INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the uniikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6° x 9° black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






University of Alberta
Design of an Annular Mixing Jet Pump
by

©

David Lennard deJong

A thesis submitted to the Faculty of Graduate Studies and Research in
partial fulfillment of the requirements for the degree of Master of Science.

Department of Mechanical Engineering

Edmonton, Alberta
Spring 2002



Bl S duCansds "

uisitions and Acquigitions et .
ibliographic Services  services bibliographiques
Ottawe ON K1A ONA Otwa ON KT 0N
Canada Canada
Yo fis Votre réédrence
Our fle Nowe réédrence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

0-612-69797-5

Canadi



University of Alberta

Library Release Form

Name of Author: David Lennard deJong
Title of Thesis: Design of an Annular Mixing Jet Pump
Degree: Master of Science

Year this Degree Granted: 2002

Permission is hereby granted to the University of Alberta to reproduce
single copies of this thesis and to lend or sell such copies for private, scholarly,
or scientific research purposes only.

The author reserves all other publication and other rights in association
with the copyright in the thesis, and except as hereinbefore provided, neither
the thesis nor any substantial portion thereof may be printed or otherwise
reproduced in any material form whatever without the author’s prior written

permission.

David Lennard deJong
8308 152A avenue NW

31 Jahuar 7002 Edmonton, Alberta,
] Canada TS5SE 3B2




University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Fac-
ulty of Graduate Studies and Research for acceptance, a thesis entitled De-
sign of an Annular Miring Jet Pump submitted by David Lennard deJong
in partial fulfillment of the requirements for the degree of Master of Science.

Wrdson (Advisor)

J e Ll vl ‘;
Dr. J. Sz arI?(x
&/77,,0;“../

Dr. R. W. Toogood

28 Januar)' 2042



The Country of the Young

A.Y. Jackson for instance
83 years old
halfway up a mountain
standing in a patch of snow
to paint a picture that says
“Look here
You've never seen this country
it's not the way you thought it was
Look again”
And boozy traders
lost in a dream of money
crews of homesick seamen
moored to a China-vision
hunting the North West Passage
they didn't see it either
The colours I mean
for they're not bright Gauguin
or blazing Vincent
not even Breughel's “Hunters in the Snow”
where you can get lost
and found in five minutes
-but the original colour-matrix
that after a giant’s heartbeat
lighted the maple forests
in the country south
You have to stoop a little
bend over and then look up
~dull orange on a cliff face
that says iron deposits
olive leaves of the ground willow
with grey silver catkins
minute wild flower beacons
sea blue as the world’s eye-
And you can’t be looking for something else
money or a night’s lodging on earth
a stepping stone to death maybe
or you'll never find the place
hear an old man's voice
in the country of the young
that says

“Look here—"

-Al Purdy



for Marcella, who may never understand why I did this,
and for Victoria, who some day just might



ABSTRACT

A type of jet pump called the annular mixing jet pump was in-
vestigated. It uses multiple jets flowing into an annulus formed
between two concentric pipes, with the jets parallel to the pipes.
The secondary flow travels radially inward toward the pipes, then
turns through 90° to align with the annulus and mix with the jets.
Experiments were conducted in water with a model sectioned lon-
gitudinally in half. The effects of four parameters were studied:
the nozzle to throat separation, the jet inlet pressure, the nozzle
to throat area ratio, and the number of jets. The annular mixing
jet pump exhibits performance similar to a centre jet pump, ex-
cept that it is strongly affected by the number of jets. The model
had a very low area ratio, making it very resistant to cavitation.
The use of a one-dimensional computer simulation to design this
type of jet pump is discussed along with favourable comparisons

with the experiments.
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NOMENCLATURE

o kinetic energy correction factor
€ervnnnn. ettt e surface roughness height, cm
P shape factor for non-circular ducts
7 e ..dynamic viscosity, g/(cm - s)
Veerrrnnn e, e, kinematic viscosity, cm?/s
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S friction factor
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CHAPTER 1

INTRODUCTION TO THE JET PUMP

1.1 Introduction

The jet pump, also known as the eductor, is commonly used throughout
the world. These devices have very simple construction, contain no moving
parts, and can be manufactured from a wide variety of materials. Their
applications are numerous, ranging from simple domestic water pumping to
use in advanced aerospace vehicles and nuclear reactors.

This thesis describes research performed with a type of jet pump called
the annular mixing jet pump. The work included experiments with a model
of the annular mixing jet pump, and the development of a one-dimensional
computer simulation which could be used to design this type of jet pump.

In this chapter, the jet pump is introduced. A brief discussion of its
history and theory of operation is given, followed by an overview of several

different jet pump designs and applications.
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1.2 History and Terminology of Jet Pump Design

The history of jet pumps has been developing for over 150 years, when the
earliest known work describing the jet pump was published (Thomson, 1852).
The theoretical foundation for jet pump analysis followed later (Rankine,
1870), with primarily experimental work by numerous researchers in the late
19th and early 20th centuries. In the 1930s, a landmark report was pub-
lished by Gosline and O'Brein (1934), which was the first paper to combine
experimental results with a theoretical analysis of jet pumps. Since then,
there has been much activity in furthering the understanding of jet pump
capabilities and limitations. Reviews of jet pump literature by Bonnington
and Hemmings (1976) and Blevins (1992) cite over four hundred papers,
and at the end of 2001, the Ei Compendex engineering literature database,
published by Elsevier Engineering Information Inc., listed over two hundred
papers published since 1984. Despite the jet pump’s apparent simplicity and

long history, many researchers continue to investigate this versatile device.

1.2.1 Conventional Jet Pump Designs

A jet pump operates through momentum transfer from jet with low volumet-
ric flow rate and high flow velocity to another fluid. These flows combine into
a total flow with a volumetric flow rate greater than the jet alone, but with
a velocity which is much lower than the jet. Because of the losses associated

with mixing, jet pumps have a low energy efficiency compared with other
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pumping methods. However, where efficiency is not a primary concern, the
simplicity and reliability of the jet pump may make it the best method of
pumping.

There are two common types of jet pumps; these are generally known as
centre jet pumps and annular jet pumps. These two types have very similar
principles of operation, and differ mainly in the configuration of the jet.

A centre jet pump is shown in Figure 1.1. The device has generally
axisymmetrical construction of circular cross-section, with a single jet located
on the axis in the inlet region of the pump. The inlet region is typically
convergent until the throat is reached, defined as the point where the cross-
sectional area first reaches a minimum. This is followed by the mixing region,
which has a constant cross-sectional area. Depending on the application, this
may be followed by a divergent diffuser region. The diffuser may serve two
useful purposes: firstly, to raise the static pressure of the mixed fluids, and
secondly, to reduce the flow velocity and associated pipe wall friction losses.
However, with increased pipe size comes increased material, handling, and
installation costs, and the pump system designer must balance the merits
and drawbacks of reducing the flow velocity.

An annular jet pump is shown in Figure 1.2. Its features are similar
to the centre jet pump, except for the jet, which flows from an annulus
located on the periphery of the inlet region. The driving fluid is pumped
through this annulus, and creates an annular jet along the wall of the mixing

region. Because of the geometry of the annular jet, this type of jet pump
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Secondary Flow
Jet Pump Inlet
[ Throat

Primary Flow
(to jet nozzle)

Mixing Region  Diffuser (optional)

Jet Nozzle

Figure 1.1: Phantom view of a centre jet pump, showing the main compo-
nents and flows. The distance s is the nozzle to throat separation.
may not have a convergent inlet, in which case the throat would be located
at the exit plane of the annular jet. Since this style of jet pump has more
of a straight-through flow than the centre jet pump, it is commonly used in
solids transport and conveying applications, where a central jet would be a
significant obstacle to solids flow. Since a solids transporter would not require
a high discharge pressure, and would likely require higher flow velocities to
keep the solids in suspension with the fluid, the annular jet pump is often
found without a diffuser.

Many other varieties of jet pump designs have been developed for specific

applications, and some of these are discussed further in Section 1.2.3.
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w

Primary Annular Jet Exit Plane

Mixing Region

t

}

2 ' Discharge
Flow

Secondary Flow

Figure 1.2: Phantom view of an annular jet pump, showing the main com-
ponents and flows.

1.2.2 Operation of Jet Pumps
1.2.2.1 General Principles

There are three main flows in the pump. The primary flow, or jet flow, Qp,
is the volumetric flow rate which passes through the jet and which supplies
the power for the pump. The secondary flow, or suction flow, Q,, is the
ambient fluid surrounding the inlet of the pump which is entrained by the
primary flow. These two flows combine in the mixing region of the pump.
The combined flow is called the the tertiary flow, or mixed flow, Q,, and exits
the pump through the discharge opening. The ratio of secondary to primary
flow rates is called the flow ratio, with the symbol M. The ratio of nozzle
exit area to throat area is called the area ratio, with the symbol R.

The secondary flow may enter the inlet region from the side of the pump,

as shown in Figure 1.1, or along the main axis of the pump. The selection of
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inlet geometry is determined primarily by the application of the pump and on
other constraints placed on the design. Other considerations and constraints
may give rise to alternative designs, such as those discussed in Section 1.2.3.

The basic principle of operation involves momentum transfer from the
primary flow of the jet to the secondary flow of the inducted fluid. For
incompressible fluids, this transfer may be modeled with the one-dimensional

energy equation:

[ ] a
Qu(P, + {Uf + pgzp) + Qs(Ps + ?pU{" + pgzs)

= QP + %ng + pgz) + losses (1.1)

where Q is the volumetric flow rate, P is the static pressure of the fluid,
p is the density, U is the mean velocity, g is gravity, a is a kinetic energy
correction factor, and z is the elevation. The subscripts p, s, and ¢ refer to
the primary, secondary, and tertiary flows respectively.

The terms of the energy equation represent the three main components of
the fluid energy flux, and have dimensions of work per unit time. QP is the
pressure energy of the flow, Q%EW is the kinetic energy of the fluid, and Qpg=
is the gravitational potential energy. The development and application of the
energy equation is covered in detail in many introductory fluid mechanics text
books, such as White (1986).

The loss terms refer to energy losses in the system. For a jet pump, these

losses come from three main sources: expansion of the jet flow into the mixing
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region, mixing losses, and viscous friction on the pipe walls. The physical
nature of these losses are the viscous dissipation of kinetic energy, such as
the dissipation of vortex structures formed when the jet flow mixes with the
secondary flow, the subsequent expansion of the jet, or from dissipation of
shear stresses in the boundary layers near the jet pump walls. The losses are
modeled with terms of the form QU 2Kioss- As with the energy equation,
QLU 2 represents the kinetic energy of the fluid, and K, is a coefficient
representing the fraction of the kinetic energy lost to viscous dissipation.
The loss factors account for physical phenomena which cannot be ade-
quately modeled with a simple one-dimensional equation, and are determined
experimentally for specific flow patterns. Factors have been determined for
many common engineering applications, such as friction losses in pipes, losses
from sudden and gradual flow expansions and contractions, losses from pipe
fittings, and losses through valves. White (1986) includes tables and plots
of many of these loss coefficients. These factors will be further discussed in

Section 3.7.

1.2.2.2 Other Factors Affecting Performance

Two other factors which influence the performance of a jet pump are the area
ratio R, and the nozzle to throat separation distance s.

The area ratio directly affects the flow ratio of the pump, which in turn
affects mixing and friction energy losses. As outlined by Cunningham (1975),

the mixing losses are maximum at low flow ratios, when the relative velocity
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between the primary and secondary flows is a maximum, and decrease as
the flow ratio increases. The friction losses, however, are minimum at low
flow ratios, when the total flow velocities are minimized, and increase with
the flow ratio. For a centre jet pump, the minimum total energy losses and
maximum efficiency occur at an area ratio R =~ 0.3.

Years of experience and research with jet pumps has shown that the nozzle
to throat distance has a significant effect on the performance of the pump.
For best performance, it has been found that the jet nozzle exit should be
positioned some distance s upstream of the throat. Most researchers agree
that a value of 1.0D, < s < 2.0D, results in the highest efficiency (Cairns and
Na, 1969), and improves the jet pump resistance to cavitation (Cunningham

et al., 1970).

1.2.2.3 Cavitation

As with most other pumping methods, cavitation can occur in jet pumps
when liquids are handled, and has the effect of limiting the maximum flow
ratio of the pump. This phenomenon has been extensively studied, and a
review of several cavitation parameters and configuration effects are found
in a paper by Cunningham et al. (1970).

Cavitation occurs when the local pressure of a liquid is depressed below
the local vapour pressure of the liquid. In a jet pump, this can occur between
the nozzle exit plane and into the mixing chamber, and generally has two

stages: incipient cavitation and full cavitation.
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Incipient cavitation is the first phenomenon to develop. This is a result
of low local pressures in the vortex structures which form in the shear layer
between the primary and secondary flows. The high angular velocities in the
vortex create a low pressure region near the centre of the vortex. If the vortex
is sufficiently intense, this can depress the local pressure in the vortex and
cause cavitation bubbles to appear. Since the vortex strength is dependent
on the relative velocity between the jet and secondary flow, an increase in
jet flow will increase the amount of bubbles formed by this mechanism.

A variation of incipient cavitation occurs with liquids with very low
vapour pressures which contain high amounts of dissolved gases, such as
lubricating oils. Instead of bubbles forming because the local static pressure
drops below the vapour pressure, a low static pressure may cause dissolved
gases to leave solution. As the primary and secondary flows mix, the pressure
rises and the bubbles will re-enter solution with the liquid.

As the mixing progresses, the coherency of the shear layer vortices re-
duces, and the local static pressures begin to rise. With the pressure rise,
the cavitation mechanism dissipates, and the vapour bubbles collapse. There-
fore, incipient cavitation has little effect on the performance of a jet pump.

Further increases in the secondary flow rates can cause flow-limiting cav-
itation, which has a significant effect on the performance of the jet pump.
As the jet velocity increases, so too does the secondary flow rate. In the
mixing region, momentum transfer from the jet to the secondary flow causes

local longitudinal acceleration of the secondary flow. As predicted by the
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one-dimensional energy equation, the increased kinetic energy is balanced by
a reduced static pressure. A sufficiently high velocity causes the pressure to
drop to the point that the cavitation bubbles formed in the mixing shear layer
will not dissipate before reaching the mixing chamber wall. At this point,
the tertiary flow becomes choked with bubbles, and the flow ratio reaches a

maximum. This condition is called flow-limiting cavitation.

1.2.3 Alternative Jet Pump Designs

Although the simple centre jet pump shown in Figure 1.1 is very common,
specific applications have given rise to many other configurations of jet pump.

A simple variation on the centre jet pump uses multiple parallel nozzles
clustered together near the centre of the pump, rather than a single nozzle.
Lewis (1965) and Schmitt (1975) report that this nozzle configuration im-
proves the efficiency of the pump, particularly with higher flow ratios, and
also gives improved resistance to cavitation.

The multiple nozzle system can be configured into what is called a bidi-
mensional pump (Schmitt, 1975), shown in Figure 1.3. In this configuration,
the multiple nozzles are arranged in a row and inject fluid into a rectangular
inlet. This results in a high-capacity pump which is very compact in one
dimension.

The bidimensional pump concept can also be converted back to an ax-
isymmetrical pump by revolving the nozzle line and pump walls about an

axis, as shown in Figure 1.4. This layout offers similar performance to the
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Figure 1.3: Sectioned phantom view of a bidimensional jet pump, showing
the linear geometry, main components, and flows.

bidimensional pump, with the added benefits of an overall compact size and
elimination of friction losses from the end walls of the pump. Furthermore,
the central pipe, which forms the inner wall of the annulus, can be used to
supply the primary flow to the jets. This configuration, called the annular
mixing jet pump, was employed in a device invented by Field (1995), and is
the subject of this thesis.

One design which combines features of both the centre and annular jet
pumps uses several discrete jets located around the periphery of the inlet, and
is illustrated in Figure 1.5. These jets enter the mixing region at some angle
to the secondary flow, and if the jets are positioned opposite each other, the
interaction of the jets results in a larger central jet flowing along the centre

line of the mixing region. This style of jet pump can be installed into a



CHAPTER 1. INTRODUCTION TO THE JET PUMP 12

Secon
Circular Array Flo‘c:,ary

of Jet Nozzles

l Discharge

. Flow (through
anary Flow entire annulus)
(to all jets)

Jet Pump Inlet Mixing Region

Figure 1.4: Phantom view of an annular mixing jet pump, showing the main
components and flows.

pipeline without introducing any flow obstructions or area changes, making
it well suited to pipelines which transport solids or capsules. However, the
deflection of the jets introduces large mixing losses, and therefore a large

performance penalty.

1.2.4 Applications of Jet Pumps

There are many applications where jet pumps can be successfully employed,
including fluid pumping, mixing, and multiphase transport.

1.2.4.1 Fluid Pumping

Probably the most common application is simple fluid pumping. Some appli-

cations include pumping of shallow water wells, the pump in a conventional
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Figure 1.5: Phantom view of a discrete peripheral jet pump, showing the
main components and flows.

flush toilet, and fuel transfer pumps in aircraft. The simplicity of jet pumps
gives them a high inherent reliability, and for this reason jet pumps are widely

used to circulate cooling water in nuclear reactors.

1.2.4.2 Mixing

Except when handling fluids of very high viscosity, the jets in a jet pump often
operate at high Reynolds numbers, and the jet flows are usually turbulent.
This turbulence, combined with the high shear rates present throughout the
mixing region, make jet pumps very effective mixing devices. Jet pumps,
when used in a pipe, can be used to combine mixing and pumping functions

in a single, simple device.
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1.2.4.3 Multiphase Transport

In some jet pump applications, the primary and secondary flows are of differ-
ent phases, resulting in a multiphase tertiary flow, or the secondary flow may
be multi-phase. One example of this is the use of jet pumps for dredging. In
this application, water is injected into the jets, and a two-phase mixture of
ambient water and solids is drawn into the pump. This application does not
generally involve a significant head rise above the water surface, and thus
the weak lifting capacity of the jet pump is not a constraint.

For materials handling, solid particles can be transported in pipelines
using air or water jet pumps. Examples are the transport of powdered des-
iccants, food ingredients, or polymer pellets using air jets, or the transport
of coal or oil sand slurries with water jets.

An application similar to jet pumps is the gas lift pump. In this ap-
plication, a gas is injected into a pipe suspended vertically in a liquid. The
buoyant gas bubbles travel upward in the pipe and transfer momentum to the
liquid in the pipe, generating a vertical pumping action. These pumps may
also be used to lift small amounts of solids suspended in the liquid phase. Gas
lift pumps are commonly found in aquarium water filters, where the pump is
used to draw water through a filter before it is aerated and returned to the
tank. Gas lift pumps are also used for pumping oil from offshore reservoirs

to the ocean surface.



CHAPTER 1. INTRODUCTION TO THE JET PUMP 15

1.2.4.4 Water Filters

The application of jet pumps to water conditioning devices, in particular the
use of jet pumps for cleaning and regenerating the conditioner medium, is
the chief motivation for this thesis.

One type of water conditioner is an iron filter, a system which removes
dissolved iron compounds from water. This system uses an oxidizer to oxi-
dize the iron ions from the ferrous (Fe®*) to the ferric (Fe3*) state. Once
oxidized, the ferric ions form only non-soluble compounds which precipitate
from the water. The precipitate is then removed with a particulate filter.
The particulate filter in residential iron filters is a packed bed of granular
material with particles the shape and size of sand.

The deposition of iron onto the filter medium eventually contaminates
the filter, and the precipitate must be periodically removed. The simplest
approach is to backwash the medium with a high volumetric flow rate of wa-
ter. This fluidizes the filter bed, and the resulting collisions between medium
particles breaks the precipitate off the particles. The iron flakes are then
carried to a waste drain by the backwash water flow.

However, there are many installations where the available water flow is
insufficient to adequately backwash an iron filter. This leads to incomplete
cleaning of the filter medium, and eventual complete fouling and failure of
the filter.

Many devices have been developed which employ jet pumps to over-

come the problem of insufficient backwash flow, including those developed
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by Robinson (1944); Matthews (1959); Johnson (1968); and Field (1995). In
these devices, rather than providing the high volumetric flow rate needed to
fluidize the entire filter bed, a jet pump with a lower flow rate is used. The
jet pump is designed to draw a two-phase mixture of water and filter medium
particles from the bottom of the medium bed into the jet pump inlet. The
local sheer rates and turbulence levels in the jet pump mixing region cause
many collisions between medium particles, which effectively removes the iron
from the particles. The cleaned particles are deposited on top of the medium
bed. As the particles are drawn into the jet pump at the bottom of the bed
and re-deposited at the top, the entire bed will move slowly downward. The
jet pump is operated until the entire bed has been processed through the jet
pump.

The Matthews device (Matthews, 1959) is an early design in which a
jet pump is used specifically to reduce the quantity of water required to
backwash a water filter. This device uses a single centre jet pump located
on the central axis of the pressure tank. When the filter medium required
regeneration, a valve would be set to admit water into the jet pump nozzle.
The jet pump would then draw water and the filter medium from the tank
into the pump, where it would be cleaned. An illustration of the Matthews
device is shown in Figure 1.6.

The development of automatic control valves which mount on the top
of the pressure tank resulted in new designs for water conditioner backwash

devices. The Johnson device (Johnson, 1968), shown in Figure 1.7, uses a



CHAPTER 1. INTRODUCTION TO THE JET PUMP 17

/7
/6
V | —~ 3
78
/5

RARS
2L
A —
23
[0
ST~
Mixing Region
AZe Centre Jet Nozzle
25
Jet Pump Inlet
Ve 3
/9

Figure 1.6: Jet Pump in a Water Conditioner (Matthews, 1959), shown in
section view. This design uses a centre jet pump installed in the centre of
the pressure tank, with manual external valves to control operation of the jet
pump. Labels for the jet pump inlet, nozzle, mixing region, and operating
valve have been added to the original patent drawing.
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single centre jet pump mounted vertically and eccentrically inside the water
conditioner pressure tank.

The asymmetric nature of the Johnson device prevents uniform flow of
water and filter medium into the jet pump inlet, which can lead to incom-
plete cleaning of the medium. To provide a symmetrical inlet geometry, the
Field device was developed (Field, 1990, 1995). This device uses an annular
mixing jet pump to provide an axisymmetrical jet pump inlet, and is shown
in Figure 1.8. The design of an annular mixing jet pump for use in a water

filter is explored in detail in this thesis.

1.3 Methodology and Objectives

The objectives of this research were three-fold:

1. develop a general understanding of the operation and characteristics of

the annular mixing jet pump,

2. investigate the application of conventional design methods to an annu-

lar mixing jet pump in the Field backwash device, and

3. develop a method of designing a full line of products similar to the

Field backwash device, but with different capacities

In pursuit of these objectives, the research program was approached from
two directions: numerical simulation and experimental validation. A valid

computer simulation was viewed as a very effective design tool, since it would
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Figure 1.7: Johnson Backwash Device (Johnson, 1968), shown in sectioned
pressure tank. This design uses a centre jet pump installed adjacent to the
central water pipe, with a top mounted automatic control valve. Labels for
the jet pump inlet, nozzle, mixing region, and operating valve have been

added to the original patent drawing.



CHAPTER 1. INTRODUCTION TO THE JET PUMP 20

Figure 1.8: Field Backwash Device (Field, 1995), shown in section view. This
design uses an annular mixing jet pump with a top mount automatic control
valve. Labels for the jet pump inlet, jet location, and mixing region have
been added to the original patent drawing.
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allow the evaluation of many alternative designs, and also allow a semi-
automated search for optimal design parameters. Since the validity of the
simulation would be crucial to this approach, experiments were conducted
with a physical model of the jet pump which could provide direct correlation
with the simulation.

Finally, it was recognized that since this type of jet pump had not pre-
viously been studied, the flow patterns within the jet pump were unknown.
It was decided to construct the experimental model to allow flow visualiza-
tion within the jet pump. The types of phenomena of interest were the flow

patterns in the jet pump inlet and mixing regions, and cavitation.

1.4 Thesis Outline

This thesis is written in the traditional format with six chapters. Chapter
One presented introductory and background material on the general subject
of jet pumps and their numerous applications. Chapter Two outlines the
experimental portion of the research, describing a model of an annular mixing
jet pump and the associated apparatus and procedures used to evaluate its
performance.

Chapter Three describes the development of a numerical simulation of the
annular mixing jet pump, providing details on the construction and solution
of the equations which model the device. An uncertainty analysis of the
experimental and simulation results is presented in Chapter Four.

In Chapter Five, the results of the experiments and simulations are com-
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pared and discussed, as are the steps and factors to be considered when de-
signing an annular mixing jet pump. The conclusions and recommendations
for further research are summarized in Chapter Six.

There are also two appendices to this work which contain additional infor-
mation about the experiments and simulations. Appendix A lists the param-
eters used to estimate the overall uncertainty of the simulation. Appendix B
contains information about the experiment configurations, and plots of the

experiment and simulation results.



CHAPTER 2

EXPERIMENTAL SETUP AND APPARATUS

2.1 Introduction

This chapter describes the experimental model of the annular-mixing jet
pump, and the associated equipment used to operate the model and collect

data from the experiments.

2.2 Apparatus

The experimental apparatus consisted of a large water tank into which the
experimental model was installed. Installed into and onto the tank were the
pumps, pipes, valves, and instrumentation needed to control and monitor the

experiments.

2.2.1 Test Tank

The main element was a steel water tank, shown in Figure 2.1. The tank was

approximately 1.2 m (48”) wide, 1.2 m (48”) long, and 1.8 m (72) tall. It

23
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I 1.2m (48") square tank

—

1.8m (727)

Jet Pump Model

Figure 2.1: Experimental apparatus, showing the general configuration and
size of the test tank, and the position of the jet pump model on the tank
window. See Figures 2.3 and 2.4 for additional details of the jet pump model.
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was fabricated from 3.2 mm (1/8”) galvanized steel sheet with welded joints,
and reinforced with steel angles and tubing. Each wall of the tank was fitted
with a large window, approximately 0.6 m (24”) wide and 1.7 m (68”) high,
made of 18 mm (3/4") acrylic sheet. The tank was also equipped with two
bottom drains, each with a shut-off valve, and a single overflow drain which
allowed a maximum water depth of about 1.7 m (68"). To provide space for
piping underneath, the tank was mounted on a steel stand approximately
0.6 m (24”) tall.

The model was mounted on one of the tank windows, giving a clear
view into the model during experiments. To help simulate the presence of a
pressure tank, an acrylic shroud was built around the model. This shroud was
shaped like half of a 610 mm (24”) diameter pressure tank, and to simplify

construction, was built in a semi-octagon shape.

2.2.2 Plumbing

The plumbing for the apparatus is shown schematically in Figure 2.2. Water
flow and pressure was provided by three submersible pumps installed at the
bottom of the tank outside of the shroud. The main pump was a Goulds
Pumps model 7G10 submersible water well pump, which was supplemented
with two Goulds Pumps model 7GS07 submersible pumps. Each pump had
its own controller, allowing independent operation. To prevent back flow
through an unused pump, the two supplemental pumps were fitted with

outlet check valves.
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Figure 2.2: Schematic diagram of the experimental apparatus plumbing,
showing the general arrangement of the model. pumps. valves. and instru-
mentation. The jet pump model and shroud are shown on the left side of the
tank in the illustration.
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After the pumps, the water was piped out of the tank to a main manifold.
From there, manual ball valves directed the flow to three locations: back into
the tank, to a floor drain located near the apparatus, or to the inlet plenum
of the model.

Two control valves were installed in the piping. One valve was installed
between the manifold and the model to provide pressure regulation at the
model inlet plenum. A second valve was installed between the manifold and
the tank return to regulate the return flow back to the tank. The use of
these valves allowed easy and repeatable control of the model inlet plenum
pressure.

The plumbing, valves, and pump motor controls were mounted on a con-
trol panel attached to the left side of the tank. A staircase was mounted to
the right side of the tank to allow access to pipes and instruments at the
top of the tank, and a ladder was mounted in the tank to access the pumps,

model, and other equipment inside the tank.

2.3 Jet Pump Model

The jet pump model was constructed as shown in Figure 2.3. with an enlarged
view of the inlet and mixing region shown in Figure 2.4. The model was built
to represent a water filter backwash device similar to that described by Field
(1995) and shown in Figures 1.4 and 1.8, with a central pipe of 51 mm (27)
nominal size. The 51 mm size was chosen for two reasons: firstly, because

the model represented a commercial device, which would use 51 mm supply
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Figure 2.3: Experimental model of the annular-mixing jet pump, shown
mounted on one window of the test tank. A more detailed view of the jet
pump inlet area is shown in Figure 2.4.
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piping, and secondly, because a model of this size would be easier to construct
than a smaller one.

In a water conditioning application, the device would be installed verti-
cally inside a pressure tank, and to best replicate this, the model was also
constructed and installed vertically.

In addition to the central pipe size, the model had to meet several other
design constraints. The model was built to represent a device which could
fit into a commercially-available pressure tank with a 4”-8UN thread for its
top opening; this dictated a maximum model diameter of 96.5 mm (3.80").
To allow access to the model, it was installed into an open-top tank, rather
than a sealed pressure tank. To permit visualization of flows within the jet
pump, the model was sectioned in half along its longitudinal axis, and the
sectioned surface mounted onto a transparent acrylic window.

"The radius of the jet pump secondary flow inlet was expected to have some
impact on flow losses in the inlet, and therefore the overall performance of
the device. However, the 96.5 mm maximum model diameter allowed for
maximum inlet radius of only 3.6 mm (0.140"), and the model was fitted
with a fixed geometry inlet with this radius.

The model used two concentric pipes to form the jet pump mixing region.
The inner pipe was a 51 mm (2”) schedule 40 pipe made of transparent
polyvinyl chloride (PVC). A transparent material was selected to give a view
into the inlet and mixing regions of the jet pump. The outer pipe was a

76 mm (3") series 160 pipe made of white PVC. This type of thin-walled
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Figure 2.4: Detailed view of the jet pump inlet and mixing regions, showing
major components of the model.
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pipe was used to maximize the distance between the inner and outer pipes,
and therefore minimize the flow friction losses. The white colour gave good
contrast between the inside pipe wall and a dark flow visualization dye.

Three nozzle parameters were éxpected to affect the performance of the jet
pump: the nozzle diameter, which affects the area ratio, the number of jets,
and the nozzle to throat separation distance. To evaluate the effects of these
parameters, the model was built with replaceable nozzles. The lower surface
of the jet pump inlet was made with seven holes into which combinations
of nozzles and plugs could be installed. The nozzles were made of type 304
stainless steel for corrosion resistance and durability, and an o-ring was used
to provide a seal between the nozzles and the jet pump inlet. Installation of
the nozzles was through a hole in the window into the inlet plenum. A steel
hatch secured with screws covered the access hole.

The primary flow entered the bottom of the model through an inlet
plenum. The plenum admitted water from a circular pipe, and directed
the flow upward to the jet nozzles. The plenum was built large enough to
provide access for changing the nozzles and plugs.

The secondary flow entered the jet pump from the tank, horizontally and
radially inward toward the jet pump inlet. The water then flowed through
a 90° bend to align with the vertical mixing region. The parts forming the
upper and lower surfaces of the inlet were made of type 6061 aluminum to
offer corrosion resistance and ease of fabrication.

During and after mixing, the tertiary flow travelled through the annulus

until it reached an adaptor. The adaptor effected a transition from the
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annular flow passage to a circular pipe. The flow then continued through a
pipe and flow meter before discharging into the tank which housed the entire

model.

2.4 Performance Measurements

Six key parameters were recorded during the experiments. These were the
primary and tertiary water flow rates @, and @3, the primary flow pressure
at the jet inlet plenum P,, the tertiary flow static pressure at sixteen points
within the jet pump mixing region Pr; to Pr 6, the tertiary flow static
pressure at the top of the annulus P, the height of the free water surface
H,, and the temperature of the water T,. Each of these measurements is

described in greater detail below.

2.4.1 Flow Instrumentation

Two of the water flow rates were directly measured: the primary and tertiary
fows. The secondary flow rate was determined by the difference between the
primary and tertiary flows.

The primary and tertiary flow rates were measured using Annubar®
in-line flow meters. The primary flow was measured with a 25 mm (1)
Annubar® flow meter, and the tertiary flow was measured with a 51 mm
(2") Annubar® flow meter. The Annubar® flow meter, manufactured by the
Ellison Instrument Division of Dieterich Standard Corp., is a variation of a

conventional pitot-static velocimeter, and provides average flow velocity and
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flow rate information from the difference between two pressure ports. The
size of the Annubar® flow meter indicates the inside diameter of the meter,
which is built to match the inside diameter of schedule 40 pipe of the same
nominal size.

The differential pressures were sensed with Validyne pressure transduc-
ers, which consisted of model DP15 sensors with appropriate diaphragms and
CD15 carrier demodulators. The water flows through the Annubar® flow me-
ters were turbulent, and the indicated pressures fluctuated greatly. However,
only mean flow rates were of interest, so the Validyne voltage outputs were
measured with an averaging volt meter (AVM). The AVM was developed and
built by the University of Alberta Department of Mechanical Engineering. It
is an analogue instrument which converts the input voltage to a frequency,
then counts the number of cycles for a user-selected interval of 1, 10, 100, or

1000 seconds.

2.4.2 Pressure Instrumentation

The primary flow pressure at the jet inlet plenum was measured with a
Bourdon tube type pressure gauge manufactured by Ashcroft. The gauge
had a 4 inch (100 mm) face diameter, a range from zero to 160 psi (0-
1100 kPa), and a resolution of 1 psi (6.9 kPa). The gauge was installed into
a hole in the steel access hatch covering the inlet plenum.

The tertiary flow pressure in the jet pump mixing region was measured

with a Validyne pressure transducer. Along the mixing region, the outer
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pipe was fitted with sixteen pressure taps at spacings equal to one equivalent
hydraulic diameter of the mixing region annulus (see Section 3.7.6 for more
details of the concept of hydraulic diameter). An additional pressure tap was
installed at the end of the annulus, just prior to the point where the tertiary
flow entered the discharge plenum. The pressure taps were located at the
midpoint of the half-pipe.

Each pressure tap was connected with a transparent plastic tube to a
manual valve, and each valve was connected through a common manifold to
the Validyne transducer. This arrangement allowed a single transducer to
measure all the pressures, eliminating errors which may have been introduced
by variations between individual pressure transducers. The transparent ma-
terial allowed verification that the tubes contained no air bubbles which could

affect the accuracy of the measurements.

2.4.3 Miscellaneous Instrumentation

The water temperature was measured with a Fluke model 2175A digital
thermometer. This thermometer used a type T (copper/constantan) ther-
mocouple probe which was immersed into the water near the surface.

The water level was measured with a steel ruler marked in millimetres.
The elevations of the various locations within the model and apparatus were
measured with a builder’s level, consisting of a small telescope mounted on

a vertical scale.
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2.4.4 Instrument Calibration

To calibrate the Validyne pressure transducers, an Omega model PCL-601
digital pressure indicator was used to provide a calibrated source pressure.
A Fluke model 8050A bench top digital multimeter was used to measure the
output voltage from the Validyne carrier demodulator unit.

Each Annubar® flow metering system was calibrated by pumping water
through the meter and adjoining experiment piping. The water flow rate
was determined by timing the transfer of a known mass of water at a known
temperature, and measuring the voltage output of the Validyne on the AVM.
The mass flow rate was converted to a volumetric rate using data from Weast
(1982), and the Validyne voltage output was converted to pressure using
data from the Validyne calibration. These data were then used to develop
functions for the flow rate versus the Validyne output voltage.

The jet inlet pressure gauge was calibrated with a Budenberg model 280L
deadweight pressure calibrator. The gauge was calibrated in the range from
zero to 100 psi (0-689 kPa). The error analysis found that small errors in the
water temperature and level measurements have a very small effect on the

data analysis. Therefore, the thermometer and ruler were not calibrated.

2.5 Flow Visualization

The model was built as a half-section to allow for visualization of the internal

flows. Cavitation was visible to the naked eye during the experiments, and a
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dye was injected into the model to allow visualization of the inlet and mixing

flow patterns. In this section, the dye injection and imaging systems are

described.

2.5.1 Dye Injection System

The visualization dye used for these experiments was a saturated solution of
potassium permanganate. The dye was stored in a chemical-resistant vessel
adjacent to the experimental apparatus. Potassium permanganate is a strong
oxidizer, so it was reduced with sodium hydrosulfite before disposal.

Three dye injection points were built into the apparatus. The first point
was the inlet to water pump #1, which allowed dye to flow through the jets
of the model. The other two points were slits near the jet pump inlet, located
approximately five millimetres above and below the inlet. From these slits,
dye would be entrained by the secondary flow, and would be carried with the
flow into the jet pump inlet and mixing region.

A small 24 volt DC gear pump, model UGP-2015P manufactured by B&D
Pumps, was used to pump the dye to the injection points. Power for the pump
was provided by a manually adjustable 24 volt DC power supply. Varying
the input voltage to the pump allowed precise control of the pump speed,
and hence the dye delivery rate. The pump input voltage was monitored
with a Fluke model 8080A digital multimeter.

From the pump, a tube carried the dye to a manifold, and then through
valves to the dye injection points. After tests were conducted, the tubing,

pump, and valves were purged of dye with clean water.
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2.5.2 Image Capture System

The image capture system comprised three main items: the camera, the
photographic film, and the light source.

The camera used for all imagery was a Nikon F3 body with power winder.
The body was fitted with a Nikon AF Micro Nikkor 60mm lens with a 1:2.8
focal length, which allows focus distances as close as 200mm. The film used
for all imagery was Agfa Agfacolor HDCplus 400 colour print film, and the
light source was a Strobotac® 1531-AB strobe, manufactured by the General
Radio Company.

The strobe was used at its high intensity setting in external trigger mode.
A trigger signal was provided by the camera through an interface unit which
converted the camera flash trigger contact closure to a voltage pulse. The in-
terface unit was built by the University of Alberta Department of Mechanical
Engineering.

In its high intensity setting, the strobe has a flash duration of approxi-
mately three microseconds, which is sufficiently fast to stop the motion of the
high-speed flow from the jet. The highest jet velocities were approximately
30 m/s, so a 3 us flash would show only about 0.1 mm of travel for a particle
in the jet. Considering the focus distance, depth of field, and film used for
the imagery, this amount of travel approached the resolution of the film, and

was considered adequate.
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2.6 Experimental Procedures

The procedures to set up and conduct the performance and visualization
experiments are outlined below.
2.6.1 Performance Measurements

For the performance measurements, the following items were performed to

prepare the model and equipment for measurements:

1. turn on all electronic equipment and allow it to warm up

o

install nozzles into the model as required
3. install and secure the access hatch
4. fill the tank with water

5. purge air from the water supply piping, model, instrument lines, and

the water in the tank

Once the model was configured and the above steps complete, the per-

formance data could be recorded. The general procedure was as follows:
1. record the general test data on the data recording form
2. set the desired pressure at the inlet plenum
3. allow 5-10s for the system to stabilize before starting measurements

4. make the necessary Validyne voltage measurements with the AVM
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5. record the average voltages on the data recording form

6. repeat the above steps for each additional model inlet pressure

2.6.2 Flow Visualization

The setup of the model and image capture equipment depended on the phe-
nomena being observed, but for all visualization attempts, the model and
apparatus were set up and operated in a manner similar to that described
above for the performance measurements.

To observe the inlet and mixing flow patterns, the model was configured
with two nozzles, which were inserted into the holes in the second position
away from the window. In this location, the jets were visible through the
window and the transparent inner pipe. The camera was positioned an ap-
propriate distance from the model and aimed perpendicular to the window
to view the mixing region. Dye was injected into the water pump, and hence
into the jets, using the maximum dye flow rate to minimize dilution.

To observe cavitation, two nozzles were used inserted into the holes ad-
jacent to the window, to give the best view of the jets and bubbles. The
camera was positioned very close to the model, and two views were used. To
observe vortex shedding from the nozzle, the camera was aimed level, and to
observe the shape of the ring vortices, the camera was aimed downward at a
45° angle. In both cases, the camera was positioned slightly left of normal,
to improve the view around the inner pipe. Since the cavitation phenomena

is visible under normal conditions, no dye injection was required.
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For all photography, the flash was positioned to provide maximum illu-
mination of the area of interest, but also to avoid any reflections of the flash

off the window and into the camera lens.



CHAPTER 3

SIMULATION OF THE EXPERIMENTS

3.1 Introduction

This chapter discusses the development of a mathematical model for the
experimental apparatus, starting with a schematic diagram of the apparatus
and its partition into modules which can be separately modelled. Next, the
development of the energy equation and loss terms is discussed. Finally, the

methods of solving and validating the simulation are presented.

3.2 Approach

To simulate the experimental model, it was sectioned into several discrete
and connected computational modules. Each module was modelled with
the one-dimensional energy equation, and one node was modeled with the
continuity equation for mass flow. Applying boundary conditions gives a
system of nine independent simultaneous equations which were solved to

determine the pressures at each node and the flow rates in each branch.

41
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3.3 Schematic Diagram

A schematic diagram of the experimental model is shown in Figure 3.1. The
figure shows the general configuration of the experimental model, and shows
the locations of the nodes at which the pressures and flow rates were cal-
culated. The node numbering shown in Figure 3.1 is used throughout this

thesis for the presentation of the simulation and experiment results.

3.4 Flow Diagram

From the schematic, a flow diagram was developed. This diagram, shown in
Figure 3.2, shows each module and node of the simulation.

Figure 3.2 lists the eight modules of the simulation. Each module is mod-
elled with the one-dimensional energy equation, described in greater detail in
Section 3.5. A node exists at the inlets and outlets of each branch, as well as
between each module. The static water pressure is calculated at each node,
as are the flow rates in each of the three branches.

Three of the nodes have known values. Pressure P, is the pressure in the
inlet plenum, which was set by the equipment operator at the start of each
test. Pressure P is the discharge pressure of the tertiary flow into the tank
at a known hydrostatic pressure. Pressure P; is the hydrostatic pressure in
the tank at the elevation of the jet pump inlet.

There are six unknown pressures at nodes one to five and node eight, and

three flow rates @Q;, @2, and Q3, for a total of nine unknown variables. Each
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~e~——————-— Discharge Plenum
4a
g Pressure tap at end

-— e —

4 g of annulus (node 4)

6
-—f§— End of Mixing Region (node 3)
Mixing Region

Jet Nozzle Tip (node 2)
Jet Pump Inlet (node 8)

Jet Inlet Plenum

Figure 3.1: Schematic diagram of the apparatus. showing the locations of
the simulation and experiment nodes
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R DL < T

Module 1: Model Inlet Plenum
Module 2: Jet Nozzles
Module 3: Mixing Chamber

Module 4: Teritary Flow Through Annulus

Module 5: Discharge Plenum

Module 6: Discharge Piping to Tank
Module 7: Flow from Tank to Jet Pump Inlet

Module 8: Jet Pump Inlet

Figure 3.2: Flow Diagram for the Simulation
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module provides one energy equation, and node two provides one continuity
equation, for a total of nine independent equations. With nine independent

equations and nine unknowns, this system of equations is solvable.

3.5 One-Dimensional Energy Equation

Each module of the simulation is modelled mathematically with the one-
dimensional energy equation. For one-dimensional incompressible adiabatic

flow in a control volume, the energy equation takes the following form:

£ [Qun(Pon + Z2Uin? + pgzin)|

«
=X [Qout(Pout + "2£Uau22 + szouz)] + losses (3.1)

where Q is the volumetric flow rate, P is the static pressure of the fluid, a
is a kinetic energy correction factor, p is the density, U is the mean velocity,
g is gravity, and z is elevation.

The terms of the energy equation represent the three main components of
the fluid energy flux, and have dimensions of work per unit time. QP is the
pressure energy of the flow, QS2U? is the kinetic energy of the fluid, and Qpg=
is the gravitational potential energy. The development and application of the

energy equation is covered in detail in many introductory fluid mechanics text

books, such as White (1986).
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Most modules have only one inlet and one outlet flow, so the flow rates

can be eliminated and Equation 3.1 simplifies to the following form:

(44 «

Module three, the mixing region, has two inlet flows, the primary and
secondary, and one outlet flow, the tertiary. This module uses the following

equation:

a a
(P, + ?png + pgz2) + Q2P + Tpr + pgz;)

=Q3(Ps + %EU;,"’ + pgz3) + losses (3.3)

All the energy equations use elevation data for the experimental appara-
tus, obtained as described in Section 2.4.3. Development of the loss terms is

described in Section 3.7.

3.6 Continuity Equation

In addition to conservation of energy, node two requires the use of the con-
tinuity equation for mass flow. Assuming the water density to be constant

throughout the model, this equation is as follows:

Q3 =Q1+Q: (3-4)
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3.7 Energy Loss Terms

To accurately predict pressures and flow rates using conservation of energy,
all energy flows into and out of the control volume must be accounted for.
The one-dimensional energy equation contains terms for the pressure, kinetic,
and gravitational potential energy of the flow, but energy losses arising from
the three-dimensional nature of real pipe flows cannot be directly calculated.
To allow the use of simple one-dimensional models, loss terms are used to
account for these energy losses. Loss terms have been developed for many
conditions encountered in pipe flow, and the use of these terms is expanded
to allow their use in the more complex configuration of an annular mixing
jet pump.

In the mixing region of a jet pump, energy losses come from three main
sources: expansion of the jet flow into the mixing region, mixing losses, and
viscous friction on the pipe walls. In the flows leading to and from the mixing
region, losses arise from pipe wall friction and from flow area and direction
changes.

For the general one-dimensional energy equation (Equation 3.1), the losses

are modeled as follows:
loss term = Q§U2Kzos, (3.5)

As with the energy equation, Q%U2 represents the kinetic energy of the
fluid, and K., is a coefficient representing the fraction of the kinetic energy

lost to viscous dissipation.
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For the case of a flow with only one inlet and outlet (Equation 3.2), the

flow rate factor is removed, and the loss term takes the following form:
_ Pyr2

The loss terms are determined experimentally for specific flow patterns.
Factors have been determined for losses occurring in many common engi-
neering applications, such as pipe wall friction, sudden and gradual flow
expansions and contractions, pipe fittings, and valves. These factors and

their implementation in the simulation are further discussed below.

3.7.1 Pipe Wall Friction

Pipe wall friction is the result of two flow conditions: the viscosity of the
fluid, and the non-slip condition at the fluid-wall interface. These combine
to produce a shear layer in the fluid as the pipe wall is approached, and the
retarding shear stress acting over the pipe surface results in an energy loss

from the fluid.

Pipe wall friction losses are modelled with the following loss term:
L
Kr=f5 (3.7

where f is the friction factor for the pipe, and L and D are the length and

diameter of the pipe.
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For laminar flows, the friction factor is is a function solely of the Reynolds

number based on pipe diameter, and is given by the following equation

(White, 1986):

64
fi= Rep (3.8)

For transition and turbulent flows, the value of f is obtained from the
Colebrook equation (Colebrook, 1939), or its graphical version, the Moody
chart (Moody, 1944).

Although the Colebrook equation is commonly used and reasonably accu-
rate, it is a nonlinear, implicit equation which requires an iterative numerical
solver. Such a solver adds programming complexity and additional process-
ing time, so an explicit function developed by Haaland (1983) was used to

calculate the friction factors for the simulation:

ﬁ ~ ~1.8log [1% + (Z—f) Lu] (3.9)

With the Haaland function, the friction factor is explicitly calculated
using the flow Reynolds number based on pipe diameter Rep, the surface
roughness ¢, and the pipe diameter D. The Haaland function deviates less
than +1.5% from the Colebrook equation, and since the Colebrook equation
itself is only accurate to within about +5% for smooth pipes and +10% for

rough pipes (Moody, 1944), the Haaland function is considered sufficiently

accurate for the simulation.
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With two exceptions, wall friction losses were calculated for all simulation
modules where wall friction applied. The flow from nodes 7 to 8 in Figure 3.1
was the only part of the simulation not constrained by walls, so no friction
losses were applied there. Friction losses were not considered for the inlet
and discharge plena, since the plena were very short, the flows would be
undeveloped, and wall friction losses would be very small compared with the

large flow inlet and outlet losses.

3.7.2 Flow Direction Changes (Elbows)

In pipe flows, changes in flow direction may be made with curved pipes or
elbow fittings. A flow direction change introduces secondary flows which
effectively increase the distance the fluid must flow, and the dissipation of
which result in energy losses. Elbow losses are denoted with the symbol K,

The simulation contains three elbows. Two of these are the 32 mm and
51 mm 90° elbows installed in the discharge piping between nodes 5 and 6
in Figure 3.1. The third “elbow” is the 90° flow bend in the jet pump inlet.
This bend was modeled as a pipe elbow with a diameter equal to the mean
of the effective hydraulic diameters at the jet pump inlet (nodes eight) and
the throat (node two).

Since most engineering applications involve turbulent flow, data for tur-
bulent loss coefficients are readily available. However, despite decades of
research, the literature remains inconsistent. For example, The Crane Com-

pany (1976) and The Hydraulic Institute (1954) present loss coefficients
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which vary with the nominal size of the fitting, although these sources dif-
fer widely on the magnitude of the coefficient. Blevins (1992) summarizes
data suggesting that, provided the Reynolds number exceeds 2 x 105, the
loss coefficient is constant, and that for Re < 2 x 10°%, K, varies with Re-%2.
Table 3.1 summarizes the loss coefficients for three sizes of 90° elbows in
fully turbulent flow; it is clear by inspection that there is wide disagreement

regarding the correct value of the loss coefficient.

Table 3.1: Loss coefficients for 90° elbows in turbulent flow (Re > 2 x 109).

Nominal Elbow Size
Data Source
13 mm | 25 mm | 51 mm
The Crane Company (1976) 0.81 0.69 0.57
The Hydraulic Institute (1954) 2.1 1.5 0.98
Blevins (1992) 1.1 1.1 1.1

The apparent disagreement of these sources would be of great concern
if the elbow losses were significant. Fortunately, the elbows represent only
a small fraction of the total losses in the jet pump model, and a method is
readily available to assess the validity of these different loss models.

The simulation was tested with each of the three elbow loss models,
and the calculated results were compared with the experimental data. A
MATLAB® program was written to compare the flow rates predicted by the
simulation with the experimental data. These values were then used to cal-
culate the simulation error. For each inlet pressure setting, the mean and

standard deviation of the simulation error was also calculated.
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Although all three models gave very similar results for standard deviation
of the mean error values, the Crane model gave the smallest mean error
for all three flow rates. It will also be shown in Chapter 4 that even 50%
variations in the value of the elbow loss coefficient have negligible effects on
the uncertainty of the results. It was however found that the simulation
converged to a solution much faster with the Crane model than with the
other two models. For the reasons of small error and quicker calculation

time, the Crane model was used for all elbow loss calculations.

3.7.3 Gradual Area Changes

Gradual area changes occur when the cross-sectional area of the flow changes
slowly enough that large recirculation vortices, and the corresponding large
losses, do not develop at the area transitions. Loss coefficients for gradual
area changes are denoted K. for gradual contractions and K. for gradual
expansions. Functions for these coefficients are commonly found in textbooks
on fluid mechanics.

The only gradual contraction occurs in the inlet to the jet pump. To
allow calculation of K for different jet pump designs, the following function

was fit to data given by White (1986) using a least-squares method:
Kge = 1.23 x 1077(26)* +5.56 x 1075(20)% + 3.89 x 107%(20)  (3.10)

where 26 is the included angle of the gradual contraction in degrees. This

function is valid in the range 0° < 26 < 60°.
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The calculation of 26 for the jet pump inlet was done by geometric con-
struction of a frustum which represented the inlet duct. The base of the
frustum had a diameter equal to the effective hydraulic diameter of the jet
pump inlet (node 8 in Figure 3.1), while the top of the frustum used the
effective diameter of the throat (node 2). The height of the frustum was the
arc length of the inlet flow path between nodes 8 and 2. The included angle
of the frustum was calculated and used for 20 in Equation 3.10.

There are no gradual expansions in the jet pump model. However, one
gradual expansion exists in the piping between nodes 5 and 6 where the
discharge pipe diameter increases from 32 mm to 51 mm. This expansion
was made with a pipe fitting with an included angle 260 = 90°. To simplify
the program code, a single number K. = 0.9 was used, based on data given

by White (1986).

3.7.4 Sudden Area Changes

Sudden area changes occur when the cross-sectional area of the flow makes an
abrupt change. At the corner of the transition point, a recirculation bubble
forms, and this bubble generates the losses at the transition. A sudden
contraction has a second recirculation region just downstream of the inlet to
the smaller pipe, resulting in additional losses. Loss coefficients are denoted
K, for sudden expansions and K. for sudden contractions. Functions for
these coefficients, based on the relative diameters of the pipes flowing into
and out of the sudden expansion or contraction, are commonly found in fluid

mechanics textbooks.
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Two special cases of sudden area changes are the transition from an infi-
nite tank to a pipe, or vice versa. In these cases, one of the “pipes” has an
infinite diameter, and the function defining the loss coefficient collapses to a
constant.

The losses at a sudden contraction can be reduced by rounding the inlet
edge of the smaller pipe. This reduces or eliminates the recirculation region
at the inlet of the smaller pipe, reducing the total loss at the transition. The
amount of reduction depends on the ratio of the inlet edge radius r; to the
diameter of the smaller pipe D.,. The loss decreases as the ratio Ti/ Doy
increases, until a limit is reached, after which any further increase in the
ratio has no effect on the loss coefficient.

To calculate a sudden expansion or contraction loss coefficient, the nom-
inal coefficient is first calculated using the appropriate function shown in
Table 3.2. If the area change is a sudden contraction with a rounded inlet
edge, the nominal coefficient is then multiplied by the appropriate rounded
inlet correction factor, given in Table 3.3.

The simulation contained one sudden expansion, located at point 4a in
Figure 3.1. This was modeled as the expansion from the effective diameter
of the annulus to the effective diameter of the discharge plenum.

There were two sudden contractions in the simulation. The first occurred
at node 1, where the flow area made a sudden transition from the jet inlet
plenum to the much smaller jet nozzles. The jet nozzles had slightly rounded

inlet edges, so the rounded inlet correction factor for pipe flow was applied.
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Table 3.2: Loss coefficients for sudden expansions and contractions (Blevins,
1992).

Flow Condition Sharp-Inlet Loss Coefficient
Inlet from Infinite Tank K,.=0.50
2
Sudden Contraction K, = % [ - %ﬁ‘) ]
, 3
Sudden Expansion K = [1 - gjﬁ) ]
Discharge to Infinite Tank Kee =1.0

The second sudden contraction occurs at the jet pump inlet between nodes
7 and 8. This was considered an inlet from an infinite tank, and used the

appropriate rounded inlet correction factor.

3.7.5 Jet Mixing Losses

The mixing region of the jet pump is somewhat analogous to a sudden en-
largement, where the jet expands to the larger throat diameter. Compared
with a sudden expansion, the co-flowing secondary flow reduces the recircu-
lation at the jet exit, but allows the formation of a shear layer between the
jet and secondary flow. This shear layer allows momentum transfer from the
jet to the secondary flow and drives the entire operation of the jet pump,
but this layer does not transfer momentum very efficiently and introduces

significant losses to the overall system.
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Table 3.3: Rounded inlet correction factors to K,..
Inlet from an infinite tank: (White, 1986)

keage = —160(5)%+80.9(5)2 +14.3(5) +1.00 if 5 < 0.2

kcdge = 0-1 if % ? 0.2

Sudden contraction in pipe flow: (Bullen et al., 1988)

keage = —187(5)° +82.0(5)% +14.9(5) +1.00 if 5 <0.15

kege = 0.2 if £ >0.15

Cunningham (1957) presented a function for the energy losses caused by
the mixing in a jet pump, which can be rewritten in the following form for

use as a loss coefficient:

M3R? 1+ M

e 2 3 T _oaR2i T

Kz [1 2RI+ M)+ R°(1+ M) + =R 2M*R .y
(3.11)

Equation 3.11 was used in the simulation to estimate the mixing losses. It
may be noted that for the case where there is no secondary flow, the flow ratio
M equals zero, and the equation reduces to the expression shown in Table 3.2

for a sudden expansion from the jet diameter to the throat diameter.
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3.7.6 Non-Circular Shapes and Effective Diameter

All of the previous discussion on loss factors has been for flows in pipes or
ducts of circular cross-section. To allow the use of the loss factor models in
ducts of non-circular cross-section, the concepts of hydraulic diameter and
effective diameter are used.

The hydraulic diameter of a pipe of arbitrary cross-sectional shape is

calculated with the following equation:

4 Apipe

:Pm'pe

Dpya = (3.12)

where Apipe is the cross-sectional area of the flow in the pipe. and Ppipe is the
wetted perimeter of the pipe wall over which the wall shear stress acts. For
a circular pipe, the hydraulic diameter equals the pipe diameter.

The hydraulic diameter alone tends to under-estimate the friction of a
pipe flow, particularly for the case of laminar flow, where the error can easily
approach forty percent. For laminar flows, most duct shapes can be solved
exactly, and a method based on the laminar analysis has been developed
which significantly improves the accuracy of friction factor calculations for
turbulent flows (Jones, Jr., 1976).

The Jones method compares the laminar flow friction factor for a non-
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circular pipe to the friction factor for a circular pipe:

for a circular pipe, f; = %

for a non-circular pipe, f; = -1%

where k is the dimensionless friction coefficient determined from the exact
solution of the laminar flow problem for a specific duct profile. For a duct
with an arbitrary cross section, this coefficient generally falls within the range
48 < k < 96 (Blevins, 1992).

For turbulent flows, a shape factor ¢* may be calculated:

64

(b‘ = ? (313)

This shape factor applies to geometrically similar pipes, and is used to

calculate an effective diameter for the pipe:
Desr = ¢&"Dpyq (3.14)

The effective diameter is used as the characteristic diameter for all loss
coeflicient calculations. Flow velocities are calculated with the actual cross-
sectional area of the duct. For example, to determine a pipe wall friction

factor, the Reynolds number, relative roughness, and friction factor would
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be calculated using Dy, as follows:
Reoys ==

relative roughness =

eff

= Dr

It was reported by Jones, Jr. (1976) that this method gives turbulent
smooth-pipe friction factors which are accurate to within +5% of experiment.

Functions for ¢* for rectangular ducts are presented by Jones, Jr. (1976),
and for concentric annuli by Jones, Jr. and Leung (1981). For a sector of an
annulus, such as the half-annulus used for the experimental model, functions
published by Sparrow et al. (1964) allow calculation of ¢".

For the simulation, non-circular ducts are found in the mixing chamber
and annulus, the jet pump inlet, and the inlet and discharge plena.

The half-annulus of the jet pump was modelled with the shape factor
for a sector of an annulus, which for the model geometry and dimensions
gave ¢" = 0.753. It should be noted that this was very close to the value
of ¢* = 0.752 obtained for a rectangular duct with a width equal to the arc
length of the midpoint of the annulus radii, and with a height equal to the
gap between the radii.

Since it was found that the values of ¢* for the annulus calculated with
the annular sector and rectangular models were very close, the jet pump inlet

was treated as a rectangular duct. Using a width equal to the arc length of
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the inlet surface and a height equal to the inlet gap, a shape factor ¢* = 0.735
was calculated.

A semi-circular duct, found in the inlet and discharge plena, has a shape
factor ¢* = 1.01 (Blevins, 1992). Since this is very close to unity, the shape
factor was not applied, and the hydraulic diameter alone was used for the

inlet and discharge plena.

3.7.7 Combined Effects

The simultaneous combined effects of several types of losses were accounted
for by linear superposition. The multiple loss terms were individually calcu-
lated, then added together to give the overall combined energy loss for the
module.

3.8 Construction and Solution of the Model

As shown in Section 3.4, the flow diagram yields a system of nine simulta-
neous nonlinear equations. These equations were solved using the Newton-
Raphson method, described in Jaluria (1988).

A group of programs was written with the MATLAB® programming lan-
guage to construct and solve the system of equations. The main program
is a function which receives parameters from a calling program, builds the
solution matrices, and performs the necessary iterations until a solution con-

verges. The function then returns the results to the calling program.
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The CGS system of consistent units was used for all programs. Early
work on the simulation programs showed that use of the MKS system of
units resulted in matrices with unacceptably high condition numbers, which
caused some problems with solution stability and convergence. Adopting the
CGS system reduced the condition number from the order of 10! to 107.
The use of CGS units did not affect the numerical results compared with
MKS units. However, the lower condition number resulting from the use of
CGS units allowed rapid, reliable convergence for all simulation runs.

The program inputs included the known inlet plenum pressure P,, the
water level and temperature, the measured flow rates Q, and Q3, the num-
ber of jets, and the jet diameters. The water level was used to calculate the
hydrostatic pressures Ps; and P;. The water temperature was used to calcu-
late the water density and viscosity. The secondary flow Q2 was calculated
as the difference between @Q; and Q3. All model dimensions were coded into
the program.

The actual flow rates measured during the experiments were used as initial
guess values for the flow rates. The calculated hydrostatic pressure P; was
used as the initial guess value for pressures P; to Ps.

The Newton-Raphson method uses an iterative method to solve the sys-
tem of equations. The solution progresses until some convergence criterion is
met, such as a maximum residual or maximum percent change in the calcu-
lated solution. For this simulation, convergence was considered to occur if a

calculated solution differed from the solution of the previous iteration by less
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than 1071% percent. This criterion gave convergence in about fifteen itera-
tions and gave function residuals of the range of 10~ to 10~!3, corresponding

to a maximum numerical error of the order of 10~* percent.

3.9 Validation of the Model

The simulation was subjected to several types of checks to ensure the validity
of its results. The validation process used both unit and integration testing

as described by Rakitin (1997).

3.9.1 Unit Testing

Unit testing is the process of locating and correcting faults in the individual
functions or modules of a main program. This type of testing was performed
on the eight modules of the simulation program, as well as for the func-
tions which were called to evaluate the loss coefficients during the program
execution.

Several specific activities were done to ensure the modules functioned
properly. First, the code was reviewed to ensure the algorithms were correct,
and that the proper coding syntax was used. To aid this process, consistent
variable naming was used. Tests were done of all the loss coefficient functions
to ensure that they returned correct values. This was done by comparing the
function results with published data.

Some global data structures were used to minimize repeated variable ini-

tialization; these global data were stored as MATLAB® data files, which
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were loaded by subsequent analysis programs. This ensured consistency of
the input data for all analyses.

Since the simulation was very application-specific, general purpose error
traps were not widely used and run-time error handling was limited. The
elbow loss coefficient function was written to accept only specific values of
elbow angle, and to issue a warning if the input angle was not acceptable.
The main simulation program also included a trap for non-convergence, which
terminated the program if convergence did not occur within 2000 iterations.

Tests were done at the boundaries of the experimental envelope, and at all
points the program converged onto realistic solutions. Additional simulation
runs were done within the experimental envelope to search for numerical

singularities, and none were found.

3.9.2 Integration Testing

Integration testing searches for problems with the interfaces or interactions
between program modules. This was done in a bottom-up manner, first by
testing the simulation modules and functions, then by testing the interfaces
between these units.

Apart from the iterative solver used for the Newton-Raphson method, the
simulation is a single pass program. This simplified the task of analyzing the
potential flow paths. Many of the loss coefficient functions accepted multiple
input parameters, and had multiple flow paths before a result is calculated.

For these programs, each path was tested to ensure a correct path and result.
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Many of the other issues commonly checked during integration testing,
such as resource allocation, are handled automatically by MATLAB® , and
were not tested.

The final integration test was a check of the energy flows through the
simulation. For each module, the total energy flux at the inlet and outlet
was calculated using Equation 3.1. The total losses within each module were
also calculated, using Equation 3.5. If the simulation works properly, the inlet
energy should equal the outlet energy plus the losses. This test uncovered
a small problem with one of the modules, and the final simulation program

gave good results with this test.

3.9.3 Final Validation Comments

Finally, some other comments should be made regarding the simulation and
its validation. First, it should be noted that, like most software, the simula-
tion did not always work well, or even at all, and that some of its features are
legacies from early development work. One such feature was the use of CGS
units of measure, which was an attempt to reduce the condition number of
the solution matrices. Now, after substantial development, the simulation
appears stable. For all the conditions tested, it converges, and converges
rapidly to a unique, realistic solution. Secondly, and just as importantly, the
simulation achieves reasonable results without any adjustment “knobs” or
experimentally-derived factors. It is believed that the validation process, the
reasonable results, and the absence of adjustment factors all suggest that the

simulation program gives valid results.
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Despite the apparent validity of the simulation results, the uncertainty
of these results is in many cases quite high. This will be discussed in the
following chapter. The absolute accuracy of the simulation, as compared

with the experiments, will be discussed in Chapter 5.



CHAPTER 4

MEASUREMENT AND SIMULATION ACCURACY

4.1 Introduction

Before a meaningful analysis and discussion of the results may be under-
taken, it is first necessary to estimate the uncertainties or potential errors of
the results. This chapter describes a method of estimating the uncertainty
of measurements presented by Taylor and Kuyatt (1994), then discusses the
application of this method to the experimental measurements and the simu-

lation results.

4.2 Combination and Propagation of Errors

A measurand or output quantity Y is often not measured directly: rather, it

is determined from other measurements through a functional relationship:

Y =f(X13 X‘211Y33~-- 1XxV) (4-1)

66
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An estimate of the measurand may be obtained using estimates of the

input variables as follows:

y=f(2'1,12,.’[3,... ’IN) (42)

where y is the estimate of Y, and z,, z,, 73, . . . , Zy are estimates of the input
variables X, X, X3,..., Xy.
The combined standard uncertainty of y is denoted u.(y). This is the

estimated standard deviation of y, and is given by the following equation:

(z; +2Z z 6f 3f u(z.,x,) (4.3)

] N—l N
i=l j= I+1

N
uc2(y) = Z [66—2{,
i=1
where u(z;) is the standard uncertainty of measurement r;, and u(z;, ;) is
the covariance associated with z; and ;.
For the case where the covariance between measurements is zero, the sec-
ond term of Equation 4.3 reduces to zero, and the equation for the combined

standard uncertainty simplifies as follows:

N 2
u(y) =3 [(%f] u(z;) (4.4)

i=1

The expanded uncertainty U, is calculated by applying a coverage factor

kp to the combined uncertainty:

D’p = puc (4.5)
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The coverage factor provides an estimate of the overall uncertainty, which
by NIST and international practice is generally at the 95% confidence level.
Using large data samples and assuming a normal distribution, the 95% confi-
dence level is is achieved with a coverage factor k, = 2.0. However, for small
sample sizes, the normal distribution is not appropriate, and the Student’s ¢
distribution is used instead.

To determine k, from the t distribution, the number of statistical degrees
of freedom for the measurement is required. For a single measurement, this
is the number of measurements less the number of reduced data calculated
from these measurements. For multiple measurements with zero covariance,
the effective number of degrees of freedom for the combination is calculated

as follows:

ui(y)
Vegp = N =

ar\4, 47,
Z(F:L’V:L (z;)

i=1

(4.6)

where v; is the number of degrees of freedom for measurement i. For the
analyses presented here, the ¢ distribution was used whenever v; < 27, since
with more degrees of freedom, the ¢ distribution gives k, = 2.0 (Miller and
Freund, 1985).

Finally, an estimate of the true process value to the specified confidence
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level may be calculated:

Y=y+U, (4.7)

There are two methods of estimating the standard uncertainty of the
measurements. In a Type A analysis, the standard uncertainty is calculated
by a statistical analysis of measurement data. In a Type B analysis, non-
statistical methods are used and the standard uncertainty is estimated based
on the judgement and experience of the analyst.

For this chapter, the experimental measurements were analyzed with both
Type A and Type B methods, and a Type B analysis alone was performed
on the simulation. It was also assumed that the covariance was zero and
that Equation 4.4 applied. The following sections describe each analysis in

greater detail.

4.3 Accuracy of the Experimental Measurements

Several types of data were recorded during the experiments, including vol-
umetric flow rates, water pressures, and water temperature and elevation.
The following sections describe in greater detail the sources of uncertainty
for these measurements, and present estimates of the overall uncertainty of

these measurements.
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4.3.1 Uncertainty of the Measured Flow Rates

The volumetric flow rates were measured using Annubar flow meters and
Validyne pressure transducers, described in Section 2.4.1. The calibration
produced expressions for the volumetric flow rate as a function of the dif-
ferential pressure measured with the flow meter. The general form of these

functions is as follows:
Q= BP™ (4.8)

where the calibration constants B and m are determined from a least-squares

curve fit to the linear version of the function:
logQ =mlogP + B (4.9)

Applying Equation 4.8 to Equation 4.4 gives the following expression for

the relative uncertainty of the flow rates:

-y

For the Annubar system, the exponent m = 0.5, so from Equation 4.10
the relative uncertainty of the flow rate is about half the relative uncertainty
of the differential pressure measurement.

The following sections describe the methods used to minimize and esti-
mate the overall uncertainty of the differential pressure, and the estimated

values of the uncertainty.
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4.3.1.1 Uncertainty Reduction by Apparatus Design

The flow meters were installed to minimize instrument errors caused by the
physical positioning and arrangement of the system components.

Firstly, the Annubar flow meters were installed as recommended by the
manufacturer, using recommended lengths of straight pipe upstream and
downstream of the meters to minimize the effects of elbows and other pipe
fittings.

The meter measuring Q; was located approximately 30 cm above the
tank water surface, and therefore operated at a slight vacuum. This could
have allowed air bubbles to enter the pressure taps during test configura-
tion changes, affecting the differential pressure measurements as described
in Section 4.3.3.3. To prevent this from occurring, the Validyne sensor for
this meter was placed approximately 100 cm below the meter and connected
with transparent plastic tubing. Once filled with water, the elevation differ-
ence provided enough hydrostatic pressure to bleed all air bubbles from the
pressure taps, eliminating a potential source of error.

The Annubar flow meter measuring @, operated at the high pressure
of the jet pump inlet, so the pressure tap lines could be easily bled of air.
Furthermore, because of the high static pressure, the effects of air bubbles in
the pressure tap tubing would be very small.

Finally, calibration of the low metering systems was performed with the
same piping, equipment, and instruments that were used for the experiments.

This was done to minimize the introduction of unknown errors with changes
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to any of the components, and also to simplify the data analysis, since the
overall uncertainties in the system could be easily determined.

Some sources of uncertainty of the differential pressure measurements
could not be designed out of the apparatus. Contributions to this uncertainty
can be segregated into three groups: items which are detected and calculated
from the system calibration data, instrument zero drift, and instrument range
or span drift. Each of these three groups is discussed in greater detail in the

following paragraphs.

4.3.1.2 Statistical Analysis of Calibration Data

The measured flows Q; and Q; were turbulent, with Reynolds numbers rang-
ing from about 8 000 to 33 000. Because of the turbulence, large pressure
fluctuations were detected at the Annubar pressure taps. The averaging volt
meter (AVM) was used to determine a time average of the pressure fluc-
tuations, but variations in the averaged values were still observed. These
variations, however, allowed statistical analysis of the data to determine the
standard error of the flow measurements.

The calibration data were fit to Equation 4.9 to obtain the calibration
function coefficients. The standard error of estimate was calculated for the
fitted curve, and was used as the standard error in Equation 4.4; Table 4.1
summarizes the standard error for both of the measured flow rates.

Analysis of the calibration data accounts for uncertainties arising from

the pressure fluctuations at the Annubar flow meters, as well as nonlinearities
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Table 4.1: The standard error of flow rates Q, and Q3 measurable by metering
system calibration at the 95% confidence level.

Flow Rate | Standard Error
Q 0.24%
Qs 0.45%

in the Validyne and AVM instruments. However, calibration drift for these
instruments cannot be estimated with this analysis, so the drift must be

estimated and added separately.

4.3.1.3 Instrument Scale Drift

The electronic circuits in the Validyne and AVM instruments are subject to
a small amount of drift in their calibration over time, which is usually caused
by effects of temperature, humidity, and aging of the circuit components. To
minimize thermal changes during the experiments, the instruments remained
turned on for the duration of the tests, but it is likely that some drift occurred
during the course of the experiments.

The maximum relative uncertainty of the Validyne output due to drift is
specified by the manufacturer to be + 0.25% (Validyne Corp., 1971). Data
for the AVM were not available, but based on information for the voltage to
frequency converter and the power supply, the maximum relative uncertainty
of the AVM output due to drift is estimated at + 0.2%. Assuming the
uncertainty to be uniformly distributed across the range, the standard error
is estimated by dividing the uncertainty by root three; this type of estimate

for standard error is taken to have an infinite number of degrees of freedom.



CHAPTER 4. MEASUREMENT AND SIMULATION ACCURACY 74

4.3.1.4 Instrument Zero Drift

Another potential source of error was from zero drift in the Validyne and
AVM instruments. This error was minimized by recording the AVM output at
zero flow rates, and using this value as a correction term during data analysis.
Because of this correction, it was assumed that this source of uncertainty was
insignificant compared with the other sources, and was not included in the

calculation of the combined uncertainty.

4.3.1.5 Expanded Uncertainty of the Flow Rate Measurements

The combined uncertainty of the volumetric flow rates Q, and Q; is the root
sum square of the calibration and drift uncertainties. Since Q, was calculated
as the difference between @, and Qj, the uncertainty of Q, is the root sum
square of the uncertainties for Q, and Q3. The expanded uncertainty is
calculated by applying an appropriate coverage factor.

The calibration for Q, was made with 45 data points. Subtraction of the
two calculated curve fit parameters leaves 43 degrees of freedom. When this
is combined with the Validyne and AVM drift, both of which are assumed to
have infinite degrees of freedom, the number of effective degrees of freedom
becomes 57. This is enough for the normal distribution to apply, and a value
of k, = 2.00 was applied to u.(Q;).

The calibration for Q3 was made with only eight data points, giving six
degrees of freedom. When combired with the instrument drift, there are a

total of seven effective degrees of freedom. The ¢ statistic corresponding to
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the 95% level of confidence at seven degrees of freedom is 2.36, and this was
used as the value for k, applied to u.(Q3).

The calculation for Q. used both @, and Q3, making a total of 12 effective
degrees of freedom for the combination. The ¢ statistic corresponding to the
95% confidence level at 12 degrees of freedom is 2.18, and this was used as
the value for k, applied to u.(Q2).

Table 4.2 summarizes the combined uncertainties, coverage factors, and

expanded uncertainties of all three measured flow rates.

Table 4.2: The combined uncertainties, coverage factors, and expanded un-
certainties of the measured volumetric flow rates Q,, Q2, and Q3 at the 95%
confidence level.

Flow | Combined | Coverage | Expanded

Rate | Uncertainty | Factor | Uncertainty

Q: 0.257% 2.00 0.51%
Q, 0.531% 2.18 1.2%
Qs 0.465% 2.36 1.1%

4.3.2 Uncertainty of the Measured Jet Inlet Pressure

The jet inlet plenum pressure was measured with a Bourdon tube pressure
gauge. This gauge was calibrated with a Budenberg model 280L deadweight
pressure calibrator in the range from zero to 690 kPa (0-100 psi), and was
found to indicate within + 0.3 psi (£ 6.9 kPa) of the calibration standard
over the entire range. However, the resolution of the gauge is + 0.5 psi

(£ 3.5 kPa), which sets the lower limit for the uncertainty of the gauge.
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Dividing by root three, the standard error for the instrument is taken as

u(Po) = + 2.0 kPa.

4.3.3 Uncertainty of the Measured Mixing Region Pressures

Static pressure measurements were made along the mixing length of the
jet pump annulus. The pressures were measured with a Validyne system,
and fluctuations in the measured pressure were smoothed with the AVM.
Since these system components have linear additive uncertainties, the overall
uncertainty of the measurements is the root sum square of the component

uncertainties.

4.3.3.1 Uncertainty Reduction by Apparatus Design

As with the flow metering system, achieving accurate pressure measurements
starts with good design of the measurement system.

The static pressure measurement system included several design features
to minimize the introduction of errors and uncertainties. The pressure tap
holes were made small in comparison to the effective diameter of the annulus,
were drilled perpendicular to the annulus wall, and were deburred before the
experimental model was assembled.

Each of the 17 pressure taps was connected with transparent plastic tub-
ing to a valve, then from the valve through a manifold to a single pressure
transducer. The tubing allowed confirmation that large air bubbles were re-
moved from the system, and the use of a single pressure sensor eliminated

differences between sensors as an additional uncertainty of the measurements.



CHAPTER 4. MEASUREMENT AND SIMULATION ACCURACY 77

Even with good equipment design, error in the static pressure measure-
ments may still have been introduced from three sources: instrument non-
linearity, instrument drift, and air bubbles in the pressure tap tubing. These

sources are discussed in the following sections.

4.3.3.2 Instrument Uncertainties

The uncertainties in the Validyne and AVM instruments arise from nonlin-
earities and drift in the instruments. Data for the Validyne system were
obtained from Validyne Corp. (1971), and similar data for the AVM were
estimated from data sheets for the AVM voltage to frequency converter and
power supply components. Zero drift errors were eliminated by recording the
system zeros prior to data collection. Table 4.3 summarizes the uncertainties
for both instruments. Assuming the uncertainty to be a uniform distribution
across the range, the standard error is estimated by dividing the uncertainty
by root three.

Table 4.3: The overall relative uncertainties of the static water pressure
instruments.

Instrument | Nonlinearity | Scale Drift

Validyne 0.1% 0.25%
AVM 0.25% 0.2%
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4.3.3.3 Air Bubbles in the Pressure Tap Tubing

Great care was taken to ensure that large air bubbles were removed from the
pressure tap tubing before measurements were made. This was accomplished
by operating the apparatus, opening the Validyne bleed port, then opening
each pressure tap selector valve. This allowed water to flow through the
pressure tap tubing, flushing out all large air bubbles.

In a vertical tube, the presence of air bubbles which block the entire
tube would reduce the sensed pressure, because the low mass density of air
compared with water would reduce the hydrostatic pressure at the pressure
sensor. For any tube orientation, the presence of large bubbles would also
cause surface tension stresses between the water and the tubing, which when
combined with the compressibility of the air, could introduce some hysteresis
to the pressure measurements. These factors would be more significant when
measuring low pressures, such as those found in the mixing region, and would
be of little importance if the measured pressures were much higher, such as
at the jet nozzle inlet plenum.

Small air bubbles were not considered to be a factor affecting the accuracy
of the pressure measurements. Small bubbles commonly formed inside the
pressure taps as dissolved air left solution to coalesce on the inner walls of the
pressure tap tubing. These bubbles were too small to completely block the
tubing, and as a continuous column of water existed inside the tube, and it

was assumed that the small bubbles did not affect the pressure measurements.
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4.3.3.4 Expanded Uncertainty of the Static Pressure Measurements

The combined uncertainty of the static water pressure measurements is the
root sum square of the instrument standard errors, which has the value
uc(P)/P = 0.24%. Since the variance was estimated from a uniform dis-
tribution, it was assumed to have infinite degrees of freedom. This gives a

coverage factor k, = 2.0, and an expanded uncertainty U,(P)/P = 0.48%.

4.3.4 Uncertainty of Other Measurements

Two other measurements were made during the experiments: the water tem-
perature and water surface elevation. The water temperature was measured
with a Fluke model 2175A digital thermometer with a specified accuracy of
+ 0.9°C (Fluke Mfg. Co., 1977), which corresponds to a standard error of
u(Ty) = =£0.5°C. The water elevation was measured with a steel ruler at
an estimated uncertainty of £ 0.2 cm, giving a standard error u(H,) = +
0.12 cm. These instruments were not calibrated, and the contributions of
these two measurements to the overall uncertainty of the experiment and

simulation results was found to be negligible.

4.3.5 Uncertainty of the Reduced Data

There are several additional parameters which are calculated from the mea-
sured data to indicate the performance of the jet pump. These parameters

include the flow ratio and efficiency.
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The flow ratio M is the ratio of the secondary to primary flow rates:
=2 (4.11)

Applying Equation 4.4 and the relative uncertainties of Q; and Q, to
Equation 4.11 gives an estimate of u.(M)/M = 0.59%. The combination
of @, and Q; has 18 effective degrees of freedom, giving a coverage factor
kp = 2.10 and an expanded uncertainty for the flow ratio U,(M)/M = 1.2%.

The jet pump efficiency 7 is defined as the quotient of the fow energy
leaving the pump to the energy entering the pump. The generally accepted
expression for the efficiency, adjusted for the experiments and simulation as

shown in Figure 3.1, is given as follows (Gosline and O’Brein, 1934):

_ Q:(Hs — Hy)

"= Q Ho—Hy) MY i

The combined uncertainty of the flow ratio was given above as 0.59%. A
simple expression for the combined uncertainty of the head ratio N cannot
be directly written, since it is dependent upon the actual flow rates and
pressures. The uncertainty was therefore calculated for each test point and
was found to fall in the range 0.62% < u.(N)/N < 1.2%, with a mean value
of 0.86%. The uncertainties for M and N give a combined uncertainty range
0.85 < uc(n)/n < 1.3%, with a mean value of 1.05%. Assuming a sufficiently
large number of degrees of freedom, a coverage factor k, = 2.0 can be applied

to give a mean expanded uncertainty U,(n)/n = 2.1%.
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4.4 Accuracy of the Simulation

In this section, the factors affecting the general accuracy of the simulation
are discussed. There likely exist small dimensional differences between the
experimental and computer models, and there are uncertainties associated
with the models used to simulate the jet pump, all of which generate the
uncertainty that the simulation does not exactly represent the experimental
test point. In this section, these uncertainties are discussed and the overall
uncertainty of the simulation is estimated.

The uncertainty of the simulation was analyzed in a manner similar to
that described in Section 4.1, using Equation 4.4. Forty-four parameters were
identified as having a potential effect on the simulation results. These can
be broadly classed as variations in model dimensions, elevations, and loss
coefficients. A complete list of the parameters and their uncertainty limits is
given in Appendix A.

To evaluate the expanded uncertainty of the simulation for a test point,
the simulation was run once to obtain a nominal result, then again at plus and
minus one percent of the upper and lower uncertainty limits for each param-
eter. For each parameter, these three solutions were fitted to a least-squares
linear curve to obtain the partial derivative of the result with respect to the
parameter. The partial derivatives and standard errors for each parameter
were combined using Equation 4.4 to obtain the combined uncertainty for

the simulation at the test point, then a coverage factor k, = 2.0 was applied
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to obtain the expanded uncertainty. This procedure was repeated for each
combination of test number and nozzle inlet pressure.

The relative uncertainty for a test point was obtained by dividing the
expanded uncertainty by the nominal result. An estimate of the overall
relative uncertainty of a simulation output was calculated as the arithmetic
mean of the relative uncertainties for all test points and pressures. The
maximum and minimum values were also recorded to give an indication of
the range.

To obtain an overall estimate the relative contribution of each parameter
to the simulation uncertainty, the means of the relative contributions of each
parameter were calculated across all test points and pressures. These means
did not necessarily sum to unity, so they were normalized by dividing by the
sum of the means.

The uncertainty estimates were calculated for each of the three flow rates,
the pressure P; which corresponds to pressure tap 17 of the experimental
model, and the jet pump efficiency. In each of the following sections, the rel-
ative uncertainty estimates are discussed, as are the parameters contributing

the most to the uncertainty of the results.

4.4.1 Uncertainty of the Simulated Flow Rates

The estimated uncertainty of the simulated flow rates is summarized in Ta-
ble 4.4. Also listed in the table are the top five contributors to the overall

uncertainty of each of the three flow rates.
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Table 4.4: The relative expanded uncertainty of the flow rates calculated by
the simulation, and the five largest contributors to the uncertainty expressed
as a fraction of the total, at the 95% confidence level.
Relative Uncertainty U,(Q)/Q:

mean: 4.4% minimum: 3.6% maximum: 5.3%
Top five contributors to the relative uncertainty of Q,

Symbol Parameter Description Fraction
T; jet nozzle inlet radius 61.2%
f2 jet nozzle friction factor 16.9%
D; jet nozzle diameter 12.1%
Koc1 sudden contraction into the jet nozzles 3.9%
a kinetic energy correction factor 3.6%

Total: 97.7%

Relative Uncertainty U,(Q.)/Q:

mean: 35.9% minimum: 33.2% maximum: 40.6%
Top five contributors to the relative uncertainty of Q,

Symbol Parameter Description Fraction
Kmiz  mixing loss factor 91.5%
fa annulus friction factor 2.2%
K. 6a 31mm discharge pipe elbow loss factor 1.9%
a kinetic energy correction factor 1.7%
rj jet nozzle inlet radius 1.2%

Total: 98.5% |

Relative Uncertainty Up(Q3)/Qs

mean: 25.3% minimum: 20.3% maximum: 31.7%
Top five contributors to the relative uncertainty of Qs

Symbol Parameter Description Fraction
Koz mixing loss factor 90.2%
r jet nozzle inlet radius 2.4%
fa annulus friction factor 2.2%
Kei6a 31lmm discharge pipe elbow loss factor 1.8%
a kinetic energy correction factor 1.4%

Total: 98.1%
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The relative uncertainty of @, has a mean value of 4.4%. This flow
has a very simple loss model, with only a sudden contraction and friction
in the nozzle. The flow is driven by the difference between the inlet plenum
pressure and the pressure at the jet pump throat. The inlet plenum pressure,
supplied by the pumps, is very high compared with the throat pressure, which
is slightly lower than the hydrostatic pressure at the jet pump inlet. Despite
the potential for large uncertainties of the processes within the jet pump,
the pressure difference between the inlet plenum and the jet pump throat
remains mostly insensitive to these processes, and the relative uncertainty of
@, is small.

The largest factor contributing to the uncertainty of Q, is the radius
at the inlet to the jet nozzles r;, which contributes about 61% of the total
uncertainty. The radius has a nominal value of 0.038 cm (0.015”) with an
uncertainty range of + 0.025 cm (0.010”). With the six nozzle diameters,
this gives a range of radius to diameter ratios 0.021 < r;/D < 0.19, which
gives a sudden contraction loss coefficient range of 0.052 < K. < 0.36. This
is much more than the + 15% uncertainty for the loss coefficient function,
so it is not unexpected that the inlet radius contributes roughly fifteen times
as much to the uncertainty of Q; as the loss coefficient itself.

The results for the secondary and tertiary flows are similar to each other.
The relative uncertainty of Q. has a mean value of 36%, which is an order
of magnitude greater than the uncertainty of Q,. The mean value of the
relative uncertainty of Q3 is 25%, which is approximately six times than the

uncertainty of @; and about two-thirds the uncertainty of Q,.
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Compared with the primary flow, the other two flows have much more
complicated models, since they are dependent upon nearly all the processes
occurring within the jet pump. However, it is clear from Table 4.4 that the
uncertainties of both flows are almost completely the result of the uncertainty
of the jet pump mixing model.

The only energy source for the jet pump is the primary flow, supplied by
external pumps. Some of the flow energy is transferred to the ambient fluid
in the mixing chamber, generating the secondary flow. The mixing process
is simulated with the model described in Section 3.7.5.

The secondary flow gets all its energy from the momentum transfer from
the primary to the secondary flows, and is therefore very sensitive to changes
in the mixing model. This flow is also affected to a much smaller degree by
the pressure difference between the jet pump inlet and the mixing chamber,
which is seen by the effects of the other factors affecting the uncertainty.

The tertiary flow is supplied by both the primary and secondary flows, so
the accuracy of the calculation is less dependent on the mixing process. This
is seen by the lower mean value of the relative uncertainty of Q3 compared
with @2, which is entirely dependent on the mixing process for its fow.
Also, the jet inlet radius r; has a greater effect on @; than Q,. It was shown
earlier that r; has a very strong effect on @, and this effect is carried into

the tertiary flow more strongly than into the secondary flow.
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4.4.2 Uncertainty of the Simulated Static Pressures

The uncertainty of the simulated static pressures was estimated by analyz-
ing pressure P,. This location was selected because it corresponds directly
to pressure tap 17 of the experimental model, and therefore the simulated
Py could be compared directly with experimental measurements. Table 4.5
summarizes the relative uncertainty of this pressure; also listed in the table

are the top five contributors to the overall uncertainty of the static pressure.

Table 4.5: The relative expanded uncertainty of the annulus static discharge
pressure P as calculated by the simulation, and the five largest contributors
to the uncertainty expressed as a fraction of the total, at the 95% confidence
evel.

Relative Uncertainty U,(P;)/ P,
mean: 43.9% minimum: 36.3% maximum: 53.3%
Top five contributors to the relative uncertainty
Symbol Parameter Description Fraction
Kmiz mixing loss factor 89.1%
Kei6a 31mm discharge pipe elbow loss factor 2.9%
T; jet nozzle inlet radius 2.4%
fa annulus friction factor 1.9%
a kinetic energy correction factor 1.2%
Total of the top five contributors: 97.6% |

The uncertainty of the static pressure P, has a mean value of 44%, which
is about twice the uncertainty of the flow rate Q; which flows past that

point. Review of the numerical results shows that the sensitivity of P, to
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the dominant parameters is approximately 1.7 times the sensitivity of Q; to
the same parameters. The simplified energy equation, Equation 3.2, offers
some explanation for this. In this equation, the velocity, which is directly
proportional to the flow rate, appears with an exponent of two, whereas the
pressure has an exponent of unity. Applying a small change to the loss term
while fixing the flow rate would cause a proportional change to the pressure.
However, the same change in the loss term with the pressure fixed would cause
a smaller change in the flow rate because of the exponent. The difference
of the changes would be expected to be of the order of root two, but the
Jet pump model is much more complicated than this simple example, and it
does not seem unreasonable that the uncertainty of the annulus pressure is
of the order of double the uncertainty of the tertiary flow rate.

The five largest contributors to the uncertainty of P, are the same as for
the flow @3, although there are slight differences in the order and magnitudes
of the smaller contributors. As expected, most of the uncertainty arises from
the mixing loss coefficient, which has the greatest influence on the momentum
transfer in the mixing region, and hence on the overall performance of the

jet pump.

4.4.3 Uncertainty of the Simulated Efficiency

Finally, the uncertainty of the simulated efficiency was calculated, and is
summarized in Table 4.6. Also shown in the table are the top five contributors

to the overall uncertainty of the efficiency.
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Table 4.6: The relative expanded uncertainty of the jet pump efficiency 7 as
calculated by the simulation, and the five largest contributors to the uncer-
tainty expressed as a fraction of the total, at the 95% confidence level.

Relative Uncertainty Uy,(n)/n
mean: 84.5% minimum: 72.3% maximum: 101%
Top five contributors to the relative uncertainty

Symbol Parameter Description Fraction
Kz mixing loss factor 96.2%
a kinetic energy correction factor 1.8%

r; jet nozzle inlet radius 0.9%

fa annulus friction factor 0.3%
K8 jet pump inlet elbow loss factor 0.2%

Total of the top five contributors: 99.6% |

The mean uncertainty of the efficiency is 85%, which is much greater than
the uncertainties of the flow rates and pressures. This is expected because the
efficiency is calculated from the pressures, flow rates, and elevations within
the jet pump, and the uncertainties in these calculations are combined and
amplified in the efficiency calculation.

The four largest contributors to the uncertainty of the efficiency are also
responsible for most of the losses for Q; and Q», showing the significant effect
these two flow rates have on the efficiency. As with the other parameters in
the annulus, most of the uncertainty arises from the mixing loss coefficient,
which has the greatest influence on the momentum transfer in the mixing

region, the energy losses, and therefore the efficiency of the jet pump.
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4.5 Comments on the Simulation Uncertainty

The expanded uncertainty of the measured volumetric flow rates and static
pressures were of the order of one half to one percent. The efficiency, which
is calculated from the flow rates and pressures, had an expanded uncertainty
of the order of two percent.

The simulation, on the other hand, had a significantly higher uncertainty.
The primary flow rate, despite it’s simple model, had an expanded uncer-
tainty of about four percent; this is an order of magnitude greater than than
the measurements. The other flow rates had expanded uncertainties of the
order of thirty percent. The uncertainty of the simulated efficiency was very
high, around 85 %, rendering the efficiency calculation almost meaningless.

It is unlikely that the high condition number of the simulation matrices
amplified or otherwise affected the uncertainty estimate. It was stated in
Section 3.8 that the condition number of the simulation using CGS units
was high, of the order of 107. A version of the simulation program written
with MKS units had a much higher condition number, of the order of 1015,
Although MKS units affected the stability and convergence of the solution,
the calculated results remained the same as with CGS units. Also, an iter-
ative solver was used, which by its nature minimizes the numerical error of
the result. Therefore it is believed that the uncertainty estimates were not
affected by the high condition number of the simulation.

Despite the high uncertainty of the simulation results, it will be shown in
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the following chapter that the simulation generally gave correct correlations

between the design parameters, and had errors less than predicted by the

uncertainty analysis.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

In this chapter, results of the experiments and simulations are presented. The
first discussion covers the effect of the nozzle to throat separation distance,
to establish that its effect is small and to justify the use of mean data for
the remainder of the chapter. Next, the effects of the jet inlet pressure
are discussed, followed by the effects of the nozzle to throat area ratio and
number of jets. This chapter concludes with recommendations for designers
of annular mixing jet pumps.

The experiments were performed in nine groups of five tests, for a total of
45 tests. Each of the nine groups had a fixed area ratio and number of jets,
and the five tests within each group had a different nozzle to throat separation
distance. Each of the 45 test configurations was run with the jet inlet pressure

Py ranging from 344 kPa (50 psi) to a maximum of 689 kPa (100 psi) in 69 kPa
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(10 psi) increments. The test schedule is found in Table B.1 in Appendix B,
and the nozzle to throat distances used for the tests are listed in Table B.2.

Appendix B also includes the recorded and reduced data from the exper-
iments. Figures B.1, B.2, and B.3 show the primary, secondary, and tertiary
flow rates measured for each test configuration and jet inlet pressure. Fig-
ure B.4 shows the static pressures at the end of the annulus. Figure B.5
shows the flow ratio, and Figure B.6 presents the jet pump efficiency. For all
plots, the estimated measurement or simulation uncertainty is shown with
error bars; the larger error bars are for the simulation results.

The subsequent nine figures of Appendix B, Figures B.7 through B.15,
show the static pressures along the mixing region. These plots show the mean
pressures recorded for all five tests within the group, because it is shown in
Section 5.2 that the nozzle to throat distance has only a very small effect on
the pressure.

The reduced data, such as the flow ratio, head ratio, and efficiency, are
common non-dimensional parameters used to describe the performance of jet
pumps. These parameters are used in the following sections for the discus-
sions of the effects of the four main parameters.

For consistency of the presentation and discussion, the experimental and
simulation results are all named and numbered using the notation shown in

Figures 3.1 and 3.2.
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5.2 Effect of Nozzle to Throat Separation

The experiments were conducted in nine groups of five tests. Within each
group, all tests used the same jet diameter and quantity, but each of the five
tests used different nozzle lengths, and therefore different nozzle to throat
separation distances. The shortest jets had their exit planes flush with the
lower surface of the jet pump inlet, while the longest jets had their exit planes
at the throat. It was found that the different nozzle lengths had some effect
on the jet pump performance, and in this section, these effects are presented
and discussed.

The experimental data were analyzed to determine the effect of the nozzle
to throat distance on various parameters. For each test group, the mean value
of the parameter of interest was calculated, then the deviation from this mean
was calculated for each test point within the group.

The results for Py = 483 kPa (70 psi) are typical, and are shown as figures
in the following sections. Figure 5.1 shows the effect of the nozzle to throat
separation on the water flow rates in the jet pump. Next, Figure 5.2 shows
the effect of the on the peak mixing pressure and mixing length. Finally,
Figure 5.3 shows the effect on the flow ratio, the head ratio, and their product,
the jet pump efficiency.

The simulation did not contain any models which could compensate for
the effects of different nozzle to throat separation distances. Therefore, the

simulation results are independent of this distance, and are not discussed.
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5.2.1 Effect of Nozzle to Throat Separation on Flow Rates

The measured flow rates were analyzed to determine what effect the nozzle
to throat separation distance had on the flow rates. The results for each test
within a group were compared with the mean of the five tests within the
group, and the percent deviations from these means are shown in Figure 5.1.

The three flow rates show similar results, with somewhat inconsistent
curves for the test groups. The overall mean trend lines, however, suggest
a slight increase in the flow rates as the nozzle to throat distance increases.
Since the primary and secondary flows both show similar increases with the
nozzle to throat separation, the flow ratio shows almost no dependence on
the separation.

However, it is possible that this effect is the result of the shorter jet
length alone, rather than the increased nozzle to throat separation, which
is a by-product of the reduced jet length. The shorter nozzles would have
slightly lower friction losses, increasing slightly @, and leaving more energy
to transfer to the secondary flow. The increased primary flow should have a
proportional effect on @, and Q;. Finally, the slightly sreater mean trends
of Q2 and @3, when compared to Q;, could be the result of reduced flow

obstruction by the nozzles as they are pulled away from the throat.

5.2.2 Effect of Nozzle to Throat Separation on Mixing

The measured values of the peak static mixing pressure P; were analyzed to

determine what effect the nozzle to throat separation distance had on this
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Figure 5.1: The flow rates Q, Q2, and Q3, and the flow ratio M, versus
nozzle to throat separation s for jet inlet pressure P, = 483 kPa (70 psi).
The figures show the percent deviation of the measured parameter from the
mean of the five measurements within the group. D.s; = 1.49 cm.
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Figure 5.2: The peak mixing pressure P; and mixing length L. versus
nozzle to throat separation s, for jet inlet pressure P, = 483 kPa (70 psi).
The figures show the percent deviation of the measured parameter from the
mean of the five measurements within the group. D.s; = 1.49 cm.

pressure, and on the length of annulus needed for complete mixing of the
flows. As with the previous section, the results of each test were compared
with the mean values for the test group, and the deviations are plotted in
Figure 5.2.

It is clear from the irregular curve shapes of Figure 5.2 that the effect of
s is not consistent. However, there appear to be general trends in the data,
with a slight positive trend for peak pressure and a slight negative trend for
mixing length as the separation increases. The magnitude of these trends is
small, with the P; trend within + 4 % and the L, trend within + 1.5 % of
their respective mean values. Given the inconsistent relationship between the
nozzle to throat distance and the mixing phenomena, and the small overall
deviation trends, further discussion of the mixing phenomena will use mean

data calculated from all five tests within each test group.
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5.2.3 Effect of Nozzle to Throat Separation on Efficiency

The experimental data were also analyzed to determine any effect the nozzle
to throat separation had on the efficiency of the pump. As with the previous
sections, the results of each test were compared with the mean values for the
test group, and the deviations are plotted in Figure 5.3. This figure shows
the three plots related to the efficiency; plot A shows the effect on the flow
ratio, plot B shows the effect on the head ratio, and plot C shows the overall
effect on the efficiency. It should be recalled that the efficiency is the product
of the flow and head ratios.

It was stated in Chapter One that there is general agreement among
researchers that the efficiency of a centre jet pump improves as the nozzles are
moved upstream of the throat, reaching maximum efficiency when 1.0D, <
s < 2.0D,. The general trends in Figure 5.3 suggest that this is also the
case with the annular mixing jet pump. The flow ratio shows a very small
positive mean trend, varying less than + 1 % from the mean, but the head
ratio shows a much stronger trend, varying by about + 5 %. The efficiency
is the product of these two parameters, and as expected, it also shows a
positive correlation with the separation, varying by about + 5 %.

The literature suggest that further increases in efficiency could be achieved
by increasing the nozzle to throat distance tc a more optimal value. However,
the physical geometry of the experimental model prevented any additional
increase in the spacing; at maximum s, the nozzles of the model are flush with

the lower surface of the jet pump inlet. It is conceivable though that an an-
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Figure 5.3: The efficiency 7, the flow ratio M, and the head ratio N, versus
nozzle to throat separation s for jet inlet pressure Py = 483 kPa (70 psi).
The figures show the percent deviation of the measured parameter from the
mean of the five measurements within the group. D, fr = 1.49 cm.
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nular mixing jet pump could be built with a larger inlet radius, which could
allow the designer to position the nozzles further upstream of the throat,

giving further increases to the pump efficiency.

5.3 Effect of Jet Inlet Pressure

It was shown in the previous section that the nozzle to throat distance has
only a small effect on the performance of the annular mixing jet pump. For
the remaining sections, the effect of this distance will be removed by averaging
the test results across each group. In this section, the effect of the inlet
pressure Fy is presented and discussed. The format of the data presentation
will allow introduction to the effects of the area ratio and number of jets, but
these effects will be explored in greater detail in subsequent sections.

‘The averaged results for the experiments and simulations are presented in
three figures. Figure 5.4 shows the effect of the jet inlet pressure on the water
flow rates in the jet pump. Next, Figure 5.5 shows the effect of the jet inlet
pressure on the peak pressure in the mixing chamber. Finally, Figure 5.6
shows the effect on the flow ratio, the head ratio, and their product, the

pump efficiency.

5.3.1 Effect of Jet Inlet Pressure on Flow Rates

The averaged flow rates for each test group, and the corresponding simulation
results, were plotted against the jet inlet pressure to determine the effects of

the inlet pressure on the flow rates; these plots are shown in Figure 5.4.
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As expected, the flow rates increase steadily with the jet inlet pressure.
By plotting Figure 5.4 on log-log axes, one can see that the data form straight,
parallel lines, indicating that the data in each plot follow power functions
with constant exponents. The curves were fitted to least-squares power func-
tions, from which the mean slopes of the curves were determined; these are
displayed on the individual plots in Figure 5.4.

From the simplified one-dimensional energy equation (Equation 3.2) with-
out the elevation or loss terms, one would expect Q2 x P, or Q  P°5. How-
ever, other terms or factors will affect the relationship between the flow rate
and static pressure, and affect the exponent on P. If some terms include the
flow rate at less than second order, such as elevation changes (zero-order),
the lower-order terms will reduce the overall effective order of the equation,
making the exponent to P greater than 0.5. Conversely, if some terms include
the flow rate at orders greater than two, the overall order of the flow rate
terms will be greater than two, and the exponent to P will be less than 0.5.
Such deviations can arise from real energy losses which correlate to the flow
rate at orders other than two, and from the kinetic energy correction factor
a, which is a function of the velocity profile and depends on the velocity and
degree of flow development.

The experimental data for Q; show good agreement with the simulation,
with similar magnitudes and slopes for the two data sets. The fitted ex-
perimental data curves have a mean exponent of 0.46, slightly lower than

the simulation result of 0.52. The simulation used second-order loss models
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with a small elevation change, which is consistent with a mean curve slope
of slightly more than 0.5. The simulation did not account for friction nor
the complex three-dimensional flow patterns within the jet inlet plenum, and
assumed fully developed flows in the jet nozzles. Since the experiment data
gave an exponent to P, of less than 0.5, the data suggest that these flow
losses correlate to the flow rate at somewhat greater than second order.

The secondary flow gave experimental curves with an exponent of 0.63,
somewhat higher than the expected 0.5. This suggests an effect of lower-order
terms; the elevation changes associated with Q, are small, so it is possible
that the mixing process has lower-order components. The simulation results
were fitted to curves with an exponent of 0.54. This appears reasonable
considering that all the energy loss models are second-order, and that there
is a larger elevation pressure change term than for Q,.

The curves fitted to the experimental data for Q; have a mean exponent
of 0.58. The tertiary flow is a combination of the primary and secondary,
so it seems reasonable that the exponent should lie between the values for
these other flows; a simple weighted average of the exponents for Q; and Q2
also gives 0.58. The similar case exists for the simulation results, with an
exponent of 0.53 which falls between those for @, and Q,.

The effects of the area ratio and jet quantity should be readily apparent in
Figure 5.4, and these will be discussed in more detail in subsequent sections.
The flow ratio will be discussed in Section 5.3.3, as part of the discussion of

the effect of P on the efficiency.
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5.3.2 Effect of Jet Inlet Pressure on Mixing

The mean peak mixing pressure for each test group, and the corresponding
simulation results, were plotted against the jet inlet pressure to determine
what effect the inlet pressure has on the peak pressure. These plots are
shown in Figure 5.5.

As with the flow rates, the peak mixing pressure also increases steadily
with the jet inlet pressure. This effect is linear, rather than a power function
as with the flow rates, because the static pressure is a linear term in the
one-dimensional energy equation.

Compared with the experiment, the simulation generally over-estimates
the peak mixing pressure, with the results at P, = 345 kPa varying from
zero to ten percent higher than the experiment data, and rising more quickly
with Py. This appears to be a result of the simulation under-estimating the
losses during mixing. This conclusion is drawn by considering the data for
R =0.036 (with the “o” symbol). In Figures 5.4E and 5.4F, the experiment
and simulation results for Q3 at R = 0.036 are very close, with both ranging
from 2900 mL/s to 3600 mL/s. However, the corresponding results for P; in
Figures 5.5A and 5.5B show the experimental results ranging from 24 kPa
to 36 kPa, while the simulation results are higher, ranging from 27 kPa to
43 kPa. Since the flow rates and elevations are the same, the higher value of
P3 must be the result of a higher energy state in the flow, which would come
from lower losses. Since the mixing loss is the most significant loss in the

jet pump, it is most likely that inaccuracies in the mixing model cause the
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discrepancy between the experimental and simulation results. Development
of an improved one-dimensional mixing model for this geometry, or the use
of two- or three-dimensional models, should improve the mixing model and
increase the simulation accuracy.

Figure 5.5C shows that the mixing length is independent of the jet inlet
pressure. This is likely because the geometry is fixed and flows remain turbu-
lent across the full range of Py, so the overall flow patterns remain unchanged
for all values of the jet inlet pressure.

As was the case with the flow rates, the effects of the area ratio and jet
quantity should be apparent in Figure 5.5; these will be discussed in more de-
tail in subsequent sections. The head ratio will be discussed in Section 5.3.3,

as part of the discussion of the effect of P, on the efficiency.

5.3.3 Effect of Jet Inlet Pressure on Efficiency

The effects of the jet inlet pressure on the efficiency of jet pump are shown in
Figure 5.6. In these plots, the measured values of the flow ratio, head ratio,
and efficiency were averaged for each test group, then plotted against the jet
inlet pressure. The corresponding simulation results are also shown.

Figure 5.6 shows that M increases somewhat with an increase in P,
with a flow ratio increase of about ten percent over the full range of inlet
pressures. This dependency is proportional to P§-'7, which is the quotient of
the functions for @, and @Q, shown on Figure 5.4. A similar response is seen

with the simulation results, but since the simulation gave nearly identical
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slopes for Q, and @Q; versus P, the simulation results for the flow ratio are
almost independent of the jet inlet pressure.

The head ratic shows a general decrease with P, losing between two and
fourteen percent across the full pressure range depending on the number of
jets. In contrast, the simulation results for the head ratio are completely
independent of the jet inlet pressure. These differences are correlated with
the experiment and simulation results for Ps, in which the experiment data
had lower values and slopes than the simulation resuits.

The efficiency results for the experiment data are somewhat inconsistent,
since they are dependent on the number of jets, and to a lesser extent, the
area ratio. Most of the results for two or three jets show the efficiency to be
independent of the jet inlet pressure. However, the results for four jets show
an increase in efficiency as P, increases, rising by about ten percent across
the full inlet pressure range.

The dependency of the experimental flow and head ratios on the number

of jets will be discussed further in Section 5.5.3.

5.4 Effect of Area Ratio

In this section, the effect of the nozzle to throat area ratio is presented and
discussed. As with the discussion of jet inlet pressure effects, the results
presented in this section use average data for a test group to remove the
effect of the nozzle to throat separation distance.

The averaged results results for the experiments and simulations are pre-
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sented in three figures. Figure 5.7 shows the effect of the area ratio on the
volumetric flow rates in the jet pump. Next, Figure 5.8 shows the effect of
the area ratio on the mixing processes, and finally, Figure 5.9 shows the effect
on the flow ratio, the head ratio, and their product, the pump efficiency.
The plots presented in this section use the data for a jet inlet pressure
of 483 kPa (70 psi). This pressure is in the middle of the test range, is

representative of all pressures, and was used with all test groups.

5.4.1 Effect of Area Ratio on Flow Rates

It was first shown in Section 5.3.1 that the area ratio has a strong effect on
the flow rates in the pump. As can be seen in Figure 5.4, as the area ratio
increases, so too do all three flows. This is expected, since a larger area ratio
implies a larger jet area, which offers lower resistance to the primary flow,
and therefore allows a higher primary flow rate. A higher primary flow brings
with it more energy, which in turn causes higher secondary and tertiary flows.

The volumetric flow rates for Py = 483 kPa (70 psi) are shown in Fig-
ure 5.7. The data points represent mean flow rates for the area ratio, averaged
to remove the effects of nozzle to throat separation and number of jets, and
then fitted with least squares power functions.

Figure 5.7 shows how, for a fixed jet inlet pressure, increasing the area
ratio gives higher flow rates in the jet pump. The simulation results are
similar for all three flow rates, although the slopes for the simulated secondary

and tertiary flows are slightly lower than the experimental results.
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Figure 5.7: The primary, secondary, and tertiary flow rates @1, @2, and Q3,
versus the area ratio R using experiment and simulation results. Jet inlet
pressure P = 483 kPa (70 psi). Each curve represents the mean data for all
tests at each area ratio.

5.4.2 Effect of Area Ratio on Mixing

Figure 5.5 in Section 5.3.2 illustrated the effect the area ratio had on the
peak mixing pressure, showing that P; increased with R. It was less clear,
however, the effect of R on the mixing length. Figure 5.8 shows the mixing
data for P = 483 kPa (70 psi) and better illustrates the effects of area ratio
on the mixing processes.

The area ratio has a linear effect on the peak mixing pressure, with P
rising with R. The simulation shows a similar trend, but with somewhat
higher pressures and slope.

The mixing length appears to be mostly insensitive to changes in the area

ratio, although the mixing length for N; = 2 and R = 0.018 appears to be
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Figure 5.8: The peak mixing pressure P; and mixing length L,,;; versus area
ratio R, using experiment and simulation results. Jet inlet pressure P, =
483 kPa (70 psi). Each curve represents the mean data for all tests at each
area ratio. The simulation used fixed values of Lyi; = 11 D,y for N; = 4
and 20 D,y for N; =2 or 3.

about 3 cm (2 D.yy) shorter than the other resuits for N; = 2. It should
be noted, however, that the uncertainty of the mixing length estimates is

approximately 2 cm, so there is some possibility that the area ratio has no

substantial effect on the mixing length.

5.4.3 Effect of Area Ratio on Efficiency

The effects of the area ratio on the efficiency of jet pump are shown in
Figure 5.9. In these plots, the measured values of the flow ratio, head ratio,
and efficiency were averaged for each test group, then plotted against the
area ratio. The corresponding simulation results are also shown.

In Figure 5.9, the flow ratio is seen to decrease as the area ratio increases.

This was evident in Figure 5.7, in which the curves for Q, and Q; converge.
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= 483 kPa (70 psi). Each curve represents the mean data for all tests at each
area ratio.

The experimental data curves can be extrapolated to a crossing point at
R = 0.123, at which point the flow ratio equals unity.

One way to interpret the effect of the area ratio on the flow ratio is to
consider a jet pump with a fixed jet area and jet inlet pressure. Changes
to the mixing region of the jet pump will have a negligible effect on the
flow through the jets, which may be considered constant. Now consider
the effect of changing the throat area; as this is increased, the secondary
and tertiary flows will slow. This will result in lower friction losses, giving
higher secondary and tertiary flow rates. However, with the primary flow
rate constant, the overall effect is an increased flow ratio.

The head ratio increases with the area ratio, as might have been expected

from Figure 5.8, in which it was shown that P; increases with R. The simu-
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lation results for the head ratio are consistently higher than the experimental
data, following a parallel curve about 20% higher.

The efficiency was found to increase with the area ratio. For the range
of jet inlet pressures tested, the flow ratio decreased from 3.25 to 1.59, or
a reduction of one half, while the head ratio increased from 0.025 to 0.077,
or a three-fold increase. The larger change of the head ratio dominates the
efficiency calculation, giving a net increase of with area ratio. The simulation

results show the same trend, but with higher values for the efficiency.

5.5 Effect of Number of Jets

In this section, the effect of the number of jets on the jet pump performance is
presented and discussed. As with the discussion of jet inlet pressure effects,
the results presented in this section use average data for a test group to
remove the effect of the nozzle to throat separation distance.

The averaged results for the experiments and simulations are presented
in three figures. Figure 5.10 shows the effect of the jet quantity on the
volumetric flow rates in the jet pump. Next, Figure 5.11 shows the significant
effect the number of jets has on the mixing processes, and finally, Figure 5.14
shows the effect on the flow ratio, head ratio, and efficiency.

As with the previous section, the plots in this section present data for a

jet inlet pressure of 483 kPa (70 psi) as a representative middle pressure.
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5.5.1 Effect of Number of Jets on Flow Rates

It was first shown in Section 5.3.1 that the number of jets has a small effect
on the flow rates within the jet pump. In Figure 5.4, the plot of the flow rates
versus the jet inlet pressure, three curves are shown for R = 0.028, and two
are shown for R = 0.036 and R = 0.046. Each curve represents a different
number of jets. From this figure, it is readily apparent that the flow rates
for Nj = 2 are somewhat lower than for N; = 4. The one case with N, = 3,
which occurs with R = 0.036, suggests that model configurations with two
or three jets have similar performance.

The volumetric flow rates are plotted against the jet quantity for P, =
483 kPa (70 psi) in Figure 5.7. The data points represent mean flow rates for
the given number of jets, averaged to remove the effects of nozzle to throat
separation. One curve is shown for each area ratio for which two or more
different values of NV; were used.

As can be seen in Figure 5.10, the general effect of the number of jets on
the flow rates is very small, with most of the experimental and simulation
results showing very small differences between two and four jets.

For a fixed area ratio, the simulation predicted that the primary flow rate
decreases as the number of jets increases. This would be expected because
four jets should have slightly higher friction losses than two jets. For a fixed
area ratio, an increase in the number of jets requires a decrease in the jet
diameter, although the flow velocities in the jets would remain constant. The

constant velocity and smaller diameter would decrease the Reynolds number
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and increase the relative roughness, and the Colebrook equation would return
a higher friction factor.

The experiment data for Q, show the opposite effect, with the primary
flow rate increasing with the number of jets. This may be the result of lower
losses at the sudden contraction into the jet nozzles (node 1 in Figure 3.1).
For a fixed nozzle inlet edge radius, a smaller diameter nozzle would have a
lower rounded inlet loss coefficient than a larger diameter nozzle, and there-
fore lower losses at the contraction. However, it is unclear why this effect
was not also seen in the simulation results.

The experiment and simulation give consistent results for the secondary
and tertiary flow rates, with both showing small decreases in these flow rates

as the number of jets increases.

5.5.2 Effect of Number of Jets on Mixing

Figure 5.5 in Section 5.3.2 illustrated the effect of the number of jets on the
peak mixing pressure, showing that P; increased with N;. It was later shown
in Figure 5.8 that, while the mixing length is largely independent of the area
ratio, it is strongly dependent on the number of jets.

It has been found that peak efficiency for a jet pump is obtained when
the mixing process is complete at the end of the mixing tube, just before
the mixed flow enters a diffuser. Most jet pump researchers agree that for
a centre jet pump, a mixing tube length in the range of seven to ten tube

diameters is optimum, although good performance has been reported for
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tube lengths as little as 5.6 diameters (Bonnington and Hemmings, 1976).
Assuming the effective hydraulic diameter of the annulus to be a suitable
analogue to tube diameter of a circular pipe, the experimental model was
built with sixteen pressure taps positioned in the range of 1.5 to 16 effective
diameters, spaced approximately one effective diameter apart, to cover the
expected mixing length.

Figure 5.11 shows three typical pressure profiles within the mixing region
of the jet pump. All figures represent an area ratio R = 0.036 with differing
numbers of jets. Shown in these figures is the maximum pressure, which
corresponds to P;, and the axial distance from the throat at which this
pressure occurs, which gives the mixing length L.

The general shape of the mixing pressure curves shows an interesting
phenomenon. Figure 5.11C, the curve for N; = 4, shows a brief pressure drop
just after the throat, which is probably caused by the irrotational acceleration
of the secondary fluid by the jet. After the initial drop, the pressure begins
to rise as energy is transferred from the jets to the secondary fluid, and
the pressure recovers its initial value after about three effective diameters.
From this point, the pressure continues to rise until mixing is complete. This
occurs after another eight effective diameters, for a total mixing length of
about 11 D,ss. After complete mixing has occurred, the pressure shows the
gradual decay consistent with wall friction losses.

The pressure profile shown in Figure 5.11C is consistent with the profile

for a centre jet pump as reported by Sanger (1970), Schmitt (1975), and



CHAPTER 5. RESULTS AND DISCUSSION 117

Static Pressure, P/ P,

12 b Test Group #2 (tests 6 - 10)
Area Ratio =0.0271
o g Number of Jets = 2
o 6 - 30 % % ) % o
Distance from throat, x / D,,,
ar 18
& s}
g !
g 14 b
4 mia
= 12} Test Group #3 (tests 11 - 15)
s | Area Ratio = 0.0276
@

! ""‘/ Number of Jets =3

i A A

30 0 50 o:) 70 80
Distance from throat, x / D,,,

| Test Group #4 (tests 16 - 20) |
' Area Ratio = 0.0271
j Number of Jets =4

| S—

Static Pressure, P/ P,

i i

30 40 30
Distance from throat, x / D,

A —r i
60 70 80

A
[} 10 0
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others. However, a centre jet pump has a mixing length in the range of 5.6
to 10 diameters, so a mixing length of 11 effective diameters for N;=4is
longer than for a conventional centre jet pump.

The curve for N; = 2, plotted in Figure 5.11A, shows a much different
profile. The profile begins as with N; = 4, with a pressure drop at the start
of mixing followed by a pressure rise. However, instead of continuing rapidly
to a maximum, the pressure levels at a plateau over a length of about 3 D, 173
before continuing toward the maximum. The final pressure rise also occurs
slower than for N; = 4, requiring approximately six additional diameters to
reach its maximum. The combination of the pressure drop and extended rise
increase the mixing length to nearly twenty effective diameters.

It is the author’s opinion that the pressure plateau located between 2
and 5 D.sr in Figure 5.11A is evidence of a recirculation region between
the jets. Very similar phenomena have been observed in confined jets (Hill,
1965; Rajaratnam, 1976) and annular jet pumps (Elger et al., 1994). In
conventional jet pumps, a recirculation region forms when the secondary
flow becomes fully entrained by the jet before the jet expands to its physical
boundary. This boundary is either the mixing chamber wall of a centre
jet pump, or the central axis of an annular jet pump. After full entrainment
occurs, the recirculation region allows the jet to continue expanding smoothly
to the boundary, at which point the recirculation region ends. Time-averaged
streamlines showing the recirculation in centre and annular are shown in

Figure 5.12A and B.
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Figure 5.12: Section views showing time-averaged streamlines and recircu-
lation patterns for a confined jet (Hill. 1965) and annular jet pump (Elger

et al.. 1994). and the proposed recirculation structure in the annular mixing
Jet pump.
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Hill (1965) found that within a recirculation region, the static pressure
remains approximately constant. Therefore, the constant-pressure plateau
between 2 and 5 D,y in Figure 5.11A may be evidence of a recirculation
region.

Further evidence of recirculation was observed during visualization ex-
periments with two jets; an image of the flow is shown in Figure 5.13. In this
image, visualization dye was injected into the primary flow. The spreading of
the jet plumes is clearly visible, but one may also see a region containing dye
located between the jets, beginning about 5 cm (3 D, /) from the throat. It
is believed that this dye-marked area indicates a recirculation region between
the two jets.

Two other recirculation zones may also have formed between the jets and
the window. These appear smaller than the main recirculation between the
jets. These zones were observed to start at about the same downstream
position as the main zone, although images were captured showing the start
varying by as much as three centimetres (2 D,;) upstream or downstream.

Figures 5.12A and B show the time averaged streamlines for centre and
annular jet pumps, and the typical location where a recirculation region may
form. These two jet pumps are axisymmetrical, so the recirculation zone
is shaped like an elongated torus. Usmug these two types of jet pumps as
models, a proposed recirculation zone structure for the annular mixing jet
pump is shown in Figure 5.12C. The illustration shows a flattened view of

the experimental model mixing region, with two jets and the window walls.
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Y
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Figure 5.13: Image of mixing region, showing recirculation zone between the
jets marked by coloured dye. R =0.018, N; =2, and P, = 689 kPa (100 psi).
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A recirculation zone is shown between the two jets, as well as two other zones
between the jets and the windows.

In Figure 5.12C, the flow on the streamline between the jets would slow
as it approaches the recirculation, and eventually stop. Further downstream,
the flow within the recirculation would be reversed. The stagnation point
appears on the pressure profile in Figure 5.11A as the starting point of the
pressure plateau, and this also correlates with the image in Figure 5.13 as
the line between the jets above which dye is visible.

The curve for N; = 3 is similar to that for N; = 2. It shows only a small
step during the pressure rise, which is delayed and not as pronounced as for
the case with two jets. After the shorter pressure plateau, the pressure rises
with a slope less than that for N; = 2, and is fully mixed after 19.5 Deyy.

The smaller pressure plateau and slower pressure rise may result from the
location of the middle jet. With two and four jets, the line of pressure taps
was located midway between two jets, but with three jets, the middle jet
flowed directly over all the pressure taps. One would expect no recirculation
within the jet core, although a nearby recirculation zone could affect the
measured pressure. The high jet velocity should give lower static pressure
measurements, which may explain the delayed pressure rise. The mixing
lengths for two and three jets were the same, suggesting similar structure to
the mixing process.

Appendix B contains plots of the mixing pressures for all of the test

groups, averaged across the group to remove the effect of the nozzle to throat
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separation distance. The patterns described above for two and four jet con-

figurations are clearly evident for all the tests.

5.5.3 Effect of Number of Jets on Efficiency

The effects of the number of jets on the jet pump efficiency are shown in
Figure 5.14. In these plots, the measured values of the flow ratio, head ratio,
and efficiency were averaged for each test group, then plotted against the jet
quantity. The corresponding simulation results are also shown.

It was shown in Figures 5.10A and 5.10C that Q, increased slightly and
Q2 decreased slightly as the number of jets increased. This is also seen in
Figure 5.14A, where the flow ratio decreases as the jet quantity increases.
The simulation results for flow ratio appear independent of the jet quantity.

The head ratio, however, shows only a very slight increase with the num-
ber of jets. This is despite the observation from Figure 5.11 that the peak
mixing pressure for pumps with four jets is higher than for two or three jets.
However, the higher peak pressure is reached after a shorter mixing length,
resulting in lower friction losses. Furthermore, the experimental model was
installed vertically, so the shorter mixing length for N; = 4 results in less
elevation head. These two effects combine to give a total head at point three
which is independent of the number of jets, and a similar effect on the head
ratio. The simulation results are similar to those obtained from the exper-
iments, with head ratios constant or increasing slightly with the number of

jets.
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A constant head ratio and decreasing flow ratio combine to give a jet
pump efficiency which decreases with an increase in the number of jets. The
simulation results, however, show an efficiency which remains constant or
increases with the number of jets. This is the logical result of the flow and

head ratio results, which were constant or slightly increasing.

5.6 Cavitation

The phenomenon of cavitation is associated with many types of pumps, in-
cluding jet pumps. As introduced in Section 1.2.2.3, jet pump cavitation may
occur in the mixing region of jet pumps which handle liquids. It was shown
in Figure 5.11 that as the secondary flow is accelerated during the initial
mixing stage, its static pressure drops. If the static pressure falls below the
vapour pressure of the liquid, the fluid will begin to change to the vapour
phase.

Cavitation progresses in two stages: incipient and flow-limiting cavita-
tion. Incipient cavitation occurs in the shear layer between the primary and
secondary flows. The shear layer generates vortices with very low localized
static pressures in which vapour bubbles form. Further downstream, the co-
herency of the ring vortices reduces and energy is transferred from the jet to
the secondary fluid. These processes raise the local and ambient static pres-
sures, causing the bubbles to collapse and generate a detectable sound. A
jet pump with incipient cavitation still behaves as predicted by conventional

theory.



CHAPTER 5. RESULTS AND DISCUSSION 126

As the cavitation becomes more intense, flow-limiting cavitation may de-
velop. This occurs when the vapour bubbles increase in number such that
they reach the pump walls and completely block the mixing region. At this
point, no further entrainment may occur; any further increase in the pri-
mary flow has no effect on the secondary flow, and the flow ratio reaches a
maximum.

During the experimental program, incipient cavitation was observed to
occur under most conditions, but at no time was flow-limiting cavitation
observed. The incipient cavitation appeared visually as a white plume em-
anating from the nozzles. The appearance of the plume coincided with an
increased level of audible white noise from the model. Both these obser-
vations are consistent with the onset of incipient cavitation as reported by
others. The observations were similar for all the tests, with very few or
no cavitation bubbles observed at 344 kPa (50 psi) jet inlet pressure, and
a steady increase in the visible and audible intensity as the inlet pressure
was increased. The jet plume was clearly visible at the maximum jet inlet
pressure for all tests.

High-speed images were captured of the cavitation bubbles, and one of
these images is shown in Figure 5.15. The model configuration for this image
used two nozzles for an area ratio R = 0.018, and a jet inlet pressure P, =
689 kPa (100 psi). This configuration is similar to Test Number 1, with the
exception that the nozzles were positioned adjacent to the window to improve

the view for photography.
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Figure 5.15: Incipient cavitation in the jet pump mixing region. R = 0.018,
N; =2, and P, = 689 kPa (100 psi). The bubbles appear to form a general
ring shape, suggesting cavitation in the jet ring vortices.
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This image confirms that only incipient cavitation is occurring, since the
bubbles are sparse and do not form a dense cloud which flls the mixing
region. It also shows that most of the bubbles occur between 0.6 and 3.5 cm
from the nozzle tip, which corresponds to 0.5 D, 77 upstream of the throat
to about 2 D,.s; downstream. This is the region shown in Figure 5.11 where
the static pressure drops sharply before energy transfer from the jet starts to
raise the pressure. The bubbles in the image appear generally ring shaped,
suggesting that they may form in the ring vortices in the jet.

Something else visible in Figure 5.15 is the appearance of cavitation bub-
bles at the nozzle tip on the lee side of the nozzle (the right side as viewed
in the image), and the absence of bubbles on the upstream side (the left
side in the image). Photographs published by Sanger (1970) and Narui and
Inagaki (1982) show incipient cavitation bubbles forming uniformly around
the entire circumference of the nozzle tip. The absence of bubbles on the
upstream side of the nozzles was observed during most experimental tests.
This might be the result of interactions between the jet shear layer and the
boundary layer on the lower surface of the jet pump inlet. On the upstream
side of the nozzle, the vortices in these two layers may interact and partially
cancel each other, delaying the appearance of cavitation bubbles on that side
of the jet.

A method for predicting the onset of flow-limiting cavitation was pro-

posed by Cunningham et al. (1970). The onset of flow-limiting cavitation is
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predicted by the cavitation number ¢, defined as follows:

_(P-,-—-P,,)

where P; is the ambient static water pressure at the jet pump inlet, P,
is the vapour pressure of the water, p is the water density, and U, is the
secondary flow velocity at the throat. Cunningham recommended that, to
avoid flow-limiting cavitation, a centre jet pump must operate at o greater
than a critical o;.

The value of o, varies with the design details of the jet pump, particularly
its inlet and nozzle shape, and has been reported to range from 0.80 to
about 1.7. In the absence of pump-specific test data, a value of or=135is
recommended (Cunningham et al., 1970).

The values of o were calculated for each of the experimental test points,
and were found to range from 12.6 at the higher values of R and Py, to
87.0 at the lowest values of R and P,. This range is much higher than the
recommended limit of 1.35, suggesting that the experimental jet pump did
not approach the conditions for flow-limiting cavitation.

It has been observed that cavitation limits the maximum flow ratio which
can be achieved by a jet pump. Cunningham et al. (1970) provided a function

for predicting the maximum flow ratio of a centre jet pump, based on the
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area ratio and o:

ML=1—R[

(5.2)

R

P, - P,
ULZ

where Z = pU?/2, the nozzle dynamic pressure.

The values of M, were calculated for each of the experimental test points.
These were normalized by dividing the actual flow ratio M by M. Assum-
ing that Equation 5.2 is appropriate for the annular mixing jet pump, the
resulting number estimates the fraction of the cavitation-limited flow ratio
which was achieved by the pump, and hence an indication of the cavitation
margin which remained during the test. The normalized values fell in the
range of 10% at the lowest values of R and Py, to 23% at the highest values
of R and Py. These values indicate that the jet pump operated at a wide
margin from flow-limiting cavitation, and that the secondary flow rate would
have to increase by as much as an order of magnitude before flow-limiting
cavitation would likely occur.

It was noted by Cunningham et al. (1970) that the cavitation resistance
of a jet pump improves as the area ratio is lowered; this is also shown in
Equation 5.2, in which the maximum flow ratio increases as the area ratio
decreases. The annular mixing jet pump can be built easily with very low area
ratios, because the annulus offers a potentially large area, and the annulus
gap leaves space for only small nozzles. This gives the annular mixing jet

pump an inherently high cavitation resistance.
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5.7 Simulation Error

In the preceding sections, comparisons were shown between the experimental
and simulation results. For the key dimensionless performance parameters
the flow ratio, head ratio, and efficiency, the relative error of the simulation
was calculated using the experimental data as the true values. The error
data were calculated using the mean simulation and experiment results for
each test group to remove the effect of the nozzle to throat separation, and
are presented in Figure 5.16.

From Figure 5.16, it is apparent that the accuracy of the simulation is
not high. The error of the simulated flow ratio straddles the zero line, falling
within about + 15 % of the experimental results. The simulation consistently
over-estimated the head ratio, which exceeded the experimental results by
ten to thirty percent. The product of these results is the efficiency error,
which fell in the range of about five to thirty-five percent.

In Section 4.4.3, the expanded uncertainty of the simulated efficiency was
reported to be about 85 %. The actual simulation error for the configurations
tested was within about 35 %, less than half of the estimated simulation

uncertainty.

5.8 Considerations for Design

An engineering study of the annular mixing jet pump would be incomplete

without some comments on their applicability to the design of such pumps.
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In this section, some general comments will be made which may be of use
to designers and engineers interested in the application of this style of jet
pump.

It should be remembered that the experimental model was only half of
the jet pump, cut along its long axis and mounted on a window to allow flow
visualization. The following discussion applies to complete annular mixing
jet pumps, and will use the number of jets for a complete jet pump. These

will, of course, be double the numbers used in the previous sections.

5.8.1 General Discussion

The nozzle to throat distance had only a small effect on the performance
of the jet pump. Although the data for each test group were somewhat
inconsistent, mean normalized data for the entire test program revealed that
all key parameters, with the exception of the mixing length, show a small
increase with the nozzle to throat separation distance. Since the maximum
separation is limited by the shape of the inlet, it is recommended that jet
nozzles be made flush with the lower inlet surface to give maximum pump
performance. Additionally, flush nozzles give the shortest mixing length,
which allows for the shortest pump length.

The remaining parameters offer performance trade-offs and give the de-
signer the ability to optimize the annular mixing jet pump for a specific
application. It was found that as the jet inlet pressure increased. the flow

ratio increased and the head ratio decreased. Therefore, if the application
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requires a maximum flow ratio, then a higher inlet pressure is necessary, and
conversely, if a higher head ratio is needed, a lower jet inlet pressure is re-
quired. The jet pump efficiency is not as strongly dependent on the jet inlet
pressure as it is on other parameters.

The area ratio allows similar trade-offs to be made to suit an application.
A small area ratio will maximize the flow ratio at the expense of the peak
mixing pressure and the head ratio, while the opposite is true of larger area
ratios. However, the head ratio has a greater response than the flow ratio,
so if maximum efficiency is required, a larger area ratio must be used. It is
easy to achieve very low area ratios with the annular mixing jet pump, and
therefore very high flow ratios should be possible.

Finally, the designer may alter the number of jets to optimize the pump
performance. If a compact pump is required, then the mixing length must
be minimized. An annular mixing jet pump with eight or more jets will not
have recirculation vortices between the jets, and will have the shortest mixing
lengths. A large step increase in the mixing length would be experienced with
six jets or less.

Related to the mixing length is the peak mixing pressure: a shorter mix-
ing length will give a higher peak pressure because of reduced friction losses.
However, the physical orientation of the jet pump must be considered, too.
If the pump is installed like the experimental model, with the Q3 flowing
upward, a shorter mixing length would increase the hydrostatic component

of P and give a higher peak mixing pressure. However, if Q5 flows down-
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ward, the opposite is true, and if the pump is horizontal, there would be no
hydrostatic effects of different mixing lengths.

It should be remembered, though, that the total head at the end of mixing
remained independent of the number of jets. If the pump requires a high total
discharge head, such as for a lifting application, and the pump size is not
important, then four, six, or eight jets could be used with similar success.

The other performance parameters did not exhibit similar step changes
with the number of jets, so if size is not an important factor, fewer jets will
give the highest flow ratio and efficiency.

The experimental model did not approach flow-limiting cavitation con-
ditions during the experiments, so it remains unknown whether the annular
mixing jet pump will have values of o, similar to those for centre jet pumps.
It was found, however, that lower area ratios and lower jet inlet pressures
both contributed to improved cavitation resistance, and the very low area
ratios possible for this type of pump make it inherently resistant to cavita-
tion.

Table 5.1 summarizes the general design recommendations. It should
be noted that these recommendations are also valid, where applicable, for
centre jet pumps. This confirms one of the initial objectives of this research
program, which was to verify whether the design techniques for conventional,
or centre, jet pumps would apply to the design of the annular mixing jet

pump.
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Table 5.1: General recommendations for the application and design of annu-
lar mixing jet pumps.

Best Value for Parameter
Design Goal Nozzle | Jet Inlet | Area | Number
Length | Pressure | Ratio | Of Jets

maximum flow rates flush higher | lower any

maximum peak static pressure | flush higher | higher | 8 or more

maximum flow ratio flush higher | lower fewer
maximum head ratio flush lower | higher any
maximum jet pump efficiency flush any higher fewer
most compact size flush any any | 8 or more
best cavitation resistance flush lower lower | unknown

5.8.2 Use of the Simulation

Two of the objectives of this research were to determine whether conventional
design methods were applicable to the annular mixing jet pump, and if so,
to develop a method of designing a family of similar pumps. It was expected
at the outset of this program that a computer simulation could be a valuable
design tool, and that although it may not have high accuracy, it should
correctly predict the relative performance of competing designs.

Apart from the effect of the number of jets, the simulation did calculate
the correct trends. For the ranges of values tested, the simulation predicted
the flow ratio to within +15 %, which in many cases may be an adequate
design estimate. The error of the head ratio and efficiency calculations is

much greater, and should not be relied upon.
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With these capabilities and limitations in mind, a designer could use the
simulation to generate initial designs, but would have to use a combination
of simulation, experiment, and experienced judgement to fully optimize the
design.

Several recommendations may be offered to designers intending to use
simulation to design an annular mixing jet pump. First, review Table 5.1 for
some general guidelines. Of particular note are the nozzle length, or nozzle
to throat separation, and the number of jets, since these two parameters
are not accurately modeled by the simulation. Once these two parameters
are set, the simulation may be used to alter such parameters as the pump
dimensions, input pressures, and fluid and environmental properties. From
the simulation will come an indication of the relative performance of the
designs.

Once the best design is selected, the actual performance must be deter-
mined. If the design goal involves flow rates or the flow ratio, the simulation
may prove sufficiently accurate. However, if pressures, the head ratio, or
efficiency are critical, the simulation results should not be relied upon, and

experiments should be conducted to validate the design.



CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Introduction

A new type of jet pump called the annular mixing jet pump was investigated.
This type of pump uses multiple jets Aowing into the annulus formed between
two concentric pipes, with the jets flowing parallel to the pipes. Its first re-
ported use was in the mid-1980s (Field, 1990), and given that jet pumps were
first described in the mid-eighteenth century (Thomson, 1852), the annular
mixing jet pump is a relatively new design.

A physical model of the annular mixing jet pump was constructed to eval-
uate its performance and operating characteristics. The model was built as
half of a jet pump, sectioned along its long axis and mounted onto a window
to allow flow visualization inside the pump. By varying four design param-
eters, 45 different physical configurations were tested. The first parameter
was the nozzle to throat separation, which is the distance from the nozzle tip

to the throat, and which varied from zero to 0.76 effective throat diameters.
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The second parameter was the area ratio, defined as the ratio of the total
cross-sectional flow area of the jet nozzles to the cross-sectional flow area at
the throat. The area ratio varied from 0.018 to 0.055. The third parameter
was the number of jets, of which two, three, or four were used. The last
parameter was the static gauge pressure at the inlet to the jet nozzles, which
ranged from 345 kPa (50 psi) to a maximum of 689 kPa (100 psi).

A computer simulation of the experimental model was also built, using
the one-dimensional energy equation as its basis. The simulation used con-
ventional energy loss models for wall friction, elbows, expansions and con-
tractions, and mixing. Hydraulic and effective diameters were used when
modelling non-circular flow channels. The simulation was written to deter-
mine whether these models could be applied to design an annular mixing jet
pump, and if so, to develop a useful design tool for similar pumps.

The performance of the jet pump was expressed with three dimensionless
parameters. The flow ratio is the ratio of the secondary flow rate to the
primary flow rate. Next, the head ratio is a ratio of changes to the total
head, with the head difference between the jet pump inlet and the end of the
mixing region in the numerator, and the head difference between the end of
the mixing region and the jet inlet in the denominator. The final parameter

is the jet pump efficiency, which is the product of the flow and head ratios.
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6.2 Conclusions from the Experiments

It was found that all the performance indicators of the annular mixing jet
pump, including the flow rates, head and flow ratios and efficiency, improved
as the nozzle to throat separation increased. This effect is similar to that
observed for centre jet pumps. For maximum pump performance, it is rec-
ommended that the nozzle to throat separation be maximized by making
the jets flush with the lower surface of the jet pump inlet. The maximum
nozzle to throat separation of the experimental model was 0.76 effective di-
ameters, corresponding to a flush jet, and this value is recommended as a
minimum. The literature for centre jet pumps suggests the optimum value
may be greater (Cairns and Na, 1969), but this could not be confirmed with
the experimental model as it was built.

As expected, the flow rates and pressures within the annular mixing jet
pump increased with the jet inlet pressure. The mixing length, defined as
the distance from the throat to the point where the mixing chamber pressure
reaches its maximum, was independent of the jet inlet pressure. The flow
ratio increased and the head ratio decreased as the jet inlet pressure rose.
Theretore, a designer seeking maximum flow ratios should use higher jet inlet
pressures, while a design to maximize the head ratio should aim for lower
inlet pressures. The efficiency showed a dependency on the number of jetsin
addition to the jet inlet pressure: for two jets, the efficiency was independent
of the jet inlet pressure, but for four jets, the efficiency increased with the

jet inlet pressure.
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Like centre jet pumps, increasing the area ratio of the annular mixing
jet pump resulted in higher flow rates and static mixing region pressures.
However, it was found that the area ratio had no effect on the mixing length.
As the area ratio increased, the flow ratio decreased and the head ratio rose.
The area ratio had a stronger effect on the head ratio than on the flow
ratio, and since the efficiency is the product of the head and flow ratios, the
efficiency increased with the area ratio.

The number of jets had a significant effect on the flow structure in the
mixing region. The experimental model had a mixing length of 11 effective
diameters when four jets were installed, which is longer than the typical
range of 5.6 to 10 diameters for a centre jet pump. This may be attributed
to the distance the jets must spread to meet and mix with adjacent jets.
With two or three jets, mixing was complete after 20 effective diameters. It
is proposed that the longer mixing length coincided with the appearance of a
recirculation region between the jets, located between two and five effective
diameters downstream of the throat. This conclusion is based on evidence
found in the static pressure measurements within the mixing region, from
flow visualization imagery, and from the observations of other researchers
studying centre (Hill, 1965; Rajaratnam, 1976) and annular jet pumps (Elger
et al., 1994).

The flow ratio showed a decrease as the number of jets increased, while
the head ratio remained constant. Therefore, the efficiency of the jet pump

fell as the number of jets increased.
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The recommended number of jets depends on the application of the jet
pump. If the flow ratio or efficiency must be maximized, then fewer jets
should be used. However, if a compact size is required, the mixing length
must be minimized, and more jets are needed. In the experimental model,
the mixing length dropped from 20 down to 11 effective diameters when the
number of jets increased from three to four. Assuming a complete jet pump to
have similar mixing characteristics as the half-sectioned experimental model,
at least eight jets would be needed to minimize the size of an annular mixing
jet pump.

Flow-limiting cavitation did not occur during any of the test runs, al-
though some degree of incipient cavitation was observed for most tests. Flow
visualization imagery gave the impression that the observed cavitation oc-
curred in the jet vortices. Calculations of Cunningham’s cavitation index o
(Cunningham et al., 1970) suggested that the experimental model operated
at a wide margin from the onset of flow-limiting cavitation. The annular
mixing jet pump can be easily built with very low area ratios, and since cav-
itation resistance increases as the area ratio drops, the annular mixing jet
pump can be made very resistant to cavitation.

Assuming, as contended here, that the results and conclusions for the half-
sectioned experimental model are applicable to a complete annular mixing
jet pump, some general recommendations can be offered to designers. These

are summarized in Table 6.1
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Table 6.1: General recommendations for the application and design of com-
plete annular mixing jet pumps.

Best Value for Parameter
Design Goal Nozzle | Jet Inlet | Area | Number
Lengti Pressure L Ratio | Of Jets
maximum flow rates flush hiéher T lower any
maximum peak static pressure | flush higher | higher | 8 or more
maximum flow ratio flush higher | lower fewer
maximum head ratio flush lower | higher any
maximum jet pump efficiency flush any higher fewer
most compact size flush any any | 8 or more
best cavitation resistance flush lower lower | unknown

6.3 Conclusions from the Simulation

It was found that the annular mixing jet pump can be analyzed with a simple
one-dimensional simulation. This simulation correctly predicted the effects
of the jet inlet pressure and the area ratio. Like the published results for
centre jet pumps, incipient cavitation had no effect on the validity of the
simulation.

It is recommended that the elbow loss model published by The Crane
Company (1976) and the mixing loss model proposed by Cunningham (1957)
be used. The loss models for expansions and contractions published by The
Hydraulic Institute (1954) and modified for round edge inlets as proposed by
Bullen et al. (1988) are also recommended. The use of effective diameters for

non-circular flow channels in the jet pump inlet and annulus worked well.
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The one-dimensional simulation did not correctly predict the effects of
the number of jets, because such effects arise from the three-dimensional
flow patterns in the mixing chamber. Therefore, to use a one-dimensional
simulation to design an annular mixing jet pump, the designer must first
apply the general rules outlined in Table 6.1 to select an appropriate number
of jets. Once this selection has been made, a simulation may be used, altering
the remaining design variables to obtain an optimal design.

Although it was expected and confirmed that a simple one-dimensional
simulation would not have a high accuracy, it did correctly predict the general
performance trends within the limits of the experimental program. For the
ranges of conditions tested, the simulation gave flow ratio results within
+ 15 % of the experiments, but the error in the efficiency was much greater,
ranging up to about 35 %. Despite its shortcomings, this type of simulation,
when combined with the guidelines in Table 6.1, should allow a designer to

optimize an annular mixing jet pump for a particular application.

6.4 Recommendations for Future Work

This is the first study of the annular mixing jet pump, so there remain many
avenues for research with this type of pump.

The jet pump used for this study was a half-sectioned model. This allowed
flow visualization, but introduced wall effects which would not be present in
a real pump. It is suggested that future work be done with a complete model
of the jet pump. Such a model could be made with transparent pipes to

allow visualization within the mixing region.
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One application of the annular mixing jet pump is for cleaning particles in
a water conditioner. This application has two-phase secondary and tertiary
flows, and further study of multiphase flows in this type of jet pump would
be of interest.

The effects of the nozzle to throat separation were explored over a limited
range. It would be useful to know if an optimum value exists for the nozzle
to throat separation, as is the case for centre jet pumps.

The recirculation region found in the mixing region had a pronounced
effect on the size of the jet pump, and a greater understanding of the ge-
ometries and conditions which produce recirculation would be of interest.
The use of advanced flow visualization techniques, such as image correlation
velocimetry with tracer particles, could be explored.

Another route to explore would be the use of two- or three-dimensional
computational fluid dynamics to simulate the jet pump. This approach would
be expected to offer improved accuracy and reduced uncertainty of the sim-
ulation results. It may also give more insight into the effects of the nozzle
to throat separation and the number of jets, two parameters the simple one-
dimensional approach did not adequately model.

During the test program, the jet pump did not approach the conditions for
flow limiting cavitation. The conditions under which flow limiting cavitation
may occur would be important for a designer, and more research should be

done to quantify these.
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APPENDIX A

SIMULATION UNCERTAINTY PARAMETERS

The following 44 parameters were used to estimate the uncertainty of the
simulation results. The table lists all the parameter symbols, descriptions,

and the estimated uncertainty limits.

Table A.1: Parameters Contributing to Simulation Uncertainty

Symbol Parameter Description Uncertainty

Pipe dimensions:
D, outside diameter of inner pipe + 0.025 cm
ty wall thickness of inner pipe + 0.020 cm
Dy outside diameter of outer pipe + 0.025 cm
tq wall thickness of outer pipe + 0.020 cm
Diys  inside diameter of 31lmm (11") pipe + 0.028 cm
Dy  inside diameter of 51mm (2") pipe + 0.030 cm
continued on next page...
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continued from previous page...

Symbol Parameter Description Uncertainty
Li2s  length of 31mm pipe + 0.3 cm
Lage  length of 51mm pipe +03cm

Other dimensions and parameters:

Py jet nozzle inlet pressure + 3.5 kPa
Ty water temperature + 0.9°C
H, water surface height above zy, + 0.2 cm
D; jet nozzle diameter %+ 0.0025 cm
h; jet pump inlet height + 0.051 cm
T; jet pump inlet radius + 0.025 cm
T; jet nozzle inlet radius + 0.025 cm
Ts discharge pipe inlet radius + 0.025 cm
Dia inlet plenum core diameter + 0.013 cm
Dy inlet plenum major diameter + 0.013 cm
a kinetic energy correction factor + 0.020
Lniz mixing length + 2 Degy3
Elevations:
2 inlet pressure gauge elevation + 0.1 cm
2 jet nozzle inlet plane elevation + 0.1 cm
22 jet nozzle exit plane elevation + 0.1 cm
24 pressure tap # 17 elevation +0.1cm
continued on next page...
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continued from previous page...

Symbol Parameter Description Uncertainty
24 annulus discharge plane elevation + 0.1 cm
Zs discharge plenum exit plane elevation + 0.1 cm
2 discharge pipe exit plane elevation +0.1cm
27 jet pump inlet elevation + 0.1 cm

Friction factors:
f2 jet nozzle friction factor +25%
f3 annulus friction factor +25%
fsa 31mm pipe friction factor +25%
fe 51lmm pipe friction factor +25%
fo jet pump inlet friction factor +25%

Loss coefficients:

Kag: 31lmm pipe elbow loss factor + 50 %
Kag 51lmm pipe elbow loss factor +50%
Kas jet pump inlet elbow loss factor + 50 %
Ks2 sudden contraction into jet nozzles +15%
K,6 sudden contraction into 31mm pipe +15%
Ks7 sudden contraction into jet pump inlet +15%
Kys  gradual contraction in jet pump inlet +15%
Kes sudden expansion into discharge plenum +15%
Kgegs  gradual expansion at pipe connector + 15 %
continued on next page...
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continued from previous page...

Symbol Parameter Description Uncertainty

Kni: mixing loss coefficient +15%

Kann Annubar permanent loss coefficient +15%




APPENDIX B

EXPERIMENT AND SIMULATION DATA

This appendix contains details of the experiment configurations, and plots

of the experimental and simulation results.
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Table B.1: Experimental Test Schedule

Test Group | Test Numbers | N; | D;, cm R
1 o 1-5 - 2 | 0373 | 0.0180
2 6-10 2 | 0.462 | 0.0276
3 11-15 3 | 0373 | 0.0271
4 16 - 20 4 | 0326 | 0.0276
5 21-25 2 | 0531 |0.0365
6 26 - 30 4 | 0373 | 0.0361
7 31-35 2 | 0.595 | 0.0459
8 36 - 40 4 | 0.422 | 0.0460
9 41 - 45 4 | 0.462 | 0.0553

Table B.2: Nozzle to Throat

istances

Test Number Within Group | s/ Dy
first 0.76
second 0.57
third 0.38
fourth 0.19
fifth 0.00

Deff = 1.49 cm
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Figure B.1: Data for the volumetric flow rate Q; obtained from the experi-
ments (short error bars) and the simulation (tall error bars) for all test points
and jet inlet plenum pressures. The nominal simulation result is shown with
a horizontal tic mark in the middle of the large error bar.
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Figure B.2: Data for the volumetric flow rate Q; obtained from the experi-
ments (short error bars) and the simulation (tall error bars) for all test points
and jet inlet plenum pressures. The nominal simulation result is shown with
a horizontal tic mark in the middle of the large error bar.
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Figure B.3: Data for the volumetric flow rate Q; obtained from the experi-
ments (short error bars) and the simulation (tall error bars) for all test points
and jet inlet plenum pressures. The nominal simulation result is shown with
a horizontal tic mark in the middle of the large error bar.
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the experiments (short error bars) and the simulation (tall error bars) for all
test points and jet inlet plenum pressures. The nominal simulation result is
shown with a horizontal tic mark in the middle of the large error bar.
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Figure B.6: Data for the jet pump efficiency 7 obtained from the experiments
(short error bars) and the simulation (tall error bars) for all test points and
jet inlet plenum pressures. The nominal simulation result is shown with a
horizontal tic mark in the middle of the large error bar.
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Figure B.7: Mean static pressures measured in the mixing region of the jet
pump for Test Group 1 (tests 1 through 5). These test configurations had

Inlet Pressure = 414 kPa (60 psi)

- P.,)IPJ
- n

P
g

(P~ P)/P =048

- J x,=176D,, .

[1] 10 2 3o 40 50 60 ] 0
x/de

Inlet Pressure = 552 kPa (80 psi)

P
o

_|:7)/

P
a

(PJ ~ P7)/P7 =0.65

__v/x]=l7.lDer

0 (] 2 R ] L ] 0 &0 70 L]
x/Deﬁ:3

Inlet Pressure = 689 kPa (100 psi)

- l’.,)ll"7
- [

P
g

(Pi ~P)}/P =030

1:J=l7dem
m:::mx3=l7.50«.m

0 10 M B & 0 &0 W
J‘“Def'f.l!

N; =2and R=0.018. P, =13.0 kPa and D.s;3 = 1.49 cm.

163




APPENDIX B. EXPERIMENT AND SIMULATION DATA 164

Inlet Pressure = 345 kPa (50 psi) Inlet Pressure = 414 kPa (60 psi)
Mean pressures for tests 61010 '
afsp o n e L 4 ansh-c
S e .1 . _
T " (P,~P)IP,S062 il ®; P IP, =074
& LT S osh - - \\
. x=19.4D, of —./ x=192D_
] I'O 20 l) @ % ao n o 0 16 X »w ©0 % ﬁ) N Mo
x/DemJ xlDeﬂ.J
Inlet Pressure = 483 kPa (70 psi) Inlet Pressure = 552 kPa (80 psi)
2 2
afse : . .
i (P,~P)/P, =036 (P, —P))/P, =098
]
Q05
o} o % =195D oo x,=19.1D,,,
[] 10 zn 0 IO 0 & 0 1] 10 0 N w0 0 [ L 20
x/Dems x/de
Inlet Pressure = 621 kPa (90 psi) Inlet Pressure = 689 kPa (100 psi)

5,=19.10 ., x,=192D
manx3=l9.ZDdU
0 10 M 0 & N 0 M W 0 10 ®» P W N ® W o
x/Deﬂ..3 XIDeff.J

Figure B.8: Mean static pressures measured in the mixing region of the jet
pump for Test Group 2 (tests 6 through 10). These test configurations had
N; =2and R=0.018. P; =13.0 kPa and D,/f3 = 1.49 cm.
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Figure B.9: Mean static pressures measured in the mixing region of the jet
pump for Test Group 3 (tests 11 through 15). These test configurations had
N; =3 and R =0.018. Py =13.0 kPa and D73 = 1.49 cm.
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Figure B.10: Mean static pressures measured in the mixing region of the jet
pump for Test Group 4 (tests 16 through 20). These test configurations had
Nj=4and R=0.018. P; = 13.0 kPa and D.fs3 = 1.49 cm.
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Figure B.11: Mean static pressures measured in the mixing region of the jet
pump for Test Group 5 (tests 21 through 25). These test configurations had
N; =2and R=0.018. P; =13.0 kPa and D.fs3 = 1.49 cm.
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Figure B.12: Mean static pressures measured in the mixing region of the jet
pump for Test Group 6 (tests 26 through 30). These test configurations had
N; =4 and R =0.018. P; =13.0 kPa and D.ff3 = 1.49 cm.
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Figure B.13: Mean static pressures measured in the mixing region of the jet
pump for Test Group 7 (tests 31 through 35). These test configurations had
N; =2and R =0.018. P, =13.0 kPa and D.fg3 = 1.49 cm.
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Figure B.14: Mean static pressures measured in the mixing region of the jet
pump for Test Group 8 (tests 36 through 40). These test configurations had
.'Vj =4 and R = 0.018. P7 = 13.0 kPa and Deff,3 = 1.49 cm.
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Figure B.15: Mean static pressures measured in the mixing region of the jet
pump for Test Group 9 (tests 41 through 45). These test configurations had
Nj=4and R=0.018. P, =13.0 kPa and D,/;3 = 1.49 cm.



