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.- ABSTRACT : e

t

_ The hydraulxc des1gn oq pump sumps is a common and d1ff1cult'~

task, The flow patterns fﬁ a sump are oo complex for

p

theoretxcai analysis, and emp1r1cal rules will' not guarantee .

success. ‘A hydrau11c model study is requ1red tb ensure that

, the 1nstalled sump w111 perform adequately However, even a

, model study is not completely reliable, as there is no firm

Ly

comcénsus as to what criteria should be used to size the

model.
ol - ’ _ _
Y;ﬁThiéhthesis first reviews the literature on the ‘design
of pump sumps. The major~aspects of good -and poor sump

desxgns are d1scussed .and the arguments for and against the :

;,use of ﬁeynolds and Froude cr1ter1a in modellxng sumps are

:presented The paper goes on to present an exper1mental

study of the flow structure in-a pump sump. The many merits

. of lasernDoppler anaemometry ia the hydraullc de51gn of sump

models are brought forward as a superlor alternative to

" other design methods

iv
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taken, this sect1on is nearest the ehtrance. -

'h

xhepk - A section near the back wall\where data was taken.

xbbels -. A section where data was ‘taken between th:)bells."a
xsside =-. The sectlon on the south side of the\bell ‘
xnside - The section on-the north side of the li?\>\ﬁ
xubels - The area under the.north bell cons ting of flve\y

sectlons, one through five w1th sect'on he closest to

the backwall

.

NOTE: Where other author's equétions are used,

Varlables in the equations are def1ned in the text.s
N [/\'q .

|
———
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1. PART ONE: LITERATURE REVIEW

1;1'INT§ODUCTION

Pump sumps are a necessary feature 1n most operatxons
that use fluids. The hydraulxc de51gn of a pump1ng station
1nvolves the flow through the pump, the d1scharge system, as'
well as the channelllng of the f1u1d into the pump (the pump
sump) The trend for pumpxng stations in refent years has
been towards larger capac1ty pumps. As'pumps become larger,
the casing wall and suppor;*structure rxg1d1ty does not
increase in proportlon to the s1ze, maklng large facilities
more susceptable to v1brat1on. To prevent v1brat1on problems
and achleve adequate performance in large pumps, better R
entrance and sump conditions are requxred Thls 1ncreased
need for high performance in sumps has led to the 1ntense

.study of flow problems in pump sumps. The first part of this

~ thesis presents a summary of the work done in thig area to
. > ‘ M ’ > . B .

. ‘dayé.

" 1.2 General Aspects of Sump Design

1.2.1 Why Modelling is Important in Pump Sump Design
The complex nature of the flow,patterns in pump sump

°limits the method of design to the use of a hydraulic model.

Analytical solutlons are 1mp0551b1e due to the complex

P

nature of the problem, and emp1r1ca1 rules cannot eliminate

all possxble hydrauTic problems. The model must reproduce
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" any flow separation, ‘air entrainment, and development of

vorticies and eddies that occur in 'the fgtotype under
scaled condit;ons. The‘nodellshould allo&ifor.the conditions
where'one of'a-series of several pumps‘iqgaisump is shut
down or operating at a lower capacity: Tﬁe entrance .
conditions“as well as.the sump itself have a large @nfluence

on the.overali performance and should be modelled carefully.

A
.

1.2.2 Applxcatzons of Pump Sumps .
Pump sumps are used in too manyqpreas to be listed

‘here, but.a few applications in the field of Civil

—Engineering are listed below.

Irrigation - In this application water is pumped from a
river or reservoir into a systen of pipes or canals.
The watqrizs usually untreated ‘
Water Supply - Th1s is similar to the Irrigation applzcatlon
i except that the water may or may not be treated.
Storm Water - This involves the pumping of untreated water

from a culvert or sump into another culvert.

Sewage~- ThlS involves the transferrlng of water to and from

S

A3

‘sevage works. B ’ B
Dewatering - ThlS is important in ship drydocks, farming and

navigation locks. E AA .t | , :
Cool ing Water - This is very 1mportant in both Nuclear and

Thermoelectrlc power generation, and 1nvolves the S

pump1ng of water into the cooling system of the plant.

v oo
o0



The importanée of reliable supplies offcooling water in the
Nuclear power industry is a large chtor behind the recent °
jnterest in sumb design. Because nuclear power plant‘ cannot
shut down quickly, the need for a trouble‘f:ee source {§f——

cooling water is paramount.

1.2.3“Hydrauiic-Problems in Pump Sumps

Following Tullis (1979), the problems associated with
the operation of sumps can. be separated into six caéegofigs,
but'aléost,all have to do with fluid rotation in the sump
itself. This fluid rotation may result from unsymmetrical
sump layouts or sharp corners that cause separation of the

flow. Solutions to these problems will be discussed in the

third secti¢n. ' °

1. Surface Vorfic?es - When severe enough, these may draw
air from the surface into the pump causing imbalanced ,
fmpeller loading, vibratiqn and cavitation. The
strength of a,vortex‘isfditen rated as shown in figure'

3. |

2. Subsurface Vorticfes - These emanate from the floor, side
walls or back walls and enter the'pump'causing
vibration and cavitation.

. 3. Prerotation of flow entening Intéke - This willOFhange
the angle of attack on the impeller blades and reduce
-'efficiencf. | |

| f o : ,
4. Uneven Distribution'of Flow entering the Pump Throat -
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This will result in imbalanced loading of the impeller
blades and vibration.
5. Fluctuations In Velocities at Pump Throat - This may

cause vibration and cavitation.

6. Separation of Flow from the Intake LIp~ This is more'a

pfoblgp of pump desién, but can also lead to severe

... vibration and cavitation,

The above list covers the-basic problems in sump design. A

more detailed list is given by Prosser, 1977. Thése probléms

" can be very serious, anddgo?recting them may entail plant

shut-down,

1.2.4 Hydraulic Features of Pump Sumps ™
Prosser describes a typical pump sump as éonsiéting of

four separate zones. The first zone, éHevinlet, is where the

water is channelled into the sump either through a pipe, or

as free Surface flow. &herevmay be several inlet chanﬁels.

The f1na1 entry into the sump is often through a control

- structure such as a we1r. R

The second zone, the approach flow area, contains 1£ems
such as screens to remove debris, flow straighteners, and
dividing walls=that direct the flow into separate sumps.

- The third zone is the sump itself. The sump is'
generally rectangular with a flat floor, and may serve more

than one pump. The intake for the pump may be suspenéed, or
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built either partially orudompietely into the wall or floor.
. ¢ .

The primary purpose of the sump is to prd

vide stored fluid
13 % :

for the pump, and to damp out any flow.pipblems originating

in;;he'second zone. ) |

The fourth zone is the portioniof;g~gg between the

intdke and the pumpbimpeller. This kone'7'ﬁé always be full

of water to ensure that no cavi

impeller loading occurs in the N

Ly

the intake, increasing the risk of cavitation. These zones

are illustrated in figure 1.

" 1.3 Modelling flo¥yin Pump Sumps
The\question of what criteria should be used when
modelling the complex flows of pump sumps can be clariﬁieg“
using some thﬁéry. Hecker (1984) and others have shown, frg&\f’
dimensional analysis or consideration of the Refnolds '
quations, that the formation of a vortex of a certain type -
(VT) is dependent on five variables. These. five variables
are the .relative submergence (s/r), ;he circulation nQpber'
‘(FN), the Ffoude number (F), the Reynolds number (R), and
the Weber number (W).
vTr = £(s/r,IN,F,R,W) where,
N = Tr/Q |
F = 9/(rs)/(gs)°:®

R = Q/(vs)
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W = pud/o

or W2 = psQ*/(A%0)

f = a functioo dep:ndant on the geometry*and
roughness of the intake, | ’

.9

Ahd, S = gsubmergence of intake;
r = radius of intake pipe. ) B

4 = diameter of intake pt;g. .

o = surface tension,

' = circulation.

Q = discharge.

p = fluid density.

v = kinematic viscosity. -
'g = gravitational acceleration.

u = fluid velocity.

These equations .are useful in that they define the important
parameters, but the preSence of vort1c1es and other flow
problems cannot be predlcted from them.

Dynamic similarity requires that all five of these
parameters have the same value in the model and prototype.
‘To reduce the phy51cal scale in the model several of these
parameters must be neglected since the only way complete
51m11ar1ty can be achieved using water is at full scale. éor

free surface models, the most important requirement is the

similarity of the Froude number. This is also the case. in.



pumb sump, models,; but the swirling ﬁlows and air core
vorticies cause other parameters to be important as well.
The two parameters most often hgglected or 'relaxed’' are the
Weber number and the Reynolds number, for reasons that w}il
be examined in the following text. | i | '
o

1.4 Relazing Surface Tension Siqila;itj |

The similarity of sufface tension phenomena is achieved
" when the Weber numbers are the same in the model and
ptototype. There is no real consensus on how well fléw is
médelled vhen the ;imilarity of surface tension is
‘,neglected, or on how to allow f&i the scale effégts. Daggett‘
_‘éha Keulegan (;974) used different fluid# to investigate the
effects of'surface tension on model size. They found that
surface tension did not affect scaled vortex flow i
significantly, and that the scaled critical inpﬁke
submergence was modeled correctly. Other }eseatéhers will
not"éé‘thig far in neglecting surface teﬁsidn.

Guideiines are.given by some researchers on how to take
scale effects into éé;;;nt. Anwar (1965) states that while
the air core size is not modeled correctly with the froude.%
criteria,‘the prototypelvortex size ma# bg Ealéulated frém

uthe correctly scaled circulation. He léter found (1977) that
as long the Weber number (W, ) was 1x10* or larger there
vere* no surface tension scale:efféc:s. déin'et al (1978)
fdund that as long as the webqr numbef w was greater than

120 no scale effects were‘preéent. McCoggggdale (1968) also
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found that vortex sizes were not modeled correctly by Froude

y B
.criteria and that the relative size of the air core was

smaller in small models due to the stronger -surface tension.
He found that the scale effects became signiticent’when the
intake orifice was less than 2 inchee in diameter ‘but were

-

neglxgxble when the orifice uas‘&erger. A ]
“ Odgaard (1984) 15 another proponen; ot limiting the
Values of certain parameters te, Justify neglectxng surface

tension scale effects. He developed two equations of surface

e *

tension-: parameters from theory When these 'surface tension

/
factors' S, and S; are below a lxmitxng value, surface

.tension efTects become negligible,. : /

P .

S\ = 0.3350(g/(cH® »1))°'7 /(yu) ~

S; = 1470(cH? »1/g)° % /(pl?)

where: o = surface tension., .. ’ B ’ s
v = kinematic viscosity. | . . (f\\
H = air core depth. ‘
¢ = shear draé coefficient, | | s
T = circﬁlatioq.

/7 = unit weight. Y

p = fluid density.
g = acceleratio; due to gravrtxl;\

¢

- -

Yildrim and-Jain (1981) indicate that surface tedsion N

‘ i ' N
effects may be more important ‘than is generally thought.
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. They state that the effects of surface tension 1ncrease w1th‘“

d-decreaflng depths and decrea51ng clrculatxon. Hec&er (1981)u

that in Froude models of a fa1rly large 51ze surface

tehsxonf:}iects were s1gn1f1cant for deep air core Do

vort1c1es .

+

To defrhe a. general gu1de from the above . research is

‘”ant eas‘ sznce enough is not yet known about the problem. It .

.seems that 1 model is operated at a Weber number W larger

'than 129man, is large enough- so that the intake ‘orifice is
: 8 : ‘ .

"'plarger than 2‘inches, the'modelfwill be free from‘surface

tension scale effects except for insige the vortex core.

s

,1 4 1 Reynolds Crxterza Relaxation

The 51m11ar1ty of viscous phenomeﬁa in fluid flows is
L D
' governed ‘by the Reynolds number. Some researchers belleve

il

that when the Reynolds number 1sdlarger than a certain
'11m1t1ng value, th::e are no scale effects 1n Frouée scaled~
'b-flows "This 11m1t1ng Reynélds number is approxlmately 3x10‘
Daggett and Keulegan (1974) found this number to be the
limit fot the p1pe Reynolds numbery, Anwar_ (1978) found this
S ‘numbef to hold for the radlal reynolds number, and
‘4Padmanabhan and ‘Hecker (1984) found thls number to be the
limit for the approach flow Reynolds numbdr as well,
| Follow1ng th1s u;ea, as long as the model is operated above

thlS 11m1t1ng Reynolds number, the actual value of the

Reynolds numbers do not ‘have to match in model and 0

I Gt —_——
. PSR

Sy
R

fprototype.’ ;' ] R



" The Reynolds numgeipts the ratio- of 15:;22a1.t0‘6iscoue
‘foﬂ(es in fluldlfloJﬁw/S;eeny and Rockwell. (1982). recommend
the locatlon of the. max1mum bel; d1ameter as a
representatlve locatlop ﬁor thg&def1n1txon of the reynolds.

number, but many def1 i

ions are used For the study of flow

in pump sumps, three major formulatlons of the. Reynolds‘

L4

number have been used. These are'-

| | DS
Pipe Reynolds numbe - - R, = vd/v
‘Radial Reynolds number - R, = Q/(vs)"

.Approach ‘flow Reynolds number - R, ="t , ¢ /v

where,, : d

[}

dianeter of pump intake pipe.

e

s the submergence of the intake.

depth of appnoagh flow.

S,

Vi veloc1ty of approach flow.

v = velocity at the‘?ocatlon of,d\_\“r

- 3

S vEroude ébaling is not accepted by everyene however,; and
'meny of the detreqtorSabeiieve‘in'speeding’up‘the model
above Froude scaled speeds bQ.Rvercome scale efects. Fraser,

"*x—aenny,nend §OUng'hé§e all proposed the use of model intake

‘velocities equal to that é% the prototype. bhillon et al
C1981)-however, have—shQWn'that the use of this'equai |
»veloc1ty concept can be mlsleadbng. His work shQws that the
use of equal 1ntahe veloc1t1es can produce highl{y

exaggerated vort1c1es that do not represent the prototype

l\‘ ) . -



situation, -Babb and Mih (1984) indicate, in apparent

~N . .
contradiction, that increased intake velocities are
desirable to limit scale effects, but should not be so large

that surface waves are created since this will‘inhibit

. vortex formation. Durgin and Hecker (1978) give an approach

'to increasing velocities above Froude scalequqlues, and a

technique to allow the application of the results to.tne
prototype. Padmanabban and Hecker (1984) conclude from their
model - prototype;comparisbnsVthat there is no need for "

higher than Froude scaled velocities. Models should be.

operated at Froudé scaled flows or just slfghtly nigher, if

”

the latter researcher's’work is followed.
Following the arguments of ‘the majority of recent

researchers then, ‘a model may be said to be free of viscous

hﬁecale effects’if it is oberated at Froude scaled flows and

: .

the Reynolds number is larger than 3x10‘ The speed of the
Y *

flow may be - 1ncreased to bring on vort1c1es supressed by

scale effects, but should not be speeded up a large amount

for general model obser®tion and measurement.

1.4.2 Mpdelling using the Froude Criferia o j o
After the relaxation of the Reynolds and Weber number1
constraints as 1nd1cated above, the flow 1n a pump sump ,
model is a‘functlon ofy, the Froude number, the c1rculat10n
number, and the submergence only. Padmanabhan and Hecker

(1984) found that Froude models.correctly model the

- persistance of a vortex, the'length of time it exists, and.

e
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the cigculation in the sump. They also noted an increase in

vortex type for similar Froude numbers when the flow near

.

the entrance was pértially blocked. This should’ be expected

b ,
however, since the blocking will produce high local

velocities and‘indreaséd local Froude numbers. The Froude
ﬁnmbers usedvmgy‘not'be compamabie°ﬁith thosegused

' élséwhere, depehding~6n the factors used to define the
Froude number and the type of blockxng Haxnd% (1956) fo@nd
that Froude s1m11ar1ty did not hold for vortex phenomena,
but he was more cg@cerned with the core of very strong, long
filament vort1c1es.v @ |

Anwar (1965) recommends a maxlmum scale of 1:20, andl
Dhlllon found thls to be valid as well This limit would "
likely be covered by the 2 1nch m1n1mum intake‘diame;er,

. except -in médeLs of very-large sumps. The independencé of
the voftéx type from the Reynold's number, and itsv
dependance on the Froude number 'is shown in'figure‘Z.VSince
che flow is-a function of the Froude numberlalone, pumé ’

,1)\§umps should be scaled accordlng to Froude criteria.
W1Jd1eks (1984) gives some gu1de11nes for pump sump
modelling when the we§§§ and Reynolds number limits cannot

" be met due to size considerations. |

1.5 Factors to Consider in Pump Sump Design

—
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lr5.1‘Evaluating,Pump'Sump'Performanée

The performance of a: pump Sump 1s most often evaluated
qual1tat1vely by the type of flow patterns that can be seen
ingide 1t.‘The sxze and strength of vort1c1es in the sump 1s,
oftenrthe crlteria for the des1gn of a successful fac111ty
Vort1c1es are divided into several categorles accordxng to

strength, and ar 11m1t as to the strongest allowable vortexv

governs sump de51gn. An: example of such a system of vortex

de51gnatlon is shown 1n figure 3 The per51stance of a i

A

vortex, the percent of the t1me a vortex of a ngen strength
exlsts, is another parameter used to- 1dent1fy vortex" t
problems. Sweeny et al (1982) measured the persxstance of a
vortex class with a multi-button recorder, where an observer
pushed a button correspondlng to the vortex type present for

e

the length of time that it was present. O |
Sw1r11ng flow inside the 1ntake is often 1nd1cated by a

.-stra1ght vaned propebler located 1n51de the 1ntake plpe. §
W1Jd1eks (1984) gives a safe value for: dﬂé swirl in the ‘
1ntake pipe: us1ng the measured rotation of such a propeller.‘;
‘He also measured veloczty‘proflles in the 1ntakegand
,developed several statistical criteria for the required |
uniformity of the veloc1ty proflle. The p%esence or absenceé
. of vorticies and sw1r11ng flows is used to evaluate |
performance bécause theseuare\the major sources of hydraulic
problems. - - : tf"' p_ t . ,E

| Measured parameters can also be used to evaluat;*the

performance of a sump. Daggett and Keulegan (1974) plotted
i N . o ‘
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the circulation number against the relative submergence and
defined regionS'where fhe sump pérformed adequatelyZ'This
.. method requires the measurementﬂof the kinematic viscosity,
w‘the density,“the‘circulation and the submergence. |
Measurement of the circulation can be done by measuring the
| tangentxal veloc1ty at a spec1f1c distance from the air
core. . . L ' ‘{v‘ |
| Tbe critical submergence is another paremeter used to
. describe flow in}sumps.\This"critioal submergenoe' is the
intake submergence at‘which air begins to beldfawn into the
intake. ThlS pa:ameter was used extensively %Q determine the
presence of scale effects and to set the limits on the
Reynolds and Weber numbers. Venkataratma et al (1981) found
that this parameter depends on the velocity in the 1ntake in
a h1ghly var1ed manner. Jaln et al (1978) found that in
cyllndr1cal‘fanks with a central dra1n on_Ebe,floor, the
'criticai.submergence varied with the Froude number alone in
a highly predictable manner. Apparently, tne turbulence and
curved Qortek filaments in pump sumps lead to more varied
and unstable'conditions.
«The'above procedures can be used to eualuate “he

performance of both models and‘prototkpes. To dex.., . g,7D
‘that performs well hydraullcly, a model must be 2. g 5. wm
both evaluat1on procedures require phy51ca1 meas.rements

and/or observations. No standard design can -be used s.ace

the shape of a sump is usually dictated by the site.
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1.5.2 Minimim Sump Volumes
The minimum volume that a sump must &onéain depends on
the maximum number of starts of the suétion pump in a
certain period. The maximuﬁ‘number of starts depends on the
mqtof heat geneéated per start-up and the maximum allowable
temperature of“the motor running the pump. For a fixed speed
pump, the following must be taken into consideration:
1. Required discharge rate. .
2. Number of ph@gg operating from the same sump.
3. The capacitygﬁgVeach pump. |
4. Thé operating level for.éach pﬁmp (NPéH);
] 5. Minimum time between start-ups.
The required volume of the sump fdr a fixed speed»pump
can be found from the simple formula derived by Prossser

(1977).

T = 4V/Q
‘where, V = Sump volume.
T = Time between starts.

e

Q = the pumping rate.

For a frequency of 10 starts per hour for example, T= 6
min., the sump woqla have to be one and a half times the

discharge rate Q (units of volume/ minute).
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For a variable speed pump, the number of starts per
hour becomes .insignificant, and the minimum sump volume is
governed by the control system that controls the speed of

the pump.

.} .
1.5.3 Aspects of Good Sump Design
Prosser (1977) gives a list bf general rules that
should be followed in the deQ{;n of. pump sumps. This lisf is

reproduced below with some minor modifications.

1. The flow approaching‘the pump intake, whether a

horizontal or vertiéal bellmouth, should be uniform
acrgss the channel. |
2. The kinetic energy associated with changes in level or
crosssection shguld be dissipafed‘yell away from the
.final approach td_the pumps. |
3. Obstructions, such ag supporting pillars, should be
| streamlined to prevent flow separation and sQirl
. generation near the intake. This does not hold for
‘baffles that are intended to increase turbulence to

allow fast‘exéansion of flow from éipe into sump.

‘4. Areas where stagnant water may .occur should be filled in.

5. Average velocities should be kept low: about 0.6m/s for
flow entering the sump, and 0.3m/s maximum for the

approach flow to the bellmouth.

'6.>Trash racks should serve a double purpose as_flow}

straightening devices whenever possible.

Figure 5 shows examples of good sump~design,}and figure 4



shows éjtypical bellmouth detail designéd for good[ o

non-separating, flow into intakes.

1.5.4 Aspects of Poér Sump Design
The object of a pump sump is to provide storage and

good flow conditions to the pump. A summary of unwanted

hydraulic conbﬁtiohs in sumps are listed below.

Jets - Jets cabgg swirl as they expand, and if the jet
iﬁpinges dﬂféqlfs,or support columns, large unsteady
vakes form aQﬂiné to the swirl in the sump.

Separated Fiéw - Reéfons.of separated flow ége sources of
vorticies and unneceisary sump swirl.

High velocisthlows - These cause problems.similar to}jets.

Unsteady. Flow -~ This is a cause of Unsteady pump loading and
vibration. ;l‘

Surface Waves - Large surface waves are a sign that eith;r
the velocities are too high, or_the flow is'unsteaéy.

Free-Falling Fluid - This causes aerati9n that reduces pump

efficiency.

These poor hydraulic conditions are the result of poor

.

sump configurations. A general list of poor design practices

is given below, and iilustrated in figure 6. B

1. Undersized penstocks, control gates or valves - These |
will cause jets and/or.-high velocity flows in the sump.

! .
2. Sharp corners - These are areas of vortex generation.
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Typical bellmouth design |
‘based on quarter tllipse =~
- (major axis = b-.
e A \'
minor axis = a)
Bellmouth diameter
D=d+2a+2r)
Figure 4. Typical Ifitake Bellmouth Detail. (adapted from
" Prosser, 1977) v B ' ’
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. -l 2
. X —f i D '|
p o " Good-festures )
\ —— o 1. Fill in some of the dead space "
Vmean -1 W - behind bellmouth, either with
> ) X -1 . simple fillets or more complex ,
B | : ‘formwork. T

e . 4§ -2. Keep distance of rear wall and

other fillets from lip of bell-
mouth (i.e. X, Y and Z) within
the range $D to 4. B

< Good features
* Bellmouth near to sump floor; C 24D -
Intake close to rear wall; X 24D
. Flat sump floor
. Width about 2D; up to 3D acceptable
. Deep witer, S large and at least greater than lyD
. Long approach from upstream obstructions;
L large and at least greater than 4D :
7. Mean approach velocxty should be low; |

should be less than 0. 3 m/s ,

- 7 RN T

ye 9@
. WS +C)

or - C= Heuhx of belimouth above sump floor, for v?mcal intake
S = Height of water surface above bellmouth

i D = Bellmouth outer diameter
e A e oo = Sump len, /gth. with uniform cmsmchon measured from -
\ —— rear wall to first major upstream change oh:toss-sect:on

”////////V///A////////////

747

The main aspects of a good single cell sump

- N ‘ ‘ N N ) 4
The clearance of the bellmouth from the floor should be in the range iD t04D. I C s less thm
$D, the flow area under the lip of the bell is less than the flow area into the bell and the result-
ing deceleration causes unsteady-flow in the bellmouth. If C is greater than D there is a tendency
for the upward component of flow into the bellmouth to become unstable and promote swirling
flow. The proximity of the end and side walls to the bellmouth mhxbm the producnon of swirl-

. in; flow and vortex formation.

7

Figure 5. Good Sump Designs. (adapted from Prosser, 1977)
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3; Rapidly diverging‘passages'- Thfs*leads to flow
| separation and may cause surging in the qymp.

4. Steep slopes - This may produce aeratzon through 1\
. hydraulic jumps and may cause unsteady flow in the
sump. N ) ‘ |

5. Weirs with no energy" dissxpating devices - Thrs cause;
aerat»on and surg1ng. o

6. Blunt pillarg, piers or guide vanes - Cause unnecessary
amounts of swirl. 1n the sump due to large wakes.

17 Asymmetr1c Designs - Although theg can be made to work
they often increase swirl in. the sump | |

é. Insuffzcxent submergence - This'leads;to intense vortex

activ'ty,ﬁand ingestion of.air into thef$ump;

i

P
.

l;SAS”Sources'of Vorticity - »
i De Siervi et al (1982) have proposed two separate
0or1g1ns for the vortlcxty in pump sumps. The Ezrit source of”
the vorticity 1n sumps is the 1ntens1f1catxon o: the ambient
vort1c1ty, generated far upstream. Three d1mensxonal drift
of vert1cal vortex f1laments into the 1n1et results in ;f
strong concentrat1on of these f11amenf§'around the o
stagnatzon streaml1ne near the 1n1et. This phenomena does
not depend on the1vlscous propertxes of the fluid, and may
actually be’ calculated for stmple. sUmps thh the potentxal
flow equatlons. o . : RN

The second source of vort1c1ty is the varlatzon of

c1rculatxon around the length of the 1nlet cyllnder that

a4
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4 . .
The jets produced by the pipé inlet or . . .
| penstock will cause very uneven flow g
. .distribution at the belimouth even though -

the mean velocity is below the rewmmcnaed

0.3m/s ; ﬁ
Tha belimouth is comctly sited near the N '

end wall of the sump, but the length is far ’
too short to ensure the lu;hly distorted
velocity profile groducad by the penstock
will not a!lec( thc flow, into the pump and

- cause, excessive swirl.

Vi

The short chlmgm in the side of a channel vnll cause viotcnl wul uound the intake beﬂmouxh

unless L is greater thm 8D,

Nal ncommended (unleu L >8D and W> 3D and Yy < 0.3 m/s.

< The wakes from upurelm muka will have unous effects on the performnnce
-of succéeding intakes. ‘

'
I oo
oo

Nort recommended -

For 8 > 20>
6 =60° as shown)

. 3 - :K../ LW . A k4 .
This shows an attempt to fegd flow normaily to the line of the
. pumps. Uniform approach flow cannot be achieved with the very
_wide angle of divergence {rom. the inlet: cuivert to the sump, .

%

)b

Figure 6. Pdor Sump Designs. (adagied from Prosser, 1977)

’
v
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“the mouth of -the 1nlet, the inlet vortex is creat

“the flow in pump sumps, or allowlng the use of shorter .

' goes along with vortex shedding. Viscous effects $re

inlet depends on the separation of the boundary layers on

the outer surface of the inlet. Calculatlon‘of this flow is

- X

much more compl1cated and requ1res knowledge of the lines

-of separat19n and the pressure fleld on the cyllnder.v

¥

At zero degrees of yaw, when tbe flow is dlrﬁly into
bf{the

intensification of the ambient vorticity. At ninety degrees

_of-yaw,_when the flow is at right angles to the inlet mouth,

boundarY”layer phenomena create the ‘inlet vortex.

-

.1 5.6 Improv1ng Poor Sump Designs

_ o

v

L There are a number of methods available for 1mprov1ng

sumps. If a sump is long enough, flow disturbances generated

at the entranee are supressed before they'reaCh,the intake.

-

may also have an adequate hydraulic performance, but require

special flow mod: fiers. Floor beams, corner fillets,
backwall splltters, sump d1v1d1ng Qéihs and anti=zvortex

beams have all been trled at one time or another.,

. : : i
1.5";6.1 Surface Vortex Elimination@

Surface vort1c1es are generally the most severe
problems encountered in sump design. Thé cnly really
effectlve way to e11m1nate~these vorticies is to keep

the intake under enough water to prevent their

important here since the circulation distribution around the'

-

A sump this 1¢ng would not" be economical. Shorter pump sumps;
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formation.‘Prosser (1977)vrecommends a_minimUmHintakeI
submergence of I 5Dv£o: this purpose, where D is the
‘bellmouth dlameter. One device\that is effective‘in
supressing surface vort1c1es 1s the ant1~votrex beam.
Th1s beam spans the entlre width of the wet p1t and
1ntersects the water surface. This beam acts as a
sluice gate and dlrects the flow along the floor of the
':sump. L '
" The effects of the anti-vortex beam are not allf'
» CT

beneficial, however. Floor and sidewall vorticies are

- often intensified, the probab111ty of separatlon at the

- .suction bell 1ncreasesf and the prerotation of the flow

: 7 o
in the intake‘pipe also increases in the presence of an

anti-vortex beam.
- T
1.5.6:2 Snpression of Floor Vorticies
" Floor vort1c1es are common to almost all sump
installatlons ano, accorddng to Tull1s (1979), arewthe
most difficult to eliminate. The floor vortex is
usually strong and stable with a constant d1rect10n of
rotation and is concentgated near the centrellne of the
pumﬁ Floor *rtimes are a potentlal source of
Jcav1tatlon as well a% a source of prerotatlon of/Elow
in the 1ntake p1pes. They should be restrlcted in
strength, gf not completely elxm1nated.
Onebmethod of4preventing floor vorticies”isvto

place a con%ﬁunder the suction bell. This method has

its drawbacks However, as it often 1ncreases the
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strebgth of wall vorticies, The floor vortex may also
form anyway and attach to;the tip o% the cone.
| Floor blocks placefvunder the suction bell are a
more effeetive method of eliminating floob vorficges,
These_blocks‘inctease the turbulence near‘tbe‘floor‘of
the.sﬁmp,.and this tUrbulence'breaks up the vortex. Tbe
major drawback of this method is that the increased
turbulence“is drawn into ﬁhe’pump and may cause
vib:éfion and cavibafion. "\
‘Floor beams and turningévangs placed undeﬁ the
suction bell are the most effective preventer of floor

. vorticies. These dev1ces can also be usefui in

eliminating vorticies emanating from the walls.

1.5.6.3 Supression of Wal,1.'ieies | | -

Side wall%wﬁrticies can enerally be eliminated by
chang1ng the dlséﬁace between the walls and the 1ntake
@1pe. Prosser (1977) recommends wall clearances of 0.5D
between the sump and the wall where D ;s suct}on bell
diameter. Backwall splitters and increased walléa
roughness can also eliminate wall vorticies. Kells et
af state that these backwall splitters sbould not
. extend above the water surface 51nce they generate}less
intense vorticies when submerged '

The use of a confined approacb}to the suction bell
that is similar to aédtaft tube is effective in.
eliminating surface wall and floor vorbiciesefTbis

method is put forward by Tullis who cautions that it
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has only been used on one project to date. This

complicated deaign would also'likely prove more costly

than conventlonal de51gns and would still requ1re a

model test. Figure 7 shows a detall of this des1gn.

1.5.6.4 Sump Dividihg'Walls

The use of stmp dividing walls in mylt ipump
facilities is not feéommendedfsince these walls often
éenerate swirlrln the sump. If the floﬁ‘frdm the
entrance is not completely straight, the d{vid;ng walls
split the flow at an angle, dausing more problems than
they'torrect. Kells et al (1985) found that”dividing
valls did not 1mprove flow in the1r two pump sump, . and

in fact added to the vortex1ng problem. F1gures 8 and. 9

1llustrate some. of these flow 1mprovement devices.

- N “

~

" The Des1gn of Pump sumps is a f1eld about which little
fxs known. Because of this lack of knowledge, even sumps that

are mlnutely d1fferent from designs that work well must be

des1gned_u51ng a hydraulic model. Pump sump models should be

.- designed so- that:
The Froude numbers are the same in model and pqptdtype.

Intake pipes are larger than 2 inches, and the scale is

larger than 1-20

4

The model Weber number (W) is larger than 120.

The model Reynolds number is larger than 1x10‘
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{f a sump cannot be made long enough to damp out
'disturbanges created at the entrance, ,flow modifgihg-devices
such as anti-vortex beams and floor beams may be used to

iﬁarove the flow condtions,



2. PART TWO: EXPERIMENTAL STUDY

2.1 INTRODUCTION - | = | ' P

Because of the lack of any detailed study of the flow
structure in pump sumps, it was thought that a general study
of such a flow structure would be of value. The study was
made feasible bi'the availability of the Laser Doppler
Anaemometer (LDA) in the Graduate Hydraullcs laboratory of
the Unlver51ty of Alberta, along with the donation of a sump
modeL from Northwest Hydraulic Consultants. The sump had
been ueed in a traditional model study for the Fourty Mile
Coulee pfoject in southern Alberta.‘This‘etudy is described
by Kells et al. in the Transactions of the CSCE annual
conference of 1985, |

Due to time considerations and the limited availability
of the LDA equipment, it yas.decided to study the flow
structure ofvtwofsump-designs..Both designs were based on
the.SUﬁp biauvrecommended for construction by Northwest
HYdraulics Consultents. The first design had no flow
iupfovement devicesf The second plan included the.
tecommeﬁded flow improuement devices. The sump .was operated
at the m1n1mum recommended submergence and the maximum
recommended dlscharge for both designs. It was felt _that
these operatlng cond1t10ns would provide realxstlc
conditions and would be most likely to reveal troublesome

flow character;stlcs.

33
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2.2 Laser Doppler Anaemometry

Laser Doppler Anaemometry (LDA) is a new method of
fluid velocity measurement that uses the Doppler shift in
light beam frequency to measure-.the velocity of small inert
patticies suspended in the flow. The LDA system allows
measurement of insﬁantaneous velocities without requiring
~the presence of physical devices in the floﬁ, devices that
often change the flow patterns. Other advantages'of the LDA
system are the ab1l1ty to megfgfe turbulence and the small
volumes in-which the velocities are measured. The LDA method
regquires optical gecess-éo a clear fluid containing some
suspended particles. The only disadvantage to the LDA system
is that the depth of penetration into the flow is governed

by the focal length of the lens.

2.2.1 Some Physics of LDA Flow Measurement

When two coherent light beams, such as those produced
by a l-asei', cross, an interference pattern of maxima an‘dh
minima fringes is set up. The LDA determines the velocity of
a partlcle pass1nq\;hrough ‘the area of beam 1ntersect1on by

measur1ng the time

"

hat the particle takes to cross a known&ﬂ 3
number of 1nterference fringes. The accuracy of a measured 3.
velocity is ultlmately determined by the number of fringes
in the region of beam intersection.

The LDA system»depends on theipfesence of particles of -
t_he right ;ize and shepe ‘to reflec; enough light to analyse.

The~particies should be neutrally bouyant and small enough
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.to closely follow the flow. The number of particles preseﬁt
greatly affects the rate ;E‘which data is taken. Seeding the
fléw with particles thus reduces the'time required to make
velocity measurements. The addition of too many particles
however, will wg'ken the beams and increqseaphe‘time

required. to take data.

2.2.2 LDA Equéﬁment Used in Tests |
Followi:E is a description of thé equipment that
comprises the LDA setup available at the T. Blench Graduate
Hydraulics Laboratory at the University of Alberta. The
laser used in the'experimqat was a four watt Inﬁova 90
Argon-Ion ig;er’maﬁufactured by'Céherent. By means of a
beamsplitter,lthe single laser beam is separated into three
beams: a blue beam with a wavelength of 488 nanometres, a
green beam with a wavelength éf 514.5 nanometres, and a
blue/green mixed beam. These three beams form two
perpendicular planes such that velocities can be found in
two directions. Both the green and blue beams areﬂshiftedapy

»
fourty megahertz with the acoustic-optic or Bragg cell.

Thg‘velocity data were.me;sured’on a planar grid using
a two dimen§ionai computer controlled traversing system.
This system consists of a mirror that deflects the beams by‘
<ninety degrees and a 160mm focal length front lens through
which the bealng penetrate vertically into the flow. With the

beFms_qrientated vertically, the velocities on horizontal

planes may be measured. The focal length of the front lens
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-Himits the distance that the beam intersection point can

]
" move into “flow. *

e light scattered off the particles is reflected back
rouéh the optics and collected by the two photomultiplier
tubes. These tubes convert the the light eignal into an -
electricel signal. This electrical éfgnal is resolved into
the two components of velocity by the two counter
proceseors. After a check has Seen made to ensure that the
measurement of the two orthogonal vglocity compenents is
' coincidental to within 1000 microseconds, these velocities
are transferred to the computer through the buffer. The
optics system as well as the electronigs vere made by D1i§
Electron1cs, now Dantec Electronxcs This LDA system is
represented schematxcally in figure 10, and photographxcally
B 1n plates 1 and 2. )
Twenty thousand instantaneous velocities were takenfat
each poxnt in the two dimensional grid. The Masscomp
. computer performed a statistical ana1y51s procedure on this
data to find: r

’

U'r_the_mean longitpdinal velocitj. m
V - the mean transverse velocity. ng.p_
ur? - the mean longitu&alv turbulence.

~v'? - the mean transverse:;urbulence.

u'v' - the covariance ef’the velocity fluctuations, or

the shear 'stress,

T
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Plate 1. Laser Ddbbler»anaemomgter.Set‘dp undef';he sump
showlng traverse,‘laseragburgéj(lowér'l@ft), and front

M lens (top) ~7, - o _k ‘ R

‘'

Yo

- - - ¢ P
Rlate 2 V1ew of laser beams penetratxng the floor of the

3

.-sump. The locatlon where the veloc1ty is read 1s at the

o

{ 1ntersectxon of the, beams._
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‘v2.3'Experimental Arrangement
The overall arr gement of the sump and related
'equ1pment is 1llustrated 1n figure 11. The water is pulled
up out of th: sump through two intake: bells by a pair.of
four 1nch pumps. These pumps push the water 1nto a head tank
from where it flows back into the sump through a ten inoh
,pvc7pipetaThe discharge in the system is measured with twd
magnetic.flow'meters loéated just downstream o% the pumps.
The model Qas constructed acobrding to the Froude
cr1ter1a and has a length scale of 1:8. 44 For the two
, des1gns tested, the out51de walls of both the entrance and
~ the sump were§1dent1cal Flgure 12 glves the dimensions of_
the unlmproveﬁ sump, and figure 13 shows the\1mproved sump

ewlth the dlmen 1ons of all changes. The sump itself was .

:suspended»two metres above the floor to allow the laser to

operate beneath it.

(o]

4§;j ‘The laser beams of the LDA penetrated the bottom of the

WA
2

sump through a clear plate 1nstalled for this _purpose. With
thls set up the LDA was able to measure veloc1t1es in planes
parallel to: the floor only, vertical veloc1t1es could not be
measured.
’2.4lExperlmental érocedure -
For both desiéns’the sump was operated at-one .

d1scharge, 12.56 1/s, and at one submergence, LWL(Z) These p

RS

condltlons represent the worst case perm1tte§.xn the sg»dy

by Northwest Hydraullc Consultants. It was thougHt that
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Bulkhead Slot
1: 4 side wall flare. )

Dimensions in millimetres.
- Multiply by 8.44 to get
prototype dimensions. - -

Abrupt cross-section /

change, circular to square.

Figure 12. Plan view of the unimproved sump showing

~ dimensions.
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Figure 13. Plan view of improved sump showing dimensions of

the improvements. -
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these extreme condi¢ions would best illustrate the structure

of flow in a pump sump. The subﬁergence_of the intakes is
illustrated in the'side‘yieﬁ of the sump given in figore 14,

A dye test was cooducted fidst in-order to determine
~the general'petterns of flow ln the sump. Dye was'injected
v’w1th a needle sat various locations 1n the sump to fxnd the
‘d:rect1on o flow. From these point tests, a rough map of
the streami4mes in the sump was constructed. ‘

Froo tte dye tests, importang areas vere identified for

investigation with the LDA. For these areas, a two

‘dimensionai grid of points was programmed into the copputer.‘

The computer then mbvethhe point of laser beam intersection

to these locations and took a .set of data. The laser took

‘all the required data for one helght before .moving up to the

next helght as thlS requ1red fever adjustments to the_

voltage fed to the photomult1p11er tubes.

.
| o
2.4.1 Measurzng Flow Veloc1t1es in the Sump
The laser Doppler anaemometer took twenty thoosand

readings at each specified point in the flow and ave:aged
them to arrive at the hotizontal Velocitles at that point.
The ‘time required to take one set of readings varied with
the depth of beam penetration into the flow and the number
of partlcles in the flow; A complete set -of data hight be
teken near the bed ih,ﬁnder-one-minUte, but twelve |

centimetres into the flow a data set might take four to £1ve

minutes to complete.

14
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Good data, was taken whé;e the flow was steady, but

: ' i ‘ ¢} ,vj
problems may exist with data taken in unsteady regions. In
the_unstéady_areas,‘an eddy might last for half a minute or

]

so, completely chaﬁging the direééion of flow for“that |
i_length of time., The magnitude of‘ﬁhe-velocities will not ‘be
Eépresentétive in thésé régions'since‘ve;ocifies in both
difécfions will be included. These large séale eddies will
also affect the values of turbulence and shear s£r§§§. The
regions of unsteady flow include‘under thercentreling of the
bells, downstream of the ;ntake bells, and the areas of -
returﬁ floﬁ,in the unimproved sump. .i‘i“ L

The LDA was able to take data in ﬁhe horizontal” |
directions, U aldng thé length of the'sump, and V écross the
sump as sﬁown in the figures. Dafa was taken at levels very
near the floor and at 50, 60, 90; and 120 miliimetres ébove
the lowest level. Data was taken at these lévels for allA
areas except dir;ctly unéer the sump where dther incrementé
were used. ;'“'fﬁn |
2.4.2 Percent of kaw in the Study Zone A

The depth of-flS: tﬁét can be studied with the laser
vﬁoppler anaemometer is limited by tﬁe focél‘Iength of the
ffont lens. For the egquipment used in this study, the focal
length was 160 mm. However, withyﬁhe»thickness of boih the

'flogr.and lens, the ralge was limited to about 120 mm above

the flodr.
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An estimate of the amountJof £ldw peesing through the
areas where tests were conducted in the main sump was made
by multiplying'an aVerage velocity on a certain cross
section with the area of that section. The percentage of —

flow through the 120 mm test area ranged from 30 to 50

l

percent for sections three to one of the unxmproved sump,

and 40 to 60 percent for the same sect1ons in the improved

sump. . .

roximately half of the flow moves through less than
of the water depth, the area where the tests are
.conducted. Near the intakes all of the flow must pass -

through the area of measurement since the intake bells are
. v

located near the fioor.

4

2.4, 3 Checks ?ﬁ the LDA Velocities
Two 1nd;pendant cheaks were performed to ensure that
the LDA was taking correct velocities. The firsr was an
order of magnitude check using the average velocity in the
return flow pipe. This average veiocity can be calculated

for the known gischarge as,

v

2Q/A = 0.70 m/s

Lot

g

- the average velocity in the return flow pipe.

where,

<
n

0.
]

the discharge of each pump.
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A'= the cross sect1onal area of the 10 inch d1ameter

p1pe.
If the LDA measured velocities are of the same order as this
_average value,-then they are ccrrect measureménts., The
actual® values of the veloc1ty in the main sump were slzghtly
smaller, but the sump area is greater than that of the plpe
requ1r1ng smaller veloc1t1es for the same discharge.

As a further check on the validity of the LDA readlngs,‘
a propeller probe was used to measure the fluid velocities
in the sump. The data from this probe are included ln
Appendix A. The measurements taken with the propeller

correspond almost exactly to the LDA- measured veloc1t1es.

2.4.4 Visualizing the Flow .

The LDA equipment generates a large amount of data that
must be rendered understandable. The data for this study is
plotted as the var1at1on of velocity with either a
horizontal or verticél distance, a velocity profile. Several
of these velbcity profiles are drawn on one axis to show the
variation.of the velocity in the third direction. For
»examplei in the main'sump:cross-sections the Qelocity at a
given height is plotted against the distance across the
sump, as in figure 17. To show the variation in the vertical
direction, velocity profiles for differant heights are
plotted on the same axis. The use of three dimensional plots
was considered, but the coarseness of the gridlused would

not allow the constructidn of a clear plot, and wquld make
o .
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the extraction of actual velocity.values difficult. Local
coordinates were used for each section or area where data

waé taken.

2.5 fé:ticity Meter

One 6f the intakes was equipped‘with a straight-vaned
propgiler'used to shoﬁ rotation of the fluid in the intake
pipés. The experience with thé qnimproVed sump has led me to
qugEETbn“the validity of any readings from such a device
ldtatedﬁﬁea; the moth of the intake.

| ‘wﬁth the clear floor of tHe sump it was possible to

‘closely observe the 'interaction of the vorticity meter and
.the floqr vortex. When filament of the floor vortex was -
aftached:to the hub of the vorticity meter, the propeller
would spfn at a fast rate. However, the floor vortex would
often attach to one of the vanes ?f the vorticity meter and
‘'stop it dead. The floor vortex could also extend'pést'the
vanes of the vorticity m;ter in which case the vorticity
meter would also nof»mqve. |

The rotation, or vorticity, of the flow entering the
intake is concentrated along one 1iﬁek»the core of the floor
vortex. Unless the hub of the vorticity meter coincides with
this moving core, any data taken from it will be of little
value, | |

As the fluid continues up the intake pipe, the céntre
of rotation will slowly align its;IQ'with the éentre of the

.pipe due to the frictional effects of the walls. Vorticity
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meters will only give true readings away from the entrance,

“\\\ghere the centre of the fluid rotation coinc'des<with the

AN

~

centre of the pipe. The vorticity meter was not used An this

study.

2.6 Structure of Flow in the Unimproved Sump
-The overall flow patterns were initially observed with
a dye tracer, and the results a}e shiown in~figure 15. Tﬁb
dimensions of the qnimpréved design aré shown in figure 13,
" and the locations of the cross-sections whére the LDA data
was taken are shown in figure 16. For this sump
configuration the flow is very asquegric.'Thé jét emerging
from the pipe clings to one wail in the short expansion area
of the sump. This-initial asymmetry contributes fo a large
- circulation pattern in the sump. The jet fromvfﬁe expansion.
‘region moves along the wall to one intake,.and‘aroundbthe
badk%all to the other intake. After the jet basses the
secbnd intake, i;s momentum is diésipated in\éq{gé‘scale
eddies, some of which are shed from the intake cylindefs.
. The pattern of flow shown in .the figure is fairly
‘steady, but the jet does sometimes move from one side of‘the
sump to the'other,_iﬁvertiné the flow pattern. The jet
prefers to cling:to the south wall of the sump, Sut can be
switched to the north side wall by deflecting the jef with a
small board. Severe floor vorticies were observed at the
désign-flowrate and submergence, but no surface vorticies

. stronger than class three were in evidence.
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th

Figure, 15. Patterns of flow in

i




4

All Dimensians in millimetres. -
To get prototype dimensions,
multiply by 8.44.

i)

Figure 16. Plan view qf the glass floor section of the sump
A . .
indicating the locations of the cross-sectians where
data was taken. These_cro§s-séction5rare Fentred'in the

3

éump or on the bell centre, except for the sections

' between the intake bells and the sump wall. These two

sections ar§'centred between tﬁe bell and ;he wall. -
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.

©°2.6.1 The Main Sump R

" The asyﬁmetry of‘the fl;u '.‘thewsump can be see% in{
the Velooity profiles. Figdﬁl '

velocity profiles across the entire sump. The second and

‘ . \

’th1rd €ross sectlons show thewjet from the pxpe as an area

_of positive flow on one 51de of the sump, and the returnxng

flow as an area of negatlve flow on the oppos1te 51de of the
sump. Although this area of returnlng flow seems to be of. a
m%ch more unsteady nature,than_the flow in the jet, the

/ .
tqtbulence_is no higher on thgs side of the sump. The strong

' forward flow of the jet as it /passes beside the south intake

L § PR
pipe is shown in figure 20

he return flow of the Jet 1s
111Ustrated in a vert1cal ve oc1ty prof1le in figyre 271,
‘F1gure 19, on cross seﬁtlon 3 1llustrates the unsteady
nature’oi the jet. For this'section as the data has'being
taken, the’jet moved from dne s1de of the sump to the other.

The data for helghts very %ear the floor (ie. herght = 0 on

‘plots), at 30mm, and at 60mm were all taken w1th the jet

clingfng to one wall As he LDA moved up to the next level,

'the jettsw1tched to the qpp051te wall, This shows up as an

,1nverted-veloc ty proflle for levels 90mm and 120mm above

~ the floor.

“Ba

‘Cross.section numbef one, figure 17, is a cOmpIex

mixture of veloc1ty proflles. This section ‘may also have

been subject to gn 1nven51on as descr1bed 1n the .above

v

’:‘paragraph The nearness of the 1ntake bells can be seen to

influence the veloc1ty pto{;les ‘of the hezghts Omm and 30mm

~
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above the floor. For these two velocxty profiles there are

‘g defxnite humps in the veloc1ty prof1le at x = 100mm and

intluence-of the 'sinks' that are the.intake bells.
The cross section between the bells, figure 22, has a —_—
pos1t1ve flow in the upper redions and a negative flow in
tthe lower areas. This flow d15tr1but1on indicates the"
rtendency for vort1c1es joining the bells to form. The upper
flows move to the backwall descend and return along the
floor forming a c1rculat1on pattern around a hor'izontal axis
connect1ng the two bells. At higher flows, or smaller
submergences, this pattern became so 1htense that a -
cavxtatlon core vortex filament appeared An example of thlS
~ phenomena appears in plate 3. A‘, . ?’
In the velocity prof1le of ‘the back wall shoun in,
figure 23, the influence of the intake bells can aga1n be
seen. In the regions very near the floor, two distinct humps/
in the negative d1rectxon are‘ev1dent in the areas where the
bells are located TheUturbulence profile for- this area,. q
:flgure 28, is faxrly constant across the' back wall of the
sump. There is a sllght tendency ﬁor the turbulence to

fncrease with height. ThlS tendency is likely due to a

“greﬁter abundance of large scale eddles further from the

dampxng effefv; of the walrs. Turbulence is produced

fthe yall due to the actlon of the boundary layer,

™

e

: 1s small in édﬂp&r1son ¢§% the turbulence that*alr
. - ¥
l»ex1sts. F1gure§r24 throughxza show the turbub@hc

2
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“for the sections in the main sump.

Bl
4

2.6. 2 'Structure of Flow Under the lntake Bell

F1gures 29 through 33 show the variation of the U
qomponent of the velogxty. At sections one, two and five the
flow 1s directed qu1te unlformly towards the centre of the
‘xgtakeﬂbel%: Sections three and four contaln.areaS‘of
priti&E and negtive‘flew on opposite sides of 'the intake. °
These proflles 111pstrate the intense- ﬁloor vorticies seen
constantly below the 1ntake'bells in the unimproved sump. An
example 95 these yvorticies is shown in plate four. The
vélocity[prefile of the third cross section is typical of
what would be expected across a vortex. High veloc1t1es of
opposing sign ex1st on opposite sides of the vortex centre,
with an area;of lower veloc1t1es near the centre. The area
of low‘veiocities:near the centre is much larger than it
would te for an ideal'yortex; Some of the lower velocities
in the_&entre area méy bealow due to the averaging of high
“velocities with opposing sign. |

For the third and fourth seetions, the areas where the
floor vortex was active, the turbulence was very much higher
than for the other sections. The turbulence is highest in
the centre, the erea of smallest velocity;“High turbulence
is to be expecteé in these areas since this is where the .
vortex core.Qill pass‘most_freduently. The'vertex wa?ivery
intense as evidenced by the cavitation core that was usually

-

present. As the vortex core passes the point where the

-
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velocity is measured 'the-velocity will change dramaticeilyﬂ

from posxt1ve to negative, or negative to positive dependxng

K 4

“on the dxre?txon of rotatxon. F1gures 34 through 38 show. the,

turbulence profxles for this area.

The transverse veloct/y proflles,.£1gures 39 through f?ﬁ;
43, show the same “fegtures of the flow as did those in the
”iongztud1nelﬁﬂ1rect11n.,The veloc;ty profiles at y values ef
0, 35, 105, and 140 iilimetres show a eteady flow towards R
the intake bell. No qew trends can be found from these *
velocity prof1les. Tde transverse’ veloc1ty pro£1lef£or y = )
70mm, figure 41,nqga1n illustrates the vortex1ng motion ',\
under the bellslﬁThe velocities near the back wall are |
negative and thoserfarther aﬁgy‘are positive showing the \
}tendency for thé.fidid in‘th}s'area to circulate.‘Thié'. h?
tendeﬁcy does not show;up as clearly here as it had in the U
fveloc1ty profiles. The\gqlbcit1es for. the centre of this
p%oflle are the h1ghest, which is opﬁgs1te to the U velocxty

"trends. This could only be due to the vortex*core staytﬂgxgg
one side of the data collection point for the majority of

- . . H T e . .
the tige. Plates 5 and 6 illustrate more vorte»ing'problems-

Vo

Y

'2.6.3 fnsiae,the Intake PdpeS' '\\ IR ~.".'

) 5

. Flgure5144 and 45 show the ertical va?nat*h$
the transverse (V) ana longxt dinal (U) ve10c1t1?;
| He

‘intake pipe. Th1s‘area"of the sump contains the results of

the /

distance bf- one QUarter of the p1pe dlameter insi

" all the nonuniformities of the flow'in the miain sump. The
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“‘F1gﬁre 39. Vert1cal prQ£1les of the transverse velocity

R ‘;g‘
R \
L under the north bell of the un1mproved sump, pﬁbflles ‘

at y = 0 in the area xuhels,’locat1on shown in small

“inset figure.
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Flgure 40, Vertlcal profljes of the transverse velqcxty

under the. north bell of the un1mproved sump, proleesH 

at y = 35 in the area xubels. Locatlon shown in'; smallf
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