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Abstract Flow Control of a Blast Furnace Tuyére

Abstract

Effective control of the flow of the hot blast air entering an iron-making blast
furnace is essential to improving the efficiency of the iron-making process and
prolonging the life of a blast furnace. The harsh conditions of the hot blast air
(typically 3.65 bar gauge, 1100°C) makes the use of conventional valves
unsuitable for this purpose.

The aim of this project was to develop a fluidic device capable of controlling the
hot blast air through the tuyeres of the Redcar No. 1 Blast Furnace on Teesside.
Fluidic devices are those which use fluid dynamic phenomena as opposed to
moving parts to control the flow of a fluid, meaning their life is limited only by
the durability of the material from which they are made.

Two existing fluidic devices were selected for further investigation namely the
Coanda Switched Vortex valve (CSV) and the Radial Pinch Amplifier (RPA).

This thesis first describes the tests to characterise the CSV using a series of
small-scale prototypes. The geometrical ratio considered the most instrumental
to the performance has been identified and a turndown ratio, from maximum to
minimum flow, of above 4 was achieved. A large-scale version was also tested
and results showed that the increased scale improved the available turndown by
40%.

Experiments were also conducted on a small-scale RPA prototype to investigate
the effect on performance of one geometrical ratio. A turndown ratio of over 5
was achieved.

Further experimental research was conducted on a full-size model of a tuyeére
nozzle attached to the outlet of the large-scale CSV. The results showed that the
available turndown ratio deteriorated with the addition of the tuyére nozzle.
Procedures were also carried out to estimate the effect of adding the tuyere
nozzle to the outlet of a RPA.

Computational Fluid Dynamics was used to model the flow patterns of both the
normal and vortex operating states of the CSV. When compared with the
experimental results, the predicted overall pressure drop across the device using
the RNG k-¢ turbulence model was similar. The RSM turbulence model over-
predicted the pressure drop in some cases and was inconsistent in the prediction
of the flow field. The RNG k-¢ turbulence model predicted the turndown of both
small and large-scale models with reasonable accuracy. CFD was therefore
shown to be a valuable tool in the future design of fluidic devices.

Two integrated units consisting of a fluidic controller attached to a tuyere nozzle
have been designed which are capable of controlling the hot blast air through the
tuyéres of the Redcar Blast Furnace. An opinion as to the superiority of the
designs is also given. Whilst these fluidic controllers have been designed for use
on the Redcar Blast Furnace specifically, the procedures described herein could
be applied to any other furnace.
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Chapter 1: Introduction

Steel plays a vital role in contemporary life. It is used for an extensive range of
products from construction to car manufacture, from drinks containers to surgical
equipment.  Steel also forms the basis of machinery and therefore nearly
everything we possess has been touched by steel either in its content or its

manufacture. Without steel, the modern world would not exist as we know it.

Steel is made from iron, which has been refined to reduce the carbon content,
often with the addition of other materials, and it is the production of iron with
which this project is concerned. Iron is made from iron ore in a blast furnace
which gets its name from the hot blast of air that is injected through tuyéres, or
nozzles, at the base of the furnace. It is because of the need to control the flow of
air through these tuyeres, during particular parts of the iron making process, that
this project was conceived and is specifically aimed at the Redcar Blast Furnace

on Teesside.

There are 6 operational blast furnaces, owned by Corus, in the UK today, the
largest of which is Redcar No. 1 Blast Furnace on Teesside. All the iron
produced in the UK for Corus is used for steel-making and 2002 saw 8.593

Million Tonnes of iron produced in the UK.'

This project investigates the potential of fluidic valves to control the flow of air
through the tuyeres under the severe conditions, where the use of conventional
mechanical valves is precluded. Two valves with potential for use as fluidic
controllers on the Redcar Blast Furnace have been designed and their

performance analysed.

! Figures from Corus UK
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1.1. The Blast Furnace

The modern blast furnace is a culmination of improvements made over centuries.
The first smelting of iron is unrecorded but 1828 saw the first use of hot blast air
to provide a high temperature in the hearth of the furnace (Strassburger (1969)).
Iron ore is found in the Earth’s crust, where it is chemically bonded with oxygen

and the blast furnace produces molten iron by the reduction of iron ore.

Figure 1.1 shows an illustration of the modern blast furnace.” Iron ore, coke and
sinter ( a carefully blended mixture of the two) are fed, or charged, into the top of
the blast furnace together with limestone. The hot blast air is injected into the
hearth. Within the furnace incandescent coke is burned in front of the tuyéres to
provide heat for the reduction reactions and the heating of the iron ore and other
charge products (Peacey and Davenport (1979)). The iron melts and leaves its
ore, to produce a pool of molten iron in the hearth of the furnace. The limestone
combines with the impurities and molten rock to form a layer of slag which,
being of a lower density, floats on top of the molten iron. When a sufficient
quantity of molten iron has accumulated it is removed from the furnace, via a tap
hole, into ladles and taken away for steel making. The temperature of the molten
iron and slag must be greater than 1700K to be tapped in their molten state. The
layer of slag is also removed from the furnace. It is skimmed off the molten iron
using a separate tap hole located at a higher level than the iron tap hole. This
process is continuous and lasts for the life of the furnace which, in the case of
Redcar Blast furnace, is approximately 13 years. At this point the heat resistant

brick lining deteriorates and the furnace must be relined.

The iron that leaves the blast furnace has a typical carbon content of 4 - 4.5%. It
is very brittle and unsuitable for forging or rolling. The molten iron is taken to
the steel making plant and converted to steel by adding high quality pure oxygen
which removes a lot of the carbon, by producing carbon monoxide, leaving steel

with a carbon content of about 0.04% which makes the metal more ductile and

? Diagram from Corus UK
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tougher. The iron leaving the blast furnace is between 90 — 95% pure and the
impurities are removed during the steel making process. Also, alloys or other

materials are often added to make specialist steel for certain industries.

1.2. The Blast Furnace Plant and Equipment
Figure 1.2 by Peacey and Davenport (1979) can be used to illustrate the blast
furnace plant. This project is primarily concerned with the Redcar Blast Furnace

on Teesside and the following paragraphs give conditions for this furnace.

The charging products of modern blast furnaces are evenly sized pellets which
helps the furnace gases to rise quickly and evenly through the charge products
without causing channels in them which may lead to an uneven stack. The
charge products also act as a valve mechanism to prevent the escape of gas and
channel it through the large bore pipes to the gas cleaning plant. Once cleaned,

the waste gases, together with coke oven gases, provide heat for the stoves.

The function of the stoves is to convert a volume of cold blast, at a temperature
of about 200°C into hot blast with a temperature of 1100°C. The stoves act as
heat exchangers and operate by heating a mass of bricks, or chequers, which heat
the cold air as it passes through them. The hot blast air is transferred from the

stoves to the blast furnace bustle main.

The bustle main is a ring pipe situated on the outside of the furnace and runs
around the circumference of the hearth as was seen in Figure 1.1. The Redcar
Blast Furnace has a hearth diameter of 14 m and has 36 tuyéres. The bustle main
supplies hot blast air to each of the tuyéres, which are evenly spaced around the
circumference of the hearth, and the air is blasted into the furnace hearth. The
bustle main of the Redcar Blast Furnace provides 6400 Nm?*/min of hot blast air
(measured at normal conditions of ambient pressure and a temperature of 300K)

at 3.65 bar gauge with a temperature of 1100°C to the tuyéres.
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A simplified diagram of a Redcar Blast Furnace Tuyére is given in Figure 1.3.
The tuyéres are lined with refractory and consist of a 250 mm diameter bore
down-pipe, which bends and proceeds horizontally into the furnace wall. There
is a water-cooled copper nozzle attached to the end which is typically 130 mm
diameter. The hot blast air through the tuyeres is often enriched with oxygen or
hydrocarbons to aid the combustion of the charge products burning in front of the
tuyéres and to reduce the coke requirements. There is a peep-sight which is
accessible via the tuyére platform and is used by plant-operators to inspect the
combustion in the furnace and when injecting additives. If the tuyéres were all
identical the bustle main would supply the hot blast air evenly through all 36
tuyéres and the same pressure drop would be produced across each tuyeére,
However, if a tuyere provides more resistance to flow than the others, for
example by having a blockage or a smaller outlet nozzle, then the air through that
tuyere will be less and more will be supplied to the others whilst the same
pressure drop is maintained across each tuyére. To ensure even burning of the
charge products in front of the tuyeéres, it is desirable that the flow rate of hot

blast air is the same through each tuyére.

The Redcar Blast Furnace has four tap holes in total, two of which are in
operation on any particular day, and are diametrically opposed. Of the other two,
one is kept on emergency standby and the other is under maintenance. The
process of removing the molten iron from the furnace via these tap holes is
known as casting. The four tap holes are situated below and in between two
tuyéres. Since the use of richer foreign ore, the slag is also removed from these
tap holes. The molten iron produced by the Redcar Blast Furnace is transported

from the furnace to the Lackenby Basic Oxygen Converters for steel making.

1.3. Controlling the Hot Blast Air

When casting is in progress the hot blast air leaving the tuyéres adjacent to the
tap holes causes craters to form in the pool of molten iron and slag layer. In

severe cases, hot air from the tuyeres escapes through the tap holes causing
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damage to the equipment. This problem is not specific to the Redcar furnace but
is common on many furnaces. At present, some tuyéres are fitted with smaller
tuyére nozzles which provide a higher resistance to flow, and therefore throttle
the flow passing through them thus reducing the cratering effect in the vicinity of
the tap holes. However, this is not an ideal solution since the flow through these
tuyeres is permanently lower than through the remaining tuyére nozzles even
when the tap holes are not in operation. The hot blast air provides oxygen for the
reactions necessary to reduce iron from its ore and the rate at which the air is
supplied is directly proportional to the amount of iron produced. Therefore, to
ensure the blast furnace is operating with its best efficiency, the flow through
these tuyeres should be the same as the others and only reduced when the tap
holes are in use. The uniform distribution of the blast air also enables a uniform

combustion across the furnace and encourages a uniform stack.

To prolong the casting process, eight of the tuyéres would need a control
mechanism so that the flow can be reduced when the adjacent tap hole is in

operation.

Conventional valves are unsuitable for use on the blast furnace since the
conditions of the hot blast air (1100°C, oxygen-enriched) would cause wear to
the valve and, more importantly, maintenance and replacement of conventional
valves would be time-consuming and costly, and access to these valves would be

difficult.

One solution that is available on the open market are the Hot Blast Flow Control
Valves (HBFCV) developed jointly by NKK and Asahi Gas Co. Ltd. They were
developed with the aim of improving the stability of the blast furnace to aid even
combustion throughout. The HBFCV is a water-cooled, ceramic, butterfly valve
designed to be installed in the down-pipe of a tuyére as shown in Figure 1.4
(NKK (1995)). The HBFCV has a maximum service temperature of 1300°C and

can reduce the flow to 36% of the full flow rate. However, they produce an extra
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pressure drop due to the restriction they cause in the pipe and therefore the flow
through the tuyéres fitted with these valves would still be less than through those
without a valve. Installing the HBFCV on every tuyére, to provide the same
resistance through each tuyere, would be prohibitively expensive. Furthermore,
the HBFCV is still a mechanical valve and although it has been designed to

require little maintenance, it still possesses failure mechanisms.

1.4. Research Aims and Specifications

The aim of this project was to investigate the potential of using a fluidic valve as
a controller for the hot blast air passing through the tuyéres on the Redcar Blast
Furnace. A fluidic valve is one which employs fluid dynamic phenomena to
control the flow of a fluid as opposed to mechanical parts. The fluidic device
had to be capable of handling a flow rate of 3.538 kg/s of hot blast air at a
pressure of 3.65 bar gauge and a temperature of 1100°C. The pressure drop
across the fluidic controller itself should not be more than 0.15 bar. When the
adjacent tap holes are in operation, the fluidic controller must be capable of
reducing the flow. At the start of the project, the exact turndown ratio from full

flow to low flow was not specified.

To operate some fluidic devices a control fluid is required that would need
operating with conventional valves. It was known that a supply of cold blast air
(200°C) could be made available by diverting it before entering the heat-

exchangers.

It was first thought that a rapid change from full flow to low flow through the
tuyéres would be desirable and research commenced on a device capable of this.
As the project progressed, the plant manager of the Redcar Blast Furnace became
involved in discussions and it became apparent that the turndown from full flow
to low flow should be a gradual change. This was due to the fact that a sudden
change in flow rate, or momentum of the hot blast air leaving the tuyére could

cause the reactants, which burn in front of the tuyéres, to enter the tuyére nozzle
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where they would solidify, due to the reduced temperature, and block the tuyére.
The tuyére nozzle would then need to be removed and either repaired or
replaced. A further reduction in the flow into the furnace could also cause the
stack to drop. Once this requirement came to light, the focus of the project
turned to the search of a fluidic device that could provide this gradual change

whilst the research on the original fluidic valve selected continued in parallel.

Also during discussions with the plant manager the required reduction was

decided as being no less than half the full flow rate —i.e. a turndown ratio of 2.

The final specification is summarised below:

The fluidic controller must handle a mass flow rate of 3.538 kg/s of hot

blast air at 3.65 bar gauge and at a temperature of 1100°C with no more

than 0.15 bar pressure drop.

e It must be capable of halving the flow through the tuyére when the
adjacent tap hole is in use.

e This turndown from full flow to half flow should ideally happen
gradually.

e The fluidic controller must be designed to be installed on the Redcar

Blast Furnace between flanges A and B or A and C as shown on Figure

1.3

In the quest for a fluidic controller capable of operating under the conditions set
above, the Engineering and Physical Sciences Research Council and Corus UK

have funded the research reported in the following Chapters of this thesis.

Chapter 2 discusses the suitability of certain fluidic devices with regards to their
potential as a fluidic controller for the Redcar Blast Furnace. Two devices,
namely the Coanda Switched Vortex valve (CSV) and the Radial Pinch
Amplifier (RPA) are selected for further investigation.
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Chapter 3 describes the testing of several small-scale CSV prototypes. The CSV
was tested under a range of operating conditions aimed at determining the system
characteristics at the conditions of the Redcar Blast Furnace. The air flow
through a full-scale device was expected to have a Reynolds No. in the order of
10° and not be compressible with a relatively low Mach No. (less than 0.3).
Therefore, water was chosen as the working fluid for these tests as it would allow
a similar Reynolds No. to be achieved with a lower velocity. The use of water
also allowed the flow within the prototype to be visualised with the use of air
bubbles. For the purpose of illustration, video clips of a small-scale prototype

CS8V in operation are included on the attached CD.

Following the characterisation of the small-scale prototypes, a large-scale CSV
was built whose geometry was capable of handling the flow and spatial
requirements of a fluidic controller for the Redcar Blast Furnace. The results are
discussed in Chapter 4. A full-scale model of a tuyére nozzle was also built and
attached to the large-scale CSV with the aim of determining the effect on

performance of adding the tuyére nozzle in series with the CSV.

Alongside the experimental research, a mathematical model of the CSV was
developed using the Computational Fluid Dynamics (CFD) software package,
FLUENT. Chapter 5 outlines the theory of the model and compares the

theoretical results to experimental results from Chapters 3 and 4.

The second fluidic device, the RPA, was tested, again using a small-scale
prototype, and the results are discussed in Chapter 6. An investigation into the
effect of the internal geometry on performance is described and procedures were
applied to estimate the effect of adding the tuyére nozzle in series and to scale the
RPA to meet the flow handling and spatial requirements of a fluidic controller for
the Redcar Blast Furnace. Again, water was used as the working fluid for the

same reasons as given earlier. Finally, in Chapter 7 the main conclusions from
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the investigations are drawn together and suggestions for further work are put

forward.

An integrated unit of fluidic controller and tuyére nozzle has been designed
which is capable of controlling the hot blast air through the tuyéres of the Redcar
Blast Furnace to the final project specifications described above. Whilst this
fluidic controller has been designed for use on the Redcar Blast Furnace
specifically, the procedures described herein could be applied to any other

furnace.
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Chapter 2: Power Fluidics

The concept of fluidic technology was discovered at the Harry Diamond
Laboratories in the USA in 1960. It is the technology that uses fluid dynamic
principles as opposed to valves to control the flow of a fluid. Fluidic devices
have a fixed geometry and derive their characteristics from the forces produced
by a fluid as it flows through the internal geometry of the device. Since they
have no moving parts they are inherently reliable and their life-span is limited

only to the durability of the material from which they are made.

Fluidics was first used as a control technology in logic switches for transferring
information. Since the switches had no failure mechanism they were highly
reliable and found application in the nuclear industry where equipment is often

subjected to extreme conditions such as high temperatures or radiation.

During the 1960°s it became apparent that this technology could be applied to
control process fluids themselves as opposed to just using the information the
fluid represented. The emphasis of the research shifted in search of devices that
could produce a valve-like action rather than logic switching and a new branch of

fluidics emerged, known as power fluidics.

It is the branch of power fluidics with which this project is concerned. Fluidic
devices have found their most successful applications in hostile environments
e.g. nuclear power plants where the process fluid is radioactive and has extreme
conditions such as high temperatures or pressures, or in some cases where the
process fluid has been difficult to handle e.g. sewage. The above are all cases
where maintenance of a conventional valve or switch is difficult as is the case
with controlling the hot blast air of the iron-making furnace. The following
sections will illustrate the devices selected for consideration as possible valves

for the control of the flow through the tuyere. The operation of the devices is
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explained and their suitability discussed together with examples of applications

they have found.

2.1 The Vortex Amplifier

The Vortex Amplifier, henceforth VA, is a fluidic device which provides a
variable resistance to flow based on the pressure drop occurring across a vortex.
The VA consists of three ports and a thin cylindrical chamber, Figure 2.1. Under
normal operating conditions, flow enters the radial supply port, which is designed
to eliminate rotational flow, and passes through the chamber and the axial outlet
with minimal resistance. As control flow is introduced through the tangential
port, the flow is forced into a vortex the strength of which, and therefore the
resistance to flow, increases with the amount of control flow introduced.
Sufficient flow through the tangential control port can completely block the
supply flow for a given pressure drop between the supply inlet and the outlet of

the device. Figure 2.1 shows a VA with pure supply flow only, and with a

regulating control flow.
The performance of the VA is characterised by the following parameters:

1) the turndown ratio, T, which is the ratio of pure supply flow to
the amount of control flow needed to completely block the
supply flow for a given pressure drop, APs, measured between

the supply inlet and the outlet of the device.

1= % (2.1)
Oc constant aPS

i) the control pressure ratio, G, which is the ratio of the control

pressure, APc, measured between the control inlet and the

11
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outlet of the device, and APs, as described above, when the

supply flow has been completely restricted.

_ AP,

2.2)
Asl@q =0

Figure 2.2 shows a typical characteristic for a radial VA, with a constant supply
pressure drop. The characteristic shows that as the control flow is increased the
supply flow is reduced whilst a constant pressure drop, between the supply inlet
and outlet of the device, is maintained. This continues until a sufficient amount
of control flow completely stops the supply flow from entering the chamber. The
total flow through the device reduces as control flow increases. An obvious
feature of the characteristic is the discontinuity in the middle section. This is
caused by the transition in the nature of the swirling flow in the outlet pipe from
one with all forward axial velocity to one with a reverse flow zone at the core
due to vortex breakdown (Sarpkaya (1971)). If one uses the VA from full flow
(pure supply flow) to control flow only this discontinuity is unlikely to be an
issue but if a gradual change in output flow rate is required then a stable valve is
needed. King (1979) reported that it is possible to design stable devices if a high

pressure control fluid is available.

Figure 2.1 showed the radial VA in its basic form and design data for this device
has been systematically produced by Wormley and Richardson (1970) and King
(1985). Another type of VA is the axial VA, used by Al-Shamma et al (1972),
King and Syred (1978) and Owen (1982), amongst others. The axial VA has the
advantage for pipeline installations that the inlet and outlet are on the same axis
and is therefore easier to install into a piping system, unlike the radial VA of
Figure 2.1 where the inlet and outlet ports are perpendicular to each other. The
axial VA also causes less resistance and disturbance to the flow in the high flow

state than the radial VA. A conical type, a combination of the radial and axial

12
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forms, was developed by Brombach (1981) for use in Civil Engineering

applications.

Vortex Amplifiers found application in the nuclear industry where hostile
conditions required highly reliable systems. (King & Syred (1981), Tippetts et al
(1981)). One application is the control and protection of glove boxes, Grant &
Strong (1973), which are air tight boxes that allow hand access to harmful
material via rubber gloves. Figure 2.3 shows a schematic diagram of the glove
box configuration. The boxes are kept at a sub-atmospheric pressure to ensure
that in the event of a leak the flow of air is inwards and the harmful material is
not released into the atmosphere of the room. Under normal conditions, air from
the atmosphere is drawn through the tangential inlet, generates a vortex and
passes through the axial outlet to the extraction duct. The radial inlet is
connected to the glove box and if any leak should occur, the air from the box is
drawn through the radial inlet and causes partial or complete collapse of the
vortex, thus allowing the flow of air to reach the extraction duct with the
minimum of resistance. A logical extension of this system was demonstrated by
King & Syred (1978) and Tippetts et al (1978) where VAs were used to ventilate
small rooms, which contained processing equipment, by the same method. More
sophisticated systems were created where a number of VAs were used, of various
sizes, to control the depression in various regions of buildings housing

contaminated material.

Another application was identified in hot gas cleaning where filters are the most
effective method for removing unwanted particles. A build up of collected
material increases the resistance to the flow, and therefore the pressure across the
filter, and is alleviated by reversing the flow to dislodge trapped material.
During the cleaning process the main flow must be diverted and conventional
valves are unsuitable in the hostile conditions where the main flow gas can be at
a temperature of 600°C. A practical system was designed by Syred et al (1980);
Owen & Syred (1980); Owen (1982); Owen et al (1983), using a vortex

13
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amplifier-ejector combination which was capable of diverting the flow whilst

cleaning was in progress.

VAs were also designed for civil engineering purposes and were installed in
storm water overflow tanks in combined sewage systems by Brombach (1984)
and as a control function of a reservoir to protect a town from floods caused by

bad weather, Brombach (1972, 1981).

More recently Woolhouse et al (2001) investigated a novel type of VA both
experimentally and with the aid of Computational Fluid Dynamics with the aim
of developing a fluidic variable air distribution device for use in gas turbine
combustors using fuel flow, either liquid or gaseous, as the controlling agent. It
can be seen, therefore, that the VA has found a number of practical applications

for controlling the flow of various fluids.

The VA’s applicability as a device suitable for use on the Redcar Blast Furnace
to throttle the flow rate of the hot blast air when the adjacent tap holes were in
operation was assessed. Previous studies on the VA showed that its
performance, in terms of turndown, was suitable. A secondary fluid would be
required as a control fluid and it was thought that the cold blast air (200°C)
would be available for this purpose. The discontinuity of the characteristic
would not be a problem if the VA was used in an “on-off” capacity, i.e. pure
supply flow to pure control flow. However, the temperature of the blast in the
low flow rate state would fall from 1100°C to 200°C by using the cold blast air
and it was thought that the blast furnace could not support a temperature this low.

It was also unknown if this amount of cold blast would be available.

The suitability of the VA was revisited when the new parameters of a gradual
turndown came to light. This would mean that the full characteristic of the VA
could be used and the required turndown now being in the region of 2 meant that

the VA may not have to operate with pure control flow and the temperature of a
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combined hot and cold blast may be supported. However, the concerns of the
discontinuity and instabilities were once more considered. Although a stable
system may be designed using a high control pressure ratio, the cold blast was
only available at a pressure ratio of just over unity. The VA was therefore

rejected as a potential fluidic controller for control of the hot blast air.

2.2 The Coanda Switched Vortex Valve

The Coanda Switched Vortex valve, or CSV, is a hybrid device patented by
Adams and Moore in 1966. The CSV consists of two parts: a bistable wall
attachment diverter attached to a VA as shown in Figure 2.4. Unlike the VA, the
CSV has two distinct modes of operation of high and low resistance to flow and
it operates as follows. In the low resistance mode, flow enters the device through
the supply port, the nozzle issues a jet which passes through the sudden
expansion attaching itself to the wall of the radial arm. The flow passes into the
chamber and continues through the axial outlet. This low resistance mode is
known as the normal state. Similar to the pure supply flow of the VA, rotational
flow is minimised, although it is not eliminated as with a traditional VA. In the
high resistance mode, the jet attaches itself to the wall of the upper arm and
enters the chamber tangentially generating a vortex before leaving though the
axial outlet. This case is like that of pure control flow in the VA and is known as
the vortex state. Whilst maintaining a constant pressure drop, AP, across the
device the flow is throttled as the device is switched to the vortex state. A brief
pulse through the appropriate control port is able to force the jet to attach to the

opposite wall.

This switching effect of the wall attachment diverter was the basis for the
pioneering work on fluidics in the 1960’s. The phenomenon that allows this to
happen is known as the Coanda effect and leads to the wall attachment diverter

often being called the Coanda switch.
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2.2.1 The Coanda Switch

Figure 2.5 shows a schematic diagram of a Coanda switch. As the jet
passes through the sudden expansion it moves closer to one wall than the
other. The entrainment of the previously static fluid between the near
wall and the jet is restricted and there is a decrease in local pressure.
Conversely on the other side of the jet the pressure is higher which

reinforces the jet to move nearer to the closest wall and attach itself.

Many workers including Comparin et al (1962), Norwood (1962), Warren
(1962), Sarpkaya (1969) and Rechten and Zuckler (1968) performed
studies on the performance of the Coanda switch and applications found
included hot gas cleaning (Perera & Syred (1983)) and a fluidic tooth
pick (Suderan & Kar (1994)).

The Coanda switch would not have been suitable in isolation for the

present project as it could divert but not reduce the flow rate.

The CSV is characterised by its resistance to flow in the two operating states
using Euler numbers.

For the normal, high flow rate, state

AP,
Euy = —%p\?z 2.3)
And for the vortex, low flow rate, state
Eu, = IAP"Z (2.4)
PV

where the pressure drops are measured between the inlet and outlet of the device

and the velocity is at a chosen point of the internal geometry.
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Its effectiveness, E, is the ratio of the Euler No.s

Eu
E=—2Y (2.5)
Eu,
And its turndown i.e. the ratio of high flow rate to low flow rate is therefore;
T=+E (2.6)

However, if the device is operating at a constant pressure drop, AP, as is the case
of the blast furnace tuyére down pipe then APy = APy and the turndown can more

simply become:

_

il
Qv constant AP

2.7)

where Q is the volumetric flow rate.

Previous work on the CSV has been performed by Syred et al (1968), Al-
Shamma (1972), Boucher et al (1973), Tippetts (1974 and 1991), Tesar (1975)
and Goh (1996), but Al-Shamma and Boucher et al considered the CSV in its two
constituent parts only. Syred et al (1968) tested a CSV with a double outlet, i.e.
one on either side of the chamber, and reported an overall turndown of nearly 4
with straight pipe outlets and found that this performance could be increased to
nearly 5 by using diffusing outlets. The most comprehensive study to date on the
optimisation of the performance of the CSV was undertaken by Goh (1996) who
was interested in developing a flow control device for multiphase flow but
completed a study of the CSV on single phase characteristics, as it was felt that
previous studies provided insufficient design data. Goh systematically changed

internal geometrical ratios and found an optimised design with a reported
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turndown of up to 5. With respect to the similarities in operation of the CSV and
VA this turndown may seem low but the downgrade in performance may be due
to the higher resistance experienced by the flow in the normal state since some
rotational flow may exist and the recirculation zones, produced from the radial
channel of the CSV, may not be symmetrical. The CSV also has an additional

pressure loss due to the nozzle of the bistable element of the device.

Applications for the CSV have been few, which may be due in part to its shape
being awkward to install in pipelines. Tesar (1975) built and tested a large CSV,
with a chamber diameter of 1.14m for application to control air-conditioning
systems. Tippetts (1974) joined the control ports of the CSV to make it oscillate
continuously and utilised this effect in a fluidic hydraulic ram. A long ram pipe
was connected upstream of the CSV and when it was switched alternatively,
from the normal state to the vortex state, the fluidic ram pipe was alternatively
retarded and accelerated by the oscillation. High pressure pulses generated by
the fluid could be extracted from the ram just upstream of the valve. Later, a
potential application was described by Tippetts (1991) to use the CSV as a liquid
slug retarder in the oil industry to minimise pressure fluctuations occurring
between the high density liquid slugs and the lower density gas phase. Goh
(1996) continued this work by investigating the multiphase characteristics of the

CSV.

Regarding its suitability to the present project for the control of blast air, the CSV
was first seen to have the advantage of a sudden change from high flow to low
flow rate states. The reported turndown of up to 5 was considered suitable for
this application. The two modes of operation would allow the hot blast air to
flow through the device with a low resistance when the adjacent tap holes were
not in use and, whilst keeping the pressure drop across the CSV constant, could
then be switched to the vortex state which would reduce the flow when required.
Like the VA, cold blast air could be used as the control fluid and since its

temperature is significantly lower than that of the hot blast conventional
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