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. PREPACE

This theais presénts the findings of a laboratory

- investigation of the perfomance of horigontal-oreated

linear expansions ae inlet structures for covered service
reservoirs. ~ .

The main advantages to using this type of inlet

structure is the opportunity to thoroughly aerate mthe water, ‘

by the :Eountain;—like action of the expansion, and the
independence of the preasure in the.supply main on the vary-
ing water surface level in the reservoir, euminating the
need for reflux valves in the supply line and permitting the |
punping main to be emptied. when the pumps are not operating.
Since the space between the maximum height to which
the wa.tef ripes and & point just below the orest of the
‘expansion is not avallable for storage, the designer will

_wish to lmow qulite aocurately how high the fountain will rise.

The deslgner will, however, want to avold having the turbulent
water jet repeatedly ’striki’:'lg the roof of the reservoir,
Bellmouth expa.neion.s ha.ve the same main advantages
as simple linear expaneiona, however they are more expensive
to con.etruct and, for a glven dlscharge, have a signifigantly
higher ma.xim:m dome height then the. equivalent 1 1inear
oxpangion,
A total of 10 expansions were tested. These
were four 45.7 em~-long expansions with internal angles of
7, 20, 33 and 45 degrees; four 22,8 cm-long expansions wj?th

‘a

13ofined by equating the perimeters at the 'expan'aion orest.
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the same intermal mgléa*wé 45;7 om expansions; a
bellmouth, equivalent to the 33° 45,7 cm expansion, and
a stralght pipe extension. The inlet diameter of each
expé.nsion wag T.82 e, The maximum discharge investigated
wag approximately 12 1/s. ' .

A dimensional é.nalysia indicates that to transfer
from the 1a:bora‘bory"éoale investigated to the prototype '
situstion and maintain similarity, the disoharge in the
prpfot’jpe should .equal the product of the Aischarge in the
model and the ratio of the diameter An the“prototype to ’
the diemeter in the model raised to the power of 2.5.

' The maxi.mum dome heights were measured uaing a
model 157-B Level-Tel transuitter and probe; This is a
capacitance sensing system which provided a continuous
record of water level when interfaced with a Hewlett
Packard strip oha.rt racorder. |

It was founﬂ that the 33 gave the best perf.gr-
mance in reducing the maximum dome height. This height
was reduced by at least 50 per cent for this expansi;on
angle by doubling the length from 22.8 cm to 45,7 cm.

The 20° expansion performed almost as well as the 33°
expansion in dissipating the energy of the jet. Both c.'f
theso inlet atruotures, jh:t':nre'eve:-, displayed rapidly .
.ﬂuctua‘lzing dome positions (mqét apparent for the 22.8 cm
oxpansions). "

The rapid fluctustions in dome position ccfuld |
causo severe lateral moveménf of the expansion and the l.t‘glet

&
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-pipe; therefore, a method of reducing the severity of

these fluctuations and, .hence, vibrations and.stresaea
was tested with aiénifigant success, The technique

is to add horlimontal alotting running around the cir-
cunference of the expansion, jJust belgw the oreqt; These
slots ocoupled 33 poer ocont of the eirqumferenca._ '

A dye injection astudy was perfbrmed.oh 4, half-
seotion expdnsions (internal hnglea- 7, 20, 33 and 45 degrees),
This investigation indicated Jot aeparation from the expansion
walls very near the entrance for low diachargea. For highér |
flows, the jot would often move to a wall, especially for
the 20 and 33 degree expanaions. Little, if no ezpanding of
the width ?f the jet occured.
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HOTATIONS
A(L) = Lateral area of momentum jet
b = Width of the rectangular welr

¢ = 'Q/bnt *5 . Gonstant for the calibration of the
rectangular, sharpcrested welr.

o= Q/Phl *5 = Congtant for the calibration of the

LS

horizontal-crested expansions

C,= C.P

]

Constant for the calibration of the

2”1 :
horizontal-crested expansions
D = Diameter of the inlet or nosgle
T . = Function of

F,= V//80 = Froude number™

Gravitétional congtant

g =
= Constant
H = A generel term to indicate the maximum
dome height (see Hlo)-2
Hg,. = Maximum dome-height - the level to which
the water rose (or exceeded) for ten per
cent of the time
h = Overflow water level for the expansions
measured above the creat
L}
h = Head of water above bage of glets in
slotted expansgions
1 ‘= Constant ‘
k = Roughness value for expansion walls
L = Length of expansion:
1 = Jot width
M = Momentum flux along jet trajectory
1

Sel1in(1) uses F = —zg— (860 Figures 6 and T)

2Sell:l.n(l) uses H as Hyq {gee FPigures 6 and T)
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m = M/p

%o

n
p <

Qe

u,Ln

a{r)

‘= Momentum flux from source

= Kinematic m enhfm“‘f}ux«
= Kinematic momentum flux at source

= Ratlo. of the magnitude of parameter x
in the prototype to parameter x in the
model

= Perimeter of the ci;est of the expansion
= Volume flux along jet trajectory

= Flow through the expamsion (includes flow
through slots of slotted expansions

= Volume flux at source of momentum jet
= Flow in the half-section expansions
multiplied by two

= Discharge through the slots of the
slotted expangions

= Reynolds numberxr

= Radial coordinate from the jet centerline
N |
= Coordinate along the jet centerline from

theL Bo@wf

= T4ime

= Mean velocity characteriging mass flux
along the jet path

= Tocal Jet velocity parallel to the Jet axig
at a point a distance, r, from the axis

= Maximum value of u(r), which ocours at the
centerline

=sInitial velocity of Jjet at source

= Mean velocity of flow at entrance to
expansglon

= Radial entrainment veloclity oce'urr:l.ng at

r<—2

)
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| Uy

| p
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%

= An entrainment coefficlent
= An entrainmant coefficient

é Standard deviation of the valocity
distribation

= Denplity of water

= Fu-nction Ofcoooo

= Ratio of the radia.l coordiznate from
the Jeot centerline to the Jet width

= Dynamic viscosity of water

= Internal angle of expansion
= A constant (n = 1,2,3,4)
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1.1l Service Reservoiras ‘ . .

a . ‘ . /
CHAPTER 1 . ] \S

INTRODUCTION

Jervice reservoirs are used to store water. Often

" they also serve as balancing reservoirs to maintain adequate

-

o

1)

pressure throughout & water distribution system. The storage
capacity of a service reservoir is dictat d by the maximum
volume of‘water required to meet the de.uuéds or the ay&m.l
This quantity of water is caloulated from an eatima'ﬂ'e/. or
Inowledge, of.the variation of demand with time and the" average
demand. | ‘ '

Service reservoirs may be covered or uncovered. The
covered reservoir, the preferred altemétive today, prerv'é?_nta
contamination of the supply by debris and birds; reducesf ibhe
rigk of freesing and excessive heating in the reservoir; pro-
vents the growth of algae which is prémoted by sunlight; prac-
tically eliminates’ evaporation losses; and prevents the'gcci-
dental loas of life by dmwn_ing. , . -

1

1.2 Sefv:!.ce Regervolr Inletsa

A service reservqir that 1g "'baing uged to balance
prossure in a large distribution system normally has a common -
inlet/outlet structure which must be located below the wator-
line, normally in the floor or a wall of the regorvoir. A
aarvice‘ reservoir, functioning principally for ‘Bi?tdrage and
requiring only local distribution of supply or having a locally
available source of wator, can bo equipped with separato inlot




N ! .
and outlet structures. Gemerally speaking, there are two con-

figarations fer inlets to éervice reservolrs of this type.

These are the horigontal supply, which has & submerged jet,
and the vertical supply with a free surface (see sketch below).

-

-~ HORIZONTAL

P/ I L LI L LLLL.
j ) ¥ ( submerged inlet)
- / 7 7
— o3 J )< :
K '3 DD diffusing jet
supply * :
B : JLLLLLLLLIT
| y
VERTICAL ;
(free-surface inlet) 2
.

7777 ‘l—/-l’/-/ :

supply | 4

The gubmerged inlet has two signifigant comsequences.
Firat; if the water supplied to the reservoir has a low oxygen
content (often the case if the source of supply is groundwater),
there 18 1ittle opportunity to aerate the supply, other than
through the relatively calm water/air interface. Second, the
supply main pressure is dependent on the verying water surface
level within the reservoir, .This latter point applies to service
reservoirs that are dependent on a pumped supply from a lower
level. In this case an increase in the wa'ber surface level. in
the reservoir could cause & back-up of water in the supply main.

therefore reflux valves must be supplied.to prevent thia.
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The vertical mpplk on the other hand, allows the
water supplied to the reservoir to be aerated (an amdvantage to
the use of this type of structure in water/wastewater treat-
ment) and cauges the pressure in the supply main to be inde~
pendent of the varying water surface level. .Sinco no back-up
of water is expecied, reflux valves are not needed. The supply
main oan also be drained when the punps are not operating. This
prevents freezing of the supply line. o '

In order to determine how far from the roof of the
resexrvoir to locate the orest of the vertical supply inlet,
some knowlgdge of the height %o jvhich the wﬁter will ria; above
the crest oi’ the inlet for any particular discharge ;ls required,

The inlet structure must be positioned to avold the possibility
of strong vibrations being set up in the roof of the structure

By repeated impact of turbulent water Jet. If the frequency
of the blows approached the resonant frequency of the structure,
these vibrations could be quite dangéroua.

1.3 ILineaxr Expansion Inlet Structures

Bellmouth expansions have been used as expansion
ovexflow gtructures (1}, however it seems that simple linear
expaﬁsions (see sketch on the following page) should perform
just as well in this context. Obviously & simple linear ex~ '
pansion would be a:;cheaper alternative, .

In .addition to the savings due to the simple linear
shape, linear expansions should produce & lower marimm dome
helght than a bellmouth with the equivalent dismeter at the

'crost. Thig lower naximm dome height will permit the lineoar
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Linear
Expansion

expansibn to be located closer to the roof of the reservolr
than the equivalent bellmouth, thereby permitiing a greatexr
volume of water to be stored in a given service reservoir.
The marimum dome height for the bellmouth expansion
et a pa.rﬁcular discharge is greater than that for the linear
expansion (see Fig. 1). Thig is due to the small change in
width of the bellmouth expension with distance from the base
of the inlet structure. The confined enviromment in tﬁe bell-
mouth expansion does not permit as much turbulent mixing to
ococour between the rising jet and the expansion ﬁls, result-~
ing in much hi‘gher jet valocitieé near the crest 6f the expan-
slon, and hence the greater rise of the water above the crest.
In Plg. 1, on page 5, '&p 'doma indicated by a dashed
line is that for the bellmouth expansion, The dome drawn as _
a 50lid line is that for the equivalent linear expansion,
The 4H is therefore the d:l.i’ference between the maximum dome

heights for the bellmouth and the linear expangion at a given
dischargo.

;{!7 N
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COMPARISOﬁ_ OF PERFORMANCE OF LINEAR EXPANSION
AND EQUIVALENT BELLMOUTH N

LLLL101] 0101

substantially increased

volume available for

mixing and energy

dissipation

< .
3" expansion

~equivailent bellmouth

- Figure 1
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1.4-La§q;gtoqy Frogram

The ;aboratory‘program described in this thesis
was underteken to test the sultability and performance of
horizontal-crested, linear pipe expansions as servioce reser—
voir inlets, Fbﬁr expansion angles were inveatighted (7, 20,
33 and 45 degrees). It was considered to be unlikely that
an expansion with an internal anéle mach less than 7 degrees
would produce dome heights signifigantly different then &
stralght pipe section. It was also considerqd that an expan=
slon with en internal engle greater then 45 degrees would
provide more than enough volume and width for the expansion
of a momentum jet, and that any greater angle would result
in an inorease in dome height for a particulaf discharge due
t0 tho entrainment of water located between the edge of the

. Jot and the walls of the expansion,

A seheﬁﬁkic ﬁiagram of a linear expansion, along
with an explanation of the nofation nsgd in this study, is
given in Fig, 2, '

| ~ To provide a basis for éoméariaon, a straight
pipe extension section and a bellmouth expansion (with a
perimoter at the crest equal to that of the 33 degree linear
expansion) were also tosted. Scale diagrems of the various
oxpansions' internal dimensions and the stralght pipe unit
are presented in Figure 3.
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CHAPTER 2

-

THRORETICAL CONSIDERATIONS

2,1 Jets
2.1.1 General Remarks
e saccessful design of outfall diffusers for
both sewslge disposal and the discharge of cooling water from
thermal power plants neceésitates mathematical solutions for
a wide selection of jetland plume diffusion problems. The
gimplest case of jet diffusion is a pure momentum jet, in

which the jet and the ambient fluid have identical density.
¢ o N

Cederwall (2) has recently presented gross parameter solutions

“for a variety of flow situations for jets and plumes. One of

these is the simple case referred to above which is the case

under investigation in the ;gbora#ory investigation of linear
- Ly .

pipe expansions.

For the pure momentuﬁ jet,with the densities of both
the jet and ambient fluid identical, the trajectory is a

' gtraight line. When +the jet penetrates the ambient fluid, a

\

turbulent mixing layer deveélops, which diffuses both momen tum and' 3
mags laterally. Initially it is found that an unstaile ghear B
zone, just a few diameters long, adjusts the flow structure to

that of a fully develofed reg?on (zone of established flow) (2);
Lengthwise velocity profilés across the jétyaie of a similar shape. -

P Problems of jet diffusion have féceived a great desl
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of attention in the past. A number of investigators have adopted

an integral technique when analyzing jet and plume flow situations.

In these studies self—similafr' digtributions of veloeclty and
densityiwe're agsumed and the problem was stated by taking as'a .

control volume a thin slice of the flow field extending laterally
o across the jet. The rate of change of the bulk characteristics of

tﬁe je-t. fiow in terms of the axial jet velocity, axtal density,
and jet width was then described by the equations of cons;z'vu%ion
of mass and momentum. The veloocdty and density profiles chosén
were often of the Gaussian type and the ‘en'breui.nment velocity at
the edge of the jet was assumed to be proportional to the jet
velocity at the axis. A comprehensive study of turbulent jet and
az;.d Plume problems, following this analytical ’cechniqgg has been
sumarized by Fan and Brooks (3). - :“*"’f"' o
Cederwall (2) demonstrated how the integral technique
for analyzing turbulent jet and plume problems may be further
simplified. Gross parameter solutions for virtusl point or line

sources were presented for a mumber of flow situations but limited

Jto gtagnant, homogeneous, or linearly dengi’cy—stratified ambient

water. In principle,the solutigns include only one empirical
constant, relating the rate of entrainment to the gross variables
of the flow, Cederwall found that dimensional reasoning could be
used to esbablish effectively‘ the :Eundamem;bal features of the
turbulent flow field generated by jet or plume sources.

2el.2 Analysis of Momenbtum Jets

A momentum jet is characterized by an initial flux of
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momeninim '“bhere is no buoyancy fiux. The ambient fluid is not
‘necessa.rily homogeneous; however, this discussion will be
restricted to this case since it applies directly to the
‘linear éxpansions under investigation.
The assumpfions underlying the analysis of a momentum
jet are: ’
k.l. The fluid is incompressiblé

2. The generated flow field is fully turbulent, which means
that Reynolds numhéxf dependence is absent.

3. .Mass and momentum are asmed to diffuse at the sgame rate.

A volume source is congidered, a real source, of
:/‘.r
initial mass and momentum flux only. A virtual origin of the Jet

(mathematical gource) may now be defined in such a way that for
g8—>0:

M, =)o0q0u0«;(uoD)2=> constant value « « o « « o (1la)

qu(uoD)D:?Ooooonooooooo-oooo.(1b)

in which:

g8 ig the distance from source,

M, is the momentum flux at the source,
, ig the initial wvelocity,

D is the diame‘bér of the nozzle, and
p is the density of the fluid.

This definition requires that D=>0. Thus, this is an idealized

point source characterized by an initial momentum flux only.




B TS U - ey e

—

N e . . R

It has the same dynamic impa.ct on the aurroun&ing qniesoenE fluid -
as a correepomi:l.ng volume source displaced a short digtance -
approximately one diameter from the nozzle - in the negative

flow direction in order to reproduce the mass flux at the

point where fhe volume source is located.

'Some bagic features of jets 'fo.'Llow from ciimensiona.l
reasoning'. Before applying the fundamental principles of fiuid
mechanics in formulating the governing equations it is use:f‘ul
to demonétrate how dimensional arguments can be used to
establigh some pertinent infomation on the behavior of g
three-dimensional . jet in a wniform density -eavironment, Figure
4 ghows & veftical Jet that iggues from a point source. For
the dimensional analysis use is made of the following independent
va.riables degeribing the ﬂow problam. r, the radia.l coordinate
originating from the jet centerline; s, the coordinate along the
jet centerline; g, the acceleration of gravity; p» the density
of the fluid; M,, the momentum flux from source. A kinematic
momentum flux from the source , mt

o
The dependent variables are: M, the momentum flux along

s is also defined,

the jet trajectory; q, the volume flux along the jet trajectory;

m, the kinematic momentum flux; u{r), the local jet velocity
_ or

parallel to the jet axis at a distance, r, from the axis [m
which u(r) has its maximum value “m] W, “the centerline velocity
as defined previously; /, is the typical jet w:l.dth' and w, the
radiel entrainment velocity appearing at r =/ . The following

lthe kinematic momentum flux, m, equals the momentum flux,

,

‘divided by the density of the fluid,

SmrTEsT A T T L TN T UL LIV L U il T e LT
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functional relationships follow from dimensional reasoning.

Yolume Flux _
The flow, g, induced by the source is ielated to
the source ipputi‘
f[ma,-s,q:I:'o................(2)
Thus, the flow is szres;ed by a dimensionless parametric
grouping: '

1

q
—75 = K
Bmoz 1

*» @ & ® & & & & © @ & & & & s & b (3)

Tateral Velocity Distributiong

Dimensionel analysis implies that the following
relations must hold for the typical jet width, !, and the
, @
velocity profile, u(r):

1

%: Kz ..........o.o-oo-0(4)"'

(5)

ugr;s r
"—'-’f"‘uno--o.-.ooooo-o
mz.“(cs)

o -

4

gimilerly, for the momentum flux:

Lo gl ‘
mo — KB /.’/. - L ] L ] L] L] L] . L - L] . L - . L) L] ( 6 )

Eq. 3 can be rewritten to relate to a real source:

-gD 1
=K4 .'._‘Otoo-oolo_-on...:J(T)
d,8 : ‘
\Also, Egqi 5 can be written:
1 .
K, are constants /
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w(r)ls
i e
and consequently:

wi

)f...............(s)

% = K5 - [ ] *® = L ] [ ] .' [ ] * @ L ] L ] L ] - [ ] - (9)
Combining Eqs. 8 and 9:

L

E%l-:f@)................(10)

and using Eq. 4, Eq. 10 is modified +to:

ﬂuil=f(51'-)................(ll)

Bg. 11 proves the velidity of the principle of similarity for
the lateral velocity profile. |

We can write for the velocity profile within the jet:

u = um:f.’(’?k), vhere ’71-_-51'-. e e v e e o ee (12)

The following relatioﬁships then hold for the volume flux, q,
and the momentum flux, m:

oo

n = 24u§lajn 2n)an = 200226 . . . . . (14)
0

in which I and G are constants.

One of the main difficulties wheh analyzing
turbulent jet phenomensa is specifying the rate of growth of
the jet. Cederwall (2) found that the entrainment velocity,
w, appearing at the edge of the jet is proportional to
center line velocity, u , or, as gelf-gimilarity of the

\

N

1 - /
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velocity profile was shown, the rate of entrainment can be
related to the gross properties of the flow:

m + @
N — e * 4 8 B & & B & ® & 5 8 s s v » L
W g . (15)

The coﬁatant of proportionality, an entrainment coefficlient, is

an empirical coefficieﬁt that must be determined e'xpe_riqienta.liy.
Cederwall (2) found from dimensional arganents that for

jets, plumes and buoyant jels produced by virtual sources of no

ipitial mass flux, the entrainment coefficient is a constant. The

claim thet the coefficient of entrainment is a constant for a

mathematical source evidently does not hold for volume sources (4).

However, from an engineering poi.nf of view, it is normally

{ justified to use a congtant value for this coefficient.

\&zmentum Flux.

The momentum flux, m, and the volume flux, q, are

LY
Eulerian quantities; however, they will be included in the
» ' .
following Lagranglian equations for a three~dimensional situation
(a three-dimensionszl jet in a homogeneous enviromment).

.

%% l.:-o.'f.--cotooooon..l(ls)

.g:%=nl_o--.looo.a‘00'.'".—./(17)ﬂ

and u, is then a Lagrangian velocity. Therefore, a control

@ - . g
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1
volume has been assumed that is moving along the jJet path with
a velocity, ul_,' so thet there is no net momentum flux passing
through the control volume. Conseguently:
B
. Pu(u—u,_)dﬂ.(l)=0.'..........(18)
A(2) '

in which A(?) is the lateral area of the mc';ving control volume
and is a function of the typlcal Jet width only.
Eg. 18 can be written:

m--ul_q=0.-...-.......,.0(193)

01‘,‘[1,_:!%..--.......ooo..oo(lgb)

Eq. 19b defines a mean veloclty that characterizes mass flux
along the Jet pafh. The only change in momentum is then within
the moving conitrol volume expressed by equation 16.

Congervation of Volume Flux

Since the fluids are assumed to be incompressible, the

equation for congervation of mass flux turns into a similar

relation for the continuity of volume flux. ) AY

For a three-dimensional source, the entrainment
coefficient, B, is defined as:

L] L ] L] . L] » & - [ ] L L] L] L] . L] L * (20)

i - g
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The preceding dimensional anglysis, assuming virtual

point sources, indicated that the flow situation should have
1ittle effect on the entrainment coefficient. However, for

real (volume) gources, no unique coeffiocient, vﬁl.id:for both
jets and plumes, has been found. Reported velues of the
enplrical constant have varied substantially (2).

Usually, when evaluating the rate of entrainment, a

Gaugsian lateral velocity distribution is assumed:

2 -
u=um61p(-2§é')...‘.........(21)

-

in ck U is the standard deviation of the velocity digtridu-
tion.

- The entraimment coefficienmt x'is defined by:

92:0(.21%(\/2_0')%. * & & & o o 0 * & o @ (22)
ds o
in which V2< is a characteristio length defined by the velocity
profile. The relationship between the mean velocity, %, and the
the centerline veloclty, L 1ls as :E'ollowé:

1

o
2

e

ooooooooocoo-o....r(23)

Thus empirical values of X cgn be transferred into eguivalent 8
values.

Albertson (5} g:!.vés a value of X of 0.057 and @ of
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0.082 for a three-dimensional jet. This' solution is based on

‘constant ¢ values and assumes the overall mixing is completely

Je‘b—like.
Fofr & three-~dimensiaonal jet in a homogemeouns
environment, Cederwall (2) presented the following solutions

for a volume source:

| 0.5 _ . ,
%ou(_;r&) B el (20)

= 0,082 (from Albertson)(5)
This equation is readilly derived using Bq. 20 .and the
condition: m = mo.' ‘

A measure of '\bhe Jot width can be related to the jet
gross variables. Thus the jet radius for a round jet is given
by: ¥

q

' Z'=--—-........_.......(25)

tn

Then, (= 2¢ 1f the lateral velocity distribution is Geussian,

2.1.3 Momentum Jets in Horizontal-Crested BExpansions

In horizontal-crested expansions, the momentum jet
1gouing from the inlet at the base of the expansion is unable
t0 draw on a quiescent source due te the expansion walls,
Because of this, there should be no appreciable increase in
the width of the jet with distance from the inlet,
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The sketch (just below) indicates the fundamental
difference between the two situations:

: e
A T :
e AE o
:_‘__‘4”?‘:2 " Tomentun jet 1 yF  momentum jet
fi':iq{' —_— - :l.n quiescent confined by
:_-_:‘f, —_~ ~_ enviromment expansion walls

For the linear expansion indicated in this sketch, the water

clrculating between the edge -of the jet and the expansion

walls may add to the volume flux, but is ‘generally moving

in the pattern indicated and,- at times, drawing in or entrain-

ing air from the top of the expansion. Iinear expansions, with

1a;'ge internal angles and of signifigant length, would not

have the pame "ahort-circuting“' offect on the momentum jet

as there would be a sufficlent velume of water to draw on

between the ;]e;b and the expansion walls, :
Equation 24 (using Albertson’s value for gg implies

that the flow rate would be almost doubled from the inlet to

a polnt where s/D i1s 6. Eq. 25 implies that, for & doubling

of the flow rate, there is no increase in the Jet width for

& pure momentum jet. These equations are designed to be

applied to much larger scale situastions than thia investigation

of linear expansions. For a point where s/D is 12, the flow

rate would be almost four times that at the inlet ang the

jot width would be spproximately double that of Hhe inlet.




L

-21-

Slnce 1ittle, or no, increase in jet width is
expected in any of the expansions to be tested in this
investigation; a.nd,, it 1t can be shown that the jet separates.
from the walls of the expa.nsion, at a point which is not far
from the inlet, then it can be assumed thg.t the mean veloclty
in the approach pipe can be consldered to be the signifigant
velocity in calculating the theoretlcal rise of the water jej
above the crest of the expansion. '

2.2 Horigontal-Crested Linear Expansions.

2.2.1 Dome Height
In order to discharge the flow which enters the

expansion, en overflow water level "h" is mainiained. This
level is a function of the expansion geometry and the flow
rate. From basic fluid mechanics theory, ‘one can postula.te
that once the rising Jet passes above the overflow water level,
the pressure within the ‘dome' will not be Bisnifigantly
different from amospherio pressure. Tﬁerefore, the helght to
%h:l.ch the water will rise should be a function of the sqme_
of its velocity. | '

As mentioned in Sec. 2.1. 3, if it can be shown that
the jet breaks away from the walls of the expansion at a point
where the dismeter is very little ia.rger than that of the
approach pipe, then the mear velocltiy in the approach pipe can
be taken as the signifigant velocity in calculating the
+theoreticel rise of the water jet. This rise is obtained, in
the experimental situation, by subtracting the overflow water

level "h*® from the dome height "HY, measured above the crest




e e e i e

" of the expansion.

2;2.2 Dimengional Analvsis

There are elght characteristic parameters 1nvwolved. in
an investigation of the performance of linear e:q;anaions. The
phyaslcal properties of the expangion are fully described by the
inlet diameter "pn, thg expansion angle "x", the length of the )
expansion mqasured aloﬁ.g its axis "L%, and fhe roughness of the
expanait;n walls "k". The parameters describing the :f.’luid are its
densglty “P" and the dynamic viscosity "w". The remaining two ‘
rarameters are the flow rate "Q® and the gravitational
acceleration constant "g%. Instead of Q, the average velocit'y

"¥* was used in the analysis,

Three basic quantities, kaving independent dimensions,

-P, D, and ¥ = were selected and the diinenaional andlysis was-

completed to yield five dimensionless mmbers. The dome height
"H" 18 a property of these five dimensionless mumbers: -

H=¢(o< l‘._%,m andj_).......(gs).-

TOND /&b

Since the last two dimensionless numbers are the Reynold's and

Froude Numbers resgpectively, thig relatioﬁ_ahip can be written:

' | |
H:p EX, .%, %’ Re and Fn) * ® * & 2 @ . (27)

A further refinement can be made to Eq. 27, since -

s

the flow situation in the expanslon will be fully turbulent for ..

(Y
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the range of diséhafge values under investigation. Therefore,
the viscosity, and hence the Reynold's Number, ia no'longer a
governing parameter (dimensionless number). A similar comment
can be applied to the roughness "k" and therefore, the
dimensionless number, k/ﬁ, can bo eliminated from Eq. 27.
.
2.2.3 Scaling Analysi
Sec. 2.2+2 has ind%cated that there are five

dimensionless numbers desc ing the performance of horigzontal-
created, linear expansions. From these nggbera, certaln
relationships can be derdved which indicate the neceassary
soaling factors governing the characteristic parameters in the

. transition from model to prototype conditions.

In this model analysis, the symbol, Dy refers to
the ratio of the magnlitude of parametér x in the prototype to
the magnitule of parameter x in the model. Therefore, 1f the
dlameter of the inlet pipe 1n the prototype is 30 centimetres,
and the diameter of the inlet pipe in the model is 7.5
centimetres, then ny, would be four.

From the dimensionless number IL/D, the following
relationahip must be matisfied: ‘

nL“':;.DD...;......‘;.....(28)

-

Similarly, :pr the other four dimensionless numbers:

. ' Dy Shp o e s oo s o s s 0 o c e (29)
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= oooo-ooooo;'-Ool
n,gmy, = B, (31)

and!W:ngnn.............-‘..(32)

Obvliously, Do FP and 1, are all equél to one here;
therefore, Equations 31 and 32 bocome: '

L]

%:l‘..-ooo-oooooouco(’3‘3)

anﬁwm?=nn-..............-(34)

Clearly, Eéuations 33 and 34 represent conflicting
situations. However, as mentioned in Sec. 2.2.2, for large
valueg of the Reynold's mmber, visgcosity is no longer a
a govgrning variable, g0 only Equation 34 applies.

Adapting the above relationships\to the flow rate,
Q, results in:

nqzﬁna's..............-(35)

°
2.3 Horizontal-Cregted Bellmouths - ‘

Bellhoutha have been uged as inlef structures to
service resiervoirs. Sellin (1) investigated the performance
of two' bellmouth expessions and a straight pipe extension.
The shapes that Sellin t;%ted are showvn in Fig. 5.
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Fig. 5 - Cross-sections of Bellmouths
Investigated by Sellin(l).

Figure is after Sellin(1)
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Sellin suggested the use of a malti-stage cascade
in conjunction with the 'pellmouth expansion as a means of
more thoroughly aerating the water entering gervice resexrvolrs.

in the investigation, the fountain or "dome" helght
was defined as the 1evei above the crest of the expanaion to
which the water rose for an estimated 10 per cent of the time,
Measurements were made using a pointer gauge fitted with e
horizontal knife-edge that was lowered until the dome helght
(estimated) was reachod. )

BExperimental values of the ratio of the max:l.mmn dome
height, H, to the kinetic energy of the flow in the approach
pipe are presented as Fig. 7 , for the thres inlet structures
investigated by Sellin. Pig. 6 preseﬁts the same data with
the maximum dome helght, ¥, adjusted for the overflow head, h.
gellin was also able to make two measurements for a_f‘ull-scale,
12 inch diameter (at inlet) bellmouth with the game shape as
the #2 inlet shown in Fig. 5. All of thié data in Figures

6 and 7 is plotted against the Froude number. It should be
noted that Sellin has represented thé Froude rmumber 1in the
form: V2/gD, while this investigation of horigontal-crested
Jinear expanzion presemts the data fc;r maximum dome height with
the Proude aumber in the form: V/./&D.

Sellin concluded that it should be posaible to
predict the dome height for the bellmouths tested to within
% 10 per cent. For bellmouths #1 and #2, géllin suggested that

extrapolation to values of Fn greater“tha:xi 4 -is ‘possible since

the values of (H__ME/ 2g approach unity with increasing
discharge,. b ' )
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CHAPTER 3

EQUIPMENT AND PROCEDURES

In this Chapter, the equipment used and the procedures adopted
to carry out the studies will be presented.

3.1 Relationship of Tests to _the Theory

' As mentioned in Chapter 2, there are esgentially
three dimensionless munbers which are sufficient to fully
describe the performance of the horjizontal-crested, linear
pipe expansions for fully-developed bulent flow conditions.
These are:; . '

K s .E s and v ; where:

D J&D

is the expangion an§1e,

35 the length of the expansion,

ig the ingide diameter of the inlet pipe,
is the average velocity in the inlet pipe,

R <l g B &

and is the gravitational acceleration constant.

Four expansion angles were selected, namely: 7, 20,
33 and 45 degreoes. In addition a straight pipe extension and
bellmouth expanéion were lnvestigated. These expangions' internal
dimensions and shape are indicated in Figure 3 (page 8).
The ingide diameter of the inlet pipe was 7.82 X 0.05 cm.
Accordingly, the expansions all had the same inle dizmeter
providing, of course,for slight veriations (* 0,13 cm). |
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The inside dlameter of the inlet pipe was fixed,
therefore, the dimensiontess ratio, 1L/D, was altered by
cutting the expansions to one~half of their constructed
length of 45.7 X 0.24 cm. The bellmouth expansion and the
straight pipe were tested for the full-length situation only.

For-each expansion teated, a range of values of
the dimensionless variable, V//&D (Froude Number), was
produced by altering the rate of flow in the system.

3.2 Laboratory Facilities

A1 experiments were performed in the Hydraulics
Laboratory of the Civil Engineering Department aﬁ the
University of Ottawa.

| Testing of the expansions was undertaken in an
meovered tank (approximate dimensions: 3 by 3 by 1.3 meters
high).‘A sketch of this tank, viewed from above the apparatus,
is presented as Figure 8.

The inlet pipe entered the tank horizontally, just
abofe the floor of the tank. Approximately one-half meter
ingide the tank wall, the pipe contained a 90 degree turm,
directing the flow upwards toward the expansions. One meter
above this turn the expansions were attached for testing. This
one meter section of pipe .contained a 30 cm long flow-
gtraightener and wire mesh screening to dampen the effects
of the abrupt turn. The flow-straightener was an "X-ghaped®
unit_const;uctéd‘from 0.32 em plexiglass sheeting with the
wire mesh scrgening attached at each end.
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SCHEMATIC VIEW OF APPARATUS

tank used to direct
la—weir overflow to
faboratory main

stilling basin O storage tank
and pointer gauge

o — H

/" tan‘l‘t valve

sharp-crested
rectangular weir

A RESERVOIR

matting screen to
dampen surface
waves

| g reservoir

UNIT

plastic sheeting /
to prevent splashing

leinflow pipe

strip chart
recorder

ﬁa-valve

T
\inflow from

laboratory main
storage 1ank

walls
expansion .
INSTRUMENT
LEVEL-TEL [ track
TRANSMITTER

Figure 8
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The vertical rise;- pipe was rigidly mounted, by
metal restraints, to the base and sides of the tank. This
provented movement of the expansions during testing and O SNe
minimiged vibrations.
An ingtrument carriage, cohstmotbd of aluminum
angle beams, was independently supported over the tank and ,
crosaed ver'ticaliy above the expansion structures. A model .
157-B. Tevel-Tel transmitter was mounted on this carriage.
The Level-Tel, & capacitance sensing system, provided
continuous water level records when interfaced with a Hewlett

- Packard strip-chart recorder. Photographs of these instruments

are included as Plates 1,2 and 3 The instrumeri‘b carriage
could be adjusted vertically and to some extent on the
horizontal plane in order to place the tip of the probe at the
elevation of the creét of an expansion and at any desired
location in the overflow profile. ' o

Measurement of the rate of flow through the system
was facilitated by a sharp-crested, rectangular welr located
in one sldewall of the tank. A stilling basin with a pointer
ga.uge wag used to measure the head of water upstream of the
welr. The weir was located on the wall opposite to the one
which the riser pipe assembly was near. In order to reduece
the turbulence near this weilr, a guarter-circle of coarse
gereening with a fibrous matiing surrounded the riser pipe
(gee Figure 8 ).

Water passing over the welr was returned to the
main storage tank below the laboratory floor and eventually
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Level-Tel

weir stilling basin
Plate 1. - Apparatus (General View)

. This photograph displays most of the apparatus.
The Level-Tel prcbe is on the track, over the 339, 45.7
cm expansion. The activity indjcated here is the calib;
ration of this expansion to yield the discharge relation-
ship shown in Fig. ll; A pointer gauge and stilling
basin are in the foreground. The sharp-crested, rectan-
gular weir is at‘the lower left of the photograph. The
strip chart recorder was located behind the tank with

the valve controlling the discharge.
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Plate 2 - Apparatus (Selected)

This plate shows the Level-Tel and the strip chart recorder
on the track. Below the Level-Tel probe .is the 200, half-

section expansion,

«
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Plate 3 - Apparatus (Level-Tel and Strip Chart Recorder)
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was racycled through the apparatus,

In addition to the four linear expansions, the
straight pipe and the bellmouth expansion, four more linear
expansions were constructed. These other expansions had
:l.de:ifical angles as the first group discussed earlier, however,
they were semi-cireular in cross-section and had flat flexi-
glaéa plates on the plarne of the axis. The transparent plates
permi‘l:ted the viewlng and vhotography of the fl;':w patterns in
the expanaions when & tracer dye was injected into the
incoming anpply line, Potassium pemanganate, in a concen‘brated
solution, was fed from & storage reservoir located about tvwo
meters above the crest of the expansions ln these particular
studies. °’

3.3 Calibration of the Apparatus
3.3.1 The Welr

Measui‘anent of the ratéa of flow of water through
the expansions was provided by determining ‘bhe'heig‘h'b 10 water
level above the crest of the sharp-crested rectangular weir,
FThe head (k) was obtained from the stilling basin and pointer
gauge apsembly. This measurement was then input to a rating
curve to obtain the flow rate.

The rating curve (Figure 9 )-was prepared from 24
meagurements, The flow rate was obtained by determining the
welght of water which accumulated in a tank in a measured
anmount of time. An Avery scale, with a capacity in excess of
500 kg, Iax_xﬂ a stop watch with 0.2 second indications were

LA
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used. For each observation, the weight and time were read
three times and averaged;

The most important procedure for all flow

measurements taken for this experiment was that the wa er TL:‘.-,

level in th“gjtank had to be given adequate time to achleve
& steady position. For low flows this could easily ta.k‘e five

or more minutes.

3.3+2 The "Level-Tel" Transmitter P

The celibration of the Level-Tel tfa;iamittex;, ‘
(interfaced with the Hewlett Packard strip-chart recorder),
“was accomplished using a tank full of water. The tank had a
velve near its base. A pointer gauge was used to measure the
water level in the tanlk.

The probe was immersed to a depth of approx:l.meljsly
15 om. After the surface fluctuations had stopped, a point\ez/
gauge reading and the voltége indicated on the Hewlett Packard
recorder were noted. Iittle by little, the tank was drained
and 65 sets of readings were taken. The resulting calibration
curve is presented as Figu.re 10. . u

It is interesting to note that this curve is 1}’1198.1'
for the range of 2 to ‘:;.-'35_5 cm of water over the tip of the
probe. Above 13.5 em, the probe would not provide any increase
in output signal,

This calibration was checked on two other ocdlsions
d g the course of the experimental work and no deviation

frot the original c¢urve was obgerved.

e

S .
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CALIBRATION CURVE FOR LEVEL-TEL RECORDER
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CHAPTER 4

PRESENTATION AND DISCU3SION OF RESULTS

E
\‘4.1 Expansion Overflow Dis?harge Relationships

In all, ten expansions were investigafed. i‘hese
were the straight pipe, bel.'hﬁo;;th, 7°, 20°, 33° and 45° full-
length expansions (45.7 cm long); and the 7°,20°, 33° ana 45°
half-length expansions (22.8 cm long). For each of these
expansiong a relationship of overflow water level "h" asg a
function of discharge was req_uired%"fhe straigat pipe was not
cut in half for testing as it was assumed that the performance
should be identical for both the 45.7 and 22,8 cm 1engths.‘

Figures 11 and 12 indicate the data and the accepted
relationsﬁips for the overflow water level "h"™ as a function ‘
of discharge. For each expansion, the discharge was gradually
stepped up until the water surface in the expansion was too
rough to emable suitably accurate data to be measured. In
cages where surface turbulence was too severe to define an
overflow discharge relationship, a damping device was inserted
in the ezpansion. A standard soil grain-gize sieve filled with
machine~bolt nuts served this purpose well (see Plate 4 ).

As expecied, the discharge is a function of the
overflow water level ®"h" raisged to th; power 1.5

V) A

Q = £t *

For small discharges and for the larger expansions in particular,

Tetntg reletionship was required s0 'h' could be determined under

high flow situa_tions vhen 'h' was not readilly measurable,
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HEIGHT OF WATER OVER CREST OF EXPANSION UNITS
VERSUS DISCHARGE (45.7 cm expansion)
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h is head of water over crest of expansion in ft,
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HEIGHT OF \;VATER OVER CREST OF EXPANSION
VERSUS DISCHARGE (22.8 cm expansions)
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Plate 4. - Calibration of the 330, 45.7 cm Expansion.

(With sieve in place) (Q =\5‘Q. 1/s)
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the deviation from this relationship is due %o the attractive
forces between the water and the expansion material and ‘o
the surface tension of the water. |

The general equation for overflow discharge in this
situation is:

Q= clPhl'5
where: Q is the overflow discharge
Cl is the discharge coefficient, and
P is the perimeter of the crest of the expansion.
Az a ma.tﬁer of convenience, Gl and P were combined into one
coei’.’i’icienii., 02:

R

2

Table 1 containsl_ the values of C
both fpa and mks unitsg,

1 and 02 Torxr
The straight pipe had a fairly sharp crest. All of
_the linear expansions; with the exception of the 45.T em, 20°
expansion, which had a partially sharpened czrest; had flat

cregta.

4,2 Porformance of the Expansions

0f signifigant interest to the designer using a

vertical riser pipe in a service reservoir would be the

Imowledge of the relative performance of different ezpansions




Pable 1. — Expansion Discharge Coefficients®

- Full-Length Expansions (45.7cm)

Exp.ansion ? ' cl' c,
fps units mks fps units mks
70 4.75 2620 6.56 1100
20° o 4.65 2570  11.6 1950
33° 5.69 3140  20.9 2880
45° 5431 2930 25,0 4200
straight 4.18 2310 3.28 1810
bellmouth 4.36 2410  16.0 8840

Half-Length Expansions (22.8 cm)

Expansion C!1 02
fps units mks fps units mks
7° | 4.90 2700 5.36 2950
20° 5,01 2770 8.25 4560
33° 5.06 2790  11.1 6120
45° © 4.66 2570  12.9 7110

lI:f;‘ fps units are used, the discharge "Q" will be in cfs.
If mks units are used, the discharge "Q" will be in 1/s.
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and the height above the crest.to which the water would rige.
Unfortunately, when one observes the fountain of
water discharging from the top of an expapsion, or,for that
matter, a straight pipe, it becomes apparent that there is
no one level for a particular discharge which can be determined
to be the maximum level to which the water rises. There is;
however, a level above which only detached masses of water
rise which would not endanger any roof structure that they
might strike. S8Sellin (1), found that +this level was not dif-
ficult to determine but that it varied with time due to the
random nature_of the tu;huience in the upflowing water. He
made measurements using a pointer géuge fitted with a horizontal
knife-edge that was lowered until the water dome reached the
same level for an estimated ten per cent of fthe time.

Accordingly, in the investigation of the linear expangions, the

maximum dome height was selected as the level to which the
water rose (or exceeded):f;;\ten per cent of the time. The
maximum dome height wes fherefore &lven the symbol, HlO'

A typical sgection of strip chart record - for the
33%, 45.7 cm’ expansion - is shown (Fig. 13 ). The abscissa
represents time, in seconds, and the ordinate represents volts.
The voltege is converted to the water level asbove the base of
the Level-Tel probe using the relationship in Fig. 10.

The maximum dome height is, as indicated in Sec. 3.1,

a function of three dimensionless numbers:

K ? and _v_ .

/&>
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Due to the turbulent state of flow and the very short length
of time which the water particles actually are influenced by
the surface roughness of the expansions, the other two

dimensionless numbers:

PVD
M

and

<N

would not have a gignifigant influence on the dome height.

4.2.1 Meximmm Dome Height

The vardation o\:'E the max:i.xmnn dome height as a
function of the expansion angles, lengths and discharge is
indicated in Figures 14 and 15. Fig. 14 represents the data
for the 45.7 cm expansions (L/D = 5.84), while Fig. 15
presents the data for the 22.8 cm expansions for which L/D
is 2.92. The abscissae represent the Froude number,“%/@,
which is essentially another way of expressing the flow rate.
The ordirates are ratios of the maximum dome height to the
kinetic energy of the flow at the entrance to the expansions.
The maximum dome height is %he level reached or exceeded ten
per cent of the tiﬁe. .

An obvious comment which can be made on observing
Figures 14 and 15 is that for the same Froude number, the
helf-length (22.8 cn) expansions which are signifigantly
different from the stralght pipe have given approximately
twice the maximum dome height as the full~length expensions.
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VARIATION OF Hio/V7/28 WITH Fn

\ ‘ FULL LENGTH EXPANSIONS (45.7¢cm)
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N N
I \\\ ~=
| . \E\'“—-_.&.
= [ —— ©




- 49 -

VARIATION OF H1 [V?/29 WITH Fn
20
18 HALF LENGTH EXPANSIONS (22.8cm)
* 45° /
- © 33°
i a 20°
ar®
16

B

IBEEN
IR

V%/2g

N

1.0

)4’ =
ATV
7

———
0.6
04
0.2 - -
0.0 05 10 1.5 2.0 2.5 3.0

Fn=V/4{gD
Figure 15




Table 2 uges data drawn from Figures 14 and 15 to support
this ;ta'tement; The best performance in reducing the maximum
dome height with increased length is clearly cbtained using
the 33 expangion.

As can be seen :f.n Fig. 14, the 33° expansion has a
far superior perfomance than the bellmouth as far as the’
ca.pabili‘by 10 reduce the maximum dome height. This is true
for all observed values of the I‘roude number and it appea:f:s
that this should be the same for Froude numbers well in
" excess of 3. Froude mumber 3.0 corresponds to a discharge of
22,700 1/8 (4800 gpm) for a 30 cm diemeter riser pipe.

The meximum dome height for any of the full-length
(45.7 cm) expansions tested was well below the maximum height
for the straight pipe. Only & slight reduction in maximum
dome height was achieved for the half-length (22.8 cm)
expansions compered to the straight pipe's performence.
Although the 7° expanaion appeérs to'be the best expangion
for the 22.8 cm length (/D = 2.92), Fig. 15 indicates that
this superiority will not persist much above F, = 2.25.
I'l; is also eXt\that there is 1little difference in the
maximum dome height for the full-length and half—le,;:lgbh cases
using the 7° expansion.

Several data points could n6t be plotted in Figures
14 and 15 as they fell far too high. These valueg are listed
in Table 3.

Plates 5 to 20 and the small descriptions describe
the expansions in operation.

~

>
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Table 2. ~ Comparison of Maximum Dome Heights for

Different Ratios of L/D. &
5
Ratio: o for L/D = 2.92 divided by
-\?2/ 2g '
710 sor 1/p = 5.84 ‘
V2/2¢
Froude No. 0 1.5 2.0 2.5
‘/
Expansion
Angle .
7° 1.2 1.1 1.2 1.2
20° 1.7 1.7 1.7 -
33° 2.0 2.1 21 2.2
45° “1.5 1.6 -

1.6

e

Expansion F, Hlo/vz/ag

s
L/D™>5.B4
7° 0.36
20° 0.37

straight 0.38

2.70
2.64
3.80

+ ﬁ.e 3. = Additional Deta for Figures 14 and 15.
- /

L/D = 2.92
Expansion F, K, /V /28
7°  0.35 3,50

20° 0.35 2.87
33°  0.36 2,32
45°  0.36 2.24
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Plate 5. - 330, 45.7 cm Expansion (Q = 5.72 l/s)

This plate shows the 33% expansion at the same -
discharge as Plate 4: however, there is no seive

inserted to damp surface turbulence. ’

(Fn = 1.45)

¥




IR Sutn, S Sem—

e ti—m s ara p——

- 53 -

pPlate 6. - 330, 45.7 cm Expansion (Q = 5.72 1/s)

Ko

s

This plate shows the 330 expansion at the same
discharge as Plate 5; however, the dome has

collapsed. (Fn = 1.45)




v
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Plate 7. - 70 Expansion Under Discharge of 5.97 1l/s

(Froude number is 1.51)



Plate 8. - 70 Expansion (Q = 10.6 1/s)

This plate clearly indicates that the definition of the

overflow water level, h, becomes pointless for expan-

- +

sions of small angles'due to the dominance of the entire

)

top of the expansion by the dome. (Fn = 2.68)

A3 ™wi




Plate 9. ~ 45%, 45.7 cm Expansion (Q = 9.03 1/s)

Note that the dome is well-centered, as it
usually was for this expansion.

(Fn = 2,29)

£

¢ — e
J—
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Plate’'10. - Bellmouth Expansion {(Q = 7.05 1/s)

The dome for the bellmouth expansion was always

well-centered and rarely collapsed. There was
always less fluctuations in height of the dome
I

than for the linear expansions with the exception

of the 7% expansion.
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Plate 11. - Bellmouth Expansion (Q = 11.4 1/s}

The dome has extended up between the beams of

the track. (Fn = 2.88)
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Plate 12. - Straight Pipe Extension (Q = 0.45 1/s)

This is a close-up shot of the straight pipe.ex-

tension with the probe centered. (Fn = 0.12)
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Plate 13. - Straight Pipe Extension {(Q = 4.22 1/s)

For both the straight pipe extension and the 70 expan-
sion, the probe obstructed the dome height considerably
if positioned in the center of the expansicn. Accord-
ingly the data was taken with the probe as shown and

slight adjustments made.

M T I T T T
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Plate 14. - Straight Pipe Extension (Q = 7.08 1/55

Close-up shot. >(Fn = 1.79)
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Plate 15. - 7%, 22.8 cm Expansion (Q = 10.0 1/s)

The domes for the half-length (22.8 cm) expansions

were more turbulent than those for the full- v
’ Vi
length expansions.. (Fn = 2.53) -

R e VU



Plate 16. - 79, 22.8 cm Expansion (Q = 3.06 1/s)

N

(F_ = 0.78) 1

\‘_



Ly

- 64 -

/

plate 17. - 339, 22.8 cm Expansion (Q = 8.66 1/s)

The dome changed position frequently. The screen-
ing material, visible in the foreground, damped

the surface turbulence in ‘the tank. (Fn = 2.20)



‘Plate 18. -~ 459, 22.8 cm Expansion (Q = 7.33-1/s)

r
<

The dome was very &érbulent, but better-centered

than Fhe 330, 22.8 éh expansion. (Fn = 1.86)

\

\
\

§
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Plate 19. - 200, 22.8 cm Expansion (Q = 4.30 1/s)

The dome would form at the center only for dis-
. -

charges less th%ﬁ 0.075 1/s. The jet could be

shifted to any poéition arocund the wall by in-

serting a hand in the flow. (Fn = 1.09)

B I
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Plate 20. - 20%, 22.8 cm Expansion {(Q = 7.13"1/s)

4 (F_ =

= 1.81)
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4,2.2 Energy Disgeipation in Expansions

In order to determine how muoch energy is dissipated
in the expansione tested, Figures 16 and 17 were prepared from
the data points in Figures 14 and 15 and Table 3 by. sub- .
tracting tgs overflow water level "h" from the maximum dome
height. One point could not be plotted in Figure 16 ; this
was & maximum dome height to kinetic energy ratio of 1.08 for
the 20° expansion at a Froude number of 0.37.

The performance of the straight pipe and the 75 45.7
cm.expaneion, as presented in Fig. 16, and the 7°, 22.8 em
egnansion, as shown in Fig. 17, does not geem reasonable. The
7°, 45. 7 cm expansion appears to echieve a 60 per cent reduction
in energy during the translation from kinetic to potential
energy. This reduction is quite high. In actual fact, there
should be practically no loss in energy for the straight pipe.

Plates 13 and 16, of the efraight pipe at a discharge
of*4.22 1/8 and the 7° expansion at a discharge of 3.06 1/s,
gshow that the overflow is-subject to considerable inflnence
from the dome_;teelf. This implies that the dome height has )
cénsidereblehnnfluence on the overflow directly and that the
effective overflow levels are eemewhat less than those
calculated by simply extending the linear relationehips °
plotted in Figures 11- and 12 for the straight pipe and the 7°
‘expansion
. Qighﬁ result of this problem mentioned in the previous
paragrapk, the date presented in Figures 16 and 17 fé§ the
straight pipe and the 7° expansion. cannot be applied to deeing
expansions with inlet diemeters and lengths different from those

# e

[ d
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investigated.

0f major importance is the superior performance of
the longer expansions (I/D = 5.84) and particularly the 20°
and 33° expansions in diminishing the mﬁut energy by 40 to
70 per cent over a wide range of Froude numbers.

Energy dissipation in the 22.8 cm expansions is
much less than for the 45.7 cm expansions, This is expected
since the poseibllity for the jet to alter position is greater.

-in wider or longer expansions, hence more turbulence., This

shifting of jet position was evident from the position of the
dome and the dye study described in Sec. 4,3» Rapid changes
of jet position were evident for the 20° and 33° expansions;
however, the_45° expansion, most likely due to its widfh,'

produced a fairly stable dome.

4.2.3 Dome Fluctuations

A possible drawback to the use of horizontal~crested,
linear plpe expansions as service reservoir inlets is the
rather severe‘fluctuations in both the height'and the position
of the dome. These fluctuations could cause lateral movement
of the expansion. Such vibrations would place a strain on the
pipe unless it were riéidly rositioned. This inherent instability
ir dome position ard the collapging and subsequent redevelopment
of the dome was most evident for the 20°.and 33° expansions (the
ones which displayed the lowest maximum dome helghts).

An invéQ?igatign of a method of reducing this movement
was performed and is described in Sec. 4.4, The cause of this

/ ' .
_errét%c movement gg_yhe égmerwas revealed in the dye study,

-l‘
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described in Sec. 4.3.

The dye study indicated thak the jet did, in fact,
bresk away from the walls of the expansion at, or very nesr,
the entrance to the expansion. However, for all discharges, of
a signifigent magnitude, in the 20° and 330 expangions, ’c]ﬁe
;]et would run upwards along the inside face and rarely streight

: u.p the center portion. The 45 expansion genera.'lly had the dome

positioned in the center portion. If the dome shifted to the
edge, 1t was returned to the center by swirling the water with
a hand or just "shaping" the jet with a hand until-it remained
atable at the center. The freedom that the jet had in the 45°
expansion is perhaps the reason for the way that the ratio of
the maximum dome height to the kinetic emergy changes with the
Froude number. |

It is evident from Figures 14 and 15 that this ratio
for the 45° expansion 1s the lowest of all the expansions
tegted foxr lovs; discharges and then gradually increases with
increasing discharge until it is higher than :l:he values for \the
other finea.r expansions tested, with the exception of the 4‘3.7
cm, 7° expansion. \ |

—

4.3 Dye Study

A dye stt_:.dy was performed ‘o deitermine if the jet
breaks away from the walls of the expensidn 23:.1 e point where
the diemeter is very little different than that of the approach
pipe. If this was so, then the mean veloci‘f.y in the approach
pipe could be jaken 15 the signii’:f.ga.nt velocity in calculating

~t
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the theoretical rise of the water jet. The invegtigation did,
in fact, determine that the jet does break a.waj\ from one or
bo&;’wa.us depending on the expa.ns’ion angle and the rate of
flow.

The findings are best discussed by observing the
photographs faken using the half-gection, 45.7 cm expansgions
with potassium permanganate dye injected into the pipe. The
dye was added at a point a.hoﬁt 2 meters (26 diameters) before
the entrance to the expansioné. The front plate of each of
the expansions was made of plexiglass gheeting and the inside
of each exz;;nsion was gainted white,

Since the 7° expan@gn is not much wider than the
straight pipe, it was difficult to see the point of smepara~
tion of the flow. The best photograph vof thig separation ig
shown as Plate 22, This shot was taken when the di’scharge was
0.34 1/8 or 0.68 1/8 for the full-section expansion. Adding
to the dlfflculty of sgeeing the geparation is the m:i.xing
that occurs at the edge of the Jet. Photographs taken at
higher discharges indicated similar flow separation; however,
at some high discharges, ?{ch as 10.6 1/s (see Plate 8), the
dome was clearly toward an edge indicating that the jet was
Probably adhering to the wall of the exXpangion an.d not riging
up the center, '

Low discharges in the 20° expengion produced
conflicting resul'bs. For most of the time, the jet would not
rige vertically, but vaGu.'l.d break-away from one edge and cll/ng
to the other. This is evident in Plate 24, which shows the

gy
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’

Plate 21. - 200 Half-Section Expansion jé%/= 14.0 1/s)

This shot was ‘taken from the left and slightly below.
The discharge was 7.0 1/s which is equivaleﬁt to 14.0
1/s for the full-section expansion. The jet is running.

up the right edge. Air bubbles are being pulled down

to the inlet.




Plate 22. - 79 Half-Section Expansion (Qi

-
S
0.68'1/5)

[ S

For such a small internal angle it is difficult to see

the jet separation from the walls due to the slight amount

of mixing that occurs.

i

1

charge. e

! + /

. ~

%

the discharge. Q. , is the equivalent, full-sect&on dis-
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Plate 23. - 200 Half-Section Expansion (Q, ='3.82 1/s)

" Separation is aefinitely occurying near the entrance -
to the ekﬁaﬂsion, but thé jet is favouring the right
side. ‘
~.
‘ cl
S
. / , .



Plate 24. - 200 Half-Section Expansion (Q, = 1.47 1/s)

!

. 3 J

~The clear or white area is the jét. The jet goes up

the right side and gradually moves away from the

' //:j plexiglass plate toward the back of thelexpansion.

-
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Plate 25. - 330 Halfgx ection'Expanfﬁon (Q, = 1.5 1/s)

R

\as for the 20% expansion, the jet would rise in the

center for low discharges only. Plate 26 is the

. . . I~
. same expansion under greater discharge.
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Plate 26. - 337 Half-Section Expansion (Q_ = 4.28 1/s)

' .M 0
Compare to Plate 25. .

0

DRV SEE B
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Plate 27.

459 Half-Section Expansion (Q_

1

N

0.68 1/5
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Plate 28. - 45° Half-Section Expansion Q. = 2.83 1/s)

At discharges of approximately 4.25 1/s and highef, the

jet would rise vértically or run up an edge.

1Y
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‘
20° expansion under a full-section discharge of 1.47 1/s.
Plate 23 indicates that a more central rise can occur - the
discharge was 3.82 l/a; H;g}ler discharges a.lwa&s produced
reswlte similar to that shown in Plate 24, In ‘this photo-
graph, the jet moves to the right and then gradually back
from the plexiglass plate; The ;lef would also cling to the
other side. J .

Tests on th.e' 33° ‘exp'ansion produced results .
similar to those obtained ‘for the 20° expa.n_s;.on -oxcapt that
.the jet would rise vertically more often and for higher
digscharges, For equivalent fullesection dischar-ge's ‘of leas
than 3.0 1/s8, the jet was obge..rwedv to rise only along the
centerline, as in Plate 25. In the range of 3.0 to about

3.3 1/s, the jet’p}i‘tion altered frequently between that
shown in Plate 25 and that in Plate 26, Discharges above

3.3 1/8 produced. jet profiles aimilar to that shown in Plate

| }g For ﬁischarges up to approximately 4.4 1/s in the
45° expansion, the jet always rose vertically and flow
separation occurred at the entrance -to the e_xi)a.nsion. Above
4.4 1/s the jet would sonetimes Tun up the center and, at
other times, up the wall, Plates 27 and 28 gho e '
section, 45° expansion. under equivalent full-sgction
discharges of 0,69 1/s and 2.83 1/s respectively. This
characteriatic central tendency compliments the comments -
made ip Sec. 4.2.3 about the stability of the dome ‘for the
-45%, full-length expansion. - v . |
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In summa.ry, it is clea.r that the ;]et does break
a.way from the wa.'Lls of the expansion at a point where the
diameter is very little different than that of 'ghe approach
'pipe. However, there is a definite tendency, for the jet to
cling to the walls of the expe.maion% This tendency is
greater for small ex.pa.nsion a.nglee and for la.rger diecha.rgee.
This finding is reinforced by observaﬁ.ons of the position
/ of the dome recorded for each digcharge and ee.ch expangion
tested. This 'l:endency for the Jet to cling to the walls of the
expansion was not easily v:l.eible for the 7° expangion due to
the size constraint; however, an i.nepec n of Plate 8, whi
shows the 7° » 45.7 cm expansion under a diecW,

verifies thisg,

4.4 Slotted Bxpansions i )

Section 4.2 pointed out the iafher~se1;r;1‘e fluctua~
tions in both the height and thé pogition of the dome- most
evident for the 20° and 33° expansions, There is nothing that
can be done to prevent the collapsing and rebullding of the
dome which will oceur, to some extent, even in the case of
bellmouth expansions, The collapsing of the dome 1s not g

g design problem, however, rather thig actlon assists in reducing
+ the maximum dome height., The rapid ahirting of the dome
position is considered a problem, however, ‘due to the strain

that would be placed on the inlet pipe as o rogult of induced .
vibrations, This dome movement can be prevented: by various
methods,

",!.ue {o pressure drop cavsed by hi.‘i" flow JUS‘*- Irisfd-é/;inle,+
e . ©)
Oy
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* One method that should reduce the shifting' of the
dome is o keep the jet off the wall of the expansion and to
't;ra.in it up the center. When the dome wandered during

testing of the 45° expansion, a quick swirling motion with

the hand in the expansion resulted in a ahi:tting of the jet
back- to the central position. Th’g-swirling motion could be

induced by a spiralling fin attached to the expansion wallg. -

This method was not investigated but is recommended to the
designer concerned aboﬁt vibration,

The second approach is to ighore the path of the
Jot unti) a short distance below the orest, At this location
a peries of slots around the ciroumference will resdlt in a

ateral discharge which produces & much inore contralized and -

atablg dome, The degree of stabiliization is related to the

sige of e s:l._/\v:ln addition 1o the expansion angle and the

discharge. Tests of this method of reducing the shifting of

the dome ‘were conducted on the 7°, 20°, 33° and 45°, 45.7 en
expanaions. Three slots of equal length and equally spaced

were cut in each of the exyansions to provide )a total open- .

ing of one—thim of the circumference, 1. 27 cm high and
centered 4.45 cm below the ofest of the expansions,
_As expected, there was little change in the per-

- formance of the 7° expangion; since there wag virtually no

flnctuating of the maximum dome height position without the
alotting The 20° slotted expansion displayea a more central
dome posit:l.on than the non-slotted expansion and perhaps

reduced the dome shifting, but not by an appreciable amount.

-
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The results for the 33%;:9811510:1 were rather good.

Fluctuations in dome position were : eatly reduoed. and the
dome wa.s mach better centered. The 45° Elotted expansion
produced a. sta}ala dome position., Platea 29 to 35 ahow tha
slotted expaﬁsions in operation.

The findings of the experimental inveatiga.t:lon of
the slotted expanaions are prUnted in Pigures 18 and - 19.
The_ dome helght which was achieved for 10 per centd of the )

tinme was divided by the kinetic energy at the inlet of the
expansion. This ratio wag then plotted as a function of the

Froude nuaber (see Flgure 18). The reduotion in the range
of the Froude mmiber investigated (from that for the un-
glotted expansions) was a function of the 'raduction.in
digcharge pasaing directly over the oreat of the expal):sion
(for the minimm Froude number) and the length of the
Level-Tel probe (for the-maﬁmum Froude number).

\ To calculate the energy disaipa:l;:l.on in the alotted
expansions, the overflow water level was subtra.oted from ¢the
maximom dome height. F:I.gu.re 19 was pmduced from tho data
presented in Figure 18 by subt:;aoting the overflow water '
level, b, from the - dome height which was reached or exceeded
for 10 per cent of the ,:time. The plot for the 7° expanaion in
Figare 18 la of Qittle vélue, as w}i\s mentioned for the non-
plotted, flﬂq.-.-length expa:nsil.on in‘Selo. 4.2, Due to thne small
éngle of expansion, the dome has a signifigent inﬂuenoq on .
the discharge passing over the crest and through the slots;

. therefore, the e:f.’feotiv-e o_verﬂow‘ water level is less than

o

v




Plate 29. - 450 Slotted Expansion (Q = 0.82 1/s).

2




Plate
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30. - 450 sSlotted Expansion (Q = 10.7 1/s)

2.71)

Dome is gtable at center.
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Plate 31. -

The deome is

expansion.

- ) }
330 slotted Expansion (Q = 9.82 1l.s)

more stable than for the non-slotted

(Fn = 2.49)
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Plate 32. - 209 Slotted Expansion

See also Plate 33. (Fn = 2,93)

|
£ ;
(@ = 11.6 1/s) :
:
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Slotted Expansion (Q = 11.6 1/s)
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Plate 33.
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Plate 34. - 200 Slotted Expansion (Close=-Up)

L LA

Notice the dome is on the right sideay

Q=5.72 1/s. F = 1.45

n -
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Plate 35. - 7° Expansion (Slotted) (Q = 1.22 l.s)
The air "piping” running between the slots was
evident for this expansion at low discharges.

This reduced the water level a little.
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VARIATION OF (H,-h)/V*/2g WITH Fn
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VARIATION OF H1o/V%/2a WiTH En
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that calculated in the normal way.

Disregarding the results for the 7° expangion,
it is seen from Figures 14 and 19 that less energy is lost
to turbulent mixing and or dome collapsing for the slotted
déiéPBiOﬂﬂ- This can be attributed to the reduwction in
fluctuation of the dome position. The 2Q° Blotted expansion
has a greater energy loss to turbulent mixing than the 33°
expangion, This is the opposite to that for the non-slotted
expansions (see Fig. 14), and is no doubt due meinly to the
only slight redaction in dome flnctuaiions_tbr the 20° .
expansion compared to the great reduction in fluctuation
evidenced for the 330 expansion,

The overflow water level for the slotted expan—
slons was determined by combining discharge relationships '
for the non-slotted expansion with discharge relationships _
developed for the slots. These relationships for the slots
of the slotted expansions are shown in Figure 20. As can
be geen in this Figure, a lineﬁr relatioﬁship develops,
between the heaﬁ of water over the orest of the slots
raised to the power 1.5 and the discharge well hefore‘the
water level reaches the orest of the expansion. The equations
repres;nting the linear portion of these discharge relation-
ships for the slots are presented in Table 4.

These relationships for the slots were then edded
to those for the non-glotted expansionsto produce the
equations presented in Table 5. It was assumed that the
dlscharge through the slots would continue t0 inorease in




(x 162m}

H is the head of water above base of slots in ft.
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DISCHARGE RELATIONSHIP FOR SLOTS

o OF SLOTTED EXPANSIONS
0.08 -
{13.5) !

b

|

SEE TABLE 4 FOR EQUATIONS
I REPRESENTING THE LINEAR
PORTIONS OF THESE
0.07| RELATIONSHIPS : B

. n.e) }

Crestfol Expansion f

!
)
|
I

|
0.06 TS R, P S R
10.1
(10.) o=
0,05} —— -hermm gr— e [ J—
{8.41)]
0.04¢t - - = o —~
(6.73)

003 |———--t——---
(5.05)

0.02F— ==t gt b= f b R
(237 / !
1
{
|- J._ RNV SRR [P QK_ / 4’
/ / /G’)L/w |
o0.01 k- - ‘ﬂ - /{ ,Ef/l' o GRS S OSN[RS ISP U e
(1.68) S — ,4{;( > ‘
; . Base of Slot~, |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 014
{0.57) (393) (1.70) (2.27) (z.qs) (3.40) {3.98)
' discharge in cfs (/n '
Figure 20
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Table 4. =~ Egquations for Iinear Portion of
Discharge Relationships for
Slotted Expansions (see Fig. 20).

Slotted Discharge .

Expansion - Equation 3 K /
3 Q = 48.90"1+7 4 0.63 ¥
20° Q, = 70,5017 4 1,18
33° Q = 120n"1+3 4 1:68. o .
45° Q = .3.1711'1'5. + 2.48

4

Qg is the discharge through the slots in 1/s.

h' is the head of water over the base of
the slots in meters.

TN 4 VU U

.
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Table 5. = BEquations to Determine th_g Overflow
Water Level for the Slotted Expansions.
. Totted . Ddscharge
Expansion Equation
1° Q 748.9(11 + 0.0508)1*+ 11000™*2+ 0.63
200 Q = 70.5(h + 0.0508)%*%+ 1950nT*%4 1.18
33°  .Q = 120.(h + 0.0508) 54 2880n % 1.68
45° Q = 117.(2 + 0.0508)1"%+ 4200077+ 2,48

f,

Q is the discharge from the expansion
 in 1/s.

h is the overflow water level above the

creat of The expansion in meters.

Pi»,/\‘l

- stk
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accordance with the relationships<in Table 4. It was
further aésumed that the overflow wg.ter level, h, increased
by 0.0508 m (i.e. the diptance from the crest to the base
of the s;'l.ota), was the appropriate head to apply in the
equations for’the discharge through the slots.

« In sumeary to 'L:hie disocussion of the slotted
expangions it should Se mentioned: that, although a Feduo-
tion in the flueotuation of the dome is achlieved, the siorage
capacity of the service reservoir would be reduced by the
distance from the crest of the expansion to the base of the

. ":'i‘,

slots plus the inorease in maximum dome helght. i

IR
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CHAPTER S

'‘CONCILUSIONS AND RECOMMENDATIONS

5.1 Conclugions

The following oconclusions have been made as a
result of +this investigation: '_ .

. 1, Horizontal-crested linear expansions provide

a slgnifigantly lower maximum dome height than the e'qhi-
valent bellmouth expansion. Tests performed with the 33°
expansion and the bellmouth indicate thet this reduction
varies from about 25 per cent at F, = 0.5 to 40 per cent
or mors at F, = 3.0. This reduction is due to the larger
space in the linear expansion between the edge of the jet
and the expansion walls compared to the bellmou%h“. In :bhe
linear expangion, energy is dissipated by the Mduoeﬁéﬁt
of turbulent mixing in this gpace,

This being the case, the maximum recommended
elevation of the crest, for linear expansions, would be

- greater than that for the equivalent bellmouth unit; hence,

the equivalent linear expansion provides a corresponding
increase :!.n reservoir storage capacity.

2. Ionger expa.ngions provide a greater reduction
in maximum dome height., For a given discharge, the 33°
expengions provided a reduction of 50 per cent or more
in the maximum dome hei@.ﬂ: by doubling the length from 22.8
cm to 45.7 om (L/D = 2.92 to L/D = 5.84). A slight reduce .
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tion of 10 to 20 per cent was obtained for the 7° axpa.n- :
pion, while the 20° and 45° expansions hed redustions of
about 40 per cent.

This reduction of the maximum dome height with

- ynoreased length of the expansion is due to the greater

space available for turbulent mixing.

» 3+ Maximum dome heights™ were determined over
a wide range of digcharge (¥ = 0.4 to 2.9)% for 10 inlet
structures. These were the 7°, 20°, 33° and 45°, 22.8 am
linear expansions and the 7°, 20°, 33° and 45%, 45.7 on
linear expansions; and the bellmouth and straight pipe
extension.

0f thoese expaniaiona, the lowest maximum dome

‘height was achieved for the 33‘: 45,7 cm linear expansion

for which L/D was 5.84. The ratio of the maxinmm dome
height to the kinetic energy of the flow at the inlet to
the expansion dmps.from near 1.0 at B, = 0.6 to 0.5 at '
P = 1.3 and to 0.3 at F, = 2.9. It would sppear that
this ratio will not fall below 0.25 for values of’F, much
greater than 3.0, - "

" 4. The bellmouth, straight pip(e\e'rl:ension and

Lthe maximum dome height is the level to which the water
rines or exceeds for 10 per cent of the time.

2El?he Froude number, Fn is defined in this thesis to

bo:

Fnu

gl
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| the 7° expansions hed domes'which did not shift position, ’
. even for very high digcharges, Of the 20°, 33° and 45°
linear expansions, the 45‘: 45.7 cm expansion displayed
the most stable and central dome position. The 20, 22.'8.
‘ : cn linear expansion (L/D = 2,92), on the other hand, ha.d
| a very rapidly sbifting dome. i

This rapid altering of the dome position for
the 20° and' 33° expansions could ceuge a severe gtrain
| in the inlet pipe unless the pipe and, or, the expansion ‘
: were rigidly positioned.

5. The addition of horizontal slots, located

Just below the crest of the expansion produces & much
more’'central and stable dome. This was observed for the
45,7 om linear expansions with three slots of equal
length, providing a total*oyem.ng of 33 per .cent of the
ciroumference, 1,27 cm high and centered 4.45 cm below
the crest of the expansion,- '

< P The greatest improvement was noticed for the
33° expanaion. The dome for the 45° expansgion never
moved from the center, whereas, for the non-glotted X
expanaior, some shifting had occurred. k
‘ | A5 expected, less energy ia lost in the 20°
A and 33° slotted expansions than in the non-slobted
! : expansions. This is the result of decreased dome col-
q lapsing and turbulent mixing in the glotted expansions,

: The 20° slotted expansion, & the smaller amount of
' ' alot opening and, hence, less reduttion of dome fluctua-
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tions, produces & smaller maximum dome height, .for a

.glven discharge.

6. For all ot the expansions investigated,

the overflow water level, h, necéasary to pass the flow,
vassing through the g__;pana;i_.on. over the expansion crest
hag been anﬁtraotod :fz;om the maximum dome height, 310'
The values of H,o = h were oxpreaéed as a ratio of the
kinetic energy of the flow at the inlet to the expanaion
and were plotted as a funotion of the Froude number,

These data points represent the portion of the
kinetic energy which has been converted to potential
energy. The remalning energy has been lost due to mixing
induced by the jet and to the interference between the
rising end falling watebr_)ﬁ: the dome. |

7. To trana:fe;.' the results of this investigation
from the model (laboratory) scale into the rerformance of
a pmtotxpe expangion several factors imst be considered,
Thafae-are: -

. &) The data presented in F:!.gu}eﬂ 16 and 17 (ratios
of Hyy -~ h to fhe kinetic energy of the flow at the inlet
to the expénsion) must be used,

. b) Knowledge of the height of water over the orest
of the prototype as a function of discharge is required
to determine the maximum dome height, 310'.

¢) The prototype must be ‘goometrically similar to
the model and the Froude numbers identical. Thus the
following scaling relations must hold;

T A T T Py T T T T L T T e e
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e 8. When the necessary, scale adjustments are
made to maeke Sellin's (1)} experimental results on the
expansions shown in Figure 5 oompatiﬁie to the larger
dlameter expansions investigated in this study, thé
agreement (3 qﬁite good. To compare Sellin's results,
take the rafioa of Hlol valag and (B;q - h)/ ‘0‘2/23
ghown in Figures 6 and 7 and divide these ratios by 1.5
(oince this is the ratio of the diameters;, nD). The
nunbers obtained in this manner can be gcompared to the
remilts of this stuly by ensuring that the scale of B_
in Figurea 6 and 7 is contracted by taking the sgquare
root of this value. ‘ _ ) .

~ The use. of the Level-Tel probe should have
resulted in less error than the ;a.ppronmate method
which Sellin used. |
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Be2 Recomnandationa for Further Resaa.roh

. The following Btudies are rooommended as
,9xtensions to the present work:

1. Teat!.ng ghould be undertaken in a prototype
gltuation to determine the validity of the scaling rules
presented in this and Sellin's (1) work.

2. Another lalioratory investigation could be
undertaken to explore the performance of linear \expéln-
sions with internal angles in the range of 20° to 45°,
The object of this study would be to determine if an

" angle other than 33° will provide a smaller maximum
dome height. ' ‘

3. Several more oxpansion lengths could be
investigated to determine the change 1n maxinumn
dome height with L/D over a gréater range.

4, Teats should 'be‘co.nduoted to determine the
effeocts of the dome fluctuations on %he inlet piping. If
adeguate bracing 1:3 _arovided,‘ then thipg atudy’ ig not
necessary. “ .

5. Testing of the gpiral ribbing technique as
‘a.. method of reduoing. the fluctuation :‘:.n'\-‘f:he dome position
while still reducing the maximum dome height is ‘recommended.
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