipe. The pressureefamdhe pipe
is then given by:F, = (1/2)pgAD(y, / D)** with less than 3% error foy/D>0.5

(Zhaoet al. 2004). The forces on walls are:
1
[B6] Fau =5 PGY; B
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_1 _ 1 _b
[B7] Fa —E,OQYS(B D)+¢2Lpg>§ D-p ng ¥ 2)}

Substituting expressions [B6] and [B7] in [B5] widome algebraic arrangements

yields:

1_.,1Db | Q@ (1 _Co® A) OC, .|
15l (Z 1J2Ay;+y2 {g@&[qs G %}2 . +1ﬂ ‘

Solving the quadratic expression [B8] for the pdejpth in the second chamber

simplifies:

B3] %[, 1&[&_1][ QZZ(_l_Cof_A}_ cz, 1)] {(_11]2]
D Al\g, 9w, A\ G G A) 209, ¢, A

Assuming solely hydrostatic pressure forces onwhaéls (p,=1), an expression of

y./D essentially the same as the one for surchargetiguis with no lateral inflow, is
obtained (Zhao et al. 2004).
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APPENDIX 3.C: ORIFICE FLOW EQUATION

While C; could be considered constant, the velocity coefiiicC, is expected to
change for each condition as it accounts for thergynlosses. A more general
relation ofCy4 could be derived from an energy equation betweetiani (Fig. 3.6a
at vertical inflow jet right before plunging) antetvena contracta of the jet out of the

opening.

y 2

V2 VdyV/2g

on gl L,
[ vy

AH

whereH; is the total head at sectionz is the elevation from the datum at the center
of the jet at the section of the vena contrapte the pressuredH is the head loss
andV is the velocityy. refers to the depth at the vena contracta. Syisérandc

correspond to sectidrand vena contracta, respectively.

2 2
[c2] i+ o= @, + AH
29 "2

where a, is the kinetic energy correction factor. Eq. [€2lld be reduced to:

[C3] V. =/2g(H. —AH)/a,

The energy loss between the two sections is exgulelsg introducing the velocity

coefficient C,, such that VC=CV\/2g/aC(){+\42/2@. Accordingly

AH =(1/C2-1)a, V. 129

Solving this equation simultaneously with the conify equation yields:
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[cal Q=(c.c 1a.- (Al A | AVZ oy

from whereC, = CCCV/\/aC— CC(Al A .
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CHAPTER 4: JET DIFFUSION INSIDE A CONFINED
CHAMBER ©

4.1 INTRODUCTION

Energy loss by jet diffusion in confined jets cae Yery effective within short
distances from the jet exit (Rajaratnam et al. 1298et al. 2006). Even though there
is an extensive theory for turbulent jets issuintp ia large stagnant environment, its
application is limited for confined settings. Eith®y the presence of a solid boundary
or a free surface, the hydrodynamic behavior oficed jets depends strongly on the
bounding surfaces. Studies on confined jets ingdbave shown that a stable eddy or
region of recirculation is formed which eventuatlggenerates to fully developed
pipe flow if the duct is long enough (Rajaratnar@/@). Similarly, jet mixing and
entrainment is dramatically affected in shallow avgets due to the finite extent of
the ambient fluid restricted by a free surface aand a solid wall below (Rodi
1982; Shinneeb et al. 2010). The jet velocity waasws to decay much faster in
fishways with tight enclosures than in jets issuretirge stagnant ambient (Liu et al.
2006).

In urban drainage systems, the energy losses edtawthin the pools formed at the
bottom of drop structures such as dropshafts and dranholes can be significant
(Rajaratnam et al. 1997; Camino et al. 2009). Tissightive capacity is believed to
be due partly to the diffusion of the plunging jatsthe pool. The purpose of the
present study is to investigate vertical water ¢itiising inside a confining chamber
pool with focus on energy dissipation. A circulef issuing vertically into a pool was
setup to examine: 1) the effect of the level offcement or enclosure size; and, 2)

I Part of the content of this chapter has been sisairio the Journal of Hydraulic Research
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the effect of the location of entry. Measurementsthe velocity decay in the
centerline of the confined jets, velocity profiles center planes were obtained. A
relationship was also developed to assess the itapacdissipate energy of a

confined jet enclosed within a chamber of only iameters in length.

4.2 EXPERIMENTAL ARRANGEMENT AND PROGRAM

Fig. 4.1 shows the experimental setup. Water framuaderground sump was
pumped through a clear pipe producing a full pileevfcondition. After an initial
horizontal section, the inflow pipe turned into extical pipe for a length of 800mm.
A number of researchers have used long tubes ttupeojets so that the jet possesses
either a fully developed laminar or turbulent véigcprofile on emergence
(McCarthy and Molloy 1974). The total length of thge is assumed to be large
enough (*B0d, d is the diameter of the inlet pipe) to produce Byfdeveloped
velocity profile at the emergence of the jet. Teewas discharged into a plexiglass
chamber of square sectidr & Ly x L= 0.38m x 0.38m witlt. being the length scale
of the chamber size). An outlet pipe of 152mm iandkgter was connected at right
angle to a wall of the chamber with its invertta tevel of the chamber’s bottom. A
valve was placed at the end of the outlet pipertmigpce any desired downstream

pressure which would control the water level in¢hamber.

Series of experiments were run to observe the teffethe location where the jet
entered the chamber and its confinement with resfge¢he chamber's enclosure
(Table 4.1). Experiments were run with three jealns, one having the inlet pipe
attached to the wall having the outlet which wilbsequently be called outlet-wall. A
second jet position was at the center of the chahe a last location attached to the
wall opposite to the outlet-wall. This last wall eéalled front-wall hereafter. Two
values of the inlet pipe diametei=102mm and 152mm were used, thus the
confinementL/d=3.7 andL/d=2.5, respectively, whele=0.38m. The water surface in
the chamber was kept slightly above the inlet gpavoid air entrainment which

could undermine the accuracy of the velocity measents (Liu 2004). The jet
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Reynolds numberR,=U,d/v whereU, is the uniform jet exit velocity and is the
kinematic viscosity) was set to a sufficiently higlalue (between 9.5x%0and
2.4x10) as to produce a turbulent jet and at the same &ssure a full pipe flow in

the inflow.
Table 4.1. Experimental conditions

Inlet pipe , Outlet pipe

diameter | LyxL,(m% | L/d ho (M) %?Za;{?n diameter
(mm) Yo (mm)
102 3.7 10.9420.974| C; EOW

0.38x 0.38 c EOW 152

152 2.5/ 0.878D0.937 ’EFW ’

C = centered entry; EOW = eccentric (outlet-wati)rg; and, EFW = eccentric (front-wall) entry

The flow rate,Q,, was measured in the inflow line with a magnetevieter. Point
velocity measurements were obtained using acoDstppler velocimeters (ADVSs) at
the centerline jet axis and center planes XY andp¥gpendicular and parallel to the
outlet-wall (Fig. 4.2). The acoustic Doppler dewogere tilted up to about seven
degrees with respect to the vertical to accessdnepling volume in the centerline
streamwise axis. Russello et al. (2006) tested/gatrino-ADV at different angles of
tilting and observed that the wake left by the prblead does not reach the sampling
volume showing an almost ideal response compard@iMovelocity results. Due to
limitations in accessibility, the maximum veloc#y each section was assumed to be
at the centerline of the jet. Pressure reading® waen at a number of locations in
the downstream pipe using piezometers. Water depths measured in the chamber

using graduated meters.

73



Figure 4.1 Experimental setup with definition sketb of the rectangular chamber

The vertical efflux from the pipe, acts very mugkela submerged jet and the
piezometric pressure could be assumed to be appateiy constant in the pool.
While the volume flux steadily increases along fleé axial direction due to

entrainment, the kinetic energy flux rapidly dese=a through the production of
turbulence and viscous dissipation. The momentwnr fh a free turbulent jet is

conserved if the entrained fluid enters the jeppadicular to the flow in the jet. The
solid boundaries of a confined chamber produceukEtion in the surrounding fluid

opposite to the direction of the inflow. The negatmomentum of the counterflow
that is entrained by the jet will reduce the inflovomentum making the jet to slow
down rapidly. Further, the jet travelling throudtetpool will not only be affected by
the presence of the bottom which makes the jetrgriniging jet, but also by the flow
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redirecton into the outlet pipe. All these would make jeebehave in a manner ve

different from that of the simple jet in a largelaent essentially at re

Figure 4.2Velocity structure of a circular bluff wall jet (inside a manhole chamber

4.3 METHOD TO COMPUTE EN ERGY LOSSES

Although the complications imposed by the confinetrof the chamber limit a
analytical derivation of the complete flow develan it is possible to develcan
expression topredict energy losses based on the theory of tenbujet. This
approach was proved valid on flows inside smalle smanholes with straigl

throughflow Pedersen and Mark 19¢.
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The total energy per unit volume at the exit of jiitd=r (section 0 in Fig. 4.2) can be

expressed as:

[4.1] Er=pgh, +22
whereh, represents the depth of water in the chambes the water density is the
acceleration due to gravity, apd/2/2 is the dynamic pressure at the entry level of
the jet. It is assumed that the pressure distobuitn the chamber is hydrostatic, i.e.
the piezometric pressure remains constant acregsahl; including sections 0 and 1.
A valid assumption considering that the abrupt gean the cross-sectional area ratio
between the inlet jet pipe and the chamber willdpee flow separation zones, very
much as the flow in a sudden expansion, in whidch phessure downstream the
expansion remains approximately constant in thgiore(Mehta 1981; Canbazoglu
and Bozkir 2004)

The energy dissipation in the pool is believed & drcomplished mainly by jet
diffusion (Rajaratham et al. 1993). A circular @t diameterd, emerging from a
nozzle with a (close to) uniform velocity§) tangential to a wall, becomes a three-
dimensional wall jet or bluff wall jet (Fig. 4.Zfwo regions related to the maximum
velocity decay are recognized along the axial dimac a) the potential core region;
and, b) the radial-type decay region (Rajaratnaif6l9ownstream of the potential
core, in the region of fully developed flow, thestdibution of the time-averaged axial
velocity is similar in they-direction in the central plane whezre0 (Law and Herlina
2002). Thus the velocity at the central plaze=(0), un, can be scaled by its
maximum veloCityumo, Uy, /Umo = f1(77y) wheref; denotes a functional relation, and
ny = y/b, with by being the distance igdirection whereu,, = uy,,/2. Similarly,
the change of the velocity with z can be expressed as/u,, = g,(n,), where

n, = z/b, andb; is the distance ia-direction wherer = u,, /2.

The velocity distribution in a center plane XZ pghllato the wall is well
approximated by a Gaussian distribution, Eq. [\ and Rajaratnam 1990). Law

and Herlina (2002) showed that there is no diffeeem the shape of the velocity
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profile between two-dimensional and three dimerdiomall jets at the symmetry
plane XY. A normal distribution, of the form in Ef¢.3], underestimates slightly
(less than 4%) the total flow passing across a®eetith a wall-jet type velocity

profile.

[4.2] ui = g,(1,) = exp(-0.693?)

u
u

[4.3]

L fl(lyy) :exp(—0.693§)

mo

In the fully-developed flow regionn, is inversely proportional ta and both length
scales grow linearly with the longitudinal distancePadmanabham and Gowda
(1991) made a review of the growth rate of thremetisional wall jets, the values
suggested by Rajaratnam and Pani (1974yiby¢dx = 0.045 anddb,/dx = 0.21.

The kinetic energy fluE at any distance is given by Eq. [4.4].

+L,/2 2

I p%udydz

-L,/2

[4.4] E

|

whereL, andL, are the length and width of the chamber crosseseatespectively.
The limits of integration assume negligible effedtthe recirculation within the
chamber.

E_19% uY
[4.9] —=—I j {—j dy dz
Eo Ab 0-L, U

whereA, is the area of the jet at the emergerigeis the initial kinetic energy flux
(=Qo0Uo%/2) andQ, (= U, Ao). Using the functional relationshipsandga,
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[4.6] EE{“LJ i[] [1,(n,)0.(7.)] dydz

Implementing the Gaussian distributions of Eq2][and [4.3] into [4.6]:

E _(u, i
ol E'(_J A

Eq. [4.7] then yields:

+L,/
j ~(am.) 45 elM”V) dy
-L,/

o'—.'_

o y z

3
L
48] E=_ T pp|Ue| erf|1.442 | erf 0.722
E : b b
Furthermore, as the flow rate in the jet incredeethe streamwise direction due to
the entrained flow from the ambient water, in adtestate situation, the outlet is not
able to accommodate the added flow resulting ietarding flow turning back against

the jet flow. At an axial distancefrom the nozzle, the jet flow ra@ is given by:

mo 2= bybz( m°jerf(0 832@] er( 0415]

Q 1 386A)

From Egs. [4.8] and [4.9], one can get the kinetiergy hea%S—Q at a sectiox in the

streamwise direction of the jet. H; represents the kinetic energy flux at a section
across the chamber aligned with the axis of th&ebpipe (section 1 in Fig. 4.2), the
total energy head at section 2 in the outlet pigg (s obtained with Eq. [4.10].
Subscript 2 represents a section of the exit pipH#icently away from the
disturbance due to the entrance to the outlet afard the exit valve.

— L S A
[4.10] H, = h, + 90 he — hs
whereh represents the losses due to sudden contractiornhe exit pipe associated

mainly to the expansion downstream of the venaraot# in the pipe, ankk is the
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loss due to pipe friction. Contraction losses caretaluated using Borda-Carnot loss
formula h, =~ (1/C, —1)?V?/2g where C. is the experimentally determined

contraction coefficient of the outgoing flow aNdis the mean velocity downstream

the contraction. Friction losses in a pipe are wilg hy = I—; V2 /2g ; wheref is the

friction factor,| is the length of the pipe, amlis its hydraulic radiusE; computes
the kinetic energy flux considering only the donmihatreamwise velocity component
in that section. The energy flux converging inte thutlet should be considered as the
one contained in the portion of the jet flow in alhithe discharge equals the inflow

dischargeQ, and before any deflexion due to impingement occurs

Finally, the total relative energy lossgdrom the emergence of the jet (inlet pipe at

section 0) to the exit pipe (at section 2) can ln@ioed by:

Eq
ho+—L-—h.~h
AH 0 c—hf
[4.11] =—2=1-—b
o o

where 4Hy, represents the energy head loss from section ed¢tion 2.H, is the
initial energy head given by:
[4.12] H, =h, + UZ2/2g.

An average rate of energy dissipatiorran be obtained in the water volume of the
pool approximately by:

pgQoAHy

[4.13] &=
phoLyLy

whereAH,; = H, — H{, beingH, andH; the energy head of the jet at sections 0 and
1. Predictions on relative energy losses and aeemwergy dissipation rates are

compared with measurements in the following panagga
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4.4 EXPERIMENTAL RESULTS

4.4.1 Data quality analysis

Velocity measurements were obtained using a MicrdAddd a Vectrino-ADV. Both

acoustic instruments use the Doppler shift primcid measure flow velocity by
signalling acoustic targets in the flow (Kraus &t E994; Lohrmann et al. 1994;
SonTek 1997). The sampling volume of both ADVs yBnder; 4.5mm in diameter
and 5.6mm in height for the SonTek MicroADV (SonT&R97); and 6mm in

diameter and a user-selectable height between 3%mn for the Nortek Vectrino
(Nortek 2004). While the MicroADV can measure fle®locities from about 0.001
to 2.5m/s with an accuracy of +1% of the measurémange; the Vectrino-ADV

measures a velocity range from 0.01 to 4m/s wittuescy of +0.5% of measured
value. A redundant fourth receiver velocity companaf the Vectrino can be used in

various processing schemes to improve the accufatybulent measurements.

A study to evaluate the time required achievingaverged value of mean velocity,
turbulence intensity, and Reynolds shear stresscaaged out to minimize the error
due to a finite sampling time. An average was caeglby increasing the number of
samples used to define the parameter until the atedpralue does not change more
than a stipulated value set 5%. The sampling timeviging converged statistics
within the 95% confidence interval was obtainedhwitthe first 30s in the axial
direction while the velocity in the transverse diren was at least 1803he mean
velocity was found to control the sampling time méan. From this analysis the
convergence time was set to 180s and 300s foricgytants in the vicinity of the
outlet.

The correlation coefficient (COR) and the signahtose ratio (SNR) are the main
parameters to assess the quality of velocimetesonements. Recommended values
of SNR are greater than 15dB and values of CORtgrahan 70% for a good

description of turbulence flow properties (SonT&R97). The minimum value of
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COR (30%) required for the mean flow velocities wessily achieved with the
MicroADV. More stringent correlation coefficientsssential for the turbulence
statistics could only be attained using the VeotDV (COR>70%). The operating
frequency, i.e. the pulse repetition rates at wihiehsound is emitted, is higher in the
MicroADV (up to 16MHz) than in the Vectrino (up thOMHz). However, the
maximum rate at which it is possible to get usefata from the instrument depends
also on the data acquisition strategy, which ihéigvith the Vectrino (up to 200Hz)
than with the MicroADV (50Hz).

The capability of the ADV to resolve turbulent ftuations depends on the sampling
conditions and characteristics of the flow. Garetaal. (2005) argued that the
turbulence parameters could be affected considerilthe sampling strategy is not
adequate due to the presence of noise. They proppsdgimensionless parameter
F = (fg L,)/U. wherefr is the user-defined frequency with which velodiigta are
recordedU. is the convective velocity and is energy-containing eddy length scale,
as a criterion to check the amount of energy #lleand aliased. As the dimensionless
numberfg L,/U. increases, a smaller portion of the energy is ftived and aliased.
The convective velocity was obtained using Tayldrazen turbulence hypothesis
(Heskestad 1965; Wu and Patterson 1989) and tlgthlestale I(;) was calculated
using the integral length scale described by Wu Batterson (1989) as, =

JI2+ 12 + 12 . L;is calculated on the basis of an integral timdesfram the power
spectrum withi = s, n, z(Pope 2000; Goring and Nikora 2002). Garcia e{2005)
demonstrated th&t values above 20 assure a good representatior afithulence of
the flow producing reasonably small losses in thements but at the same time
resolves important portions of the spectrum. Is #tudy, values df below 20 were
corrected with the proposed Acoustic Doppler vetwter performance curves
(Garcia et al. 2005).

Using ADV measuring technique, spikes in the sigimal sometimes detected when:
1) the flow velocity is beyond the preset measurgmange; 2) contamination from

pulses reflected from the boundaries (Goring ankbidi 2002); and 3) air bubbles
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(Liu et al. 2002). In this study, a phase-spacedolding method (PSTM) proposed
by Goring and Nikora (2002) was used to removesghikes from the contaminated
ADV data. The noise energy level, on the other haodld be computed using the
spectral-analysis method (Voulgaris and Trowbridg®8). The total noise was
corrected by extending the inertial subrange —®fesin the velocity spectrum down
to the Nyquist frequency. The area under the medlifielocity spectrum curve is the

turbulence intensity corrected for noise.

4.4.2 Velocity decay

The kinetic energy of the flow is related to thexmam velocity, so that the
maximum centerline velocity in the jet at differeigtances in the axial direction can
be used to measure the dissipative capacity of ctiember by jet diffusion
(Rajaratnam et al. 1993). In the fully developedior of a bluff wall jet,um, is
proportional tol/x in which x is the axial distance from a suitable virtual origt
distances sufficiently away from the nozzle (abd@d beyond potential core
(Rajaratnam 1976)). The confined jet under analysipinges on the bottom at
x/d=5.8 forL/d=2.5 andx/d=9.3 forL/d=3.7. There is a strong interaction of the jet
with the ambient fluid due to the bottom and waligshe chamber, and the ambient
fluid produces counter-flow velocities which wilhdrease turbulence and hence

energy losses.

In Fig. 4.3, the centerline velocity decay of afaoed jet (/d=3.7 and 2.5) issuing at
the center of the chamber is compared to the maximalocity decay of a free
circular jet and other jets found in the literatudme can observe, first, that there is a
flow development region, in which the approximaterage velocity at the jet exit
remains constant along the centerline. This reggarduced from a distance od,6
typical of free circular jets, to about half thates Second, the centerline velocity
beyond the flow development region apparently decsiyh a linear relation to the
axial distance, a region that can be called theragtion region wherenJ/U, is

proportional tox/d for the two levels of confinement tested. For pcadtpurposes, a
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linear relationship for a centered jet is presente&q. [4.14] forL/d=2.5 and Eg.
[4.15] for L/d=3.7 with correlation coefficients equal to 0.92id®.981, respectively.

[414] u_/U =-0.17( /d)+ 1.4

[4.15] U /U,=-0.12( /d)+ 1.4
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Figure 4.3 Maximum velocity decay in the streamwisdirection of centered jets

The velocity decay of a three-dimensional wallgeterging from circular nozzle in
Fig. 4.3. was expressed in a power-law form by Radibhham and Gowda (1991):
Umo/U, = a(x/h)™™, where:a is a constanth is the distance normal to the plate
from one edge of the circular orifice ands the exponent describing the decay of the
maximum velocity. Eccentrically located jets appéiseproduce a linear relationship
(i.e. decay at a constant rate) up to abddt5 for L/d=2.5 andx/d=7 for L/d=3.7
(Fig. 4.4). A second gradient is observed in ectemts. The effect of the shear
layers generated by the two lateral walls and fuealt might be the main reason for

this pattern. The second gradient produces a fdstay rate than that of a bluff wall
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jet with no confinement. Overall, a confined jepagrs to diffuse more rapidly both
in the potential core region and the interactiogioe than a free jet due to reverse
flows acting against the inflow jet direction.

X A /d=2.5; front-wall. Current study

o L/d=2.5; outlet-wall. Current study
0.2 A % L/d=3.7; outlet-wall. Current study
-=-D/d=5.0 (Rajaratnam et al, 1993)
—-D/d=7.3~9.6 (Rajaratnam et al,1993
--------- D/d=14.4~15.8 (Rajaratnam et al,1993)
—Bluff wall jet. Circular nozzle

0.0 T T
[=
0 5 10 x/d 15 20 28

Figure 4.4 Maximum velocity decay in the streamwisdirection of eccentric jets

Beltaos and Rajaratnam (1974) studied the effetampingement on flat surfaces.
They stated that the jet develops identically térese jet up to 0.8& (h, is the
impingement height); beyond there, the jet undesgamsiderable deflection. Both,
the jet impingement and the presence of an outl#teabottom of the chamber will
have an effect on the velocity field in the chaml&rammaa et al. (2005) studied the
approaching velocity into a finite-size circulaifiwe in an infinite ambient flow. The
approaching flow can be calculated as abouUp.& a distance equal to half the
orifice diameter. Our measurement, however, shoaesimall component of the
centerline velocity in thg-direction {) towards the outlet in the confined jet at the
level of the centerline of the outlet. The veloatymponents attains a maximum of

0.2QY, at aboutx/d=5.4 forL/d=2.5, and about 0.1%, at x/d=8.5 forL/d=3.7. These
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velocities are much smaller compared to the stréaenwelocity components
(0.5, and 0.58, respectively) and even less in terms of the kinemergy.
Therefore, it is reasonable to assume negligilfecedf the lateral centerline velocity

components in the analysis of the energy loss tgifeision.

4.4.3 Velocity profiles

The velocity profiles in two perpendicular planesZ(and XY) crossing the
centerline jet axis (Fig. 4.2) are plotted in a @msionless form. The velocities in the
streamwise direction are normalized with the lengghleb, andby for thez andy
directions, respectively (Fig. 4.5 and Fig. 4.6)fWi the potential core, the velocity
profiles of a confined jet show a distribution demito that of a top-hat velocity
efflux. As compared to a free jet, there is an uplweelocity component expressed as
negative values. This reverse flow produces rel@timn regions symmetrically on
both sides of the jet in the plane XZ (Fig. 4.63 ansingle vortex in the plane XY of
the jet (Fig. 4.5).

An empirically fitted equation for a two-dimensidneall jet (Verhoff 1970) presents
certain agreement with the profile at the furthastal section X/d=8.48) up to
z/Ib=2.0, beyond this point, negative velocity compdseare recorded. This
agreement suggests that the velocity profiles dfva-dimensional and a three-
dimensional wall jet are similar to a confined isgftin the plane XZ. Even though
the core of the jet ends at abou=3.5, the velocity profiles do not collapse into a
similar curve for the sections measured. Conveysielys confined jets attained
similarity after & and & (Chua and Lua 1998); the side walls in Chua and'd.u

study are at 37cbaway from the centerline jet.
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Velocity profiles in plane XZ show symmetry to thianez=0. Again the velocities
do not become similar for the length of measureni{&g. 4.6). The measured
profiles are compared with a circular free jet frdRajaratnam (1976) and an
empirical distribution for circular three dimensarnwall jets presented by Herlina
and Law (2002):

u 1

[4.16] %

W (09652/by)7+1
Before half width £/b=1), the velocity profiles are underestimated byhbibe free
jet and the three dimensional wall jet curves. Belyohis point the counter-flow

clearly imposes an upward component (i.e. negathges) from about/b=1.6.

4.4.4 Turbulence characteristics

Even though the turbulence levels are differentanfined jets, bluff jets and free
jets, the same sharp increase in short distanoes thie nozzle is observed in all of
them (Fig. 4.7). The turbulence intensities inlthegitudinal direction increase as the
jet travels downstream. Larger values corresponddee confined jet enclosures for

the same distance downstream of the nozzle pipe. Min.s of the turbulence

intensity in the streamwise directiov(ﬁ) normalized by the maximum velocity in
each sectionu,,) is illustrated in Fig. 4.7a. Fdr/d=2.5 and 3.7, it is seen to start
with an initial value of 0.15 and 0.08, respectyyednd it increases to a maximum

value of about 0.4 and 0.6 atd=5.5 andx/d=8.6, respectively. Measurements of

vu’2 normalized with the jet efflux velocity, are presented in Fig. 4.7b. They are

compared to the turbulent fluctuations of a les#ioed jet (Chua and Lua 1998), for

which \/ﬁ/Uo has an initial value close to zero that increade®st linearly up to
about 1@ in the axial direction. Noteworthy is that the jested by Chua and Lua
(1998) was produced at laminar initial conditid®s8000 at emergence (Fig. 4.7b).
The increasing trend is typical of jets with a laaritop-hat profile.
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The magnitudes of/v? /u_, andyVw? /u_, are less than that ofu” /u , within

the reach of measurements, being larger inytdeection, possibly due to the wall

and the formation of the boundary layer. In an yaxisetric free circular jet,
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\/F/um0 remains dominant as far as 100 diameters dowmst{&dygnanski and

Fiedler 1969), reaching an almost asymptotic vatlese to 0.3. The radial

componentyv'? /u_ seems to increase very slowly throughout up talaevof 0.19

at 15&/d (Panchapakesan and Lumley 1993). The normalizdailemce intensities
of the confined jet do not seem to reach asymptatiges in any velocity component
within the reach of the measurements. While ineg fet, the two radial components

of the turbulence intensities are of the same orderthe case of the confined

turbulent jet, the normalized turbulent intensitythey-direction Vv? /u_, stays at

about 0.06 up to/d=3.5 from where it lies within 30% below the stresise

component\/F / u,,. The magnitude offw? /u,, in thez-direction has a value of

about 0.045 in that same region.

The mean kinetic energy per unit mass is defined as (u? + v* + w?)/2; where
u, v andw are the mean velocities of the flow in thke y and z directions,
respectively. The values of dimensionless meantikimmergyk’/U, for the center
planes (XY and XZ in Fig. 4.2) crossing the cemterljet axis presentdecay in the
streamwise direction at an almost constant ratehvis comparatively smaller than

the rapid decay observed in the transverse dimestio bothx andy. The turbulent

kinetic energy per unit mas§ is defined byK'= (F+V'2+W)/2; whereu’, V',

andw’ are the fluctuating velocities in the y andz directions, respectively. Values
of K’**for the centerline jet are always below 25% of itifeow velocity U, which

suggest zones of low turbulence intensities anatively large energy dissipation.
The bulk of the mean kinetic energy in the centangs XY and XZ is concentrated
in the core of the inflow jet (Fig. 4.8). While gthmean kinetic energy in the diffusion
region accounts to about 40% of the total (cenkang XY), it corresponds to about
60% in the center plane XZ. The recirculating zomédsch have negative momentum
with respect to the direction of the inflow jet,gstbly contribute to the rapid decay in
the transverse direction in both jets; similar hetwar has been reported in fish

passages (Liu 2004).
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The distribution of the Reynolds shear stress shianger values registered in the
axis of the vortices formed in each recirculatimgpe. That is, a single vortex in the
XY plane while two in the XZ plane as the jet pesdhe stored water volume in the
center. The analysis of typical power speci#), G,(f) and G,(f) for the turbulent
velocity componentar’, vV andw’, respectively, wheré is the frequency and the
spectral density is divided by the correspondindulence intensity showed the
appearance of the inertial subrange marked by -dépe. The Kolgomorov
hypothesis states that at sufficiently high Reysatdimber, the high-wave number
portion of the velocity spectra adopts a univefeain. Applying a one-dimensional

spectrum of the axial velocitgy(k) in the inertial subrange (Hinze 1975), we have:

[4.17]  G,(k) = A*PK”3

wherek is the wave numberg is the rate of energy dissipation afds a universal
Kolgomorov constant with a value of 0.49 for lotsatropic turbulence (Pope 2000).
The value ofe was obtained doing a non-linear fit in the inérsabrange of the
relation Gy(k) andk for the measured values. For a turbulent flow alu#ficiently
large Reynolds number, the local isotropic staté lvei established in the small scale
region of spectrum (Monin and Yaglom 1971). It wiasind that the correlation
coefficient spectrum falls rapidly to zero at higlave numbers, which is a
consequence of local isotropy. Therefore, the Kglanov —5/3 law of local isotropic
turbulence (Hinze 1975) could be used to estimhage dissipation rate as a first

approximation as implemented in other confinedrsgst(Liu et al. 2006)
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Figure 4.8 Distribution of dimensionless mean kinét energyK®*/U, in center planes XY
and XZ

4.5 MODEL PREDICTIONS

To verify the proposed method to compute the enkrgges from section 0 to 2, a set
of experiments were run under two levels of confieat in an eccentric jet position.
Fig. 4.9 shows the comparison between the rel&nergy losses measured and the
corresponding computed values from Eq. [4.11]. ®b&ined results fall closely to
the best fit line, producing a maximum underestiamabf 5% for the largest energy
losses in a less confined jdt/@=3.7). Note that the losses in the chamber by jet
diffusion could represent anywhere between 9 td @irRes the losses associated to
the entrance to the exit pipe and friction. For tmeémerical computations of
contraction losses, contraction coefficients faugpressed orifice (flushed with the
bottom) were used. Values between 0.45 and 0.7%® weyasured experimentally

(Camino et al. 2011). For practical application aaerage value of 0.6 could be used.
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Figure 4.9 Comparison of relative energy losses tife flow from jet onset to exit in
outlet pipe

Computed rates of energy dissipation rate for the levels of confinement show
larger dissipation rate along the centerline vé&jofor smaller level of confinement,
i.e. L/d=3.7. The computed rates are in all the cases equsahaller than 1.0ffs’ per
unit mass or 1000W/MmThe average energy dissipation rates per unisrob&ined
with Eq. [4.13] are 0.492 and 0.129si for L/d=3.7 and 2.5, respectively.
Implementing Eq. [4.17], rates of energy dissipataf 0.431 and 0.04581s® for
L/d=3.7 and 2.5, respectively, were obtained. Thesealtee show a reasonable first

approximation obtained by assuming the Taylor hiyesis in the center line jet
measurements.

4.6 CONCLUSIONS

Energy dissipation inside the pool formed at theebaf drop structures is contributed

by mechanisms such as jet diffusion. Experimentseovations of a circular jet
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sliding vertically in a confined chamber showedtthamore confining enclosure
(L/d=2.5) will produce more rapid diffusion of the jaan a less confining condition
(L/d=3.7) and always larger than the one observedfiaegjet. The solid boundaries
of a confined chamber produce circulation in thea@unding fluid opposite to the
direction of the inflow. The negative momentum loé¢ tounterflow that is entrained
by the jet will reduce the inflow momentum makitg tet to slow down rapidly. At
aboutx=9d (axial distance), the centerline velocity of eddenand centered jets
decays to about 0.3 of the onset velocity for & lesnfined ((/d=3.7). While a
centered jet appears to decay at a constant raegaentric one apparently produces
two linear gradients or rates of decay. The vejopibfiles, in the two perpendicular
planes crossing the centerline jet axis, showgimailarity was not attained within the
reach of measurement; however at sections cloigetoutgoing pipe, the velocities
in the streamwise direction could be approximatgddrmal distributions.

The kinetic energy flux of the confined jet rapidlgcreases through the production
of turbulence and viscous dissipation. Measureldulence intensities increase as the
jet travels downstream; larger values for largeele of confinement for the same
distance downstream of the nozzle pipe. The Kolmmgdypothesis of isotropic
turbulence was found useful as a first approxinmatm calculate the rate of energy
dissipation within the chamber. In a similar manr@ecomparison of relative energy
losses by jet diffusion computed with the theowdtimodel showed good agreement
with the corresponding measurements. Hence, owlinfys allow optimizing the
design of energy dissipators by reducing its sizé ase of baffle blocks through

enhancing the mechanism on jet diffusion with appete confinement.
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Notation
a = constanbf proportionality
A = universal Kolgomorov constant
A, = area of the jet at the emergence
by = distance iry-direction whereu,, = u,,,/2
b, = distance irz-direction wherex = u,, /2.
d = diameter of the inlet pipe
E = kinetic energy flux
Er = total energy per unit volume at the exit of jite
f = pipe friction factor
f1 , 01 = functional relations
fr = user-defined frequency
F = dimensionless parameter
Gu, Gy, Gy = power spectra for the velocity componeuits/’ andw’, respectively
h = distance normal to the plate from one edge @tttcular orifice
h, = depth of water in the chamber
h; = losses due to sudden contraction into the épé p
hs = loss due to pipe friction
H = total energy head
k = wave number
K = mean kinetic energy per unit mass
K’ = turbulent kinetic energy per unit mass
| = length of the outgoing pipe
L = length scale of the cross sectional area ottizenber
Ly = length of the chamber cross sectiglifection)
L, = width of the chamber cross sectiard{rection)

= energy-containing eddy length scale
L; = length scale based on an integral time scate fh® power spectrum£ s, n, z)
n = exponent for the decay of maximum velocity
Q = jet flow rate at an axial distangdrom the nozzle
Q. = flow rate at the emergence (5 A,)
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R,=Reynolds number

R = hydraulic radius

u, v, w= velocities inx, yandz directions, respectively

w2, v'2 ,w'2 =turbulence intensities iy yandz directions, respectively
Um = velocity at the central plane £ 0)

Umo = Mmaximum value ofi, which occurs at a normal distant&om the wall
U, = jet exit velocity

U. = convective velocity

V=+vu? + v2 + w? = total velocity at any distance

& = average rate of energy dissipation

n = relative energy losses

ny = y/b, =length scale iy-direction

n, = z/b,=length scale iz-direction

v = kinematics viscosity

Subscripts

0 = section at the emergence of the jet

1 = section across the chamber at a level aligntdtie axis of the outlet pipe

2 = section at the exit pipe
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CHAPTER 5: FLOW OBSERVATIONS IN A TALL
PLUNGING DROPSHAFT"

5.1 INTRODUCTION

Common practice in urban drainage systems is tipgemmentation of large dropshafts
to meet elevation differences in the system. MastliMorth America, these structures
are designed to have a slender geometry, i.e.rthgs sectional dimension is much

smaller than the height of the shaft, to optimizxeagation and construction costs.

Model studies conducted on plunging dropshafts tatABthony Falls Hydraulic
Laboratory proposed design configurations effectine dissipating energy and
removing entrained air (Anderson and Dahlin 197%hlih and Wetzel, 1982).
Plunging type dropshafts of rectangular and circatass sectional shape have been
systematically studied in the past (Rajaratnaml.et297; Chanson 2004; Granata et
al 2010 and others). Rajaratnam et al. (1997) ptedean exploratory study carried
out in a model with a shaft diametdds| equal to twice the inlet diameter and drop
height equal to 68s. They reported for the first time that significaetative energy
losses (between 80 to 95%) were achieved withirsthnecture. Observations on the

flow patterns related to the relative water disgear(up to Q*=1.5 where

Q*=Q/ /g andQ is the water discharge, the gravity constant and| the inlet

diameter) were detailed. Relative air flow ratesreveomputed from pressure
measurements in a short pipe with a bell-mouthaect serving as single entry air

vent.

" A paper based on the content of this chapterriently being prepared for submission to the Jdurna
of Hydraulic Engineering, ASCE
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Chanson (2004) studied seven dropshafts: a) fiadtsldesigned to investigate the
effects of shaft pool or sump (pool height=0 ar@R0n), outflow direction (90° and
180°), and drop heighth€0.55 and 0.87 m); and, b) two geometries were
geometrically scaled (scaling ratio 3.1). The pneseof a sump allowing a pool at the
base of the shaft showed little effect on the epévgses. Conversely, greater losses
were observed in a dropshaft with 90° outflow di@t The drop height showed
little effect on the energy losses when comparirgpshafts with no pool and 90°
outflow. Similarly, the shaft pool, outflow direoti, and shaft height had little effects
on the dimensionless water level in the shaft pBelatively close agreement was
observed between model and prototype in terms efggnlosses and pool height.
Instead, observations on bubble penetration degildsrecirculation times presented
marked differences between model and prototype ri€ra 2004). Consistently
smaller bubble swarm depths were observed in oot

In a similar way, Jalil (2009) studied a dropshafth variable drop heights. His
results revealed that the air entrainment for @ifipedropshaft height increases with
increasing water discharge, and for a specifichdisge, it increases with increasing
dropshaft height, more so ftWDs > 6.6. The energy dissipation in the plunge flow
dropshaft also increased with increasing dropdiaifiht, and for a specific dropshaft

height decreases with increasing the water diseharg

Chanson (2002) firstly classified three flow regamm a rectangular dropshaft
dependent on the geometry and impingement locatiwe sub-regimes were
disaggregated from the initial three by Granatale(2010). They also provided a
criterion of regime classification based on theapatic trajectory of the falling jet
and the geometry of the shaft. Granata et al. (20b€ined empirical relations for
local energy losses related to | as well as popthdein terms of drop height, shaft
diameter and flow rate. In terms of aeration, tegimes were proposed: a) Aeration
Regime | with a direct ventilation of the downstrepipe from the manhole; b)
Aeration Regime Il if downstream pipe ventilatiencut down by outlet submergence

or jet spreading. Particular geometries of plungingp structures are enlisted in
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Table 5.1. The inflow conditions as well as thergetry of the design define the flow

patterns expected in drop structure.

On the other hand, experimental studies on airagmtrent are challenged with the
absence of appropriate model scaling to extrapaleselts to prototype. Model
predictions often underestimate the amount of atually entrained in prototype
(Falvey 1980). While a Froudian model can modesoeably well the water flow, it
does not describe adequately the entrainment amdpament of air at a free surface.
Chanson (2007) carried out an experimental invastig in a near-full size Roman
dropshaft of plunging type. Air-water flow propediwere measured with a single tip
conductivity probe. Particle residence times weerded with digital chronometers
and using neutrally buoyant particles. However,rehare still aspects of the
hydraulics as well as the air demand and energgipdison processes that were not
fully described and analyzed.

For this study, a large scale model was built hgwtire ratio shaft diameter to drop
height as the one encountered in typical protostpectures in North America (Fig.
5.1). The aim of this experimental work is to explthe nature of the falling water in
the air space of the dropshaft; i.e. distributidrth® water concentration and local
velocities across the shaft at different elevatityom the inlet pipe. In addition, we
pursue reliable measurements of air demand andsasise energy losses achieved

within the structure.
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Table 5.1 Geometry of previous models on plungingrdp manholes and dropshafts

Shaft section

Outlet

AUTHOR Inlet cross-section Approach flow H Ratio* Slenderess|  conduit
Shape | "pyd | ratio* hiD,
Gayer (1984) circular d=0.30m supercritical F,=6~8) | circular 3.3 0.5~0.8 d
Christodoulou (1991) | circular d=0.19m supercritical circular 2.6 0.1~26 d
Rajaratnam (1997) circular d=0.15m subcritical circular 1.9 6.6 1.9d
Calomino et al. (1999) | circular d=0.10m supercritical circular 1.5~4 0~33 d
b =0.50m " rectangular 1.3b; b
Chanson (2004) rectang. b=0.16m subcritical rectangulal 1.5 2.2~3.6 13b
De Marinis (2007) circular d=0.20m supercritical circular 5.0 2.0 d
Jalil (2009) circular d=0.15m subcritical circular 2.0 170'48 d; 2.0d
Camino (2009) offset . _ subcritical, )
SDM circular d=0.19m supercritical & full rectangular 3.6 1.0 d; 1.3d
Camino (2010) . _ subcritical, . .
symmetric SDM circular d=0.19m supercritical & full rectangular 3.0 1.3;2.0; 2.7 d
Granata et al. (2010) | circular d=0.20m supercritical circular 50 2.1;2.5; 3.1 d
62 Avenue dropshaft | ;.0 1o d=1.20m variable circular 1.0 19.7 1.33d
city Edmonton
Current work circular d=0.19m subcritical circular 2.0 19.8 2.0d

d= inlet diameter; b = inlet width
*In the case of rectangular shaftgiBtaken as the square root of the cross sectapal
*approaching Froude number
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Figure 5.1 Sketches of a tall dropshaft in: a) modeand b) prototype of typical ratio drop height
to diameter of the shaft of the city of Edmonton (surce: A.E. 2008)
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5.2 EXPERIMENTAL SETUP AND PROGRAM

Plexiglas transparent pipes were used to constuctodel structure of a slender
plunging dropshaft in the lab (Fig. 5.2). A horitaninlet pipe (diameted=0.19m)
was connected to a circular shaft (diam&er0.38 m) with a straight entrance. The
outgoing pipe (diameteD=0.38 m) was connected to the shaft with an elbow
junction. The dimensions of the structure are surized in Table 5.2. If the model
dropshaft would represent a prototype dropshatfh witshaft diameter of 1.20 m as
the one monitored for the odour control prograrthmcity of Edmonton (A.E. 2008),
the scale ratio will be about three having the saat® of drop height to shaft

diameter.

Table 5.2 Geometry of the model plunging dropshaft

h(m)| d(m) e | b fbon |0 b i | wbs | hid /D
m m S S
m | (m?*|m?|(m?

7.7m| 0.19 0.38 1.0 30 038 2.0 19{8 3%.0 1.0

! Li» = length of the inlet pipé&.L,, = length of the outlet pipé.D = diameter of the outlet pipe

Water flow rates (up to 30 L/s) were recorded vatimagnetic flow meter. Flows
below 2 L/s were measured volumetrically as theyeweelow the accuracy of the
magnetic flow meter. For the range of dischargestettk inflows essentially

subcritical were developed, i.e. considering an r@ggh Froude number
F=v,/{(gA/ T), wherey, is the inflow velocity,T, top width andA, wetted cross-

sectional area of inlet flow. Water flows abo@&=0.55 could maintain a full pipe

flow condition in the inflow.
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Figure 5.2 Experimental setup and definition zone
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Air flow velocities were measured using an air tiog vane anemometer of 0.10m
diameter (VelociCalc® Model 5725). The air vane waserted across the unique air
vent of the structure located at a side of thetstiabe to the top. Measurements of
wind velocity in the air space of the outgoing piwere taken with a handheld

anemometer La Crosse technology model EA-3010U.

Water velocities in the shaft and outlet were ested from high speed imagery. A
high speed camera (©Vision Research v7.3) conttde Phantom Camera Control
Software was used to capture 14-bit images witloluéisns 600x800 pixels.
Velocities of falling water in the shaft were presed from images sampled at rates
above 5000 fps. Good definition images from watéhiw the shaft were captured
with appropriate depth of field (~0.30 m) using eglo external light to reduce the
aperture value and minimizing the shutter speeeBtous. The location of the camera
was kept sufficiently far from the shaft to get egb approximation on measurement
from streams away from the actual plane of focusor& below 8% are expected
from this approximation. Videos from the outflow neecaptured with Redlake high
speed camera (MotionScope 1000S) recording monoehimages at 250 fps and
1000 fps.

Distribution of the water flows across the shaftsvedtempted using a type of total-
pressure probe of 2.4 mm inner diameter resemiaimgin gauge. The probe was
connected to graduated cylinders to collect watesr a certain period of time.
Similar samplers were previously used to captumed sparticles in debris flows
(Mainali and Rajaratnam, 1994). Special care waseqa in having the connecting
tube as short as possible (0.40 m in length), datvnward slope and the end open to
atmospheric pressure. Even though, the captureiesfly of the probe was
acknowledged to be below 100%, results from pratfedifferent diameters were
proved to be consistent in a dimensionless forrg.(5i3). In general, the smallest
diameter probe was chosen to produce representatisewater concentrations from

this direct water sampling technique.
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Figure 5.3 Calibration of total-pressure probes oR.4mm, 4.9mm, 7.3mm and rake of 2.4mm
probes for Q*=0.64

5.3 EXPERIMENTAL RESULTS AND DISCUSSION

5.3.1 Data conditioning

An investigation of the sampling time required &t gonverged values of mean air
velocities with an air vane anemometer was carigdin a first set of experiments.
The length of the sampling should be long enoughaterage the turbulent
fluctuations resulting from the turbulent waterwl@nd the combined action of air
entrainment, entrapment and detrainment in the $baf. atQ*=0.56 in Fig. 5.4). An
inspection of the variability of mean velocity outp showed that the lower range of
flows (i.e.Q*<0.2) controls the sampling time. Experiments ta&ef.1 Hz for 60 s
duration and at 1 Hz for 300 s duration did notvglsanificant effect of the sampling
time between 1 min. and 5 min. on the relativeflaw rate g for Q*above 0.2;

however it affected on the lower range of discharges in more than 28%rence.
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Hence a sampling time of 300 s was chosen.
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Figure 5.4 Convergence of the sampling time in thar velocity measurements for a

dimensionless water discharge Q*= 0.56

The setup was constructed in the Blench Hydrallads of University of Alberta that
has about 9m floor-to-ceiling height. Noise in thie flows were expected from
different sources: a) air vane calibration dueri@isdand nonlinearities; b) Variation
on the water flow rate during the experiment vedfiby the fluctuations in the
readings on the magnetic flow meter; and c) theiamblair in the laboratory as it is
used as air reservoir for ventilation/flow for tbailding (personal communication
with Lab technicians). When the lights of a roonthia building are turned on/off, the
ambient temperature automatically lowers down ahd ventilation system is
activated producing air flows in the lab.

An examination on the noise levels on the air floimasurements was conducted at
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off-pump condition when the readings are expeotedet zero and on-pump at zero
flow. Air velocity readings at off-pump conditionrfa period of 24 hours are shown
in Fig. 5.5. The measurements were started at tideoé a set of experiments. A
maximum air velocity of 0.55m/s was measured rigfteér the pump was switched
off; this is possibly due to the water drainingatlngh the blocked pump which could
trickle for a long period of time (approximatelydwhours in measurements). Noise
levels were verified at the beginning of each eixpent.

0.6 \ T
18:32:08, 0.56m/s

0.5

0.4

8:39:18, 0.34m/s

\

0.2

instantaneous velocity (m/s)

N

0.1 2:45:10, 0.09m/s

| 2:01:09, 0.07m/s

0:36:38, 0.02m/s

o
0:00:00 2:24:00 4:48:.00 7:12:00 9:36:00 12:00:00 14:24:0016:48:00 19:12:00 21:36:00 0:00:00

time (hh:mm:ss)

Figure 5.5 Instantaneous air velocity under off-purp condition for noise analysis

5.3.2 Qualitative observations on the physics of the flow

The impingement of the inflow jet on the shaft’'sién wall directs the flow radially
as an oblique impinging jet on a flat surface. Dhéquity of the jet appears to be a
key parameter defining the nature of the flow (Kettal. 2007).
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Figure 5.6 Inflow jet at impingement on shaf’s wall (adapted from Quick, 1990

Figure 5.7 Frontal view (section A-A in Fig. 5.5) of the location of impingement on th curved
inner periphery of the shaft for a) Q*=0.16 and b)Q*=0.54

Two distinct flows are diverted after the inflowtdion the curved vertical surface
the shaft in a so callelmpinging zon (see definition sketch in Fig. 5. One portion

of the water flow forms a central ridge towards dosvnward directio (Qg); while a
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second one produces a water curta]) @ttached to the wall with a peripheral
velocity. A minor component of the flow rises updigr from the impingement

location Qu) forming a circular hydraulic jump. The relativeoportion of the flow in

the central ridge and the water curtain was obsktode dependent on the impinging
velocity (4), angle of impingement&), water flow rate and characteristics of the
impinging surface; as evidenced in photographsigf%:7 and direct survey into the
flow. Given the inflow jet velocity out of the haontal pipe and assuming a
Bernoulli type jet into the shaft before impingememne can readily compute the

impinging velocity and impinging angle using Eds1] and [5.2]:

[51] Vi = \/(gDs / Vo)2 + Vg
[5.2] @=arcCog ¥/ V)
wherey, is the inflow velocity.

Soon after impingement, the water flow acquireseipminantly downward vertical
velocity. In this zone of rain-like flow, while theentral ridge detaches from the wall
forming a major stream into the air space of thaftshhe water flowing adhered to
the shaft’'s inner periphery forming a type of wgt. In a third zone of outflow
comprised by the shaft's bottom and outlet condhi, water could form a plunge
pool in the shaft and being directed towards domash conduits producing mainly
supercritical outflows. Instantaneous photographshe outlet pipe for a range of
flow rates is depicted in Fig. 5.8. Under certdawfrates, an unstable outflow is seen
to swirl and shoot offset to the pipe axis. Notat th pool was not able to form for the
range of discharges tested.
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Figure 5.8 instantaneous scenes of spray formation in the oltiv for a range of inflow
discharges (MotionScope camera, shutter speed 9us)
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Figure 5.9 Sequence of water streams spreading ardiffusing at different elevations of the shaft
and outlet for Q*=0.16 (Phantom v7.3 camera, shutter speed ps)
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If qis the sampling rate at a point in mL/s apgdis the maximum value df in a

profile, dimensionless local sampling rates frontate of 2.4 mm-probes were
obtained at four elevations of the shaft; thoseaatéDs=7, 12, 15 and 17. The rake
of thirteen probes was traversed horizontally aaymvith the main direction of the
flow (i.e. inflow-outflow direction). From high spd imagery, it was visualized as a
distinct water stream of qualitatively large coritation departing from the central
ridge (Fig. 5.9). As the inflow discharge decreadbe central ridge appears to
bounce further away from the impingement wall ta¥gathe opposite side of the
shaft (Fig. 5.10). Kibar et al. (2010) investigathd behaviour of inclined water jets
onto vertically located surfaces. They reported thdaydrophobic surfaces (Li et al.
2007), contra-intuitively the jet bounce back frtime surface in a so called reflection

pattern very much as the ridge formed in the dowdvilaw along the shatft.

1.0 &
09 - Q*=0.64
-0 Q*=0.42
08 ~A-Q*=0.34
07 -0 Q*=0.16
S 06
o
0.5
0.4
0.3
0.2
01|
d -
g
0.0 -o ‘ ‘ ‘ ‘ ‘ ‘ .
-1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.(

rir,
Figure 5.10 Dimensionless water sampling ratg/q,, in the main direction (inflow-outflow) at a
section h/Ds=17 distance from the invert inlet elation (negative values in x-axis are to
distinguish the impingement side of the shaft at rj,=-1)
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Kibar et al. (2010) observed that small size jétfew millimetres in diameter project
water sheets over a larger area on the surfacglarhjet velocities and inclination
angles. Similarly, water spreads on the shaft'daser in a thin water sheet of
parabolic shape and sharp vertex for small floveggup to abou@Q*=0.04). The

water curtain covers less than half the inner penp of the shaft. From about
Q*=0.13, the water sheet develops helical motion wateral rims or wings

overlapping in the opposite face of the wall. Thtewfembraces the whole internal

periphery of the shaft within[2; distance from the invert of the inlet pipe.

For three inflow water discharges, l0W@*=0.16), medium @*=0.42) and large
(Q*=0.64), the water flow distribution along the sHafim measurements gfat four
shaft elevations show a spread of the core streathe downward direction (Fig.
5.11). As the streams loss coherence, they reldabs of water, ligaments and drops
of variable size. The distribution of the drop sizad elongation of the ligaments is
related to the angle of collision in an obliquelis@n. This mechanism of drop
production suggests that the inflow impingement aifect the initial formation of
threads and drops of water too. Apparently, th@slwd the bulk liquid flow does not
look much different from the one attained from aigsued by a designed nozzle.
Disintegration of water drops, coalescence betw#elns, aggregation processes and
various types of collision between water partichesre visualized with high-speed
photography under small inflow rates; large infloseeloped thicker wall jets in the

periphery that limited visualization.

When observing Fig. 5.11 and the decay of the stalaes ofqy, it is tempting to
speculate that the water jet forming the core strddfuses and expands in a similar
manner to a submerged jet due to the intense atienawater-air. The dispersion
and disintegration of the falling jets is attribditi® the shear in the inter-phase water-
air as a result of velocity difference betweenwer jet and its surrounding air. The
inner streams are expected to have intense airwdgFaction induced by apparent

air movements within the shatft.
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Figure 5.11 Dimensionless water sampling rate g{gacross the inflow-outflow direction
of different sections of the shaft (negative valuein x-axis are to distinguish the
impingement side of the shaft at r/5=-1)

hd

Overall, the falling jet formed in the air spacetlé shaft was observed to have an
inner region containing most of the water of thiirfg flow. This region consisted
basically of a core stream as a somehow coherérmiitent jet. An outer region
surrounding the first one consisted of smaller sstre and drops of less water
concentration. Attached to the wall of the shédiéré is a region of flow that might be
termed cylindrical wall-jet region that flows alotige shaft. Part of the wall jet is
seen to detach from the shaft's wall at any immtide in the surface (e.g. pipe

connections), contributing to inner streams witihia shaft.
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Figure 5.12 Dimensionless contours of water samplj rate g/q, across a section of the
shaft at a distance h/Ds=17 from the inlet
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Figure 5.13 Mean relative water velocities along #shaft related to dimensionless drop height h/Jor a range of discharges
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At the furthest measuring cross section of thetsfi&. distancen/Ds=17 from the
inlet pipe), right before the elbow towards theletuta set of contours af/q, are
plotted for a range of inflow discharges (Fig. 5.1t the graphs, line E-W
corresponds to inlet-outlet direction. The condertontours converge to the region

of the core stream.
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Figure 5.14 Mean relative water velocities along #hshaft related to dimensionless drop height
h/Ds for a range of discharges

Water velocities were obtained in the three regiohsvater flow across the shaft.
High speed photography and image processing werdetthniques employed. The
wall jet sliding along the shaft's wall achieveseocity of about 4m/s in the section
closer to the inflowl{/Ds<=7) and decelerate to about 2.5m/s in the sedttibg=17
(Fig. 5.13). Mean velocities of the wall jet, exgged in relation to the free fall
velocity, show a decay to a value below 0.3 atftitthest section tested (Fig. 5.14).

The drops and streams achieve in general largecitiels than the wall jet ones. It
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could be inferred that the pipe friction producasgér resistance to the flow than the
shear stress from air drag. However, the relatelecity of the surrounding air with
respect to the velocity of the jet will make a edmition to the stream stability (Hoyt
and Taylor, 1977). Similar argument could explainganerally slightly larger
velocities of the inner streams than of the dropsciv have larger interfacial area
hence air drag. Overall, the inner flow in the oagof core stream and small streams
and drops show acceleration; yet, as comparedBeraoulli jet attaining free fall

velocity, they clearly decay (Fig. 5.14).

5.3.3 Energy dissipation

The energy losses inside a tall dropshaft wereuavadl for a range of discharges of
0.06<Q*<0.6. Energy losses were computed from depth measnts using scaled
meters in the incoming flow. While depths and watelocities in the outgoing flow
were computed from high speed photographs on thietdilow (Fig. 5.8), where

swirling outflows evade accurate depth measurements
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Figure 5.15 Relative energy losses attained in alltdropshaft for a range of dimensionless flow
rates Q*

120



Relative energy losses expressed as=AH/H =(H,-H;)/H, where

H =z+ y+V?/2 gis the total head in the inlet (subscript 0) andletusections
(subscript 3)z is the invert elevation above the datunthe water depth and the
mean velocity. The datum was fixed at the levethaf invert elevation of the outlet
pipe. The relative energy lossesvere found on average equal to 83% (Fig. 5.15). In
Fig. 5.16, a comparison between energy losses\ahiwithin some plunging drop
structures in sewer systems show that a tall dedpsloes not produce a significant
variation on the losses with a variation in watscdarge as do less slender structures
(Chanson, 2004; de Marinis et al. 2007). Apparenltly drop height expressed

dimensionless a%/Ds plays a role in attaining adequate energy lossss Ifig. 5.17).
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Figure 5.16 Comparison of relative energy lossesifa range of dimensionless discharges of
diverse plunging drop structures
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Figure 5.17 Comparison of mean relative energy loss with respect to the relative drop height of
diverse plunging drop structures

5.3.4 Air demand

Large air entrainment was previously reported idtopshafts. Air captured in the
urban drainage systems is not desirable. The foomaf air traps within the system
may generate high-pressure releases of air-wateturai and transient phenomena
(Edwini-Bonsu and Steffler 2004). Additionally, theater-air mixture (bulky flow)
reduces the carrying capacity of the system. Lagakntrainment and entrapment
processes have been shown to be dependent on thrauhy operating system
(Granata et al. 2010); however the hydraulics opdhafts, more so air entrainment,
are not yet well understood.

Various mechanisms of air interaction could be tbumithin a large plunging

dropshaft, particularly: a) inflow jet impingememtd bouncing in the inner walls of
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the shaft; b) air entrainment drag by free fallimgter droplets and streams; c) jet
plunging when a pool is formed at the bottom of shaft otherwise jet impingement
on the bottom of the shaft; d) Air entrainment/detment at the rough water surface

of the bottom pool and at the supercritical outflow
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Figure 5.18 Air and water flow rates in a dimensioal and dimensionless form

Relative air flow rates are typically expresseq@?a®./Q, whereQ;, is the air demand
into the structure an@ is the water discharge flowing into the structurea steady
state. Measurements in Fig. 5.18 were taken undeengially subcritical inflow
condition. Fig. 5.18 shows an asymptotic curve hd telative air flow rate with
increasing relative dischard@*. It appears that the y-axis in Fig. 5.18 fQr=0
represents the vertical asymptote to the curvehen lower end and a horizontal
asymptote forB below 5 in the further end. Relative air dischargeas large as 40
were obtained for water flow rates below 1L/s. Ipratotype dropshaft considering a

Froudian similitude, it corresponds to about 16kjch is not an unusual sanitary
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flow for big sewers.

Similar asymptotically decaying trend in the relatiair flow rate was previously
obtained by Rajaratnam et al. (1997) and Jalil Q0F-ig. 5.19); they reported

maximum values ofB of 1.6 and 20, respectively. In dimensional fortime air

demand is seen to increase with increasing waber fate (secondary axes in Fig.

5.18). This tendency is not steady, a plateau seed forQ between 7 and 22l/s

and above 26 I/s. A generalization®fo a curve of the forng= a(Q*)®, wherea and

b are experimental fitting coefficients was attendpslowing inconclusive trends.

The structure was also tested under no air supphyg the single air vent in the shaft

for the largest flow rate attainable for the pun@¥=£0.648). No chocking effect or

water depth rising could be observed due to thdl Slowa rate.
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Figure 5.19 Comparison of relative air flow rates ér different drop height plunging dropshafts

124



5.4 CONCLUSIONS AND REMARKS

A model exploratory study was carried out in a phlinging dropshatft of 7.7m drop
height (about 20 times its shaft diameter). The ehatbuld represent a typical
prototype dropshaft in the city of Edmonton witshaft diameter of 1.20m at a scale
ratio of about three following a Froudian similiudIin a preliminary set of
experiments, the effect of the ambient air intoghaft in the Blench Hydraulics Lab
(air reservoir for the ventilation of the buildinglas assessed. Observations of the
inflow jet in the impinging zone of the shaft relexha thin spreading layer at low
flow rates and splashing flow with a central dowrndvadge and an upward flow in
the close neighborhood to the inlet for larger fl@ates. Three regions of water flow
across the shaft were recognized: a) an inner megimtaining a core intermittent
stream; b) an outer region with smaller streamsdrogds, and c) a cylindrical wall jet
region of flow adhered to the periphery of the wkRHom high speed imagery, it was
visualized that the core water stream is basidalllyby the downward ridge. As the
inflow discharge decreases, the central ridge agpgeaounce further away from the
impingement wall towards the opposite side of thafts Apparently, it diffuses and

losses stability as it progresses further dowrstiadt.

Velocities computed from high speed photographypwstthat region of cylindrical
wall jet achieve less velocity than inner streamd drops. Conversely to the wall jet
velocity, the flow in the air space of the shafbsiacceleration; yet, as compared to a

Bernoulli jet attaining free fall velocity, the oglity decays.

For the range of water flows attained in the s€typto 30L/s), no bottom pool was
formed not even in the absence of air supply from unique shaft’'s air vent. The
relative energy loss achieved by the structure aasit 85% for all the flow. rates.
The relative air flow rates into the plunging dropshaft showed an asymptadyical
decaying curve with increasing dimensionless diggh®*. Values off3 as large as

40 were obtained for the smallest water flow rates.
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CHAPTER 6: CONCLUSIONS

An experimental investigation on stacked drop més¢SDM) was carried out on
two model structures with symmetric and offset ratignts. An offset SDM was
selected to resolve an elevation drop of 50 m imd&imere Subdivision in
Edmonton. Four distinctive regimes classified wegkated to the water depths in
chambers and the particular geometry of the maniwlgle the first regime (free
overfall flow in both chambers) achieved an averagergy dissipation of 86 %; the
second regime (surface jet in chamber 2) diministeedbout 70 %. The third
(submerged opening from downstream) and fourthly(fsbbmergence) regimes
dropped to an average of 56 % and 45 % of totalggrdissipation, respectively.

Evidently, the energy dissipation was associatel thie inflow conditions, geometry

of the design and outlet controls. However, smiadlnges in the rectangular opening
and drop heights in the chambers did not exhibyt significant effect on the global

energy dissipation; a larger drop height in theosdcchamber apparently increased
the energy dissipation achieved by that chamberth®mther hand, it was interesting
to observe that at a constant Froude number thelbwnergy loss decreases with
increasing discharge. Conversely, for a given disgh, an increase in the Froude

number showed an increase in the relative enegpei

Water depths inside the chambers of the structueee wasically governed by the
outlet controls and not directly dependent on thigreaching flow conditions. A non-
dimensional relationship was then established fedipting water depths based on
the downstream control. Furthermore, a more gen#iaal classification was
proposed based on the water depth and the dropthegjde a typical manhole for

which the downstream controls are dominant.
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In the symmetric SDM, three flow regimes were dfaes in the first chamber: 1) A
regime RI featured by a free falling jet hittingetlbottom of the chamber and
maintaining open-channel flow throughout the stmest 2) A regime RI

characterized by an inflow jet impinging on thenfravall; and, 3) A transitional
regime RIl when one or both nappes of the falletgmpinged in the surroundings of
the in-between opening. In the second chamber, dgheeoutlet entrance was
submerged, two types of flow were featured: 1) wtten outflow runs as full pipe

flow; and, 2) when an orifice type of flow is dewpkd in the outlet pipe.

From momentum considerations, predictions on pepilts and energy losses were
derived for a critical condition; i.e. a dropshsfpe flow in the first chamber and an
orifice outflow in the second chamber. Empiricalttas were required to adjust pool
depth predictions with corresponding measuremé&tgtative energy head losseg)(
ranged between 70 to 95% inside the SDM. A mildekese on7 was observed with
an increase in flow rate. Under surcharged flowdations, average loss coefficients
of K=2.7 for the SDM of large opening height ake 6.4 for the SDM of small
opening height were recorded. Finally, air flowesatvere recorded in a SDM for the
largest total drop heighth£8D) and two opening heights. Overall less air was
entrained into the structure once submergence @fojpening from downstream
occurred as compared to other drop structuresnaifasi height. The increased drop
height tested in this design showed an adequat®rpemce being efficient in

dissipating energy and producing moderate air gmtrant in the system.

From a design standpoint, a square geometryfx33D in the chambers of a
symmetric SDM is found sufficient to allow major amanisms of recirculation and
plunging. No added dissipating benefit is obserfverh a larger section (32x 4D)

of an offset SDM. A rectangular opening of largeghe (@=D) produces small losses
under surcharged condition being efficient in giating energy under free fall
operation. A drop height oft8does not show excessive air entrainment as comhpare
to other drop structures; however, a noticeablecon in air transported into the
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outlet pipe is observed once the opening is subeaeipm downstream. Air vents in
both chambers are required to supply the air demaricee board of aboutl2above

the inlet pipe is recommended for supercriticalows.

From a separate experimental investigation on eular jet sliding vertically in a
confined chamber with enclosures lofd=3.7 andL/d=2.5, representing the pool
formed at the base of drop structures of diffekemdl, the following conclusions can
be drawn:

The confined jet diffuses more rapidly than a fjeedue to reverse flows acting
against the inflow jet direction. At aboxt9d (axial distance), the centerline velocity
of eccentric and centered jets decays to aboubfOtBe onset velocity for the larger
level of confinement tested (i.e/d=3.7). While a centered jet appears to decay at a
constant rate, an eccentric one apparently prodiveedinear gradients or rates of
decay. The turbulence intensities increase asah&rgvels downstream; achieving
larger values in jets with larger levels of confment for the same distance
downstream of the nozzle pipe. The velocity prsfili@ the two perpendicular planes
crossing the centerline jet axis, show that sintjfawvas not attained within the reach
of measurement; however at sections close to thgpmg pipe, the velocities in the
streamwise direction could be approximated by normdsstributions. The
Kolmogorov hypothesis of isotropic turbulence cobddused as a first approximation
to calculate the rate of energy dissipation witthie chamber. Finally, a comparison
of relative energy losses by jet diffusion computeth the theoretical model showed

good agreement with the corresponding measurements.

Finally, a model study carried out in a tall plumgidropshaft revealed interesting
hydraulic features that foster our understandinghefflow inside the structure. The
slender geometry of the model dropshatft, i.e. diemght about 20 times the shaft
diameter, represented a typical prototype dropshdfie city of Edmonton at a scale

ratio of about three following a Froudian similizidObservations of the inflow
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impingement on the shaft revealed a thin spreatiaygr at low flow rates and
splashing flow with a central downward ridge forger flow rates. Three regions of
flow across the shaft were recognized: a) an in@gion containing a core stream; b)
an outer region with smaller streams and drops,cardcylindrical wall jet region of
flow falling along to the periphery of the wall. dm high speed imagery, it was
visualized that the core water stream is basidalllyby the downward ridge. As the
inflow discharge decreases, the central ridge appgeaounce further away from the
impingement wall towards the opposite side of thafts Apparently, the central

stream diffuses and losses stability as it progeg®wn the shatft.

Velocities computed from high speed photographgwsthat region of cylindrical
wall jet achieve less velocity than inner streamd drops. Conversely to the wall jet
velocity, the flow in the air space of the shafbsiacceleration; yet, as compared to a
Bernoulli jet attaining free fall velocity, the gity decays.The relative energy loss
achieved by the structure was about 85% for allfithe rates. The relative air flow
rate £ into the plunging dropshaft showed an asymptdyicdécaying curve with
increasing dimensionless discha@&. Values off as large as 40 were obtained for

the smallest water flow rates.
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