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SUMMARY

"Performance prediction and hydraulic design of intakes with particular
reference to the formation of free surface vortices"

Eugene Chang
Thesis submitted for the degree of Ph. D. 1978

This thesis describes work carried out on the hydraulic design of in-
takes and the scaling of free surface vortices. The aims were to 1) consider
the economics involved when deciding whether or not to conduct a model
study, 2) obtain a better understanding of vortex formation, 3) provide
comprehensive data on various aspects of intake design, 4) derive scaling
laws for gmdelling surface vortices.

Chapter 2 discusses the first aim, and shows that it is important to
get the hydraulic design correct at an early stage. In certain circumstances
a model study is advisable to be certain of trouble-free performance of the
whole scheme. Examples of adverse effects of bad design are discussed
in terms of loss in hydraulic performance, mechanical damage and cost
of delays.

As regards the second aim, it is suggested that the boundary layer
is the source of vorticity, with the suction pipe as the major contributor
for the common rectangular sump geometry with a vertically suspended
pump and symmetrical approach flow. The experimental results obtained
for various sump geometries have been explained using these new ideas.

Comprehensive data on sump design has been obtained using a suction
pipe with a bellmouth of diameter 244 mm placed at the end of a rectangular
channel. The results have been plotted to show the variation of critical
submergence with bellmouth velocity, and it is deduced that some optimum
sump dimensions are dependent on the latter, '

A new mathematical form of a consistent scaling law has been devel-
oped, based on a Froude and Reynolds number contribution, which assumes
that the model:prototype velocity ratio is a function of scale only. Analysis
of results from four geometrically similar rigs shows that other parameters
are also involved. However, a series of curves has been obtained giving
the appropriate scaling velocity for operating models in a certain size

range.

KEYWORDS: INTAKE DESIGN, PUMP SUMPS, HYDRAULIC MODELS,
PHYSICAL MODELLING, VORTEX FORMATION.
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CHAPTER 1

INTRODUCTION

1.1 General background

New civil e'ngineer--'ing works commissioned by Government agencies,
public bodies and private industry are being built all the time. A large
and important part of these such as daﬁls, power stations and watér supply
systems involve the flow of some fluid from a source to an intake and
from there to a discharge point via various hydraulic structures, pipework
and machinery. There must be éppropriate design features for éach of
these for safe, efficient and economic operation of the complete scheme.

In some cases, design features for new hydraulic schemes can be
based on well-founded standard designs. General design gufdel‘ines. for
example, for pump sumps and intakes are to be found in refs, 1 and 2.
These are based on the existing knowledge and experience of pump manu-
facturers, end-users, hydraulic laboratories and consulting engineers.
Furthermore, some standard situations are amenable to theoretical treat-
ment, often supplemented by empirical results, thus giving a practicable
design,

However, it is often the case with hydraulic structures that thereal-
life situation (called the prototype) in a particular project is, of necessity,
unique in that it does not conform to any known standard situation. This
may be due to peculiarities in the local topography or geological structure
or to constraints imposed by existing works or permanent physical features.
Although it may be possible to eliminate some of the more obvious hydraulic
problems at the design stage, these are very often not appreciated or con-
sidered early enough. Furthermore, it is not easy to foresee the undesir-

‘able flow phenomena which can arise in complex flow situations; and it is
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then only prudent to conduct a hydraulic model study.

Fig. 1.1 shows in simplified form the possible sequence of events
that can occur between the original 'felt need' for a scheme to the final
handover of the completed project. Various outcomes are possible,
depending on whether the design is standard or non-standard, and whether
or not a model study is commissioned. The relative length of each path
gives an indication of the time taken for final handover, and shows the
extra time and hence delay involved when a model study is not undertaken,
This is discussed further in Chapter 2.

The use of scale models to reproduce flow conditions on proposed
or existing hydraulic structures is a well-established technique. They
have beenl successfully used in a wide variety of situations, including irri-
gation schemes; intakes in hydro-electric schemes, pump sumps for
sewage stations or power staﬁons, spillway design and offshore structures;
For proposed schemes, they serve not only to predict the performance
but can also provide useful design data in lieu of actual field measurements;
modifications can be readily carried out on the model to optimise the
hydraulic design. For existing schemes which are not operating satis-
factorily or which require extension, eiffective modifications can be tested
on a model before installation on the prototype. Obviously a cut-and-try
method on the prototype would be prohibitively expensive.

One undesirable phenomenon which occurs all too frequently is vortex
formation and its associated swirl., This can occur whenever fluid with
a free surface is drawn into an intake, either by pumping or by gravity.
Surface vortex formation can lead to air entrainment which causes loss in
pump performance as well as mechﬁnical damage to the pump. The swirl
associated with vortex motion can cause overloading of the drive motor.

In situations requiring continuous duty, e.g. cooling water supply for
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steam turbines it is essential to have trouble-free operation of the pumps.

A more recent example is the emergency core cooling system of a nuclear
reactor, which must operate reliably and efficiently in the event of a loss
of coolant accident. Where only intermittent pump operation occurs,

e. g. land drainage, then a slight loss in performance may be acceptable.

1.2 Necessity for the project

Although ﬁydraulic models are undoubtedly of great value to the
design engineér, the interpreta‘tion of them needs to be treated with care.
With a complex flow phenomenon such as vortex formation which involves
several forces, it is not possible to ensure complete geometric, kinematic
and dynamic similarity between model and prototype if the same fluid,

i.e. water is used in both, and o a compromise has to be made., There
is, however, still a conflict of opinion on the best scaling laws to use in
order to accurately reproduce vortices on the model.

The choice of the linear scale and the velocity scale for the model is
an impc‘:ftant one. If the model velocity is too low, then severe vortices
may not be observed whereas too high a velocity may produce vortices
which entrain air on the model but do not do so on the prototype. This
can lead to over-conservative recommendations to prevent air entrainment
and hence extra expense which becomes particularly significant when
scaled up for very large schemes. Alternatively, high model velocities
give rise to surface distortion and high levels of turbulence which can
inhibit air-entraining vortices,

One way of resolving this problem would be to locate a prototype sit-
uation where vortex formation could be easily observed and controlled,
and then to build one or two geometrically similar scale models. This

approach was considered early on in the project, but enquiries to various
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members of BHRA produced no suitable prototype location. Indeed, on

looking through plrevious literature, there is an obvious lack of prototype
data. The main reason is that vortices are normally '"designed out', and
in any prototype where strong surface voé‘tices do occur, the vortices are
not planned, let alone controllable. Where there is any likelihood of
damage to the hydraulic machinery, then anti-vortex devices would be
designed and installed, (see Chapter 7 for an example of this), This
explains the difficulty in finding a suitable prototype where systematic
tests could be made. Thus tests were carried out on laboratory scale
experimental rigs,

Also of importance in ensuring satisfactory prototype performance
is the question of optimum design of pump sumps and intakes. There is
general agreement on the basic dimensions for a rectangular pump sump
but a range of uncertainty still exists, especia_lly over the submergence
required by an intake to avoid air-entraining vortices. If these dimen-
sions could be more closely defined, this would lead to savings in constru-
ction costs and improved pump performance.

In view of the uncertainties indicated above in the areas of velocity
scaling for free surface vortices and the hydraulic design of intakes,
BHRA Fluid Engineering initiated a research project on these problem
areas. The aim was to carry out systematic work on an intake design
whose geometric shape and physical size were as close as possible to
practical configurations, This is in contrast to much of the work described
in the published literature in this field, most of which is either based on
idealised or simplified geometries, or is based on specific schemes with

unusual design features.
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1.3 Relevance of the project to the sponsoring organisation

BHBA is an independent, non-profit distributing research association
and undertakes both basic and contract research for industry and Govern-
ment departments in the general field of fluid engineering, Since its
inception in 1947, it has been actively involved in hydraulic model studies
for- numerous schemes throughout the world, especially those involving
hydraulie structures and intakes of one sort or another.

Although it has satisfactorily completed these model studies - there
has been no adverse feedback from site operators after commissioning <;f
the prototype - the scaling of vortices has always been a subjective
matter, with engineefs having their own preferred test procedure, On
the design side, BHRA has recently been involved in a design guide for
intakes (1)*, and the work discussed in the following Chapters provides
supporting material for this.

Thus, this research project is a logical extension of an important
aspect of BHRA's activities, with the aim of better modelling of vortex
phenomena and improved performance of hydraulic intakes at minimum

cost to the client,

1.4 Scope and aims of the project
Hydraulic intakes occur in a wide variety of different configurations,
and it was decided to concentrate on a single vertical bellmouth intake in
a rectangular channel, a configuration commonly found in pump sumps.
Experimental work was initially carried out with a single bellmouth-

intake of diameter 244mm and suction pipe diameter 8'" (nominal) to provide

% Numbers in brackets refer to references listed at the end of the thesis.
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the bulk of the information on sump design. Some tests were then repeated

with geometrically similar channels with a bellmouth 61mm in diameter .
(1.5" nominal suction pipe), 122mm in diameter (3" nominal suction pipe
diameter) and 488mm diameter (12" nominal suction pipe diameter) in
order to provide information on scaling laws. These were then supple-
mented by work on an actual model study of a multiple pump sump consist-
ing of four vertical bellmouth intakes in a rectangular sump,

Thus, experimental work on horizontal intakes is beyond the scope
of this project, though some of the results are equally applicable to these
intakes in a qualitative manner. Furthermore, only free surface vortices
have been considered in detail, though other undesirable phenomena such
as swirl and submerged vortices which also affect the performance of a
particular intake are discussed.

The aims of the research project can be summarised as follows :-
1) to consider the economic factors involved when deciding whether or
not to conduct a model study for a proposed or existing design.

2) to obtain a better understanding of the mechanism responsible for the
formation and development of vortices.

3) to provide comprehensive experimental data on various aspects of
intake design including pump sumps, especially with regard to the occur=
rence of surface vortices, and to compare this data with predictions from
a recently developed mathematical model, (3b)

4) to derive satisfactory scaling laws for modelling free surface vortices.



- 8
CHAPTER 2

ECONOMIC CONSIDERATIONS

2.1 Introduction

Design features for new hydraulic structures or for extensions to
existing works can be based on Standar;d designs. However, any deviation
from a standard situation gives rise to uncertainty over the hydraulic per-
formance of the intake. One can then either take a risk and proceed with
construction or carry out a .model test beforehand to be sure of satisfactory
prototype performance, A model study necessarily involves extra costs
and possible delay in completion of the scheme. However, the actual
cost of a model study is a very small percentage of the total prototype cost.
Furthermore, without a model study, hydraulic problems could appear on
the prototype which would give rise to substantial extra costs for the
entire scheme, out of all proportion to the relative size and cost of con-
Struction of the intake itself. Thus the model costs must be balanced
against the potential savings arising from increased performance and
reliability of operation. Any possible delays due to a model study can be
minimised by adequate élan.ning at an early stage.

As mentioned earlier, there is uncertainty in the correct scaling
law for air-entraining vortices, and this leads to conservative recommen-
dations in the design of anti-vortex devices. Thus, precise knowledge of
the scaling law could lead to savings in design modifications as well as
reducing the testing time and hence costs for a model study.

The table below lists th;a costs that can be incurred when conducting
and not conducting a model study prior to construction. This comparison
only applies to non-standard situations, Where a design closely follows

that of a previous design known to function satisfactorily then a model study
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is-not necessary and none of the costs under ""No Model Study" should

apply. Similarly, for small schemes where the costs under '"No Model
Study'' are very small, it may be more economic to construct first and

modify later, if necessary, without incurring the cost of a model study.

Model Study No Model Study
" a) Cost of model study a) Loss in performance
.b) Cost of design modifications b) -I\Iechaﬁical damaée
c) Extra design office work c) Delays in commissioning/
production

d) Possible delays in completion
d) Increased cost of installing
design modifications after

commissioning.

It should be noted that sump design affects both the initial capital
cost of a project and the subsequent running costs (fuel, labour, mainten-
ance, rent for land usage). In the past, the emphasis has been on mini-
mising initial costs. Now however, with increasing fuel costs and size of
pump units more attention should be paid to running costs. For example,
a drop in efficiency of 1% can lead to exira costs which, in a few years,
can exceed the initial capital cost of the pump. Furthermore, the running
costs of an installation can exceed the initial capital cost of the entire
pumping scheme within a 10-year period (4). Discounted cash flow tech-
niques are a useful way of comparing the total costs (i. e. capital and
running costs) of alternative schemes (5).

In the following secltions, some of the costs summarised in the table
above are discussed and illustrated by specific examples where possible,
Only economic costs and savings are discussed, though better design can
also lead to social benefits in the form of improved recreation facilities,
reduction of accident hazards and less environmental noise. In fact, the

possible adverse impact on the environment of some schemes may outweigh
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strictly economic considerations of the necessity for a model study.

2.2
is carried out.

2.2.1 Loss in performance

Costs arising from adverse flow conditions if no model study

If no model study is carried out, then there is the possibility that

the sump design itself will not give optimum pump performance.

Several

authors (6, 7) have shown that small changes in the position of a pump

" within a sump can lead to changes in head and efficiency, though power

input remains relatively constant.
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Fig., 2.1 Effect of air entrainment
on the pump characteristics
of a centrifugal pump,
specific speed 0. 3155.

If undesirable flow phenomena such as vortices and swirl are also

present, then further loss in performance may result.

A few studies have

been made on the effect of entrained air on pump performance and these

are reviewed in ref. 8. Fig. 2.1 shows some typical results from

Merry (9) for a centrifugal pump of specific speed 0. 3155 with up to 6% of
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air by volume introduced into the pump inlet. This leads to a drop in

efficiency of up to 15%. The air-to-water volumetric ratio associated
with a‘L vortex is difficult to assess accurately, but estimates range from
less than 0.01% (10) up to 15% (11, 12) for strong vortices at low submer-
gences. At the higher end of this range, depriming of the pump may
occur,

If the volume of air entrained by a vortex is less fchan 1%, then the
effect on pump performance seems to be very small. However, increased
noise and vibration can result as the air bubbles collap se in re gions of
higher pressure. Submerged vortices and swirl also increase noisle and
vibra;cion levels. Mayo (13) quotes results showing a ciirect relationship
between noise measured near a pump/turbine shaft and loss in hydraulic
efficiency. '

Noise and vibration will also accelerate the rate of wear of any
pump unit, This will inevitably affect the pump characteristics, as shown
in Fig. 2,2 (14), as well as increasing maintenance cojsts. Excessive
noise and vibration can also lead to mechanical damagt;.', as discussed in

the next section.
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The increased costs due to loss in pump performance can be found

by considering the power input required to obtain a discharge Q at head H.

Power input required = QHpg

P = relative density
n of fluid
N = pump efficiency

direct cost per unit pumped = M—unit cost of electrical input
n .

(Indirect costs arise from depreciation, interest and maintenance costs).
Thus a drop in efficienc‘.y leads to increased pumping costs, for delivery
at a given head. In practice, the head-discharge curve also changes for

a worn pump, leading to a drop in head and also in the flow-rate delivered

by the pump (fig. 2.3) {

g
HQ NEW PUMP SYSTEN

HEAD

N
H-a .
WORN PUMP

H-Q NEW PUMP
X

H-0
WORN PUMP

HEAD
HEAD

CAPACITY
Loss

FLOW RATE |

FLOW RATE

Fig. 2.3 Head-discharge curves for a new and fworn pump,
showing the loss in capacity for two different
systems.

2.2.2 Mechanical damage

it is now well established that poor hydraulic design can lead to
mechanical damage such as shaft failure (15), fracture' of impeller blades
(16) and gearbox failure (17). The basic causes of the:se aré excessive
vibration levels, uneven blade loading and cavitation damage. Costs are
then incurred not only through repair work but also thrdugh delays in
commissioning and stoppages in production. If the original design engineer

or pump manufacturer is no longer available for consuit_ation, then the
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subsequent delay can make the total costs of repair work plus downtime

more expensive than the initial capital cost of the equipment. It is diffi-
cult to generalise on the costs that can be incurred, but more likely than
not they will exceed the cost of a model study when large pumping units
are involved.

In the example of ref. 17 which is also discussed in Chapter 7, the
cost of recommended modifications to the civil design and mechanical
support found to be necessary after commissionihg was an order of magni-
tude greater than the cost of the model study. This does not take into
account the costs incurred due to either the delay of several months in
commissioning the nuclear power station or the constant movement of

technical personnel to and from site.

2.2,3 Delays in commissioning

The economic consequences of delays in completing a partlgular
project vary considerably with the purpose of the project, but are particu-
larly high in the case of electricity generating plants and water supply for
production plants such as liquified natural gas plant. The extra costs
arise from a) interest charges on tied capital which is not providing any
income; b) the cost of alternative fuel supplies in the case of generating
plant, leading to higher running costs; c) the cost of tying up staff who
were either expecting to finish the project or staff who were expecting to
start work on site.

As an example, take the case of a new 1300 MW generating station
costing £400 million which has been delayed by 12 months through bad
hydraulic design of the cooling water system. At least half this sum is
tied up in capital investment which is producing no return through the sale

of electricity. Thus, if interest rates are 8%, then this represents a
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loss of £16 million a year. A second cause of increased costs is that

less efficient plant then has to be kept in use for a year longer. This
reserve plant could consume up to 50% more fuel than a modern plant for
the same amount of electricity generated. The 1977/78 figures for
generating costs, including capital charges and fuel and operating costs

are given below (18) ;-

Fuel Generating cost per kW/hr
Nuclear 0.76p
Coal 1.23p
Oil - 1.42p

Thus, for a 1300 MW coal-fired station, the average generating costs for
a 75% load factor would be £105 million a year, so that if a less efficient
plant is used, generating costs are increased by several million pounds.
The extra costs are greatest where the commissioning of a nuclear power
staion with relatively low generating costs is delayed, and an older, oil-
fired station has to be kept in service instead. The third factor to con-
sider, that of prolonged commitment of staff to the prbject and the enforced
idleness of some staff can also add considerable sums to the total cost of
delay, the exact amount depending on the scale of the project.

Thus, to summarise for this particular example, delays in completiﬁg
a project on time can have severe financial consequences. The extra
costs incurred in one year's delay can add up to a significant percentage
of the original construction costs, As further illustration of this, the
cost overruns due to delays in completion of four advanced gas-cooled

nuclear reactor power stations are given in the table below (19) :
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Dungeness Hinckley Hartlepool Heysham
B Point 'B'

Date of original 1965 1966 1968 1970
estimate '

Originally expected date . 1971 1973 1974 1976
of completion of ,
commissioning

Assumed commercial 1980 1977 1981 1981
operation date of No. 1 !
reactor

Original estimate at £89m £95m £92m £142m
prices at dates given
above

Cost overrun as % of 120% 33% 187% 35%
original estimate '

(excluding effects of

inflation)

Estimated costs to £320m £14Tm £252m £273m
completion based on |}

1

prices at July 1977

It should be noted that the effects of delays are nét always as great
asthe above examples would suggest. For example, S:;:eenbras pumped
storage scheme, whose purpose is to provide 180MW o.f electricity during
peak hours, will substantially reduce the need for powe:r imports from
alternative sources. The savings are expected to be airound £700,000 a
year (20) so that any delay in completion of this projecf would represent
a loss of this amount per year. Although this sum is less than the
millions of pounds involved with power stations, it is still much greater
than the cost of a model study plus modifications. Thijs is discussed in

the next section.

2.3 Costof modei and modifications

The cost of a model study varies greatly depending on the physiéal
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size to be modelled, the complexity of the test programme and on the

nature of the organisation carrying out the study. University departments,
pump manufacturers and private laboratories all conduct model studies

but would differ in their charging system and time for completion of the
project. For example, universities may be able to use research assis-
tants to help on model studies, and pump manufacturers could incorporate
the cost of a model study into the total contract price when tendering for
the supply of certain pumps.

For schemes such as pumped storage schemes requiring a large
amount of civil engineering works, the total cost can run into millions of
pounds, e.g. the cost of Steenbras pumped storage scheme is about £30
million, as quoted in ref. 20. By comparison, the model study (21) cost
approximately £40,000. On top of this should be added the cost of the
recommended anti-vortex grids, which is estimated to be £15,000. Thus,
the total cost of the model plus subsequent modification_s is a very small
percentage of the total prototype cost. This is further borne out by costs
for the model and prototype on the Turlough Hill pumped storage scheme
(22), where the cost of model plus anti-vortex grid was less than 0.2% of
the cost of the whole scheme, including civil works, m.echanical and
electrical equipment and overheads.

For pump sumps, the civil works are less extensive, though the
sump may form part of a larger scheme, e.g. cooling water supply. The
‘cost of model studies in this case is typically in the range £9, 000 -
£20,000, Modifications to the original design arising from the model
study may include small geometry changes such as the addition of guiding
vanes or splitter walls which would add a negligible amount to the total
cost. On the other hand, modifications may actually lead to sa;vings in

construction costs by showing some features to be redundant or sump
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léngths to be too long, e.g. ref. 23, where it was found that a reduction

in sump length from 12m to 8m was in no way detrimental to hydraulic
‘performance, thus saving a volume of 350m?® of excavation, i.e. a
reduction of 331% in sump volume.

In the model study discussed in Chapter 7, modifications to the
- sump were found necessarj; after the sump had been designed and built.
The cost of just the civil works required for these modifications would
probably be around £50, 000, which is several times the model study cost,
and a significant proportion of the original construction cost for the sump
and pumphouse. This underlines the importance of getting the hydraulic
design correct at an early stage, and how much more economical it is to
undertake a model study before, rather than after, completion of the

project.

2.4 Conclusions

This Chapter has discussed the importance of good hydraulic design
and the varim;s factors involved in deciding whether or not to conduct a
model study. It has been stated that for standard designs or relatively
small schemes, a model study rriay not be necessary. However, for non-
standard designs, a model study at the design stage can ensure satisfactory
hydrauli_c performance on the prototype. Otherwise, if no model study is
undertaken, and hydraulic conditions on site are unsatisfactory, then
extra costs can be incurred due to loss in pump performance, increased
mechanical wear and hence increased maintenance costs, and delays in
reaching the design output. These costs are compared in Fig. 2.4 which
is based on estimates for the hypothetical example of a 1300 MW power
station discussed in 2.2.3. Actual values for any given scheme may vary

considerably from these, depending on size and application.
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On the basis of data obtained from several real-life schemes it is

concluded that the cost of a model study is a very small percentage of the
prototype costs and that although extra design modifications suggested by
the model tests may be necessary, it is also possible that the results of
a model study can lead to savings in construction costs. Furthermore,
there are potential savix_lgs arising from increased performance and

reliability of operation. Savings in running costs are becoming increas-

ingly important with the constant rise in fuel prices.

Savings are also possible if the scaling laws were known more
precisely, though it is impossible to generalise on the actual sums involved.
The current practice is to operate models with a certain safety margin, so
that anti-vortex devices or sump geometries may be over-designed. In
the extreme case, anti-vortex grids may be completely redundant if the
safety margin is too great. I thi's is the case for the Steenbras pumped
storage scheme referred to earl'iér, then it means that an extra expenditure
of £15, 000 has been incurred because of uncertainty in the scaling laws.

In fact, for this particular scheme, it is proposed to conduct prototype tests
on the grid size and beam spacing to determine the degree of redundancy
if any, in the design of the anti-vortex grids (21). Prototype data will then

also be available for comparison with model data.
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CHAPTER 3

THEORETICAL BACKGROUND

3.1 Summary
The mathematical analysis of the onset of vortices and their subse-

quent development is faf.- from complete. Even in the simpler, axisym-

metric case of drain vortices in cylindrical tanks, the basic equations

become exceedingly complex when realistic boundary conditions are

imposed. Accurate solution of these equations requires a detailed know-

ledge of velocity gradients,‘ and these are difficult to determine experimen-

tally. In the present area of interest, rectangular sumps, there has been

noticeably little work carried out.

The following sections describe various approaches to understanding

vortex formation :

Section 3,2 Mathematical description using the Navier-Stokes equation;
it is shown that this approach has limited application to the

' more complex situation of vortices in rectangular

geometries:

Section 3.3 Dimensional analysis to find the important parameters
which are involved;

Section 3.4  Essentially qualitative considerations of the origin of the
vorticity necessary for vortex formation; the application
of these ideas to a suction pipe in a rectangular channel
shows the pipe to be the major source of vorticity;

Section 3,5 Use of a mathematical model developed by Swainston (3)
and based on potential flow round a point sink,

Section 3.6 Finally, the introduction and development of a new consistent
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scaling law based on both the Froude and Reynolds number,
which shows how a general scaling law could be derived by
conducting experiments with different size rigs. The
implications of the law on the form of the experimental

results is also 'described.

3.2 DMathematical description of vortex motion from the Navier-Stokes
equation.

It is of interest first of all to consider the mathematical description
of a vortex. In the work reviewed in this section, the mathematical
treatment has been simplified by éssuming axisymmetric flow conditions.
Despite uncertainty over the form of velocity gradients and boundary con-
ditions, limited success has been achieved in describing some of the
features of vortex motion, including velocity distribution and surface pro-
files. .There also exists a large body of work on atmospheric vortices
(24), but these introduce problems of compressibiliiy and heat convection
which are not relev'ant to the type of vortex presently under consideration.

The starting point of any mathematical treatment of the flow of an
incompressible viscous fluid is the Navier-Stokes equation which is, in

vector form

DV - 1
Dt F - —F; Vp -vVA(VAY)
DV aVv
where -ﬁt: is the total differential T + (V.v)v= d;Y +u-§;—\{
+ X_d._-_v— -i-W--i'Z
r da dz

in cylindrical polar co-ordinates (r, 0 , z) with components of V (u,v, W, ),

and F is an external body force per unit mass acting on the fluid, e.g.
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where Coriolis force is important, F = - 2 QaAvV

If axial symmetry is assumed, then the Navier-Stokes equation

expressed in cylindrical polar co-ordinates becomes, in component form:

2 2 2
u%-ﬁ-wgﬂ-y—=--]-'--g—p-+v(du+-l—%-l-l---—u—+-—-—-—d,u__)
2 2
u?+w%+9-‘5= v(-—-—-dv+—1—-gx-—y-—+d")
r Z r drz ror 2 dzz

dW -éﬂ = _l.p L
udr+wdz -pé_z+v‘

ar?

dzw+_1; dw
I‘dr dzz

whilst continuity requires :

d(ru) d(rx\.!) - 0
or dz

There have been various attempts to solve these equations. One
approach is to start with an infinite flow field with axisymmetric stagnation
point flow superimposed on the tangential velocity distribution of a free
vortex so that

r
= w = 2az (a = const,)

This represents an exact solution of the Navier-Stokes equation, where roo
is the constant circulation of a free vortex centred around the z-axis.
However, this solution requires v to be infinite when r = 0. Another exact
steady-state solution for v which is regular at the origin (due to Burgers
Ref, 25) is

o

21r

-ar?/2y

v = (1-¢e

)
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To maintain this vortex new circulation is continuously brought in from
infinity towards the axis by the stagnation point flow. Developing this

further, Rott (26) defined a '"'viscous radius"

r* = V2v/a
such that for r>> r* the form of v reduces to that of a free (inviscid)
vortex whilst for r ~ r¥ the effect of viscosity is significant leading to
departure from the free vortex velocity distribution. As r—0, rigid body

rotation is obtained. This essentially describes a Rankine vortex.

This implies that the viscous effect is restricted to a cylinder of
radius of order r*, and that the solution applies to a viscous vortex core
with stagnation point flow irrespective of the flow at infinity., Thus, Rott
applied the solution to the bathtub vortex, representing the flow by a sink
at a distance h from an infinite plane (representing the free surface) plus
its image to give a free surface stagnation point., (This method was
developed by Swainston for rectangular sumps - see 3.5). The effect of
the bottom and sidewalls was neglected, The total pressure drop from
infinity to the centre of the core which causes a surface dimple to appear,

is then

Ap - log 2 p rwza

8 vm?

He gives a rough estimate for the critical value of h for the dimple to

become air-entraining as

(B)z _ FoV2 log 2
d 16 Tl’zvh'\/gh

where d is the outlet diameter.

A more general class of exact solutions can be obtained by assuming

u = u(r) v = v (r) w = zw (r)
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Donaldson and Sullivan (27) found it necessary to have the z-dependence of

the axial velocity to keep v finite at the axis. One of the many solutions
for a range of Reynolds numbers, based on u and the tank radius, is shown
in fig, .3.1 together with the special limiting case of Burgers' solution.
Sullivan's solution shows reverse axial flow, and this has been observed
both in laboratory experiments and in hurricanes and tOrnadogs. Various
other solutions were obtained satisfying the boundary conditions that u,

v vanish at the axis and w is zero at the tank walls.

Aston University

llustration removed for copyright restrictions

Fig. 3.1 Comparison of Burgers' (25){(on the left)
and Donaldson's (27) solutions for the
streamlines and variation along a radius
of velocity components of a vortex with
R = -« and with tank radius assumed infinite,

By introducing the Ivariable (r/z), the Navier-Stokes equation. in
component form reduces to three ordinary differential equations (28),
with axial velocity w = % f(r/z). By assuming u<<v, and neglecting
derivatives with respect to z compared with those with respect to r, then

the circulation becomes constant on every conical surface, r/z = const,
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which may explain the almost conical shape of a dimple vortex. However,
these solutions also imply that v~ w, which is not true in practice for a

drain vortex.

The form of the surface profile has been obtained (29) from the radial
component of the Navier-Stokes equation by using solutions from Einstein
and Li (30) for the tangential component equation., The main assumptions
for these were that ver;cical velocities were negligible compared with
horizontal velocities and that the velocity distribution at the drain outlet,
was uniform. Expressions for the regions near and away from the vortex
core for the surface profile were found to give reasonable agreement with

experiment,

Another approach consists-of introducing dimensionless quantities to

obtain two partial differential equations in ¢ and I (31), which, however,
cannot be solved exactly. It is interesting to note that three dimensionless
parameters emerge from fhis method: a radial Reynolds number Q/ v 1],
a Rossby number Q/lr and a ratio of characteristic lengths. Refs. (26)
and (28) above are special cases of this where special forms for ¢ and I'
were assumed. A series expansion of ¢ and I can be made to attempt
to solve the equations for small Rossby numbers, and the first order

solution thus obtained is essentially that in Ref, (30),

However, higher order solutions require considerably more effort
and also restrict the form of permissible axial boundary conditions,
Granger (32) follows a similar approach, but with a series expansion in
powers of radial Reynolds number instead of the Rossby number, and
Anwar (33) applied the solution for a weak vortex, with the assdmptions
that T did not depend on z/h, and that (ro/h)2 was very small. His

experimental results agreed best with the numerical solutions for the
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velocity distributions in which the axial velo city was taken as zero at the

axis of symmetry.

The rapid growth of a vortex core is considered in Ref. (34). By
assuming a form for u, the other two velocity components and hence the

change in surface profile with time for a inviscid fluid can also be found.

Sample results are shown in fig. 3,2
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Fig. 3.2 Time history of the formation of a vortex core,
: starting with a surface dimple (T = 0) and growing
with time into a deep dimple with tail (&= 3).
Vertical and horizontal axes are non-dimensionalised
depth and radius respectively.

To sum up, there have been a few attempts to solve the Navier-Stokes
equation to describe vortex formation in an axisymmetric situation.
These often assume forms for various velocity components and velocity.
gradients, some of which do not hold in practice., Thus, it seems that
this mathematical approach could not be readily applied to other intakes

such as rectangular pump sumps which do not possess axisymmetry.
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- Let us assume that vortex formation is a function of the following

variables :

f(s) C’ Xl W' L, d’ D’ V’ P r p L c El g) = 0

where V represents a mean velocity.

It is assumed also that there is no

time dependence, i.e. steady flow conditions exist.

Using Buckingham's theorem with p, D, and V as the basic para-

meters we obtain a function of 9 dimensionless groups ( T - parameters)

as follows :

Parameter | Formula Name Physical significance
" S )
1 _
D )
)
™ C )
2 =~
D )
)
U X )
D ; Geometric
parameters
U w )
- D )
)
m L )
5 =
D )
)
m d )
6 D )
7 yb Reynolds Number R (ir?ertial force)
v viscous force
1
. . z
g Vv /p D Weber Number We (mertlal forcfe )
o surface tension force
1
g ) (inertial force ) z
VeD

Froude Number F

gravitational force
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Taking the critical submergence as the dependent variable, Sc can be

expressed as :

S . ,C X W
D D’ D' D

L d
oID: "EJ: Ra Wel F)
Although the length parameters are non-dimensionalised using D, any other
length could equally well have been chosen, Also, the analysis gives no

indication of whether V represents V VD‘ or Vw'

a’
This is a useful technique but must be applied with care. It is
important to include all the quantities which it is thought are involved in
vortex formation. The analysis may show.one of the quantities to be
unnecessary, since it has a dimension which no other quantity has,
(However, this could also be due to the omission of a variable). Numerical
factors such as 2 or nw do not affect the general result, The final result

gives no indication of the form or power of the functional expressions or

of the relative importance of the dimensionless groups.

3.4 DMechanisms for the generation of vorticity

3.4.1 Introduction

When the flow in the main body of a fluid is irrotational, the basic
mechanism responsible for the generationl of vorticity is boundary shear,
either at a solid/liquid boundary or between two fluid layers. These
shear layers give rise to velocity gradients within the fluid, often with high
local values, and the resulting vorticity, if sufficiently organised, can
cause a vortex to appear. This process is further aided by amplification
of vorticity which occurs when a vortex filament is stretched, as occurs
when fluid is drawn down into the intake. This has the effect of concen-

trating vorticity which is initially diffused into a relatively small core.
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When the main flow is rotational, additional sources of vorticity
exist. Ways of physically creating and maintaining this type of flow with

asymmetric approach conditions are described in chapter 4.

3.4.2 Growth of the boundary layer

The two major sources of boundary layer growth are firstly, the
walls and floor of the sump, and secondly, the cylindrical surface of the

suction pipe.

The flow along the sump boundafies can be approximated to that
past a flat plate which is placed parallel to the direction of the main flow.
For this situation, ‘ the boundary layer thickens as fluid progresses along
" the plate, due to diffusion of vorticity away from the solid boundary and

its thickness, & , is given by

6p1ate _ 5.83 R = wa
_—tt = s
x R 2 x v
x

where x is the distance travelled along the plate by the fluid, V,; is the
mean velocity of the main flow. However, for Rx>1' 2x 105, transition

to a turbulent boundary layer occurs and

6plate . 0.38
X R 1/5

X
This transition occurs earlier if the approach flow is unsteady or otherwise

disturbed, e.g. by surface roughness on the plate or its leading edge.

The flow past the suction pipe itself is a source of vorticity, and is
similar to steady flow past a cylinder or pipe. In this case, a laminar
boundary layer develops, starting from the upstream stagnation point, and

thickens gradually until it separates from the cylinder, producing shed
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vortices downstream with a frequency depending on the Strouhal number,
V. d

S, of the flow. For Rd - between 102 and 105(where dis

v
cylinder diameter) S~ 0.2 , This is the same mechanism which

produces the regular von Karman street behind cylinders, though for high

V. d
W

Reynolds numbers (3 x 105< R:*® <3x 106) the downstream pattern

d
becomes less distinct as the transition to turbulent flow occurs. The
vortices are shed in discrete cells along the length of the cylinder, the .
length of each cell being called the ''correlation length"”. For 150<R d<:105,
the correlation length is 2d to 3d (35). The absolute value decreases with
increasing Rd and depends also on turbulence, length/diameter ratio and
surface roughness. Greater than Rd = 105, the correlation length drops

to 0. 5d.

Assuming steady, potential flow outside the boundary layer, then
the laminar boundary layer thickness at the point of separation from the

pipe is given by (36)

Zpipe . 2.26
R 2
d

Again, transition to a turbulent boundary layer occurs when Rd >5x 105

or earlier if the upstream flow is turbulent or if there is surface roughness
on the cylinder. In this case separation is delayed, but the value of &

is not known.

There are obvious differences between the steady flow past a cylinder
and the restricted flow past a suction pipe when there is an endwall,
together with suction through one end, i,e. the belln.wuth. Although the
closeness of the endwall prevents the formation of a vortex street, it
encourages the ingestion of separated boundary-layer fluid in the wake

behind the suction pipe. The shape of the bellmouth and the suction through
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the pipe introduce three-dimensional flow effects, which have not been

considered in the case of steady flow past a cylinder. However, provided
there is a sufficient length of cylindrical pipe submerged, then it is still

valid to compare the two situations in a qualitative manner.

Sources of voi‘ticity not associated with a solid boundary are shear
layers in the fluid, and the boundary layer at the free surface. The
former occurs when fluid layers within the body of the fluid are accelerated
down towards the intake, whilst fluid near the surface continues down-
stream, and are decelerated by the presence of the suction pipe and eﬂd-
wall, The velocity gradients at the shear layer are a source of diffuse
vorticity, and only become important as the depth of water decreases.
These layers, however, tend to be unstable, and are not considered further

with reference to rectangular pump sumps.

3.4.3 Contribution to the vorticity from the boundary layer

Since the velocity at any solid boundary must be zero because of
viscosity, velocity gradients will be present in the boundary layer which
are a source of vorticity, { . This can be seen in a simplified two-

dimensional analysis:

—_— W
Consider one section labelled

A = B ABCD of the boundary layer in
———— the approach flow at one side-
i - wall of the channel., Then the
circulation round the section
5 ABCD is

1‘='¢Vds=v dL.
w




But from Stokes' theorem,

where CA represents an average vorticity distributed in the entire

boundary layer.

Therefore, v

g - W
A 5

with due regard taken of the sense of rotation. For example the vorticity
vectors derived from boundary layer flow along the sump sidewalls are

opposite in direction to each other.

Although it is well known that the boundary layer is a source of
vorticity, the above analysis has not been applied to the case of vorticity
shed from a suction pipe, as far as the author is aware. This will be
described in the following paragraphs. The values of § considered above
all depend on a Reynolds number, and thus vary with velocity and geo-
metric par-amters. Thus, assuming a laminar boundary layer, the
contribution to the vorticity from the flow past a suction pipe with bell-

mouth diameter D is given by

3 3/2
Vv V. d Vv
c _ w { w ) = w
; = — 1
plpe 2. 26d v 2. 26 ( ) d)z
0. 308 3/2
= v

(H/D.W/D)3/2 ( vd)% b

where H, W and Vp are the depth, channel width and bellmouth velocity

respectively,

Similar expressions for vorticity { , can be derived for 6p1 te *
a

the only effect being to change the values of the exponents., Thus
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3
v, V. xF® v, 3/2
g (laminar) = ( ) = :
plate 5. 83Ix v 5.83 ( v x)?
_ 0.119 - 82
L s
(H/D.W/D)?’[2 ( vd)® (x/d)* D
Vo V. 1)s v, 6
(turbulent) = ( ) =
plate 0.38x ' v “ 0.381:4/5 " 1/5
1.97 6/5

‘ G0 D)5 y 15 (31 ofT5 TS Vb

Then, to find the major source of vorticity, one must compare the relative
contributions from the a) laminar boundary laYer on a cylinder; b) laminar
boundary layer on a flat plate and c¢) turbulent boundary layer on a flat

plate. This has been done in fig. 3.3 for a suction pipe of-diameter 160 mm
for the range of Vw values covered in the experimental work. U has been
drawn as a function of Vw so that it is independent of H/D. The graph
shows that for a given pipe size and sump geometry, the dominant contri-

bution to { arises from the suction pipe, whilst & & being in the

plat
opposite direction, has a relatively small de-stabilising effect.

Thus, on the basis of the simplified analysis above, it has been
shown that the suction pipe is the_: major source of vorticity in a rectangular
pump sump, whilst the sidewalls have a small de-stabilising effect. This is
borne out by the consistent direction of rotation of the vortices observed
in the experiments behind the suction pipe. This is discussed further in
chapter 6. It seems that an obvious solution to the vortex problem would
be to-remove the suction pipe completely, and abstract the flow through

the floor or one wall. However, although the latter is done for some
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the relative magnitudes arising from a pipe, plate

(laminar boundary layer) and plate (turbulent boundary

layer. Numerical values based on the 6'' rig with
suction pipe diameter 160 mm.
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applications, with a subsequent reduction in vortex activity, there are
increased costs involved in building a separate pumphouse to keep the

pumps dry.

3.4.4 Onset of air entrainment

From the above it can be seen that vorticity from the boundary layer
can cause a surface vortex to appear. The strength and persistence of
this vortex depends on :

a) the magnitude of vorticity generated in the boundary layers;

this depends on various factors discussed in 3.4. 3
b) the degree of organisation of the vorticity so that the

resultant magnitude of the local vortiéity vectors will

give rise to rotational motion; this depends on turbulence

levels and correlation length of the shed vortices,

If both a) and b) are large, then the surface vortex will have a distinct
tail which may‘develop into a complete air core, starting from the surface
and extending into the intake. This will occuf if a sufficiently large
radial pressure gradient is developed by the rotating fluid so as to reduce
the local pressure within the fluid to atmospheric. In other words, at any
given water depth, the dynamic head must be suffiéient to overcome the
static head as well as losses due to viscosity, A qualitative treatment,
ho-wever, of when air entrainment occurs is not possible due to a lack of
detailed knowledge of the velocity distribution near the vortex core as well

as boundary effects.
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3.5 Mathematical modelling of vortex formation in rectangular sumps
Swainston (3) has proposed a simple mathematical model to describe
and predict the onset of stable surface vortices. Of the various types of
stagnation point that can arise from fluid moving normally to a plane sur-
face, the type C stagnation point gathers fluid from all directions and

directs it away from the surface (fig. 3. 4)

. e o

[ )

Concentrating

intermediate
Type CD Distributing

Fig. 3.4 Various t_ypes_ E)f stagnation point de sc::ib—edwby- théir:
eff'_ect on the boundary layer.

This seems to be the mechanism for generating submerged vortices
from a sidewall or the floor where boundary layer fluid containing vorticity
is drawn into a bellmouth placed at the end of a rectangular sump.

Further potential flow calculations suggest that type C stagnation points

can exist on the free surface, and are a necessary but insufficient condition
for the onset of air-entraining vortices. This can be imagined by turning
the type C diagram above upside down, so the boundary now represents

the free surface. This approach predicts the existence of a maximum
critical submergence, called the boundary submergence SB, above which
air-entraining vortices will not form. On the basis of 3. 4.4 above, this
means there comes a point when the vortex strength is insufficient to over-

come the static head arising from the submergence SB plus viscous losses.

By representing the flow through the bellmouth by a point sink, and

the sump boundaries by planes of symmetry in appropriate combinations
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of point sinks and their images. the location of the free surface stagnation

points and the corresponding values of SB can be found for a variety of
geometric configurations. For example, wide, deep sumps can be repre-

sented by a basic unit of four sinks placed at the corners of a rectangle,

(fig. 3.5)
Aston University Fig. 3.5 Arrangement of four
point sinks as a basic
lustration removed for copyright restrictions unit in Swainston's
mathematical model

(3).

There is no flow normal to the two intersecting planes of symmetry,
and so these can represent boundary surfaces, Quadrantl representsa
sink near the floor and endwall of a deep, wide sulmp (sidewalls and surface
at iﬁfi.nity], whereas quadrant 2 represents a sink near the free surface
and endwall of a deep, wide sump (sidewalls and. floor at infinity). The
free surface stagnation points are then found by calculating the co-ordinates

of points where all the velocity components are zero.

For a rectangular pump sump, the effect of the floor and sidewalls
together must be included. This requires an infinite array of sinks in
three dimensions. However, Swainston achieved satisfactory modelling
by using up to 1500 point sinks, together with infinite plane sinks outside
the central region of point sinks. He investigated the effect of varying
floor clearance and width, and this is discussed further, together with

experimental results in chapter 6.
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There are certain limitations to this potential flow approach.

Firstly, as the sump dimensions get closer to the size of the bellmouth

and suction pipe, the latter have a significant effect on the flow, and the
discharge can no longer be treated by a point sink, Secondly, ideal flow
assumes that the fluid is non-viscous and irrotational. Thirdly, the
effects of surface tension, surface turbulence and waves are not considered.
This would lead to greater discrepancy between the mathematical model

and experiment as the Froude number increases.

3.6 Scaling laws

3.6.1 Introduction

In order to correctly model a given fluid phenomenon, it is necessary
to establish the predominant forces involved, The appropriate dimension-
less groups are then formed and complete similarity is achieved by a)

-
constructing a geometrically simila; model and b) operating the model

such that the values of the relevant dimensionless groups are maintained

constant in both the model and the prototype.

For the case of vortex formation, dimensional analysis shows that
it is necessary to keep the Froude, Reynolds and Weber numbers (F, R
and We) simultaneously the same on model and prototype. This is impos-

sible if the same fluid is used on both.

3.6.2 Scale-up with two dimensionless groups

One method commonly used to derive a scaling law empirically in
the chemical engineering industry for scale-up of chemical processes is

to assume that the dependant variable is a function of two dimensionless
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groups only, the function taking'the form of the product of powers of the

two groups (37). Applying this extended principle of similarity to the

" dimensional analysis of 3.3, with submergence, Sc/ D, as the dependant
variable, (assuming that the other geometric parameters have been scaled
correctly), and neglecting the influence of the Weber number, then a

possible scaling law would take the form :

Sc
o - {(F, R)

= F*RY X,y are unknown dimensionless

numbers,
X y
_ VD VDD
\fgsc v
s \'*3
+ g oy

Empirical results are then obtained from two or three different size models

so that the following graphs can be drawn:
S
(i) log—g against log VD at constant D

S
(ii) log-ﬁE against log (D) at constant VD

These would be straight lines, the first of slope -J-(—-l-—g. the second of

+¢—
% 2

1.
slope IL_;-fxi from which values of x and y can be found. Hence Sc can
2
be predicted for any given value of V and D. The relative importance of

viscous and gravitational forces can also be judged by the relative values

of x and y.
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3.6.3 Derivation of a consistent scaling law

In practice, at BHRA and elsewhere, the procedure is to exaggerate
flow velocities above that required by constancy of Froude number by
incfeasing the Froude scale velocity by a certain multiplying factor, in
order to reproduce viscous effects more closely. The deé‘ree of exag-
geration £s a subjective matter, but in general.the multiplying factor is .
greater fér smaller values of the scale ratio s. In order to derive an

exPressio‘n for a general scaling law which concurs with accepted practice,
v ,

it is of most practical use to consider the velocity ratio, -{/.—nz , and to
¢ P

i
express it as a function of s only.

™
v - f (s)
p
1
so that | f(s) = s? for simple Froude scaling

=

kosE for multi-Froude scaling (lr:0 = a constant)

st for simple Reynolds number scaling

=

3 1 s
: s + a s for a combination of Froude and

H

Reynolds scaling, a, being a constant to represent the Reynolds contribu-
tion to the scaling law. This new combination form would be a more real-
istic form, based on a knowledge of the forces involved in vortex form-

ation.

Hofwever, one important requirement which has not been considered
before as far as the author is aware is that there must be internal consis-
tency in the form of the function f(s), such that the scaling law can be used
both for ‘.‘scaling up from a model to a prototype (scale ratio s) and also in

scaling down from the prototype to model (scaié ratio 1 : s), see fig. 3.6.
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Fig. 3.6 Schematic representation of the requirement of internal
consistency in any scaling law. Such a law can be used

both foz: scaling up from a model to a prototype as well
as scaling down from the prototype to the model.

Mathematically, this means that if

v

—{,—H-} = f (s) then the inverse scaling requires that
P

\Y%

P - d

N 1)
m

but Vm - 1

\' v/

p p° m

This implies that the requirement on the form of f (s) is

f(s) = —

Referring to the simple Froude and Reynolds scaling discussed
-l-- -
above, it can be seen that f (s) = s® and f (s) = s 1 satisfy the above consis-
tency requirement. In fact, s raised to any power, including zero, would

be acceptable.* However, multi-Froude scaling and the combination law

* It.is interesting to note that the method described in section 3,86, 2 is
consistent and is equivalent to a simple power law with
' 1

2X - ¥
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—

1

-2

are not consistent scaling lawsy 1i.e. f(s) = kc‘sE o= —1—1 (unless k
o

k s
o)
1 -1 1
and f(s) = s® + a s  HF —y——
. 0 s-2+aos

One general class of functions which is internally consistent is

. g(s)
f(s) (l)
g'g
1
Then for simple Froude scaling, g(s) = s*, so that
3 1
st 5
f(s) = T1 = g2
(—S)
_1
and for simple Reynolds scaling, g (s) = s ?

3.6.4 Application {5 vortex formation in rectangular pump sumps

1)

A multi-Froude scaling law to allow for Reynolds number effects is

1
the general form used at BHRA, but this form, f (s) = ks® , with

k = constant, is not internally consistent. More important, however, is

the fact that a combination law can now be used by expressing it in the

following consistent form which takes both the Froude and the Reynolds

number into consideration.

|

f(s)

T (by dividing numerator +
1+ bs* denominator by a)
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The expression in brackets represents the k-factor or Froude scale

multiplying factor used to exaggerate model velocities as discussed earlier.

One aim, therefore, of this project is to determine the value of b,

and hence the k~factor over the scale range of 1 : 2 to 1 : 8 and then to
generalise this for all model scales. In order to correlate the experimental
results with a particular value of b and hence derive a general scaling law,
the procedure which will be adopted will be :
a) plot the critical submergence Sc/D against bellmouth velocity VD for

the four sizes of rig available, labelled for convenience the 1,5", 3",

6" and 12" rigs after their nominal pipe diameter; this form of curve

‘readily distinguishes the conditions under which various types of vortex

 form (see Fig. 5,15 for example).

b) taking the largest size available, the 12" rig, as the prototype, obtain
Ve Vs Vis

Vie  Via Vg

average values of at various values of SC[D.

c) substitute these values of Vm/Vp into the expression for f(s) to

calculate b, using s = 1/2, 1/4 or 1/8 as appropriate.

Analysis of the results from the three rigs along these lines is

described in 6,4, 2

3.6.5 Assumptions and implications of the consistent scaling law

The following assumptions are inherent in the derivation described
in sections 3, 6.3 and 3. 6. 4:
(i) the scaling law is independent of any geometric parameters, so
that Vm/vp = f(s) only. This is based on accepted practice at

BHRA, where the same modelling procedure is adopted for a wide
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range of intakes regardless of their exact geometric configuration.
(ii) the Weber number contribution to vortex formation is negligible,

so that only the Froude and Reynolds number have to be considered.

In principle, surface tension effects could be allowed for by adding

a further term to the scaling law :

1
, 1 -
f(s) = s® + bs

(ST

e
+ c¢s *
1 1 1

s * +bs® +cs*

(iii) The same fluid is used under the same physical conditions in
both model and prototype so that physical properties such as v

and o , and the value of g are the same.

The following points arise from the law :

(i) for positive values of b, the value of the k-factor increases steadily
and continuously from 1 for s = 1 to infinity as s tends to zero. This is
in agreement with subjective rule-of-thumb methods used at BHRA. A
typical curve of k against s is shown in fig. 3.7 for b = 0.1. This gives
values of k in reasonable agreement with accepted practice. There is a
whole family of such curves for different values of b, ranging from the

simple Froude scaling curve (b = 0) to simple Reynolds scaling (b =00),

\
\ Fig. 3.7 Variation of
\\ Froude scale multiplying
15 Y\ factor, k, with scale
'ﬁ b3 ratio s, for Reynolds
9 \\ number contribution
Q =
= \ b =0.1
@ N
o AT
%]
= =
|
0
0. 001 0.01 ' 0.1 1.0

SCALE RATIO s
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(ii) for b<0.5, the velocity ratio f(s) is not a continuously increasing

function of s but has a minimum in the range of interest, 0 < s <1. The
variation of f(s) for v_arious valﬁes_ of b is shown in fig. 3.8. When a
minimum exists, then the SC/D - Vp curves would not necessarily lie in
order of size, e.g. if results from five rigs labelled 5, 4, 3, 2 and 1 in
order of decreasing size are plotted, then the result may be as in fig. 3.9
where size 5 is treated as the prototype, and sizes 4 and 3 have {(s) < 1,

sizes 2 and 1 have f(s) > 1.

1.8
- \\L \ r
H0 < N
" . N \ \
N
» 1INl N
_ \ \ \
1.2 N i
B B : 8&) N N N
w X = . \
= 1.0F © b=0.4 | ~—~—__ s
.+ b =0.5 = HF/AI
91 A b = 1.0 /:/
§ E_| 0 8 /‘:/
f d: i |
m ) /4/
S Sy I
6 0 4 """---.__.--‘-H ---—_—*- J‘/r
O fi"/
Q  t i
B 0.2 Bl
0.obzz=bed=FTTITT™ |
0. 001 0.01 o1 |

SCALE RATIO s

Fig. 3.8 Variation of ratio of model velocity to prototype velocity,
f(s), with scale ratio s, for various values of b.

s /D Sc /D
c
v
D Vo

Fig. 3.9 Typical critical submergence- Fig. 3.10 Typical critical submergence-
velocity curves for different velocity curves for different
size rigs when there is a mini- size rigs when there is no
mum in f(s) i,e. for b less than minimum in f(s) [.e. for b

0.5. greater than or equal to 0.5
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(iii) For b > 0.5, no minimum exists in f(s). A typical curve showing
the variation of f(s) with s is shown in fig, 3.8 for b = 1, Sc/D - V5
curves should now lie above each other in order of increasing size, since
f(s) is always greater than 1 as shown in fig. 3.10. (Curves lying above

each other in reverse order are possible, but only as a special case of

(ii) above where the value of s is limited over a narrow range).

(iv) If £(s) is to be constant for a particular scale, then the SC/D - V5
curves should never cross, but should remain ''parallel" to each other

in the sense that for a given SC/ D value, the velocities bear a constant
ratio to each other over the range of SCI/D values, expect that if they do
tend to a limit the asymptotic limit should be the same for all sizes so
that the curves meet at infinity. (This is necessary anyway to ensure
that all SC/D values existing on a prototype are fully covered by the same
range of SC/D values on the model). Changes in the origin of the velocity
axis can ""de-cross'" the curves should they cross over at any point(s),

and this has been applied to the analysis of results in 6. 4.2 to 'correct!

velocities.

(v) for two different scale ratios Sy and s ,, the law requires that

2’

f(sl) f(sz) = f(slsz) and f(sl) / f(sz) qﬁ f (-Zi )
Relating this to the three rig sizes 12", 6" and 1.5", this implies that,
taking 12" as the prototype, 12" can be modelled either by 6" using f(3)
or by 1.5" using £(1/8). However, the 12" cannot be correctly modelled
by the 1.5" by first going from 12" to 6'" using f(3) and then going from 6"

to 1.5" using f(;) because :
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1 = 1 =
) = Vg / Vi, and 1) = v, /g

so that f(3) £(3) = vy 5 / Vlz = f(1/8) which contradicts the
initial requirement that f(3) f(3)5~1£(1/8). This restriction is illustrated

in fig. 3.11

f(1/2)

£(1/2) £(1/4)

12" or 12" > Bf' —>—{7]

. 157
£(1/8)
\E-

VALID

NOT VALID

Fig. 3.11 Illustration of three ways of using a scaling law to model
a 12" prototype, two of which are valid for the internally
consistent combination scaling law, the third being invalid.

This property of the consistent scaling law is less relevant in practice
since the "'Valid" rather than the "Not valid" procedure is generally
adopted. The implication for the analysis of the results is that only one

size rig can be taken as the prototype, and this will be the 12" rig in this

case.
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CHAPTER 4

REVIEW OF PREVIOUS EXPERIMENTAL WORK

4,1 Introduction

The problem of vortex formation has been the slubject of numerous
papers for many years. Vortices occur in a wide variety of situations,
€. g. as eddies shed from moving aeroplane wing tips; in various atmospheric
phenomena such as tornadoes and waterspouts; at the intakes to gas tur-
bines; in pump sumps and intakes for hydro-electric schemes; in hydro-
cyclones for single phase and two-phase separation; in the common bathtub
and tea cup. They have been investigated both experimentally and theore-

tically for a wide range of geometries and flow conditions.

It is perhaps this ease of prodgcing vortices in widely varying situ-
ations which has led to conflicting opinions on the subject, especially with
regard to the séaling of vortices. Comparison between the work of different
authors is made more difficult by the different forms of dimensionless
parameters used and the variety of geometric configurations covered. In
order to narrow the field of discussion, this chapter concentrates on rele-
vant aspects of free surface vortex formatlion in cyliﬁdrical tanks anc.l
rectangular sumps, with a brief section on other forms of hydraulic intake.
The literature describing specific examples of hydraulic intakes has not

been reviewed because of its limited range of application,

The first section, 4.2, reviews work on cylindrical tanks where the
vortices formed are'relatively stable, and this, together with their axial
symmetry, greatly simplifies both the experimental and theoretical treat-
ment. (The latter has already been discussed in 3.2). This geometry

has a few practical applications, e.g. sewage discharge control (38),



— 49

vortex amplifiers and other fluidic devices (39), hydrocyclones (40) and
the design of emptying fuel tanks (41). Useful results have been obtained
on various vortex parameters, some of which would be almost impossible
to measure in a rectangular geometry where vortices tend to be more

transient and unstable.

The second section, 4.3, reviews rectangular geometries which are
more directly relevant to the current research project. Some of these
geometries, however, have asymmetrié inlets which act as ;a source of
vorticity. The final section briefly discusses other forms of intakes found

in practice.

4,2 Drain vortices in cylindrical tanks

4,2.1 Experimental configurations

?-"""NQZLE\S“‘*%
to
@ 3 ’ b {l{
¢ d M
N
i\g&___’____

Fig. 4.1 Various experimental configurations for producing drain
vortices in a cylindrical tank,

Amongst the various geometries adopted, the shallow cylindrical
tank shown in fig. 4.la was used by author's interested in the effects of
the Earth's rotation, e.g. Shapiro (42) used D = 1. 8m, Sibulkin (43) used
D = 30 cm., Binnie (44) used a deeper tank with the outlet pipe protruding

33 cm. from the bottom. The tanks were filled with an initial rotation
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either clockwise or anti-clockwise and allowed to drain slowly after various
settling times. By taking appropriate precautions they eliminated external

effects due to asymmetry, air currents, temperature changes, vibrations,

etc.

' Other arrangements are also shown in fig, 4,1, In fig, 4.1b, sym-
metrically placed inlet nozzles which could be swivelled round to produce
flows ranging from purely radial to purely tangential were used to produce
an initial ecirculation of known value (45). Infig. 4.1lc, a 'concenfric ring
of adjustable guide vanes was used to control the inlet velocities and circu-
lation (46)‘. For all arrangements a very wide range of sizes was used,
“from 21 cm, to 200 cm, for the tank diameter, 1 cm, to 10 cm, for thé
outlet diameter and 1/12 to 1/2 of the tank diameter for the tank depth.
This was partly because problems of scaling were also investigated by

some authors.

Vortices are notoriously unstable, and any device introduced near a
vortex core for flow measurements or visualisation should not disturb or
distort the local flow pattern. Streak photography has been used, whereby
suitable particles such as neutral density beads (Quck ref. 47), aluminium
powder (Toyokura and Akaike ref. 48), or a dye globule (Granger ref. 32)
are injected into the vortex flow and the subsequent mot}on is photographed
using stroboscopic lighting, The length of the individual traces thus
obtained gives a measure of the local velocity, More elaborate optical
methods have been developed by Seddon and Anwar (49) and Berge (50)
which allow flow measurements to be taken near the vortex core with little
or no disturbance to the flow. Miniature propeller meters have been used
(51) and provide a direct reading for flow measurement, Howex;er, they

inevitably disturb the local flow patterns which could give misleading
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results, especially for the complex conditions near the vortex core.

4,.2.2 Effect of the Earth's rotation

From refs 42, 44, it can be confidently stated that the Coriolis force
due to the earth's rotation is sufficiently strong to produce a vortex in an
otherwise still body of water provided no other disturbing forces are
present. This can only be achieved under well-controlled conditions.
The sense of rotation is always anti-clockwise in the northern hemisphere
when looking down at the outlet and clockwise in the southern hemisphere,
Otherwise, in normal laboratory conditions, the Coriolis force is many
orders of magnitude smaller than other forces present and can therefore
be neglected. This result applies equally to rectangular pump sumps.

In fact for a radial velocity of 100mm/s, the Coriolis force acting on a
fluid element in BHRA's laboratories at Cranfield (latitude 520) is

approximately 6 x 10-6 times that due to gravity.

4.2.3 Origin of vorticity

The experiments with drain vortices provide interesting results on
the importance of the boundary layer as a source of vorticity. Shapiro
observed that with initial clockwise {illing of the tank, and a settling time
of 4 hours before draining was started, a clockwise rotation was first
observed which then changed to anticlockwise rotation. He attributes this
to the growth of a viscous boundary layer on the tank bottom with its
associated vorticity. This layer gradually acquires the Earth's anticlock-
wise angular velocity. Above the boundary layer the water has the same

rotation as the initial swirl. As the water drains, the boundary layer is

reached and a reversal of rotation is observed.
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Silbulkin observed reversal for either direction of filling and attri-

butes this to the vertical component of vorticity in the boundary layer.
This component arises from the vertical (downward) velocity component
of the fluid in the boundary layer as it flows through the outlet. The
direction of the vertical component of vorticity is such that it induces a
circulation of opposite direction to the initial circulation and increases in
strength as more and more of the boundary layer liquid is present in the
outflowing liquid. Thus, reversal occurs as the water level drops,
irrespective of the direction of initial circulation. Kelly et al, however,
consider that although this mechanism could reduce the intial circulation
to zero, it would not be of sufficient strength to produce reversal (52).
Instead, they suggest that circulation could be generated by surface waves

produced by a mechanical shock to the system.

These explanations are necessarily qualitative, but they show how the
boundary flow can contribute to the growth of a vortex. This is further
c-onfirmed both by Anwar (51) who artificially roughened the tank bottom
and obtained a weaker vortex with much reduced tangential velocities, and

by theoretical considerations in refs.53, 54.

4.2.4 Surface profile near the vortiex core

Fig. 4.2 shows the profiles obtained by Anwar (51) for strong vortices.
The theoretical curves are based on inviscid theory, i.e. they are hyper-
bolic in form but it can be seen that as the vortex core is approached,
departures from the ideal form become more significant, with the measured
profile usually higher than the theoretical one. Fig. 4.3 is due to
Stevens and Kolf (38) who found the actual profile to be consistently higher

that the theoretical one. Deviations from inviscid theory are to be expected
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due to two opposing factors : a) the depth of liquid h is not a constant near
the axis of rotation and there is thus a reduction of flow .area. for the dis-
charge. To satisfy th-e equation of continuity, this leads to higher veloci-
ties near the core and thus a greater drop in the liquid surface; b) as the
velocity in the core increases, viscous shear forces also increase, reducing
the outlet velocities. This reduction in discharge should lead to a greater
depth of liquid remaining in the tank. Thus from fig. 4.3, viscous effects
seem to predominate near the vortex core, These surface profiles were
obtained from stable vortices and give only a general indication for vortices

in rectangular geometries. These are described in 6. 2. 3.

4.2.5 Critical height (or depth) -HC

Springer and Patterson (45) investigated the dependence of the form-
ation of an air-cored vortex on three factors: (a) strength of the vortex
(its circulation), (b) submergence of the outlet (i. e. depth of water above
outlet) and (c) outlet velocity. The general form of the Hc - Vd curves
obtained in figs. 4.4 and 4.5 below agree with t.he work of other authors
(65). In fig. 4.4 experiments were done first with an emptying tank and
then with the outflow recirculated to the draining tank so that a constant
depth was maintained for a particular set of observations, Where ‘;iue

outlet is flush with the tank floor, then water depth is the same as submer-

gence,

It can be seen that in general, a vortex forms at greater depths of
water for higher outlet velocities and increasing swirl, There seems to
be a minimum velocity below which a vortex will not form at all.

Similarly, above a certain value of outlet velocity, the critical ﬂeight tends

to a constant value independent of velocity. These are all features found
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with rectangular pump sumps also. Note, however, that the values of

non-dimensionalised critical submergence Hc/d are much higher for these

cylindrical tanks.

It was also observed that if the outlet velocity was too large, it
could produce surface turbulence which tended to unseat surface dimples,
and so air-cored vortices were then formed at a lower level than for

smaller values of outlet velocity.
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Daggett (46) using the arrangement of Fig. 4.1c, did tests with
1,7m and 343 mm diameter tanks using various oils and glycerol solutions
to obtain a range of viscosities and surface tensions. He assumed that

the critical depth Hc, depended on the same parameters as the coefficient

H
of discharge, Cp, lLe. -5-5- = (R, K) where r_ is the outlet radius,
(o]
Q ‘ l'ro
Reynolds number R was defined as — Kolf number K as Q! and
(o]

with no dependence on Froude number, F. (There is a dependence on K

whenever an initial circulation is imposed on the draining flow but this

does not apply when the intake is symmetrically placed at the end of a
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long rectangular channel with uniform approach flow).

CD was found to be independent of R for R >5 x 104 and the same

was assumed for Hc. Thus the following relations were deduced from the

straight-line graphs of Fig. 4. 6:

Hc _ 4
-;_—1-=35x103KR R<5x 10
3

B 4
r—‘“' = 150K R>5 x 10
0

These cannot be strictly correct because they predict Hc = 0 for
zero circulation, contrary to experimental observations of both cylindrical

and rectangular geometries.

4,2.6 Velocity distribution

(1) radial velocity u: This is very small near the core and thus

difficult to measure accurately. Daggett found that u varied not only with r
but also with z as shown in Fig. 4.7 contrary to assumptions in many
theoretical analyses that —3—; = 0, Fig., 4.7 shows the variation with
depth at different radial distances from the axis, though it should be noted

that the velocities were measured with a miniature propeller meter.

The curves show that the radial velocities at the surface are low,

but increase rapidly at lower levels nearer the outlet.
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Fig. 4.7 Variation of radial velocity, u, with water height at
different radii from the central discharge outlet for
an air-cored vortex. Discharge = 0.019 m3/s
through 100 mm diameter outlet.

(‘2) tangential velocity v: Anwar has found the distribution to follow

that of an ideal free vortex except near the vortex coré where viscous
shear retards the rotation, and v becomes progressively smaller than the
ideal free vortex values. Measurements by Daggett (Fig. 4. 8) show that
v is independent of z (except near the tank bottom where boundary layer
effects retard the flow) thus substantiéting assumptions made in theoretical

considerations.
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0.019 m3/s through 100 mm diameter Fig. 4.9 Sketch of observed
outlet, radial and vertical flow

patterns near the core of a
vortex.
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(3) axial velocity w: These are also small, though Quick (47) has

observed values of up to 10% of v, and so are by no means negligible.
Upward as well as downward flows have been observed by several authors
(Fig. 4.9), as well as predicted theoretically. Kamel (56) has shown
that these upward axial components probably occur where the flow through
the boundary layer formed at the tank bottom exceeds the discharge

capacity of the outlet and so is forced upwards.

4,2.7 Effect of viscosity and surface tenstion on vortex flow

The effect of viscosity on surface profiles and air core formation has
already been discussed above. There is no doubt that viscous effects
become important near the vortex core where velocity gradients are

highest.

As the Reynolds number decreases, so the relative importance of
viscous forces increases. This can have the effect of preventing air
entrainment as can be seen in Fig. 4.6 where significantly larger areas of
no air core formation exist for the same range of H as R decreases from
greater than 5 x 104 to about 5 x 103. This implies that if a model is
constructed with too low a value of Reynolds number, no air core will be
seen whilst an air core may be present in the prototsrpe. This has impor-

tant implications for deriving realistic scale laws.

The importance of surface tension and hence Weber number, has
generally been considered to be negligible compared with gravitational and
viscous forces, (except ref. 57), though there is little experimental evidence
for this. Daggett uses fluid of the same kinematic viscosity but with sur-

face tension differing by a factor of 3, and found no effect of this on the

co-efficient of discharge. However, this does not necessarily mean that
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surface tension has no effect on the formation of a deep dimple vortex,

where the surface has a small radius of curvature at the vortex tip.
Furthermore, when a model is operated at the Froude scale, the surface
tension forces are not correctly scaled but are increased by the square of
the scale factor. This much larger multiplying factor for the surface
tension would then have a more noticeable effect than the factor of 3 which

was tested by Daggett.

4,2.8 Scaling laws

The problem of scaling laws has been investigated intensively but no
definitive result has yet been obtained. It can be seen that one scaling
law for one geometry will not necessarily be appropriate for another.
Even for a given geometry, e.g. a cylindrical tank in the case under
consideration, one must be clear as to which parameter of the vortex flow
is being modelled, whether it is CD' Hc’ I, depth of dimple, volume of
air entrainment, frequency or duration of air entrainment, formation con-
ditions of surface dimple, or the conditions of development of a dimple
with tail into an air-cored vortex. rI‘-he last is, of course, the one of
greatest practical importance to model engineers. It should also be
remembered that vortex_shedding from a suction pipe or at a sharp corner
is not present in the drain vortex case so different modelling criteria

would apply.

Quick (58) using two geometrically similar tanks of diameter 540mm

and 2160mm showed the dependence of C_ on K for a stable strong vortex,

D

and argued that as K was a form of F, Froude scaling, i.e. velocity reduced

(-3

by a factor s~ ? should apply for modelling the discharge of a vortex.
Q 3

Anwar agrees with this for a fully developed vortex provided—-v—H > 10",
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On the other hand, Haindl (55) in investigating Hc at which an air

entraining vortex began when a cylindrical tank of various diameters was
slowly emptied, concludes that Reynolds scaling is appropriate, i.e.

-1 .
velocities increased by a factor s . Froude scaling or equal model-

prototype velocity would not agree with his results.

Between these two extremes, Polikovski and Perelman (59) suggested
a "local" scaling of the vortex core according to R, and Froude scaling
for the outer flow though it is difficult to see how this could be achieved in
practice. Holtorff (29) also derived similar results theoretically, dividing
the flow into two regions r;ro where Froude scaling applies, and r < ro

where both F and R must be scaled.

Theoretical considerations by Kenn and Zanker (60) explain why an
equal model-prototype velocity law may apply. They consider the ratio
We : R, i.e. the ratio of viscous forces to surface tension forces and

. . . . pv
obtain a dimensionless number (capillary number) S which is indepen-

dent of length.

Rohan (61) discusses the effect of Froude scaling on viscous shear

forces, and shows that tangential stresses on the model would be about
1
s ? times greater than prototype, thus reducing angular velocities on the
model and also reducing the likelihood of vortex formation on the model.
Thus model velocities should be increased above Froude scale velocities,
1

i.e. V_>V_s? by an amount depending on the ratio of R_and R_ .

m~ p p m
(The subscripts m and p refer to model and prototype respectively.) This

is not developed further to give actual numerical values but in general

terms the procedure agrees with current practice at BHRA and elsewhere.
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4.3 Vortex formation in rectangular sumps .

4.3.1 Experimental coﬁfigurations

——
Pr—— —
O -— O O
_ . |
al bl c) d)
vertical bellmouth vertical bellmouth in
rectangular channel square sump with side vertical In square horizontal bellmouth in
inlet sump rectangular channel

Fig. 4.10 Plan view of various sump geometries described in
the published literature.

Most experirpentai studies have been with a vertical bellmouth intake
in either a short rectangular sump or a square sump with a side-entry
channel to produce asymmetric approach flow conditions (Fig. 4.10.)
Amphlett (62) has studie-d the case of a horizontal bellmouth (surrounded
by a ring of guide vanes to simulate different approalgh directions) in a
recta;igular channel. Laboratory éxperiments are usually done with a
suction pipe to model the pump, so that the pump impeller is not modelled.
This procedure thus neglects any pre-rotation effects from the prototype
pump impeller. However, pre-rotation is not usually a significant factor
on prototype installations when the pumps are runn&ng at or near best
efficiency point. Most authors use a bellmouth attached to a straight
suction pipe to represent the intake since this provides smoothly accelerated
flow into the suction pipe. When no bellmouth is used, then d = D and
A VD. Fig. 4.11 gives details of systematic experimental work which

d

has been done in the past on rectangular geometries,
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Fig. 4.11

List of systematic tests carried out on
various sump geometries.

(1 litre per sec = 0.035 fta/s =13.1 UK gpm)

Sump Author Intake or Intake size Width Suction Velocity Discharge
Gepmetry Pump d D w v d Vn Q
mm mm m/s m/s litres per sec.
suction pipe 102 127 up to up to up to 25.8
5D 1.83
Dicmas(63) .
prototype up to 2D to up to up to 2258
pumps 1400 5D 1,52
Verucal suction pipe 102 171 2D to up to up to 26.4
intake, 3D 1.26
rectangulu Iversen ( 7) .
sump prototype 464 0,97 164
N axial flow :
( fi g. pump
4.10a) Mm:;a”‘? suction 66 185 about 3D | upto | up to
an ipe €6 3D to 5D 3.7 ; 12,2
pope (64) | PP 119 |
Raghunathar | 004100 37.5 75 2D up to up to
o (65) | oo OO P I ¢
Berge 6 suction pipe 50 . 50 eD up to 1,83 0.5t0 3.6
rge (66) (no bellmouth)
r‘:akm“" Denny (6 7) | suction pipe up to 762 up to up to 6.1 up to about
ntake, 2.4m 5.7
square
sump with |
side inlet Swainston ( 3] suction pipe 19 ? 254mm up to 5,5 : up to 1,6
fig. '
( 8 Wonsak (68 suction pipe 42.4 70 1D to uptol,2 | up to 1,7
4,10b) 2,5D
Verticas .
intake, Painter ( 12 suction pipe 51 51 20D up to 4.27 up to 8.5
_square sump (no bellmouth)
(fig. 4.10¢)
horizontal '
intake, .
rectangular | Amphlett(G2] suction pipe 6.2 76.2 12D up to 2 2.5t0 9
channel {no bellmouth) :
(fig. 4.10d)
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4.3.2 Criteria for defining critical submergence S¢

Individual authors have their own ways of defining the degree of air
entrainment at the critical submergence and this makes direct comparison
between authors difficult. Even in the results of an individual author,
there may be considerable scatter. As Denny (67) states, " the boundary
between vortex-forming and vortex-free conditions is not very precise''.
This highlights the difficulty of obtaining consistent results, and the

importance of allowing sufficient time for a vortex to form.

For Denny (and subsequently used by Painter (12) and Hattersley (10))
Sc was defined as the submergence at which, "after a reasonable time at
steady conditions of depth and flow, any air from the free water surface
entered the intake, either continuously or intermittently through the agency
of the vortex''. This would correspond to a type 3 or % vortex in the
classification given in chapter 6. Swainston (3) defines critical conditions
"by the entrainment of small discrete bubbles''. Dicmas (63) refined this
to give two critical submergences, one when a few bubbles of air were
intermittently pulled down from the vortex (type 3) and the other when open
vortices formed with an audible sucking noise (type 4). The latter corres-
ponds to the definition adopted in treating the results of the experiments

described in chapters 5 and 6.

Iversen (7) actually measured the volume of air entrained and took
Sc to be the value of the submergence at which the air volume was greater
thanzero, i.e. the level at which air first enters the suction pipe.
However, this method is limited by the smallest quantity of entrained air
which can be detected and could lead to underestimates of the submergence

at which air is first entrained.
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Markland and Pope's (64) experiments were done with a falling sur-
face level (at a rate never greater than 5 cm. per min. ) and the submer-
gence at which the air core of a vortex (type 4) just passed into the bell-
mouth was noted. The level was then allowed to fall further and then rise
again slowly to a submergence value at which vortex formation ceased.

The latter was greater due to persistence of the vortex. These two values
of submergence were then plotted in an Sc versus velocity head (Vd2/2g)'
graph, and a curve of best fit drawn through the points. The authors )
admit some imprecision in this method, and suggest their results be

used for qualitative comparisons rather than quantitative interpretation,

Raghunathan and Kar's paper.(65) is.concerned mainly with losses
due to swirl in the suction pipe. They defined Sc as the water level at which
air entrainment started, as shown by ''the commencement of fluctuations
of the manometric fluid in the manometers connected to the pressure
tapping along the intake and simultaneous generation of noise in the intake
pipe. " This novel method could perhaps be developed to give a more

reliable criterion than those based on subjective visual observations.

Duggins (69), in a paper on sump configurations for a submersible
pump, observed the incidence of ''vortex filaments' (submerged vortices)
which could be easily seen between the sump floor and bellmouth intake.
Hoﬁrever, these filaments do not necessarily signal the start of air-
entrainment by a free surface vortex and do not give any indication of the

degree of entrainment.

Wonsak (68) expressed his results in terms of ''pre-rotation intensity"
'a', which was the ratio of tangential velocity in the suction pipe (as

measured by a vortometer) to the mean axial velocity V This method

a
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could be developed if combined with free surface observations to specify

a minimum acceptable value of 'a', though swirl measurements taken with
a vortometer can be misleading since the narrow tail of a vortex can pass
between the vortometer vanes. If two contra-rotating cores are present,
it is possible that little rotation of the vortometer blades will be seen,

whereas local regions of non-zero swirl do in fact exist,

4.3.3 Importance of geometric parameters

| It is now well known that sump geometry has an important influence
on the incidence of vortices. The important dimensions to consider are
1) floor clearance, C, 2) sidewall clearance and hence width, W,
3) backwall clearance, X, 4) approach channel length, L, 5) submergence
S, and 6) bellmouth shape. This section reviews the experimental work
on these parameters, Although exact optimum values of the above dimen-
sions are not known, basic guidelines for sump design, based on this work

and field experience have evolved over the years (1, 2).

Diagram illustrating some of the common rectangular sump dimensions

Fig. 4.12 shows the variation of critical submergence, SC/D, with
floor clearance, C/D, for several rectangular geometries, though the
geometries tested differ from basic standard designs. In general, SC/D

decreases as the floor clearance is increased. This can be accompanied
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by a corresponding rise in total depth H. This trend is confirmed by

several authors for several different rectangular geometries, though
Berge, whilst agreeing with the decrease in Sc reports a decrease in Hc
for the range 0.03 < C/Hc<0. 19. Although the data plotted from Dicmas
in Fig. 4.12 show an decreasing value of H, he quotes figures for

X /D = 0. 2 which follow the trend of the other curves for H. It would be

of great interest, to determine whether or not there is a value of C at

which a minimum wvalue of H occurs.

Amphlett with his horizontal intake arrangement found that as C was

(N

increased, the coefficient of discharge, as defined by Q/A(2g5) , also

increased for a given value of Sc and angle of approach.
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Fig. 4.12 Variation of critical submergence and depth, Sc/D
and Hc/D, with floor clearance C/D, various authors.

Experiments involving changes in channel width, W, essentially
relate to the effect of sidewall proximity, since most of the papers reviewed

deal with suction intakes which were placed midway between the sidewalls.

From fig. 4.13 it can be seen that Sc decreases with increasing W until a
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value of W/D of about 3.6
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Fig. 4.13 Variation of critical x+d

submergence, S./D, for type . L
F L] . 1
2/(3) vortices with width, W/D, '8 ?‘ti 41 Eiiecz of wall céeag“‘";’e
and floor clearance C/D on critica mergence, C/ » 1or
X/D =0.2, Vp = 1 é,? m/s various size pipes situated centrally
: > Dt within similar square sumps.
(Dicmas ref. 63) c/d=1 Vg = 4.11 m/s
Ao X/D=0, Vp=1,26m/s (Denny ref. 67)
C/D =2 (Iversen ref. 7).

Fig. 4.14 shows the results obtained from a square sump with swirl
in the approach flow. lHere, the opposite trend occurs with Sc increasing
with W and wall clearance, X, until X is greater than 8 pipe diameters,

It is uncertain, however, what the relative contributions of this are from
a change in W and a change in X, Wonsak (68) also reports an increase in

swirl as the width is increased.

As regards endwall clearance X, there is general agreement that
the smaller X is, the less likelihood there will be of vortex formation.
Bortzsonyi and Kajdi (70) found that the percentage of time when vortices
were present decreased from 60% to 5% when X was decreased from 0.5D
to 0.1D. It may be thought, then, that X = 0 gives the optimum perfor-
mance, However, Dicmas found that head losses increase sign‘i.ficantly

for X below about 0. 2D due to an uneven flow into the bellmouth as the end-
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wall comes very close to it. Young (71) has gone as far as suggesting an

empirical equation relating R, X, d and Sc which describes the results he

obtained for a suction pipe 6.25 cms in diameter.

The approach channel length L is an important parameter in sump
design since a certain length of straight is needed upstream of‘the suction
pipe to ensure satisfactory flow conditions at the intake without inéurring
excessive construction costs. Most of the available literature describes
work with sumps of a fixed length, ranging from'2D to 11D. As far as the
author is aware, the paper by Wonsak (68) is the only one to give details

of reduction in swirl when L is changed from 2D to 8D (fig. 4.15).
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Fig. 4.15 Reduction in swirl as re- Fig. 4.17 Effect of conical and bell-
corded by a decrease in spged of mouth intake shapes in a 2 ft. square
rotation of a vortometer, for chan-  sump. W/d =5.3, C/d =1.9

nel length 8D as compared with'2D.
Submergence S needs to be large enough to avoid air-entrainment. The
minimum "'safe'' submergence to design for seems to be between 1D and

2D, depending on the value of VD (see fig. 4.16). It should be noted that
Dicmas' prototype readings are on the low side since he waited until the

vortex was well-established before recording the result,
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Fig. 4.16 Variation of critical submergence with bellmouth velocity
for various sump geometries and bellmouth sizes.
(Iversen's points refer to type 3 vortices).

There is a considerable variation in the size and shape of bellmouth
used. The standard value of D/d met in practice is from 1.5 to 1.8, and
refs. 64 and 66 report that a larger bellmouth gives smaller values of
Sc/D' Fig. 4.17 shows the effect of different intake shapes with a constant
suction pipe diameter. At lower flowg, the bellmouth intake gives the
lowest value of Sc whereas at higher flows, the straight suction pipe gives
lowest Sc. However, this. configuration is not used in practice, since
flow separation would occur as the flow entered the pipe, leading to higher

losses and a distorted velocity distribution at the pump impeller,

4.3.4 Comparison of recommended UK and USA design practice

The most comprehensive design data for pump sumps is to be found
in refs, 1 and 2, Both of these are agreed on the importance of both the
approach and local geometry in ensuring uniform flow conditions at the
intake. The UK guide gives recommended dimensions in terms .of bell-

mouth diameter, D, and assumes that V., is usually similar for fixed

D
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speed pumps (typically 4m/s for an axial flow pump) so that the variation
of optimum dimensions with VD is not discussed. On the other hand, the
USA recommendations for various pump dimensions are given in inches for
a range of flow rates from 3, 000 to 300, 000 US gpm (0. 2 to 20m3/s).

In general, there is a power law relationship between flow rate and each

sump dimension.

The similarities between the design recommendations can best be
seen by taking a specific example. The table below compares the recom-
mended dimensions for the single cell of a multiple pump sump in which
D = 90 in. (2.29m), and the design flow rate of each pump was between
169, 000 - 217,000 US gpm (10.7 to 13.7 m3/s). This pump sump is dis-
cussed further in chapter 7.

Comparison of USA and UK recommendations and Kori 2 cooling water
pump sump

UK (1) USA (2) Kori 2 (72)
C/D floor clearance 0.50 to 0.75 0.52-0.59 0.52
W /D channel width 2.0 up to 3.0 =>2.6-2.8 2.4
possible
X/D endwall clearance o~ 0.25 *© <0.7-0.9 0.27
L/D channel length 3.25-9.25  >6.8-7.4 7.2

depending on up-
stream band-
screen width,

H/D depth > 2.0 >3.0-3.4 =>2.4
Vyy approach velocity <0.3m/s <0.3m/s 0.29-0.45m/s
D = 2.29 m (90")

10.7 to 13.7 m°/s (169000 - 217000 US gpm. )

Q
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It can be seen that some of the recommended dimensions are very

similar, with ref. 2 more conservative in its recommendations for L and
H. It also allows a larger value of X, though in common with ref. 1, it
states that the lip of the bellmouth should be close to the endwall of the
sump., However, since the USA recommendations depend on flowrate,
larger discrepancies will occur for other values of flowrate. It should
also be noted that individual pump manufacturers have their own "in-

house' guidelines which do not necessarily agree with the above.

4,.3.5 Scaling laws in rectangular sumps

It is generally agreed that some degree of exaggeration above Froude
number scaling is required for dynamic similarity between model and
prototype. However, Amphlett states that vortex formation depends only
on Froude number if R, = VdS/ v>3x 104, whilst Surek (73) suggests

R
deh

- a minimum figure of 2.2 x 1(]5 for R = 5 (dh

= hydraulic diameter

of channel = é}t?H ) above which Froude scaling is valid. This latter

figure was derived from actual prototype installations which had proved

themselves by trouble-free operation.

Denny and others (7, 66) agree that Frou;ie scaling is correct for
modelling surface dimples but that model and prototype velocities should
be equal when considering air-entrainment. The only prototype evidence
Denny quotes for this, however, comes from one Spdt observation on site,
Otherwise, this ""equal velocity rule' has only been verified for a limited
range of pipe sizes in square sumps, and may be superseded by a different

law for larger installations,

Dicmas, basing some tests on Iversen's prototype work with
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D = 464 mm, obtained similar values of SC/D by using the equal velocity

rule for VD and Froude scaling for V This, however, meant exagger-

w*
ating the value of W and so geometric similarity was not preserved.

In another approach to model testing, Hattersley (10) suggests that
similar swirl parameters can be obtained in model and prototype provided
R \/17, where f is the Darcy friction factor, is greater than a critical value
of about 2 x 1{]3, and the model Froude number is equal to that of the
prototype. Then, using a conventional friction faétor chart, the scale is
chosen so that with Froude scaling, the friction factor for the hydraulically
smooth model is equal to that for the rough prototype. (The prototype R
and friction factor need to be obtained first). This optimum model scale
will be adjusted, in practice, by constraints such as available pipe dia-
meter and laboratory space. The final step involves comparing the
measured model velocity profile near the boundary with the corresponding
prototype to calculate the increase (or decrease) over Froude scale

velocities necessary for similarity.

L

Durgin and Hecker (74) consider it more likely that viscous effects
become negligible asymptotically, rather than at a certain critical Reynolds
number. They suggest the model should be operated at constant Froude
number but at various Reynolds numbers by changing the water temper-
ature. The prototype performance is then deduced by extrapolating the
model behaviour to the prototype Reynolds number. It is difficult to gen-
erate sufficient model data with this method in order to extrapolate to
prototype conditions with any confidence. Furthermore, with large bodies
of water, there would inevitably be variations in temperature over the
time intervals required for vortex observation. Nevertheless, ‘the authors

have successfully used this technique in hydraulic model studies of reactor
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containment sumps.

Another recent paper (75) concludes that the scaling law (Vm/Vp) is
a function of both the scale ratio and dépth H/D. Using various values of
D from 120 mm to 400 mm the authors were able to obtain results for scale
ratiosup to 1 : 4 (fig. 4.18). The results lie between Froude scale
(shown for comparison) and equal velocity scaling, It is not clear what
the form of the approach geometry was, or whether it was changed as D

was changed to preserve geometric similarity.

10 Illllllllllllll’llll'ill]._

1 15 2 25 3 35 4
Lp

Lm

Fig. 4.18 Variation of velocity ratio Vp / v With scale ratio
1'[5/]?11 for various water depths.

______ Froude scale

4,4 Other forms of hydraulic intake

A few papers on other commonly found intake geometries are included
here for reasons of completeness. Because of the importance of boundary
geometry, however, the results would not be expected to apply to rectangu-
lar pump sumps. Prosser (1) gives a good review of designs for special
applications including sewage pump sumps, small cylindrical wet well
sumps (see also ref. 76) and singleor multiple intakes drawing from a

large forebay or reservoir,



It is the last type of horizontal intake which has received most

attention, Gordon (77) in a study of 29 existing hydro-electric intakes,
four of which had vortices, deduced that the minimum submergence to

design for was given by

where kwas 0. 3 for symmetrical
approach flow, and 0.4 for intakes

with a lateral approach flow. This

relationship is confirmed by pro-

totype data in ref. 78, k, however
must depend on the forebay and

intake geometry. Gorden compares

—_— e —_— —

NN N NN
NS S Y Sy his data with that of Denny (67) and

attributes the disagreement to

scale effect. However, the
mechanisms of vorticity gener:ation are different in the two cases and are
thus not strictly comparable.. The vertical intake used by Denny gave
higher critical submergences than the horizontal intakes for a given intake

velocity.

Reddy and Pickford (79) assume no Reynolds number dependence for -
vortex formation, and suggest that S/d = Vd/(gd)% for vortex free operation
when anti-vortex devices are fitted, otherwise S/d =1 + Vd/(gd)%' This
reduces to the form proposed by Gordon, and implies Froude scaling for

vortex formation.

The other form of intake which should be mentioned is one with a
circular forebay, though there is little published literature on this. The

Central Electricity Generating Board (80) have developed a circular pump«-
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house arrangement for recycling cooling tower water whereby water enters

an annular moat tangentially and is then drawn off by vertical spindle pumps
arranged on a central island within the moat. Vortex problems may arise
with this design, but model studies can ensure satisfactory performance

down to very low submergences.

A development of this is reported by Dutkiewicz and Ham (81) in
which water enters a circular forebay tangentially at the perimeter and is
drawn off tangentially at a lower level by pumps also arranged round the
perimeter. The flow patterns consisted of an outer annulus of water
rotating with uniform velocity equal to the inlet velocity, together with an
inner core of water rotating as a solid body. Air-entraining vortices
formed at the boundary of these two flows, but were eliminated by an

annular roof placed just above the level of the inlets.

4.5 Discuassion and conclusions

The papers reviewed above cover a wide range of intake size and
geometry, though prototype data is noticeably scarce. Detailed data on
various vortex parameters have been obtained for stable vortices formed
in cylindrical tanks but not for the more practical situation of a vertical
intake at the end of a rectangular channel, where air-entraining vortices

tend to be less stable, both with time and position.

Nevertheless, c‘iesign guides for hydraulic intakes exist, which give
recommended dimensions for various geometric parameters. Some dif-
ferences between the recommendations inevitably exist not only between
refs. 1 and 2 but also those of individual pump manufacturers. | Further-

more, there is little data available on the variation of critical submergence
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with intake velocity and its sensitivity to small changes about the optimum.

More detailed information on these could lead to considerable savings in

the civil engineering works for an intake scheme.

In dealing with the scaling of air-entraining vortices, the available
literature, in general, recommends exaggeration of flow velocities above
Froude scale on the model to achieve the correct levels of turbulence and
viscous effects, though some authors found that Froude scale was satis-
factory provided the model Reynolds number exceeded a certain critical
value., However, there is still uncertainty over the exact degree of flow

exaggeration necessary.

The following chapters describe the work carried out at BHRA
recently in an attempt to fill some of the gaps described above in our

existing knowledge of vortex formation at hydraulic intakes.
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CHAPTER 5

EXPERIMENTAL STUDY

5.1 Description of programme of experimenté
As stated in the introduction, there has only been a small amount of
systemétic work carried out on realistic sump designs, most of which
COvers a narrow rangé of geometry and physical size. This can be seen
from fig. 4.11 given in the literature review of the previous chapter.
Hence, experimental rigs were designed based on a commonly found sump
configuration, and free surface vortex formation was observed over a
wide range of conditions, in order to achieve the last three aims of this
project, i.e.
— to investigate the mechanisms responsible for vortex
formafion
— to provide comprehensive data on various aspects of intake
design
. — to derive satisfactory scaling laws for free surface vortices.
Four geometrically simil;';u:' rigs were built labelled 1.5", 3", 6" and 12",
rigs for convenience. (These are the nominal suction pipe diameters).

Further details of the rigs are given in the next section.

The majority of the experimental data on the effect of various geo-
metric changes on critical submergence, S, was obtained from the 6" rig
which had a 6" (nominal) suction pipe with a bellmouth, diameter, D, of
244mm. This size is in the lower end of the range of typical prototype
sizes, whilst at the same time being cc':-nvenient to operate and modify as
necessary, A few tests were then repeated on the 12" (D = 488mm),

3" (D = 122mm) and 1.5" (D = 61mm) rigs to derive scaling laws.



79
Fig. 6.15 in the next chapter shows the various conditions tested. The

values of C/D, X/D and W/D were chosen to coincide with those most

commonly found in practice. (see fig. 5.1 for definition diagram).
_><J L .
e .
L

Fig. 5.1 . Definition diagram of rectangular sump geometry.'

l( '

Oth@er aspects which were considered were the .use of corner fillets
;
as anti—vértex devices, and the effect of upstream boundary changes.
These arf-; all discussed further in chapter 6.
In clonjunction with this experimental work on a single sump design,
tests wer.e made on a 1l : 15 scale model of a multiple pump sump, which
had beenilbuilt for an éctual scheme and which was adapted to provide

further information relevant to this project. This work is described in

chapter 7.

5.2 Description of experimental rigs

The basic sump geometry, common to all size rigs, is shown in
fig. 5.2%, with dimensions marked for the 6" size., It consists of a short,
straight section followed by a contraction which leads to a long closed

rectangular channel. The initial design just consisted of the contraction

* Figures for the remaining chapters are to be found at the end of
each chapter.



80
Plus rectangular channel, but this led to visible flow separation at the

entry to the contraction, so the sump was extended to the line of the
screens, which gave more uniform approach conditions. At the end of
the channel is a vertical suction pipe with a bellmouth intake placed sym-
metricalliy on the pump centreline. Figs. 5.3 to 5. 7 show general views

of three of the rigs.

Figs. 5.8 to 5.10 are photos of the bellmouths, whilst Fig. 5.11
gives det?ils of the bellmouth used in the 6" rig. The bellmouths used
on the ot}ier rigs were geometrically similar models of this one with a
slight variation in the external geometry, which was, however, considered
insignificant. The position of the intake relative to the boundaries could
be variedl as required, except that in the 12" rig, only the floor clearance
could be changed. In the 6" rig, one sidewall was movable so that the

|

sump wicflth could also be varied. In each case the channel was built
inside a ;arger rectangular tank. Fig. 5.12 gives details of the major

dimensions and flow variables of the rigs.

Water was drawn through the intake by a centrifugal pump, and
returned to the channel via the discharge line of the pump to a discharge
manifold. To complete the flow circuit the water then passed through a

combination of perforated metal screens and 'hairlok' (a mat of closely

knit fibre) to smooth out any large-scale asymmetry in the approach flow.
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The flow rate was measured by an orifice plate, made and fitted

according to the recommendations of the British Standard BS 1042 (ref. 82),
in the discharge line of the pump with a manometer to measure the pressure
differerice across the tappings on the orifice plate., In the 1.5" rig, rota-

meters were used.

"Whilst there was close agreement between mean velocities measured
by a miniature propeller meter (fig. 5.13) and the orifice plate for the 6"
rig, a large discrepancy of about 30% was found between these two measure-
ments for the 12" rig, with the orifice plate giving the higher reading for
the mean channel velocity. The implication of this was that the actual
discharge coefficient on the rig was lower than that taken from BS 1042 for
ideal approach conditions upstream of the orifice plate. At first, it was
thought that air leakage on the suction side was responsible for the dis-
crepancy, and so the metal pipework with its numerous flanged joints on
the suction side of the pump was replaced by a 180° bend made in one piece
out of fibre glass, as shown in fig. 5. 6. This led to only a slight improve-
ment, so the sec;ond possible source of error, i.e. swirl caused by the
impeller on the discharge side of the axial pump was tackled. Ref. 83
‘gives data on deviations from the ideal discharge coefficient due to swirl
which are consistent with the 30% differences found here for an orifice -

plate of area ratio 0.63.

It was necessary, therefore, to design and construct an effective
flow straightener with minimum head loss as quickly and as cheaply as
" possible. A "tube bundle" flow straightener met these requirements, and
fig. 5.14 gives an idea of how the tubes were arranged in the 500mm dis-
charge pipe, The flow straightener consisted 'of a bundle of pla;stic tubes

of 89mm outside diameter, length 850mm secured at a distance of 700mm
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downstream of the pump discharge flange with the downstream face about

eight pipe diameters upstream of the orifice plate. A few lengths of out-
side diameter 50mm were also used to fill in any large gaps, thereby fixing
the tube bundle more firmly in the pipe. This design follows the recom-
mendations given in ref. 82. After the straightener had been fitted there
was much better agreement (to within 5%) between the propeller meter and

orifice plate readings .

5.3 Experimental procedure

For a particular geometry, the experimental procedure consisted of
fixing the water level at a certain value and then observing free surface
vortex formation for certain values of suction bellmouth velocity, VD,
starting from a high value and working down to low velocities. The types
of vortices which formed were classified into type 1 to 5 in order of
increasing severity, see fig. 6.9. The water level was adjusted to the
original level each time. The reverse procedure of starting from a low
VD and working up to a high VD with constant submergence was triéd in a
few cases, but there was no change compared with the original procedure
in the velocity at which a particular type vortex first appeared. Perspex
windows in the endwall and one sidewall allowed ready observation of the
flow conditions. For each particular flow setti‘ng, observations were
taken over a period of ten minutes on average after flow conditions had
settled down. - The classification used to distinguish between the types and

severity of vortices corresponds to the different stages of development

described in 6. 2. 3 and shown in fig. 6,9,

Fig. 5.15 shows a typical full plot where observations of vortex

formation for one geometry have been plotted in detail with non-dimension-
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alised submergence, S/D, along the vertical axis and bellmouth velocity,

VD’ along the horizontal axis. This is a fairly common method of plotting
the results, giving a ready indication of the types of vortices which form

for values of two important parameters, S/D and VD, which govern vortex
formation. The bellmouth diameter, D, has been used to non-dimensionalise
S as well as all the other geometric dimensions; since recommended sump
dimensions are usually given in terms of D; Furthermore, for a given
discharge, D determines the intake velocity and hence the acceleration

field local to the bellmouth. The alternative is to use suction pipe dia-
meter, d, but in practice, the external geometry of pump casings and

columns is not in the form of a straight vertical cylinder so that it is

difficult to define a meaningful value for d in any particular case.

The curve (bold line) in fig. 5.15 enclosing all fully air entraining
(type 4) vortices defines the critical submergence, Sc’ for these experi-
ments, i.e., the submergence at which an air entraining vortex with a fully
developed air core first occurs. This definition was chosen as it repre-
sents a definite event, and it is thus easier to identify its occurrence as
compared with a type 2 or 3 vortex. However, it should be noted that
this definition differs from that of some authors (see 4.3.2). Thus the
bold curve divides the graph into two regions, one below the curve in

which fully air-entraining vortices occur, and one above with less severe

surface vortices.

Curves for Sc/D against VD were obtained for a wide range of bound-
ary clearances by adjusting the appropriate clearance to the required
value and then repeating the_above procedure. For the majority of cases,
sufficient readings to determine the limit of type 4 vortices on1§; were

taken, and the curves derived from these readings are discussed in the
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next chapter. Detailed plots of vortex types at the various flow conditions

tested are given in Appendix A.

The effect of one type of anti-vortex measure, i.e, 45° corner
fillets positioned as in fig, 5.16 was investigated for the 6" rig set at a
channel width of 2D. Furthermore, tests were done with a quarter-width
(D) baffle inserted at various upstream stations (fig. 5.17) within the
channel. This was repeated on the 1.5" and 12" rigs for an upstream

station 6D from the endwall.

Before any vortex observations were made, a velocity contour plot
was obtained to check that thle approach flow distribution was reasonably
uniform. This was done by taking point velocity measurements with the
miniature propeller meter along several verticals in a plane 3D from the
endwall, non-dimensionalising these velocities by the mean channel velo-

city, and drawing contour lines through points of equal velocity.

5.4 Discussion of experimental accuracy

In general, observations were made at various velocities in steps of
between 0.1 to 0.2m/s, with changes in submergence in steps of between
0.1 and 0,2D. These steﬁs were chosen as a compromise between spend-
ing excessively long times on one configuration (since at least ten minutes
were required for one reading) whilst obtaining a sufficient number of
points to determine the value of SC/D with reasonableb accuracy. Even so,
twenty to thirty flow settings were necessary to be able to draw a curve
defining the limit of type 4 vortices over the range of levels and velocities
available, (see fig. 5.12), The error in SC/D using this procedure is
estimated to be about + 10% for low submergences less than 1D, 'dr0pp1ng

to + 5% for higher submergences between 1, 5D and 2D. One particular
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geometry was tested three times on different occasions, and no significant

difference was found between the Sq/b - V__ curves, within the limits of

D

experimental error.

Flow measurement by orifice plates is a well-established and rela-
tively simple technique. However, their accuracy depends on the area
ratio, correct measurement of pipe diameter, and correct fitting with the
requisite upstream and downstream lengths of straight pipe as specified

in ref, 82.

Taking account of this as well as random errors in reading the man-
ometers, the estimated accuracy of flow measurement with the orifice

plates used is + 5%.

The water used in the experiments was either fresh from the labora-
tory mains supply or continuously cleaned by a sand filter. The water
temperature obviously varied depending on the time of year, but this
would give a variation in kinematic viscosity, and hence Reynolds number

of less than 10%, which was not considered significant,

In the analysis in chapter 6, values of VD are taken for given values
of Sc]D. Given the discussion above on estimated errors, the error on

the values of the velocity ratio, Vm/Vp. will be + 10% approximately.
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Fig, 5.12 Data on Major Features of the
Experimental Rigs.
1.5IT 3ll 6" 12"
D mm 61 122 244 488
d mm 44 85 160 337
Pump 3" radial flow} 6'' radial flow] 6" radial flow| 18" axial flow
running in
reverse
Flow Rotameter |Orifice plate,| Orifice plate,|Orifice plate,
measurement corner corner flange
tappings, tappings, tappings,
area ratio area ratio area ratio
0.54 0.55 0.63
Manometer - Water Tetrabromo- Water
Fluid ethane
(Rel. density
2.96)
Range of VD
tested m/s 0.2to1.6 | 0.2to 1.6 0.2to 1.2 0.2t 1,3
Range of Vo | o ci041| 0.5t04.1 | 0.5t038.3 | 0.5t03.4
tested m/s
Range of Q
tested m3 /hr 2.1t016.8] 8.4 to 67 3‘4 to 202 .134 to 875
Range of 1.1t08.9| 2.2t018 4.4 to 27 8.9 to 58
R, =VpP x10% x10° x 10% x10°
v
Max. H/D 3.8 3.6 3.8 2.1

available
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Notes on symbols used in Fig. 5,15

a)

surface vortices

classification into types 1 to 4 is
explained in 6.2, 3 and Fig. 6.9

O indicates no surface vortiex seen.

subscript 's' indicates a stable
vortex lasting for 5 secs or more
(model time),

parentheses () indicate sporadic
vortices, occurring only once in
5 minsg, say.

where a vortex seemed to alternate
between two different types, both
types, separated by an oblique siroke,
were recorded.
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Corner fillets 240cms wide
- /
Z i —
) 20 —
\\ t
C=52D \
X= 250D

Fig. 5.16 Diagram showing the size and location of corner
fillets used in the 8" rig.

@esﬂ.ﬁ" T

C=0-6D

. Full depth verhical
L2530 ~ bottle /
|

KRR

Fig. 5.17 Diagram showing the size and location of the solid
upstream baffle used in the 6" rig,
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CHAPTER 6

RESULTS, ANALYSIS AND DISCUSSION

6.1 Summary

This chapter gives details of the experimental results obtained from
the four rigs, sizes 12", 6", 3" and 1,5". The first section describes
the flow patterns near the bellmouth. The second section then gives experi-
mental results from the 6" rig describing the effect of various sidewall
and floor clearances, corner fillets and baffles on critical submergence,'
Sc' | Values of bounding submergence SB are inferred ‘and compared with
the theoretical predictions. The results are also discussed from the point
of view of optimum sump design to ensure satisfactory hydraulic perfor-

mance at minimum cost., The results generally confirm the recommend-

- ations of ref. 1 which was published during the course of experimental

tests.

The third section covers the work done in relation to the final aim of
the project, i.e. the derivation of satisfactory scaling. laws for predicting
the occurrence of free surface vortices by méans of scale models. The
degree of correlation with the theoretical considerations of section 3.6
is also discussed, The results suggest that the scaling laws vary with
scale ratio s and submergence, Sc/D.- For the range of sizes tested, it
is deduced that the model velocity has to be several times Froude scale

velocity., . . : ‘ -

6.2 . General description of flow behaviour near the bellmouth -

6.2.1 Uniformity of approach flow

The approach flow velocity distribution was checked on all the rigs
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for a particular sump geometry (C/D = 0.6, X/D = 0,25, W/D = 2)

and with similar mean channel velocities at a plane 3D from the endwall.
Non-dimensionalised velocity contours are shown in Figs. 6.1 to 6. 4.
The channel width and depth was 2D in each case (500mm or 2. 05D for

the 6" rig).

The velocity distribution was very uniform across the whole width
and depth of the channel for all the rigs. A typical profile for each contour

plot is shown in Fig. 6.5, taken at a depth of 1.2D below the free surface.

These plots should be compared with the case when a 3D baffle was
inserted 6D from the endwall, Fig. 6.6. Here, a significant region of
reverse flow exists and there are correspondingly higher velocities in the
forward direction. Consequently, the velocity profile shows a marked
asymmetry and this subsequently affects the variation of critical submerg-
ence with bellmouth velocity when compared with the ''no baffle" case

(see 6. 3,4),

6.2.2 Flow patterns near the bellmouth

The flow patterns near the bellmouth are complex due to the three-
dimensional nature of the flow in this region. There is only one plane of
symmetry, that which bisects the channel along its length. Thus, in
general; flow approaching the bellmouth in one half of the channel stays in
that half right up to the time that it enters the bellmouth, However, any
slight asymmetry or perturbation in the approach flow can produce asym-
metric conditions at the intake. Any rotation which appears, however .
slight, affects the flow field such that the asymmetry is accentuated. This,
together with the fact that the bellmouth may draw fluid prefereritially from

one direction, favours the rapid formation of vortices in one half only.
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An analogy can be drawn with the situation where a stationary ball is placed

at the top of a convex surface. This is a state of unstable equilibrium,
whereby-any small perturbation in any direction causes the ball to roll

down the surface with ever-increasing velocity.

Fig. 6.7 attempts to show instantaneous pathlines of the flow at
various positions across the channel width in the main body of the fluid for
a channel depth of 2.1D, channel velocity, Vi = 0 4m/s (C/D = 0.8,
X/D = 0. 25,' wW/D = 2).' These were obtained by injecting small qluantities
of dye (potassium permanganate solution) into the flow and observing the
subsequent paths of the dye. The flow was unsteady in the bellmouth
region, but the figures are representative of the flow patterns near the

bellmouth.

In conclu sion, it can be seen that various points of separation exist
on the suction pipe, at the sidewalls, the endwall and the floor. At these
points, boundary layer fluid leaves a boundary surface and is eventually
drawn into the bellmouth. The boundary layer fluid which separates from
the suction pipe travels downstream and entrains fluid from the main flow,
thus forming a wake region behind the pipe. This process is further aided
by the pres_ehce of the endwall which serves to deflect the oncoming flow
towards this wake and hence into the intake. Thus the continual inflow of
rotational, and hence vorticity- b:earing fluid into this region seems to be .
the main mechanism for vortex development in this particular sump geo-
metry. - These observations agree with the theoretical predictions of
Chapter 3, Fig. 6.8 shows in diagrammatic form the various flow regions

near the bellmouth.
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6.2.3 Description of vortex development

The development of an air-entraining vortex is described in Fig. 6.9
where the submergence, S/D, is gradually decreased with bellmouth velo-
city, VD’ constant. Figs. 6.10 to 6.13 are photos of a similar develop-
ment process from types 1 to 4 for the 1.5" rig, but with a constant sub-
mergence of 0, 8D and V, increasing from 0.52m/s to 1.42m/s. " The
development process is by no means continuous. The position of the
vortex, the time taken for it to develop and io collapse are all erratic, so

the figures give only a static view of the whole process.

In general, vortices tended to form on prediminantly one side, some-
times changing to the other at lower submergences. At even lower sub-
mergences of about 0. 5D and below, two vortices were often formed with
opposite directioﬁs of rotation. "I'he sense of rotation was always consis-
tent with that expected from the common phenomenon of vortex shedding
from a circular cylinder, so this seems to be the major source of vorticity
as expected from the theor-etical considerations in 3. 4.4, Also, it was
observed that in this range of low submergence, the position of the vortices
moved from their location behind the suction pipe to points further upstream

on either side of the pipe.

Mass rotation and submerged vortices were present at submer;gence
values S/D of less than 0.4, and an example of this.is shown in Fig. 6.14.
This seems to be a flow regirﬁe quite d.i.stinct from types 1 to 4, and certainly
vorticity from the suction pipe can no longer be a major contribution.

Vortex formation at these low levels was not studied in detail since this
situation is of little practical interest. However, it should be noted that
with bad approach conditions, submerged vortices can occur at ﬁigher S/D

values, and would then give rise to noise and vibration in the pump.
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The types of vortices which were observed to form for a given sub-

mergence S/D and bellmouth velocity VD' have been plotted with S/D along
the vertical axis and VD on the horizontal axis (see Fig.. 5.15). Curves
were then drawn separating the type 4 (fully air-entraining) vortex region
below the curve from the other less severe types which occur in the region

above the curves, hereinafter called the SC/D-V curves (see Fig. 6.16,

D
for example, which shows Sc / D-VD curves for various values of floor

clearance, C/D).

The general form of the Sch-VD curves is in line with those obtained
by previous authors. Extrapolation of the curves at the low submergence
end suggests the existence of a threshold velocity which must be exceeded
before air-entrainment, probably through surface drawdown rather than
surface vortex formation,can occur. This is because surface tension has
to be overcome first. At the high sﬁbmergénce end the curves flatten out

showing that SC/D has little dependence on V_ in this flow region. The

D
curves tend to an asymptotic value of Sc/ D which Swainston has called the
bounding submergence SB/D. The velocity at which this value of SB/D is
reached varies considerably. Detailed data for SB/D has now been obtained

for various geometries (Figs. 6.15 and 6. 29) and these are discussed

further in 6. 3. 2.

6.3 Effect of changes in sump geometry

6.3.1 Effect of changes in floor clearance C/D, endwall clearance-X/D
and width W/D

In this section, the results of changes in C/D, X/D and W/D are dis-
cussed one by one, from the point of view of the origin of vorticity and the
growth of vortices. Their application to sump design is discussed later

in 6.3.5. The comprehensive results were obtained from observations on
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the 6" rig. Fig. 6.15 shows the various conditions tested, together with

estimated values of bounding submergences, SB/D. The experimental
results and curves are given in the following figures :

Fig. 6.16 Variation of SC/D with C/D (X = 0.25D, W = 2D)

Fig. 6. l'f Variation of SC/D with C/D (X = 0.5D, W = 2D)
Fig. 6. IE; Variation of SC/D and Hc/D'with C/D at selected VD values -
(X =0.25D, W = 2D)
Fig., 6.19 Variation of Sc/D and Hc/D with C/D at selected V,, values
i. (X =0.5D, W = 2D)

Fig. 6.20 Variation of S,/D with X/D (C = 0.5D, W = 2D)

Fig. 6.21 Variation of S /D with X/D at selected V5 values

(C =0.5D, W = 2D)

0.25D, C = 0.5D)

Fig. 6.22 Variation of S./D with W/D (X

The effect of changing only the floor clearance, C/D ‘is shown in
Figs. 6.16 to 6.18. First of all it can be seen that for any given value of
C/D, the value of critical submergence increases gradually with bellmouth

velocity V Secondly, as.C/D is increased from 0.2D to 0. 6D, there is

D’
a large drOp in critical submergence, Sc/ D, for any given value of VD,
followed by a small rise as C/D is increased further from 0. GD to 0. 8D.
This tr.end of a minimum in SC/D has been observed by one other author
(see Fig.: 4.12), Furthermore, the value of total depth H (= SC/D + C/D)
is relatilvely constant over the range of floor clearance, C/D, considered,

with a small increase for C/D greater than 0, 6D. The latter trend is in

agreement with the results of previous work shown in Fig. 4.12.

In order to explain the form of the curves, it is necessary to com-
pare the variation in the amount of vorticity generated with the amount of

vorticity required to produce a fully-air-entraining vortex. The generé.l

H
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rising form of the curves, shown for example in Fig. 6.16, is expected from

the theoretical considerations of 3.4. There, it was suggested that as
submergence increases, the amount of vorticity required to produce air-
entrainment also increases. This extra vorticity can only be generated by
increasing the flow past the suction pipe, i.e. by increasing the channel
velocity VW. and hence VD also, The fact that thand A%

critical submergence is shown in Appendix B.

D do increase with
The reason why the curves do not increase indefinitely with bellmouth
velocity VD’ is probably related to the correlation length of the vortices
shed by the pipe, as discus;.sed in 3.4. Above a certain submergence, the
vorticity genera‘ted is not sufficiently organised over a sufficiez.lt depth of
water to form an air-cored vortex, irrespectivg of how high VD is, and so

this gives rise to the existence of a bounding submergence, SB/D.

In considering the variation of the critical submergence with floor
clearance, it can be seen from Fig. 6.18 that for a given bellmouth velocity,
SC/D decreases in the range of C/D up to 0.6 af;ner which it increases.

The initial decrease means that there is less vorticity required and hence
less vorticity generated, so that a type 4 vortex does not form until lower
values of submergence. However, it can also be seen that the critical depth
is fairly constant for C/D up to 0.6, which means that for a given VD’ VW
is also féirly constant, and hence the vorticity generated by the pipe is
constant, fet there is less total vorticity generated, as stated earlier.

One explanation for this is that there is another source of vorticity present
which decreases in magnitude as the floor clearance is increased. This
other source is probably the boundary layer developed along the sump floor,
so that as the suction pipe is raised further and further from the sump

floor, the contribution of this sump floor boundary layer to the total vorti-
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city generated becomes smaller and smaller.

There comes a point, however, when, as S/D decreases, the total
vorticity generated is greater than is required to overcome the static head
and hence form a type 4 vortex. This point is reached at about C/D = 0.6,
above whiich the critical submergence increases. This has the dual effect
of both increasing the vorticity required for air-entrainment as well as
decreasing the channel ;relocity and hence the vorticity generated, so that

Al

the vorticity required again balances the vorticity generated.

The; variation of critical submergence, SC /D with endwall clearance,
X/D, (Figs. 6.20 and 6. 21) does not show such a consistent trend, and the
spread in:- SC/D values is not as great as for the range of floor clearance,
C/D, valges tested. This shows that air-entraining vortex formation is
less sensitive to changes in X compared with changes in C. X/D = 0 gives
the lowe%t values of Sc/D over a wide range of suction velocities, and
shows thio_ importance of the endwall in suppressing air entrainment by a)
provic;ﬁnig a solid boundary which retards and often completely stops any
rotationaTI motion which might develop and b) disrupting the formation of a
wake region behind the pipe so that vortices do not have either time or
space to =grow. It would be reasonable to assume, then, that as the end-
wall clearance, X/D was increased, type 4 vortices would form more
readily, i.e. that SC/D would increase. This trend was followed experi-

mentally: for values of V_ less than 0.5m/s (Fig. 6.20) but above this

D
velocity, the curves cross each other so that SC/D is less for X/D = 0.5
and 0.75 than for 0.25. This occurred because with the higher bellmouth
velocities as well as X/D values, there was sufficient space behind the

suction pipe for incipient vortices to be washed downstream away from the

immediate vicinity of the bellmouth, thus preventing the development of a
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fully air-entraining core.

When the channel width increased fr'onil 2D to 4D, there was a marked
drop in SC/D (Fig. 6.22). As the width is increased the sidewall boundary
layers have less and less influence and so there is less vorticity opposing
that developed by the pipe. . It might be expected, then, thz;.t SC/D values
- should be higher as W,’D increased. However, increasing the width also
decreases the value of VW for a given VD’ and hence decreases the amount
of vorticity generated by the suction pipe. Thus, type 4 vortices form at
lower levels of SC/D as the width increases, so that V., and hence vorticity

generation is high enough to produce air entrainment.

To sum up, then, the critical submergence is dependent on floor clear-
-ance, C/D, endwail clearance, X/D, and channel width, W/D. In discus-
Ising the experimental results from the 6'' rig, the importance of the suction
pipe as a source of vorticity has been shown, with the sump floor playing a
subsidiary role when C/D is varied. In each case, a type 4 vortex will
form when ;che total vorticity generated equals the vorticity required to pro-
duce air entrainment at the particular value of submergence in question.
Consideration of these two quantities of vorticity has led to an explanation
of the form of the experimental results. Furthermore, it would be expected
that the so-called dry-well arrangement shown below where the intake does
not obstruct the flow would lead to reduced vorticity and hence less vortex
activity. The incidence ;)f surt;ace vortex formation in such a configuration

is an area of intake design requiring further study.
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Sketch of two possible dry well arrangements

6.3.2 Dependence of bounding submergence, SB‘ on geometric parameters

Swainston (3b) obtained the variation of SB with geometric parameters
from his mathematical model. He chose to non-dimensionalise the para-
meters by the absolute value of endwall clearance, X,rather than d or D,
since he "considered the pipe diameter has a relatively small effect on the
flow pattern within the sump." This ié true when the pipe diameter is
sfnall relative to the sump dimensions so that the effect of the suction pipe
can be rebresented mathematically by a point sink. However, it has been
found that this is not .applicable to the rigs used in this research project

since the sump boundaries are relatively close to the bellmouth intake.

Values of SB/D and S_ /X have been estimated by extrapolating the

°B

Sc/D——V curves in Figs. 6.16, 6.17, 6.20 and 6.22, and there is conse-

D
quently a large element of error due to this subjective procedure. These
valueé are given in Fig. 6.15 and plotted in Fig. 6.23.for comparison with
Swainston's graph. It can be seen that there is very little similarity bet-
ween the two, with values of SB /X several times higher than Swainston's.

This implies higher values of SC which could arise from the large contri-

bution to the vorticity from the suction pipe, which is not considered in
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Swainston's model. Furthermore, the curves show a decrease in SB/X

with C/X which agrees with Denny's experimental results, but not with
Swainston's predicted results. However, in the case of W = 4D where the
influence of pipe size should be smallest, the experimental results do
follow the trend of Swainston's curves and show an increase in SB/X with

C/X, though absolute values of SB/X do not agree.

Thus the general conclusion from the limited number of results
available is that there is qualitative agreement between theory and experi-
-ment provided W/D is at least equal to 4 . However, for values less than
this, the influence of the flow past the suction pipe as a source of vorticity
renders the mathematical model inapplicable for this particular sump

geometry.

6.3.3 Effect of corner fillets

Two 45° corner fillets were fitted for one geometry on the 6" rig
(see Fig. 5. 18) and the efi‘ect on SC/D is shown in Fig., 6.24, There is
a significant decrease in SC{D, especially at higher values of VD' The
usual explanation for this is that the corner regions are regions of relatively
stagnant fluid where the main flow has separated from the wall when turning
through 90°. This is then a prime site for the development of vortices,
and so, by filling in this stagnant zone there should be less likelihood of
yortices. . However, the corner vortices that have actually been observed
appear to be very weak and too far away from‘the intake to entrain air.

Thus, this explanation fails to consider the strong vortices formed in the

wake region behind the suction pipe.

A more reasonable explanation for the effectiveness of the fillets in

suppressing air-entrainment is that the relatively large corner fillets dis-
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rupt the wake formation behind the suction pipe so that the normal, undis-

turbed vortex development is hindered.- This disruption is aggravated by
the de- stabilising effect of the‘higher local velocities behind the pipe which
results from the more re.stricted space available for the flow, Thus, these
two effects together inhibit the organisation of the vortex generated so that
air-entraining vo‘rtices do not form until lower subﬁergences, where less

vorticity is required to cause air-entrainment.

6.3.4 Effect of 3D baffle

All the experiments described above were carried out with a uniform
approach velocity distribution across the width of the channel, so that
there were no obvious physical sources of vorticity apart from the straight
boundary walls., However, one set of tests was done on three of the rigs
with a 4D (2 channel width) baffle placed at right angles to the flow direction
(see Fig. 5.17). For the 6" rig this was placed at various distances from
the endwall, and the effect on Sc/D is shown in Fig, 6.25. The results from

all the three rigs are compared in 6. 4. 3.

The separation of the flow downstream of the baffle provided an
obvious source of organised vorticity, and created a distorted approach
velocity distribution, with higher velocity fluid in that half of the channel
not containing the baffle, and slower moving fluid with flow reversal directly
downstream of the baffle (see Fig. 6.6 for velocity profiles). For a given
value of VD’

moved closer to the intake, This shows the increasing contribution made

type 4 vortices occurred at greater depths as the baffle was

by the baffle to the total vorticity. However, the effect of the baffle was
attenuated by the turbulence it created and also by the strong, submerged

vortices which continuously removed incoming vorticity, so that the increase
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in ‘SC/D is not as great as might be expected. For example, when the

baffle was 3D from the endwall, the increase in SC/D over the no baffle
case was from 1.6D to 1.8D at V) = 1.2 m/s. The measurement of the
turbulence produced and its effect on Sc/D was outside the scope of this

project. However, the results show that the protruding baffle was a very

effective source of vorticity.

6.3.5 Relevance to sump design

The design of any pump sump should ensure steady, uniform approach
flow to each pump intake. This is especially true for high specific speed
axial flow pumps which are particularly sensitive to unldesirable flow
phenomena such as air entrainment, submerged vortices and swirl. These
can cause significant head losses and a drop in efficiency as well as mech-

anical damage.

The elimination of surface air entrainment is one important aspect
of sump design and depends on a) uniform approach flow conditions; b)
correct positioning of the pump intake relative to the sump walls and floor,
and c) sufficient submergence of the intake at minimum excavation cost.
There is a lot of published literature on b) and c) but this mainly applies to
specific schemes. The only comprehensive, published design guides have
already been reviewed in 4, 3. 4. arid differences exist amongst these two
as well as individual pump manufacturers'.design data, as already mentioned
earlier, The information gained from the experimental work described
above is intended to help sump designers, and is discussed in this section
in relation to b) and ¢), taking floor clearance C/D, endwall clearance X/D

and width W/D in turn.
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Fig. 6.18 shows that although the value of C/D has a marked effect on

SC/D, the variation in HC/D, which is more important because it determines
the floor level, is nol significant except at the higher values of C/D. Thus
for minimum excavation cost for a sump, the value of C/D should not be

greater than 0. 7.

There seems to be no consistent variation of Sch with X/D (Fig. 6.21)
over fhe range of velocities tested. .A value of X/D = 0 gave the lowest
value of SC/D for bellmouth velocities less than 0.8m/s. However,
persistent submerged vortices starting from the endwall just below the
bellmouth level also appeared for this confiéuration and these would be
undesirable in a real pump sump. The other disadvantage of zero endwall
clearance is the severely restricted access available for maintenance and
servicing on site. At the higher en_d of velocities tested, the optimum
value of X/D is 0.75. Thus, the optimum value of endwall clearance ,

X /D, increases with velocity and this should be borne in mind in sump

design.

It can be seen from Fig. 6.22 that a sump width greater than 2D
gives decreased Sc/ D. This is only a definite advantage if the total sump
volume is also decreased to minimise excavation costs. The best way of
comparing the required sump volumes for a variety of geometric parameters
is to calculate (W/D x HB/D) which represents the sump volume per unit
length of channel, This has been done in the lﬁst column of Fig. 6.15,
using the estimated values of SB/D + C/D to give HB/D. It should be noted
that these values have been obtained by extrapolation, and so would only

apply for high bellmouth velocities.

From Fig. 6.15it can be seen that for W/D = 2, X/D = 0.25, the min-




_— 113
imum sump volume occurs for C/D = 0.5 to 0. 6 whilst overall, for the

unmodified rectangular channel, the minimum volume occurs for W/D = 2,
X/D =0.75, C/D = 0,5, Thus, from the point of view of minimising sump
volume these dimensions would give the optimum sump geometry for a
single pump sump. There does not seem to be any advantage in going to
widths greater than 2D since the sump volume is then greater. However,
minimum excavation costs for a given volume are determined by local
grounc& conditions and it may be cheaper to excavate a wide shallow pit
rather than a narrow deep one. There is a constraint, anyway, on the
minimum volume desirable. This is because when the sump level changes
continually so that the electric motor driving the pump frequently starts up
and cuts out, then considerable heat energy is generated in the motor which
will not have a chance to -dissipate if the sump volume is too small. There
is thus a minimum cycle time depending on the pump/motor combination,
which puts a léwer limit on the sump volume required (see ref. 84 for

further details).

Two other aspects of sump design have also been investigated: corner
fillets and upstream boundary changes. It was seen in Fig. 6. 24 that
corner fillets greatly reduced SC/D and this explains why these are a
common feature in sump design, However, their ac;cual size has to be
chosen carefully, If they are too small they have little effect whereas if
they are too large and hence too close to the intaké, they provide surfaces

for the development of submerged vortices (72).

The effect of a 3D baffle at various upstream positions gives an indi-
cation of the effect of a boundary discontinuity on the occurrence of air
entraining vortices. At a distance of 3D from the endwall, the baffle

increases SB/D by 10% whereas at 6D, the increase is only about 3%.
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This implies that flow conditions at the intake could be acceptable if there
was a length of straight channel of at least 6D before any boundary dis-I
continuity occurred. As this length is reduced, then vortices form at
ever —increasing submergences, and also tend to be stronger and more
persistent. It should be noted, however, that with such a drastic discon-
tinuity as the solid baffle, swirl and submerged vortex activity inevitably

increase.

In conclusion, sysfematic data on sump design has been obtained for
the most important geometric parameters using a single, vertically sus-
pended 244mm bellmouth intake at the end of a long rectangular channel.
This configuration was chosen since it is the one most commonly found in
both single and multiple pump sumps. Although it has definite economic
advantages over the dry well arrangement discussed in 6. 3.1, it is not
necessarily the best from a purely hydraulic point of view. However, as
discussed above, it is possible to improve on the hydraulic performance by
correct positioning of the pump intake relative to the sﬁmp boundaries, by

using corner f{illets and by locating upstream disturbances far from the

intake.

The main conclusions on optimum sump design are summarised in
the table below, and compared with recommendations given in ref. 1.
The experimental results generally confirm the design recommendations
and show the dependence of some parameters on bellmouth velocity, a
factor not considered in (1). The greatest difference arises from an in-
crease in the optimum value of XfD with bellmouth velocity so that a value
of 0.75 has been found to be the best at higher bellmouth velocities, com-
pared with the recommended value of 0,25, Values of submeréence, and

hence depth, also vary with VD. Bounding submergence values are
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mostly greater than 1. 5D, so this should be taken as the minimum to

allow for in a rectangular sump. The configuration which gave the lowest

overall sump volume was W/D =2, X/D =0.75 and C/D = 0.5

Geometric Parameter Ref. 1 Conclusions from experimental
results
Floor clearance C/D Fto 2 less than 0.7 to minimise sump
depth
Endwall clearance X/D ~ 1 up to 0. 75, depending on bell-
mouth velocity
Width W/D 2to3 2to0 4 depending on excavation

costs

Approach channel L/D at least 4 at least 6 for an upstream solid
length baffle

Submergence S/D° atleast1.5 atleastl1.5 for W = 2D, depend-
ing on bellmouth velocity.

Total sump depth H/D at least 2 at least 2.1 for W = 2D, depend-
ing on C/D

6.4 Comparison of results from the different size rigs

6.4.1 General description of the form of the results

Results from‘all four rigs were obtained for a restricted range of
geometries, i.e. W/D = 2.0, X/D =0.25, with floor clearance, C/D =
0.4, 0.6 and 0.8. It was considered that the full set of SC/D - Vp curves
for these would give sufficient data for analysis, Also, in the case of
C/D = 0.6, atest with a 3D baffle was done on the 12", 6" and 1.5" rigs to
look at the scaling of this kind of vorticity generation, and the results dis-

cussed in 6. 4. 3.

Figs. 6.26 to 6.28 show the three sets of curves for C/D = 0. 4,

0.6 and 0.8 respectively. For C/D = 0.4, there is a large separation
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between the 12" ‘'and the 6' results and the 3" and 1. 5" results. For

C/D = 0.6, there is crossing and re-crossing of the curves, whereas with

C/D = 0. 8, the curves only cross below SC/D = 0.9 and there is no longer
any order in the relative positions of the curves, with the 6" lying above
the 12" curve and the 3" and 1. 5" lying below the 12".. As a consequence
of this, it can be seen that the value of SB/D is different for each size,

and Fig. 6.29 gives estimates of SB/D obtained by extrapolation. It can

also be seen that the threshold velocity at zero submergence varies both

with geometry and size.

The following sections describe the analysis of these results in an
attempt to derive general scaling laws for free surface vortices. The
methods used follow those proposed in 3.6, {reating the 12" size as the

"prototype'' from which to take values of Vp.

6.4.2 Analysis of results

Applying the extended principle of similarity (section 3.6.2), graphs
of log Sc/D against log V,, at constant D were drawn as shown in Fig.
6.30 for C/D = 0,4, For a;ly particular size of D, a straight line could be
drawn through the points, but the gradient of this line varies both with D
and C/D. Furthermore, the second graph necessary to find x and y,

i.e. log SC)D against log D at constant V. does not produce a straight line
for all values of VD but curves instead. Fig, 6.31 shows a typical set of
curves for C/D = 0.4 and various values of V, together with values of
SB/D which .apply at large valu_es of VD' This method was thérefore not
pursued further, and the implication is that the scaling law is not simply a

function of the product of powers of the Froude and Reynolds numbers.
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The analysis of section 3. 6. 4 based on the new consistent combina-
tion law was then applied to the experimental results. For a particular
value of C/D and Sc/D, the corresponding values of bellmouth velocity for

each size rig were taken to give values of VB/V VS/V12 and V, 5/V

12° 12°

corresponding to f(3), f(}) and f(+) respectively. Detailed results for

these are tabulated in Fig. 6.32.

Some interesting features arise from this. Firstly, it can be seen
that for a given geometry and scale ratio, s, the value of {(s) is not con-
stant, but generally increases with submergence. This tf-end agrees with
recent work reported in ref, 75. Various alternative forms of plotting
the results were tried, but it was not possible to obtain constant values of

f(s) over the range of S/D and VD tested.

Secondly, the value of f(s) also varies with C/D. These two points
are illustrated by the graph in Fig. 6.33 for s = . This dependence on
S/D and C/D is not entirely unexpected (see 6.3.1) but is something which
is not taken :;accoﬁnt of in practice. It is important to note, therefore,
that a scaling law used for a particular hydraulic model could vary accord-

ing to the submergence or floor clearance in the intake design.

In order to obtain the variation of the Froude scale multiplying factor
k, with scale ratio, it is first necessary to consider
a particular value of C/D and SC/D. This is shown in Fig. 6. 34 for various
C/D and Sc/D values with 1/s along the abscissa. The curves have been
drawn to pass through the point (1,1)., The rising trend agrees with the
theory of 3.6.5. However, as can be seen from the detailed results in

Fig. 6.32, the f(s) and k values do not correspond to a single value of b.

In other words, what has been obtained in Fig. 6.34 is the value of
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k and hence scaling factor for a range of C/D and S/D over a scale range

from1l:2tol:8, based on a 12" prototype. These should have direct
application in operating models of rectangular purr;p sumps in this size
range. The curves seem to flatten out as 1/s increases to give an.asymp-
totic k value for small size models, but further work with larger models
as the prototype would be needed to confirm this. Furthermore, it

seems that more analysis along the lines suggested in 3. 6. 4 will not lead
to a unique value of b and hence to a generally applicable scaling law which
depends on scale ratio only. The poséible reasons for this are discussed |

below in 6. 4. 3.

A slightly different approach to give scaling laws for a limited range
of conditions has also been tried by first 'removing' the variation of f(s)
with SC/D. This was done by using a corrected velocity instead of actual
velocities in the velocity ratio Vm/Vp, a method suggested by the different
values of threshold velocity for the different size rigs, as seen in Figs.

6.26 to 6. 28.

Thus, if the velocities for a particular rig are corrected by an amount
v related in physical terms to the value of the threshold velocity, then,
although Vm/Vp is not constant for a given C/D, it may be possible to

make

- P = constant = B

by finding a suitable value of v. This can be done by re-arranging the

above equation :

[
i
=
vel
'
.
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If now a graph of Vm/Vp against 1/Vp is plotted, then the intercept on the

abscissa gives the value of the constant B and the ‘gradient gives the

required value of v.

This procedure has been tried for a few representative cases, and
the results given in Appendix C. Since the values of B are not constant
over a wide range of velocities the laws have only limited use, Further-
more, there is no obvious correlation between the values of v or B from
which to extend the laws to other scale ratios, so this method was not

pursued further.

6.4.3 Tests with 3D baffles on three rigs

One particular geometry (C/D =0.6, W/D =2, X/D =0,25) was
tested with a 3D baffle placed 8D from the endwall for the 12", 6" and 1.5"
rigs., The purpose of these tests was to compare the scaling laws for
vortices produced by the organised vorticity arising from this kind of
boundary discontinuity with the laws derived for the unmodified rectangular
channel where the vortices are produced by the separation of vorticity-

bearing fluid from the boundary surfaces.

Figs. 6. 35 to 6. 38 show photographs of flow conditions in the th;ee
rigs. Surface vortex formation always occurred on that side to which the
baffle was fixed, Although type 4 vortices were obtained on the 1. 5" and
6" rigs, no definite air core was formed in the 12" rig. Instead, the tail
of a developing vortex would suddenly break into lots of .small bubbles, some
of which were subsequently entrained. It seems that on the 12" rig, where
absolute depths were larger, the baffle did not génerate sufficiently high

rotational velocities over the whole depth of water to form a coherent air

core. This also happened to a lesser extent on the other two rigs.
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" Fig. 6.39 compares the results from thé 1. 5" and 6" rigs. There

is insufficient overlap between the readings to derive any general scaling
law for this particular scale ratio but certainly the velocity ratio values,
vy 5/ Vs are higher than for the "no baffle'’ case, having a value of 3.0

for SC/D = 0.8 (compared with 1.5 for the ""no baffle" case). This is

close to the value of 4 which would be expected for Reynolds number scaling.
Thus, because of the different mechanism for vorticity generation, a
different value of b and hence scaling law is required for modelling vortex
formation caused by upstream boundary discontinuities such as a 3D baffle.

On the basis of the limited results available, it is concluded that Reynolds

number scaling is appropriate in this case.

6.4.4 Discussion of results from the four rigs

The general form of the SC/D - VD curves for the different size rigs
shown in Figs. 6.26 to 6.28 doesnot agree with the requirements of the
consistent scaling law discussed in 3.6.5. Although vaiues of k -factor
have b_een obtained whose variation with s agrees with the theory, the
variation of b with geometric parameters and scale ratio has led to the

rather limited analysis above. Some of the points arising from the analysis

are discussed below.

The original assumption that the velocity ratio Vm”vp was simply a
function of s only has been found to be invalid over the range of flow con-
ditions tested. Vm/ Vp varies not only with the position of the intake within
the sump, but also with the submergence S/D. This variation can be
deduced from the results of refs, 67 ‘and 75, and has been discussed in
3.4.4 and 6. 3.1 in terms of the origin of vorticity in the flow and the

absolute depth of water which a surface vortex has to penetrate, Denny (67)
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attributed the form of his results to scale effect, and then went on to

propose a scaling law indepéndent of submergence, whereas the scale

effect could be interpreted as representing a dependence on submergence.

The curves of Sc/D - VD do not lie one above the other in order of
size. The only consistent trend between the three values of C/D tested
seems to be the variation of SB/D with size, the order of increasing‘SB/D
being 1:5'", 3", 12" and 6". Taking the 12" rig as the prototype, this
order is consistent with an increasing k -factor as the scale ratio s
decreases. In other words, whilst some of the 6" results are close to

once Froude scaling of the 12" rig, the lower positions of the curves for the
3" and 1.5" rigs imply increasing values of k for s = § and s = + and
hence different Reynolds number contributions. Generally speaking, the

b values are larger for s = 1 and -é- than for s = 3 (see Fig. 6.32), showing

the increasing effect of Reynolds number, and hence viscous effects, as

s gets smaller,

It seems, therefore, that the most likely explanation for the larger
k values as s decreases is the increasing importance of viscous fox;ces at
lower Reynolds numbers. This has the effect of reducing the high rotat-
ional velocities needed at a vortex core to produce a type 4 vortex. 'I‘his,
in turn, inhibits the formation of air-cored vortices and progressively

D

velocity, Vm for a given SC/D for the smaller rigs and hence higher k

depresses the SC/D - V_ curves. This would give higher values of model

values, as foun& from the experimental results. Hence, it is this varia-
tion of Reynolds number contribution with size which leadsto the discrepancy

between the theory (where b was assumed constant) and experiment.
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‘ Given the variation of k with scale ratio, it can be seen from Fig.

6. 34 that whilst once Froude-scale modelling applies at a scale ratio
around 1 : 2, there is increasing deviation from this as the scale ratio
decreases to 1l : 8. To see the error that can arise from using a once-
Froude scaling law, it is best to consider a specific example. In order
to understand this more clearly the figure below shows the Sc/D -V

D

curves for the 12" prototype and for a model, in this case the 3" rig,

12 , 3

-  Once Frovde,

Lop——ece®e = == A o e o L x

Ls ]

N : Type 4+

N : !
1 1 ] 1 ] l i 11 |

l'o lno ln‘f&

\/D ms '\/D m|s

The usual problem is:given a particular submergence, S/D, .and bell-

mouth velocity V_ on a prototype whose behaviour is unknown, use the

D
model to predict whether or not a type 4 vortex will occur on the prototype.
If the prototype S/D is 1.0, and VD is 0.8 m/s, then a once-Froude law
says that a 1 : 4 scale model should be run at 3 of the prototype velocity,
i.e. at 0.4 m/s, with S/D the same at 1.0. It can then be seen from the
S./D - V curve for the 3" rig that the model operating point is outside the
fully air-entraining vortex region, and so the model predicts no type 4
vortex. However, from the prototype 12" curve, the operating point lies
below the curve, and hence a type 4 vortex exists on the prototype. Thus,

a once-Froude law in this case under-estimates the severity of the proto-

type vortex, and the degree of deviation from once-Froude scaling varies
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with s, as can be seen in Fig. 6. 34.

Using the data on scaling factors from Fig, 6.34, a k-factor of 3. 64
is required for this sump geometry and scale ratio. Thus the model
velocity should be 3.64 x 0.4 m/s =1.46 m/s. The model then predicts

a type 4 vortex as required.

As a further point of interest, the time required to organise the
generateld vorticity into a coherent vortex has also been considered to see
if this has a size dependence. An estimate of the organisation time required
can be made by assuming that the vortex-forming process follows that of
regular vortex-shedding from a cylindei' in a steady flow. In this case,
. for the range of pipe Reynoldé number, Rd' under consideration (103 to 105)
vortex shedding occurs at a constaht Strouhal number, f, so that the

frequency of shedding, n, is given by :

S
Vw

- d

n =

- . 1 d
Thus the organisation time required = - oC v .for constant J
A

On the other hand, the time available for vortex formation before the fluid
is drawn into the intake is approximately equal to the distance travelled by

an element of water in going from the surface to the intake, divided by its

. .S
velocity. An estimate of this is v
W

By analogy with the Keulegan-Carpenter number, which gives a
measure of the time available for a wake to form behind a cylinder in the
presence of waves, a measure of the likelihood of vortex formation and

hence its stability is given by the ratio N :

N = Ltime available for vorticity organisation
time required
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Thus the larger the value of S/d, the greater the chances of organising the
vorticity into a type 4 vortex. Conversely, for a given S/d, the value of

N is constant irrespective of size because it is a non-dimensional para-
meter, and so this time factor would not be expected to affect the beha\-riour_

of the different size rigs. .

The outcome of this discussion, then, is that vortex formation in the
different size rigs is more complex than originally assum(;d in the theory
developed in 3.6. There is a variation in the Reynolds number contri-
bution as measured by the value of b, for a given size rig with different
sump geometry and submergence. Even for a given geomeltry and sub-
mergence, the value of b varies with sizé. Mathematically, this means

that instead of the simple theory used in Chapter 3 based on

m _
.—V——‘ f( S)
P
it has been found that
v'm
T = {(s, b, geometric parameters)
P

Nevertheless, it has been possible to obtain scaling laws (Fig. 6.34) from
the experimental results, which give the required degree of exaggeratioq
above Froude scale (i.e. the k factor) over a limited size and scale range.
These k values can then be directly used for scaling vortices in hydraulic

models in this range. It is uncertain, however, to what extent these values



. 125
apply to larger prototype sizes met in practice, and more prototype data

is therefore needed to investigate this. It has also been shown that the
use of a once-Froude scaling law can lead to underestimation of the

severity of the vortex which will occur on a prototype.
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“I’

1.0 [1.0
0.5 ' W 0’?
0

a) 1.5" rig .

[V

v

1.0

0.5
0

b) 3" rig

V/VW
1.0 -
- :|/ | w |
0 .
c) 6" rig
V/V .
/ w
1.0-’
0.5 )
0
d) 12" rig

Fig. 6.5 Velocity profiles across the channel at a depth of 1.2
bellmouth diameters below the water surface, constant
channel width of 2 bellmouth diameters.
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Fig. 6.6(a) Non-dimensionalised velocity contours for the 6"
rig with a 1D wide baffle placed 6D from the end-
wall, water depth 2,05D, (500mm)

v /VW ' Extent of baffle _ 2.0
1.5 1.5
1.0 | . - 1.0
0.5 0.5
0.0
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) v_~0.5
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Fig. 6.6(b) Corresponding velocity profile at a depth of
1.2D below the water surface.
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Main flow (irrotational)
Boundary layer from sidewalls
Boundary layer from suction pipe

Wake region behind pipe

Fig., 6.8 Flow regions near the bellmouth
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Type 1. At high submergences and low
velocities, there is little surface movement.
The only visible sign of a vortex is a surface
dimple. No air is entrained at this stage.

Type 2. As the dimple grows, a distinct
'tail! appears, which may or may not have
a rotating core of water beneath it. If
sufficiently strong, the vortex can ingest
‘'small surface debris even at this stage.

Type 3. At this stage, distinct bubbles
start to break off from the tail and can be
drawn into the suction pipe, hence starting
the air-entrainment process. This stage
of development results in intermittent air-
entrainment. '

Type 4. At the height of its development,
the vortex forms an open air core with the
tail extending into the suction pipe to pro-
duce continuous air-entrainment, often
accompanied by a loud gurling sound. The
surface profile follows a hyperbolic form

but is also corrugated, due.to surface waves
at the air-water interface.

Type 5. At very low submergences, the flow
pattern changes to mass rotation of the water
round the intake, and surface drawdown causes
large volumes of air to be entrained. A sub-
merged vortex may also develop. Although it
is easy to produce this condition in the labor-
atory, in practice the submergence would not
normally be allowed to reach such low values.

Fig. 6.9 Development of air-entraining
vortices,
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Fig. 6.15 Table of geometric conditions tested, and
experimentally derived values of S / D and
sump volume for 6" rig.

2.0 0.0 0.5 1.6 2.1 4,2
0.25 0.2 2.2 2.4 4.8
0.3 2.1 2.4 4,8
0.4 2.1 2.5 5.0
0.5 1.8 2.3 4.6
0.6 1.7 2.3 4.6
0.7 1.8 2.5 5.0
0.8 1.8 2.6 5.2
0. 50 0.3 2.1 2.4 4,8
0.4 1.9 2.3 4.6
0.5 1.7 . 4.4
0.6 1.6 2.2 4.4
0.75 0.5 1.5 2.0 4.0
3.0 0.25 0.5 1.1 1.6 4.8
4.0 0.25 0.5 0.7 1.2 4.8
2.0 0.25 0.5 + corner fillets 0.8 1.3 2.6
0.6 + baffle at 3D 1.8 2.4 4.8
4D 1.7 2.3
" 6D 1.7 2.3 4,6
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Fig. 6.16 Graph of critical submergence SC/D against
bellmouth velocity Vp for values of floor clearance
C/D. The area below each curve
defines the region where fully air-entraining
(type 4) vortices occur.,

i X = 250
20 , W= 2D
SC/D : : /? I i ! -
10 e !
% = -
— | i 1 -
0 1 2 3 J:. 5 -3 / 7 B 9 70 7{1 2
D m/s

Fig. 6.16(a) C =0,2D to 0.6D

i
=
~
o

1

20

1 2 -3 4 -5 7 8 9 10 n 12

Vg rn/s

Figgl6(b) C =0.6D to 0.8D
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X=-50D (530 forC=-61D)
w= 20
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Fig. 6,17 Graph of critical submergence Se/D against bellmouth
as in 6.16, but with X/D = 0.5 and C/D

1

1

-2

velocity Vp

-3 4 -5

Vs m/s 7

in the range 0. 30 to 0. 61.
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Fig. 6.18 Variation of critical submergence S,/D and critical

depth H./D with floor clearance, C/D, at values of

bellmouth velocity Vp of 0.4, 0.8 and 1.2 m/s.
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Fig. 6.19 Variation of SC/D with H /D with C/D, as in 6.18
c .
but with X/D = 0.5

20 X
| C= 50D{52 when X/D=25) 025
s, W= 2D F_....--""____."—'____._..- 050
fot /// 00 -
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Fig. 6.20 Graph of critical submergence S¢/D against bellmouth
velocity Vp for values of endwall clearance X/D in
the range 0 to 0, 75, '
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Fig. 6.21 . Variation of critical submergence Sc/D with endwall
clearance X/D at values of bellmouth velocity Vp
0f 0,4, 0.8 and 1.1 m/s.
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Fig. 6.22 Graph of critical submergence Sc/D against bellmouth
velocity Vp for various values of channel width wW/D.
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20 I
C=-52D ’_’L____
X=-25D A !
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10 < e
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1
0 1 2 -3 4 -7 B 9 10 11 12

Fig. 6.24 Effect of corner fillets on the critical submergence -
bellmouth velocity curve.
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F1g. 6. 25 _Effect of a 3D baffle placed at various positions
upstream of the endwall on the critical submergence-
bellmouth velocity curve,
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Fig. 6.29 Comparison of bounding submergence SB/D
for the four rigs,
width W/D = 2.0, endwall clearance X/D = 0.25

C/D Rig Size SB/D HB/D
0.4 1.5" 1.4 1.8
3" 1.5 1.9
6" 2.1 2.5
12" - 1.6 2.0
0.6 1.5" 1.1 : 1.7
q" 1.4 2.0
6" 1.7 2.3
12" 1.6 - 2.2.
0.8 1..5" 1.1 1.9
3" 1.2 2.0
6" 1.8 . 2.6
12" 1.4 2.2
0.6 + 1.5" 1.0 1.6
baffle at 6D
6" 1.7 2.3
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Fig. 6.30 Graph of log S,/D

S /D

1-

0.2

0.4

Vv

D

0.6 0.8 1.0

m/s

2.0

against log V for the various size

rigs and hence various values of bellmouth diameter

D.
3.0
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Fig. 6.31 Graphof log S_/D against log D for various values of

bellmouth velocity Vp.

gence Sg/D have been plotted by circles O.

Values of bounding submer-
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Fig. 6.32 Table of values of velocity ratio Vm/Vp = f(s), k(s)
' and b for values of critical submergence S./D in
the range 0. 6 to 1.2 and floor clearances C/D of
0.4, 0.6 and 0. 8.
S /D
0.6 0.7 0.8 0.9 1.0 1.1 1.2
C/D = 0.4
(7 1.06 1,09 { 1.14 1.13 1.16 1,20 1.22
(%) 1.39 1.50 { 1.59 1.98 2.33 2.59 2.76
f(3) 1.16 1.24 | 1.32 1.53 1.95 2. 39 2.76
k(3 1.54 1.54 { 1.61 1.60 1.64 1.70 1.73
k(%) 2.178 3.00 | 3.18 3.96 4, 66 5.18 5.52
k(+) 3.28 3.51 | 3.73 4.33 5.52 6.76 7.81
b{2) 0.171 0.91
b(%) 1.13 3.11
b(%) 0. 62 1.26
c/D = oif. 6
£(3) 0. 1717 0.86 { 0.98 1,07 1.18 1.31 1.36
£(3) 1.26 1.43 | 1.60 1,72 1.82 1,90 1,86
f(+ 1.07 1.23 | 1,47 1.72 1.97
k(%) 1.09 1.22 | 1.39 1.51 1.67 1.85 1.92
k(L) 2. 52 2.86 | 3.20 3.44 3.64 3.80 | 3.72
k(g) . 3.03 3.48 | 4.16 4, 86 5.57
b(%) 0.23 1.00
b(%) 1.02 1.71
b(L) 0. 62 1.27
C/D =0.8
£(3) 0.65 | 0.61 | 0.61 0. 62 0.64 | 0.87 | 0.67
(%) 0.75 0.76 | 0.90 1,04 1.18 1.25 1.26
f(1) 1.14 1.12 | 1.20 1,30 1,44 1.61
k(%) 0. 92 0.86 | 0.86 0. 88 0.91 0.95 0.95
k() 1.50 1.52 | 1.80 2.08 2. 36 2. 50
k(L 3.22 3.17 | 3.39 3.68 4,07 4,55
b(3) -0.70 | -0.12 {-0.10 |-0.08
b(%) 0.23 0.68 .
b(g) 0.53 0.79
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Fig. 6.33 Plot of velocity ratio V3/V12 = f(3) against critical
submergence for values of floor clearance C/D of
0.4, 0.6 and 0. 8. '
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CHAPTER 7

EXAMPLE OF A MODEL STUDY

LY

7.1 Introduction
'I‘he; practical problems encountered in an actual model study are

discussed in this chaptelr. The study concern;cs the recirculating cooling

water intake structure at the Kori nuclear power station and is reported in

L]

more detail in refs. 17 and 72, There were two sumpé invoived, unit 1
and unit 21, and both involved aspects of ﬁultiple pump suiﬁp design and
free surface vortex formation relevant to the general research programme.
A photograph of the combined model, which was built to a scale 1:15, is
shown in i“ig. 7.1 with unit 1 on the right-hand side and unit 2 on the left.
I

7.2 De]écription of Kori unit 2

This unit is discussed first, since it is an i.llustration of the more
usual and preferred order of events: initial design—model study —design
modiﬁca!:ions—r-prototype construction. In actual fact, unit 1 was built
first, so?the design of unit 2 was influenced to a certain extent by the exis-
ting structure for unit 1. In unit 2, sea water flows through two rectangu-
lax; culverts (bottom, centre Fig. 7.1) into a common forebay which serves
both unit;. The flow then passes through four vertically suspended pumps
to a discharge culvert. The nominal duty of each pump when all four
pumps ar"e in oﬁeration.is 141,000 UK gpm (10.7 mafs), increasing to
181,000 UK gpm for one-pump operation. It was assumed that the bell-

mouth diameter would be 90" (2.3m) as for unit 1.

At the initial design stage, it was decided that a unitised sump design

would be preferable to an open design, since each pump "cell" would then
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be unaffected by different combinations of pump and bandscreens in

Operation-; The various geometric parameters for the sump (see 4. 3. 4)
closely Ioilow those recommended in refs. 1 and 2, The channel length
was a compromise between good approach flow and minimum excavation
costs. A plan view of the initial model design is shown in Fig. 7.2, and
it can be seen that the design of each pump bay is similar to that used in

the experimental rigs described in Chapter 5.

The model was built to a linear, undistorted scale of 1 to 15.
Materials:used were plywood and per spéx to allow easy observation of flow
conditionsi. The shape of the bandscreens and their exit ports were cor-
rectly modelled and wire mesh of 50% blockage was used to model‘ the pro-
totype scr;een material. Each of the four pumps was represented by four
vertical lengths of perspex pipe, each having a géometrically scaled fibre-
glass bellmouth (fig. 7.3). A vortometer was placed in each pipe just
above the bellmouth to indicate the degree of swirl in the approach flow to

the pump impeller.

In order to model vortex formation, past experience at BHRA suggested

that a veiocity exaggeration above Froude scale of 1.5 times Froude scale

velocity would be adequate for this model scale, i.e, the multiplying factor

k =1.5 and
4 1
2 = 1.5(1/15)% = 0.39
v
P
and
Q
2 = 1.5(1/15)5/2 = 0.0017
9

Thus, for any given pump combination, the model flow rates, Q

and bellmouth velocity VD, were fixed. Observations were made of
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surface vortices, submerged vortices and swirl for various water levels

covering the normal tidal range expected on the prototype. The most
detailed tests were done at the lowest level where vortices would be most

severe,

It wéas found that the initial sump design gave very little surface vor-
tex activi’;y. However, there was a high degree of swirl and strong sub-
merged vqrtices due to the high velocity jets issuing from the bandscreens.
These attached to one side of the pump chamber, leading to asymmetric
approach flow. This shows the importance of uniform approach flow, even

when sump dimensions follow recommended design practice.

The‘ﬁnal design (Figs. 7.4 and 7. 5) incorporated a bandscreen
splitter w;all to give a more uniform velocity distribution across the chamber -
and a bel]:mouth splitter to reduce submerged vortex activity. The short
diffusersfat the bandscreen exits were not eiffective and thus removed.

Also, it is interesting to note that in this sump design, the corner fillets
encourag:ed the formation of submerged vortices and were thus also removed.
The usual reason for fitting corner fillets is to reduce the critical submer-
gence, bL:It in this case, there seemed to be sufficient submergence anyway

at the lower level to prevent air-entraining surface vortices.

7.3 Deécription of Kori unit 1

This unit was the first one to be built on site. It was designed with-
out the aid of a model study and on commissioning of the pumps, there was
considerable noise and vibration reported, together with gearbox failure,
Since there were some doubts about the hydraulic design, BHRA was asked
to conduct a model study to investigate and improve on the hydraulic con-

ditions in the existing sump. Extensive modifications were required, and
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these, together with stiffening of the motor supports, eventually enabled

the power station to reach 100% generating capacity. The economic impli-

cations of bad hydraulic design have been discussed in Chapter 2.

’:Phe original design of unit 1 is shown in Fig. 7.6. Water in the
forebay passes through five travelling bandscreens into an open sump.
Then, four vertically suspended, mixed flow pumps discharge the water
into a discharge culvert. The nominal duty of each pump is 138, 000 UK
gpm (10.5 msjs), with a bellmouth diameter 90" (2.3m). Because of the
open design, the effect of closing any one bandscreen, together with differ-
ent combinations of 4, 3, 2, or 1 pump in operation, was pronounced, and
therefore all 66 possible combinations were tested in the final design at the

lowest storm tide level. .

The model scale was again 1 to 15, and its construction was similar
to that of unit 2. Also, most tests were done at 1.5 times Froude-scale

velocity, though selected check tests were also made at other velocities,

It was found that a major factor responsible for the unacceptable
hydraulic conditions in the sump was the short distance between the band-
screens and the pump centreline. This meant that the expanding jets from
the bandscreen outlets did not have sufficient distance to dissipate excess
energy and even out non-uniform velocity distributions before reaching the
pumps. Furthermore, the large clearance of 1. 37D between the pumps
and the endwall allowed surface vortices and swirl to develop. Also, the
three roof support pillars were very close to the line of the pumps so that

when there was flow past the pillars, vortices were shed which could enter

the pump-intake.

The final recommended suinp geometry is shown in Figs. 7.7 and
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7.8. This design emerged after numerous intermediate modifications had

been tested and found to be unacceptable in one way or another.

The main features of the final design are :-

a) Decreased rear wall clearance - the distance between the rear wall and

the bellmouth 1ip is 0.3D, D being the bellmouth diameter, compared

with 1. 37D in the original design.

b) Rectangular bays - these are of width 2D (slightly narrower for pumps
A and B), height 9.0' (2.74 m) and help to achieve symmetry in the flow
approaching each pump, regardless of the combinations of pumps and

bandscreens in operation,

c) Horizontal shelf - this lies on top of the béys and acts as a horizontal

roof, 9,0' from the sump floor. To facilitate removal of the complete
pump unit, an annular gap exists between the pump column and the shelf,
The shelf reduces the occurrence near the pumps of strong surface vorti-
ces wh\ose tails would otherwise enter the bellmouth and entrain air con-

tinuously.

d) Vertical bar screen - it was also found necessary to fix a screen of 50%

blockage across the entrance to each pump bay. This reduces the inten-
sity of, and breaks up the 'tails' of the remaining vortices which cannot
be completely eliminated. Furthermore, the screens are effective in

reducing the turbulence and non-uniformity of the flow conditions to each

pump.

7.4 Relevance to the hydraulic design of multiple pump sumps
The above two sections on units 1 and 2 bring out several interesting
features that arise in an actual model study, and influence sump design for

multiple pump sumps. Firstly, it was seen that not only surface vortices
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have to be eliminated but also submerged vortices and swirl. It is un-

certain to what extent the latter two affect pump performance, but they
should be minimised as far as possible. A recent paper (85) concluded
that intermittent submerge@ vortices gave rise to only slight vibrations in
the lower pump casing of about 4 mm at a frequency of 10 Hz. This was
based on prototype measurements and observations of a 1 to 10 scale model
run at once-Froude scale velocity. It was not considered necessary in

this case to eliminate the submerged vortices.

Secondly, the model study shows the importance of having a uniform
approaéh flow: The various recommendations given in design guides will
only give all-round satisfactory hydraulic performance if there is uniform
appraa ch flow; hence the desirability of a unitised design in situations
where one or more pumps and/or the bandscreens may be out of operation.
In addition, a large distance between the bandscreen exit ports and the line
of the pumps is necessary in order to obtain uniform flow. In more severe

cases, as in unit 1, a full-width vertical grid may also be necessary.

In the unitised sump design, the length of straight channel required
for uniform flow is very sensitive to the firs'.t upstream disturbance (6, 3. 5)
and will vary for different bandscreen designs (1). It seems that with the
design used in units 1 and 2 where the approach flow turns through two
right-angles and enters the pump chamber as a high velo'cj:ty jet, an exces-
sively long channel is needed for ‘uﬁiform approach flow. A better desién
would be a full-width, through-flow bandscreen where the flow direction is
not turned from its original direction. Subsidiary tests in unit 1 ‘(17)
showed that a compromise design between an open sump and unitised sump,
whereby each pump bay wall is full-depth and extends for a straight length

of 2D (as in Fig. 7.7 but without the vertical grid) is not satisfactory.
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Alir-entrainment from vortices shed off the bay nosings becomes a problem

together with submerged vortices for asymmetric pump /bandscreen com-

binations. Thus it is important to have an adequate length of pump bay.

Limited tests on submergence requirements and the effect of varying
the endwall clearance, X/D, were made, the former for unit 2 and the
latter for unit 1 (original design), in order to compare the behaviour of
multiple pump sumps with the single "cell" described in the previous
chapters. Fig. 7.9 shows the variation of critical submergence SC/D,

with bellmouth velocity V_, for one pump running in the multiple pump

D
sump of unit 2, with the bandscreen removed and a simulated pump casing
as opposed to the straight suction pipes used in the experimental rigs. As
with the single pump sump, SC/D increases with increa‘sing VD but at the
higher velocity limit of these test results, no definite type 4 vortices were
observed due to surface disturbance and high turbulence levels. It is
interesting to note that at1.5 times Froude-scale velocity (Vp=1.24 m/s),
the critical submergence SC/Dle which is substantially lower than the
minimum available submergence of 1. 9D and the value of 1. 5D recommended
in ref. 1. This implies that the floor level need not have been set so deep
and that a model study at the design stage, after determining the optimum
floor level, could have significantly reduced excavation costs. It is uncer-

tain what the effect of the shape of the pump casings is, and this is an area

needing further work.

The effect of changing X/D from 0. 35 to 0. 67 is shown in Fig. 7.10,
obtained from the original open sump design of unit 1, with all bandscreens
removed and replaced by a full-width perforated metal screen at the entrance
to the bandscreen chambers and with the three support pillars also removed.

All four pumps were running, and the occurrence of a type 4 vortex at any
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pump was recorded. The results show an increase in Sc/D as the end-

wall clearance is increased, showing the importance of minimising X/D to

eliminate surface vortices in this design.

7.5 Discussion on scaling laws for free surface vortices

Scale models can be used to obtain information on scaling laws. .
The procedure would be to obtain a comprehensive SC/D - VD curve on the
model, and then to repeat this as far as possible for the prototype. In

practice, V_ is fixed on the prototype by the operating duty point of the

D
pumps, so it is only possible to observe vortices with a variation in S/D.
Plans are in preparation for this for the Steenbras pumped storage scheme,
which has been extensively model tested (21) though prototype tests will

concentrate on optimising the size of the installed anti-vortex grids, as

discussed in Chapter 2.

A limited amount of prototype information is available on the initial
behaviour of Kori unit 1 from reports of engineers who were present on site
at that time (86), Pump A, running by itself failed first after only a few
hours running, followed by C by itself after 200 hours. The only other
combination tried was B and D together which was also unsatisfactory.
However, it should be noted that no accurate information is available on the
type of vortex ‘that was present (since the sump is covered over by a con-
crete roof), the flow rates or the‘water levels during this commissioning
period. Furthermore, one possible reason for the failure of the pumps

was faulty gearbox construction and design.

Nevertheless, when these four observations are compared with
results from the model (original design) for various scale velocities,

shown in Fig. 7.11, it can be seen that type 3 and type 4 vortices occurred
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on the model for velocities of 1.5 Froude scale and above for pump A alone,

and at Froude scale and above for pumps B and D together. They were
not observed for pump C alone. The tentative conclusion is that for a
scale ratio of 1 to 15, a minimum model velocity of 1.5 times Froude scale
is required to model air-entraining vortices, assuming these are the major
cause of f‘ailure. This conclusion is not inconsistent with the scaling laws

given in Fig. 6. 34.

Another point of interest is to see if the scaling laws derived in
6. 4. 2. ca;n be applied to this 1 to 15 scale model. The experimental
results sl;own in Fig. 6. 34 only extend to a scale ratio of 1 to 8, but extra-
polation of the curves to higher scale ratios suggest k-factors considerably
higher th%m the value of 1.5 actually used:. Fig. 6.34 would Ibe expected to
apply to l'mit 2 where the unitised design is similar to the sump geometry
used in tfle experiments, and it may well be that, provided the free surface
was not éxcessively distorted and turbulent, the higher k values would be
correct :for vortex modelling. However, in this situation where the first
upstream disturbance is due to a bandscreen, an excessive head drop

| :

across tine bandscreen would develop as the model velocity was Increased,

thus -artificially disturbing the free surface and suppressing vortex form-

ation.

The geometry of unit 1, and hence the source of vorticity is quite
different from that in the experiments. Asymmetry in the approach flow

is the major factor, and so the scaling laws plotted in Fig. 6. 34 would not

apply.

Thus on the basis of limited data on prototype performance of unit
1, it has been found that a minimum model velocity of 1.5 times Froude

scale was necessary to model air-entraining vortices for a scale ratio of
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1 to 15. This k-factor of 1.5 is, however, less than that found from

extrapolating the experimental results of Fig. 6.34. This discrepancy
is to be expected for unit 1 because of the different source of vorticity as

compared with the experimental rigs.
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i 3 Jiew of bellmouth and pump caging partially cut awa)
chow the vortometer (used for measuring swirl).
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Fig. 7.11 Tests on original design of No.1 unit for various
- Froude scale velocities and pump combinations

at a constant submergence, S/D, of 2.0

Pump Scale Surface Submerged vortices Swirl in
Combination velocity Vortices (No. of cores in 1 min} RPM
A 1.0Fr 0/1 None 15 (A)
1.5Fr 2/14,) . 37
2.0Fr 2/3 " 40
2.5Fr 2/3 " 50
3.0Fr 3/4 " 63
B 1.0Fr 0 None 29 (A}
1.5Fr 0/1 + wispy tail " 29
2.0Fr 3/ (4) . 49
2.5Fr 3/ 14) " 50
c 1.0Fr o7 (1) None 12
1.6Fr 1/(2) " 3
2.0Fr 1/ {2) \ 6
2.5Fr 1712} u
D 1.0Fr 1/ (2} None 3
1.6Fr 1/2 + wispy tail " 4
2.0Fr 3/ (4) 0 9
2.5Fr 3/a “ 9
EC 8 1.0Fr 2/ 14} None )
c 0 i 45 {A)
B 1.5Fr 2/ (2) None
c 2/(3) Transient, 150
distinct
B 2.0Fr {3/4) None 120
c 1/2 Persisent, 144
distunct
8D B 1.0Fr 0 None ()
D 2/(3) Transient, wispy 12 (A)
B 1.5Fr on None
D 2/3 persistent, 168
distunct
B 2.0Fr 0 + odd bubble fram None :
vortex at D
D 3/4 persistent,
disunct
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK

As explained in the introductory chapter, this research programme
was started in order to investigate various aspects of intake design, in
particular pump sumps, and to derive scaling laws for modelling free sur-
face vortices. This would enable the sponsoring organisation, BHRA, to
provide better consultancy services and cost-effective model studies,
leading to more reliable and economic operation of prototype schemes by
BHRA's clients. Considerable progress has been made in meeting some
of the original aims of the research programme and the conclusions from
the work described and discussed in the preceding chapters, together with
suggestions for further work, are given below under the headings 1) economic
considerations, 2) origin of vorticity, 3) hydraulic intake and sump design

4) scaling laws, and 5) further work.

8.1 Economic considerations

It has been shown in Chapter 2 that it is important to get the hydraulic
design correct at an early stage, even if it forms only a small part of a
particular scheme, and that in certain circumstances, a model study is
advisable to be certain of trouble-free performance of the whole scheme.
Examples of the adverse effects which can occur when no model study is
carried out have been discussed in terms of loss in hydraulic performance,
mechanical damage and cost of delays. The consequence of one or more
of these factors can give rise to financial penalties running into millions of
pounds, and out of all proportion to the cost of the hydraulic intake itself.

On the other hand, the cost of a model study has been shown to be only a
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small percentage, usually, of the total cost of the real-life scheme, and

furthermore, design recommendations arising from the model study can
reduce construction costs. Thus, there are real, economic benefits in
considering the hydraulic design at an early stage, and then commissioning

a model study if the intake design is non-standard.

8.2 Origin of vorticity

It was suggested in Chapter 3 that the growth and separation of the
boundary layer from the suction pipe was the main source of vorticity in
the common rectangular sump geometry with a vertically suspended pump
where there was no obvious asymmetry in the approach flow. The boundary
layers developed along the sidewalls and floor play only a subsidiary role.
Observation of flow patte.rns and the experimental results obtained for
various geometric clearances have been explained using these new ideas,
and they confirm that the observed direction of rotation of the surface
vortices is the same as that expected from vortex shedding from a circular
cylinder.

It was concluded that air entrainment would only occur if the net
vorticity derived from the boundary layers was sufficiently organised to
produce rotational motion which was capable of reducing the local pressure
within the fluid to atmospheric. With increasing submergence, the vortex
strength would therefore have to be increasingly large and this was found
to be the case in practice. The existence of a bounding submergence,
however, suggests that the vorticity is no longer organised over the whole
depth, as the depth and channel velocity increase, and this is attributed to

the finite correlation length of shed vortices.

Comparison of extrapolated values of bounding submergence with
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predicted.values from Swainston's mathematical model shows substantial

discrepancies, and is explained by the fact that the mathematical model,
in representing the suction flow by a point sink, does not take into account
the effect of the suction pipe itself, a factor which has been shown to be of
major imé)ortance in a rectangular sump geometry. Thus, whilst the
mathema’;ical model is a useful contribution in describing vortex formation
in a large, stepped sump, it cannot be directly applied to the case of a
suction pipe placed at the end of a narrow rectangular channel.
}

8.3 Intake and sump design

This has been considered with reference to a commonly found sump
conﬁgura%ion, that of a xfertically suspended pump placed at the end of a
rectangul';r channel. Comprehensive data on sump design has been obtained
for the m|05t important geometric parameters using a suction pipe with a
bellmoutj': of diameter 244 mm. This rig was designed to cover the range
of bellmouth velocities and water depths (non-dimensionzilised) met in

practice. These results have been plotted to show the variation of critical

submergénce with bellmouth velocity.

The experimental data generally confirm the recommendations of
ref. 1, but some of the optimum values found from experiment depend on
bellm.out‘h velocity, a factor which is not considered in ref, 1, For
example, it was found that a pump position close to the endwall gave least
submeréence requirements at low bellmouth velocities, but at higher
velocities a value of 0. 75D for the endwall clearance was best. The
effectiveness of corner fillets as an anti-vortex device has also been dem-
onstrated, together with the effect of upstream boundary changes. Thus,

the data given in Chapter 6 provides useful information for sump designers
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and for BHRA when advising on sump design.

: |
One further point arises from the conclusion given in the previous

section that the suction pipe (or pump column in real-life) is the major

source of vorticity. If this is so, then it would be expected that a hori-
zontal intéke placed in the endwall so that there would be no suction pipe
obstructing the flow, would lead to reduced surface vortex formation and

hence, reduced submergence requirements.

T

This is borne out by one of the recommendations in ref. 1 for a

horizonta';i intake specifying a minimum submergence of one bellmouth

diameter (as opposed to 1.5 bellmouth diameters for a vertically suspended

bellmouth intake). However, more detailed work is required in this area
to see which configuration gives the least sump depth requirement and

construction costs.

|

8.4 Scalling laws

Thé original aim was to derive a general scaling law for modelling
free- sur;{ace vortices. The approach adopted was to usé four geometric-
. ally similar models with bellmouth diameters 61 mm, 122 mm, 244 mm
and 488 ﬁ1m, and to record vortex formation on each rig. A new mathe-
matical form of scaling law has been developed, based on a Froude and
Reynoldé ‘number contribution which provides the theoretical basis for a
general scaling law. This mathematical function was chosen so that it
was internally consistent, i,e. it could be used both to scale up as well

as scale down. This requirement is necessary for any scaling law if it

is to have any physical meaning,

It was decided to formulate the law as a velocity ratio of model to

prototype velocity, since this would be the form most convenient for

T e . Skt S R 1 R e e oo

ry 2 e Mt TR
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immediate application to any scale model., Based on past experience at
BHRA, it was assumed that this velocity ratio was a function of scale

ratio, s, only i.e.

Vm
v - f(s) = k(s) s

p

B

where k is the Froude scale multiplying factor. The form of f(s) and

t

k(s) is dependent on a quantity called b which was to be found experimentally

from the results of the four rigs.
i

From analysis of the results of the four rigs, it was found that a
unique value of b did not exist for the flow conditions and scale range
tested. Furthermore, the value of the velocity ratio was found to depend

not only on s but also on geometric parameters stich as floor clearance and

submerg?nce, i.e.

v
_V_m = {(s, b, geometric parameters)

P

It was not possible to correlate the various values of Vm/Vp and b to

obtain the form of the function f.

However, wﬁat has been obtained is a set of curves giving the appro-
priate k-factor for a scale ratio up to 1 : 8 for various floor clearances and
submergences. These will have direct application to models operated in
this size .range, though application to larger prototype sizes-wﬂl require
further work on prototype data collection. Limited prototype data given

in Chapter 7 give a minimum value for k which is not inconsistent with the

values deduced from the experimental work.




. 179
8.5 Further work

Although this thesis has made a contribution to an understan.ding of
the origin of vorticity, no attempt has been made to give a rigorous mathe-
matical analysis. However, this will be necessary in order to obtain
values of vorticity in a fluid, and hence to predict the onset of air entrain-
ment, Further work is needed in this area, together with careful measu-
rements of vortex parameters in a practical configuration such as a
rectangular pump sump. This should be possible with the increasing use
of high speed computers for numerical analysis as well as more SOphistiéated

technology such as the laser doppler anemometer.

The work on scéling laws has been mainly experimental, with some
theoretical considerations based on a physical undérstanding of hydraulic
| modelling. However, the scope of thé results is limited by the size of the
largest rig, which in turn is restricted by laboratory space, facilities,
ease of operation, and cost. Thus, further practical work in this area
should concentrate on collecting prototype data on vortex formation for
comparison with model data and this is being planned by the author for the
Steenbras pumped storage scheme (21). Where it is not possible to actually
see the degree of air-entrainment of a surface vortex, then noise and

vibration measurements at the pump itself would be necessary.

The experimental work has concentrated on type 4 vortices, i.e,
fully air entraining vortices. Further extension of the work is suggested
to cover less severe types of vortices, since in some applications, no air-
entrainment is permissible at all and so a scaling law for non-air-entraining

vortices or those just on the verge of entraining air, is required,

In the area of sump design, the logical extension to the work already

LTI ERRS
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carried out would be to test a horizontal intake, the so-called "dry well"
sump, and to investi_gate its submergence requirements over a range of
velocities and sump geometries to see if it is a better design hydraulically
than the verticall, suspended intake. In addition, because of the conclusion
that the suction pipe is the main source of vorticity, it would be worthwhile
investigating the effects of different shapes of pump casing and the effects
of fins and roughening elements added to the surface of the suction pipe.
These could prove useful in reducing vortex activity and so aid the design

of the common rectangular sump with a vertical suspended pump.

This thesis has concentrated on surface vortices, whereas it has
already been noted that submerged vortices and swirl are also a problem
at hydraulic intakes, The effect of sump geometry on these two phenomena
shouid therefore be investigated in order to establish what degree of sub-
merged vortex activity and swirl is acceptable to any given prototype pump,

and then to correlate this with observations on a model.

Lastly it should be noted that the pump and its casinghave been
represented simply by flow through a suction pipe. However, it is possible
that the presence of a rotating pump impeller can influence flow conditions
upstream, and hence éggravate swirl or vortex strength. Thus, tests with
a model pump in the suction should be carried out, and the results compared
with the "no-pump'' case to see if there are any pre-rotation effects. If
all this can be done, then it will be possible to predict the behaviour of a

prototype intake with greater accuracy and confidence than at present.
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Appendix B: Table of bellmouth velocity, VD' values and corresponding -

channel velocity, Vw, values.

W =2Dp 8./
X =0.25D 0.4 05| 06 ]o07}08})oe 1o |11 |12{13]1sl1s5]1s
C = 0.4D
1.5" 0.30] 0.36 | 0.42/0.49 { 0.61 {0.84 [1.10 | 1.34
3" 0.25] 0.35}1 0.43 | 0.51 }0.59 | 0.79 |1.00 |1.19 | 1.35]1.47 | 1.57
Vb 6" | 0.33 | 0.37 | 0.42 | 0.45 {0.50 | 0.55 | 0.60 | 0.65 | 0.71| 0.77] 0.82
' 12" 0.25 | 0.28]0.31 | 0.324|0.37 | 0.40 {0.43 | 0.46 | 0.49|0.52 | 0.55| 0.64| 0,84
C = 0.6D
1.5" 0.31 1 0.39(.0.46 | 0.51]0.66 | 0.81 |0.96
vD 3" 0.42({ 0.54 { 0.63|0.72 { 0.81 {0.89 | 0.97 { 1.04{1.16
A 0.33 | 0.36|0.44 | 0.50 | 0.58 | 0.67 | 0.76 | 0.85 { 0.94| 1.01{ 1.07
12" ! 0.42]0.43 | 0.44 |/ 0.45 | 0.47 {0.49 ] 0.51 | 0.56 | 0.71 | 0.97
C = 0.8D
1.5" 0.33] 0.54]0.65 { 0.74]0.85} 0.97 {1.12 | 1.35
v 3" 0.33]0.43 | 0.50 }0.64 | 0.77 lo.92 |1.05 | 1.20
D [ 0.31 | 0.34/0.37 | 0.40 {0.43 | 0.46 |0.50 | 0.56 | 0.64]0.70 | 0,77 | 0.85] 0.94
12" 0.57 | 0.66 |0.71 | 0.74 |0.78 | 0.84 | 0.95 | 1.13
C = 0.4D 1
1.5" 0.13)0.14 } 0.15 | 0.16 ] 0.18 ]0.24 | 0.29 | 0.33
v 3" | 0.12 | 0.15}0.17 | 0.18 [0.19 | 0.24 |0.28 | 0.31 | 0.33
W g" ! 0.13 | 0.13 |0.14 | 0,14 |[0.14 | 0.14 | 0.15
12" 0.12 | 0.12}0.12 {0.12 |0.12 [o0.12 [0.12 | 0.12 | 0.12 | 0.12 | 0.12 | 0.13] 0.17
C = 0.6D
1.5" 0.12 [ 0.14{0.15 [ 0.16 {0.19 | 0.21 {0.24
v 3" 0.15{0.18 { 0.19 {c.20 [0.21 {0.22 [ 0.22 | 0,27
w & 1o.11 {o0.12 {012 {0.13 }0.14 | 0.16 | 0.17 {0.18 | 0.19 | 0.19] 0.19
12" 0.15/0.14 | 0,13 /0.13 | 0.12 |0.12 | 0.12 | 0.12 {0.15 | 0,19
C = 0.8D
1.5" 0.11 | 0.16 |0.18 | 0.19 {0.21 |0.22 {0.24 | 0,28
v 3" 0.10 {0.12 { 0,13 |0.16 |0.18 |0.20 | 0.22 | 0.24
w 6" 0.10 | 0.10 |0.10 | 0.11 {0.11 [o0.11 fo.12 Jo0.12 0,13 J0.13 |0.13} 0.15 ] 0.15
12" 0.16 [ 0,17 {0,17 |0,17 {0.17 |0.17 | 0.19 {0.21




APPENDIX C

STRAIGHT LINE FITTING USING CORRECTED
VELOCITIES (Vm - v) and (Vp -v)

As discussed in 6.4.2 an alternative method of obtaining a constant
velocity ratio Vm / Vp is to correct the velocities by subtracting a quantity,
v, and then take the ratio of the corrected velocities. This leads to a

scaling law of the form

Vm -V
-{f——_:-;r_ = const. = B
b
Vm = B v(B - 1)
v - v
P P

“The values of B a.nd v have been found by fitting Vm/vp and I/Vp
values to a straight line, using a programmable pocket calculator, and
the results and data for one geometry (C/D = 0.8, ' X/D = 0.25, W/D = 2)
are given in fig, Cl1. The laws are only valid for the range of Vp tested
(otherwise Vm/‘vp could become negative which would be meaningless in
practice).

Values of the Froude scale multiplying factor, k, and-Reynolds
number contribution coefficient, b, have also been calculated by taking B
as the value of the (corrected) velocity ratio. It can be seen that the value
of b is not a constant, and furthermore, there is no obvious correlation
between the values.of v for correcting the velocities. Hence, this method,
being more complex than the alternative discussed in 6.4.2, was not

developed further.



Fig. C.1 Scaling Laws derived from corrected
velocities (V - v)
C = 0.8D
Vio 1/Vyg Ve/ V12 V3/Viz TIALY
0.57 1.75 0.65 0.75 1,14
0.66 1.52 0. 61 0.76 1.12
0.71 1,41 0.61 0.90 1.20
0.74 1,35 0. 62 1.04 1.30
0.78 1.28 - 0. 64 1.18 1.44
0. 84 1.19 0. 67 1.25 1.61
0.95 1.05 0. 67 1.26
Scale Derived scaling law Other parameters
Ratio
- v = - 2.45
_ m _ 0. 05 B =017
s=1/2 v.o-0n-y k = 1.00
P P b = 0.00
v v = 1.81
_ m _ 0. 90 B = 2,24
s=1/4 v, M-y k = 4.48
p P b = 2.80
v v = 1.68
_ m _ 0. 82 B = 2.46
s=1/8 v.oT -y k = 6.96
P P b = 1.81
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