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An arrangement for mixing fluid streams in a duct, said ar-
rangement comprising: at least one mixing device having
front side and back side and positioned within said duct
through which a first major stream travels, the at least
one mixing device determining a total cross-sectional area
which is significantly lower than that of the duct so as to
allow for the passage of said first major stream, in which
the at least one mixing device is a solid plate provided

with one or more protrusions extending outward from the

main solid plate body.
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1
ARRANGEMENT FOR MIXING OF FLUID STREAMS

FIELD OF THE INVENTION

The present 1invention relates to an arrangement for the
mixing of fluid streams in a duct with at least one mixing
device beiling positioned within said duct and in particular

the invention relates to a novel mixing device for such an

arrangement.

The 1nvention relates particularly to arrangements of this
type, which are constructed so as to be suitable for use in
applications including reduction of nitrogen oxides and re-

duction of sulphuric acid from acid mist in flue gas clean-

1ng.

BACKGROUND OF THE INVENTION

The proper mixing of single fluid streams or several fluid
streams that 1nteract 1in ducts or channels requires the
presence of relatively turbulent regions by the generation
of velocity components transverse to the main major fluid
stream passing through the duct. In order to achieve proper
mixing between for instance one or more fluid streams being
injected 1nto a major fluid stream, a certain distance
along the duct (channel) 1s required. Conventionally this
is quantified in terms of channel diameters as so-called
mixing distances. In the present specification mixing dis-
tance 1s regarded as the distance from the point where the
first mixing device 1s placed and the point where the de-
sired mixing of the stream is achieved. By mixing is meant
a unification of properties of the streams involved in
terms of mass flow, velocity, temperature and concentration
of species present. Mixing distances can vary within a

range of 1-100 channel diameters depending among other



10

15

20

25

30

CA 02498497 2005-02-25

| L8

things on the type of fluid stream, relative volume flows
and concentration of species within the fluid streams. In
the present patent specification a fluid stream can be a
gas, a liquid or a stream of particles suspended in a gas,
e.g. an aerosol. By aerosol 1s meant a collection of very

small particles dispersed 1n a gas.

The reduction of mixing distances is highly desirable and
can be achieved by the implementation of static mixers,
i.e. motion-less mixing devices. These are basically de-
vices that are free of driven parts and where fluid streams
are mixed or stirred passing through the static mixer. Lo-
cal turbulence near the static mixer 1s created and conse-
quently homogenisation of the one or more fluid streams in

contact with the mixer can be achieved.

The use of static mixers has the penalty that their use
manifests itself in considerable pressure loss in the duct,
with the attendant effect of costly energy losses. Although
major pressure losses can be accepted 1n applications where
good mixing is of utmost importance, there 1s still a need
for efficient static mixers or arrangement of static mixers
that are capable to impart good mixing of interacting
streams with a relatively low penalty 1n terms of pressure

loss.

Good mixing of interacting streams 1s particularly relevant
in applications related to gas cleaning, e.g. flue gases
from combustion facilities or high temperature furnaces
where gaseous pollutants are generated. Where the pollutant
carried by the major gas stream is nitrogen oxide (NOx), a

reducing agent such as ammonia 1is 1injected as the active
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species of a second stream. In this process the amount of
ammonia incorporated by the second stream 1s much lower
than the volume flow of the main or major stream. Conse-
quently, the use of small amounts of ammonia imposes a
great demand on the homogeneity or degree of mixing of the
gas mixture. The mixed gas travels forward to a catalysis
unit, where the oxides of nitrogen are reduced into free

nitrogen by reaction with ammonia.

Because the outlet opening of the second stream beling 1in-
jected into the duct carrying the first major stream may
only protrude a short distance inwardly from the wall of
the duct, the concentration of the active species of the
second stream, e.g. ammonia, towards the centre of the duct
may tend to decrease, thus contributing to poor mixing. It
is essential that substantially equal concentrations of am-
monia prevail throughout the whole cross section of the
duct while the major stream travels towards the catalysis
unit. Poor mixing or poor homogeneity of the injected ammo-
nia may imply higher NOyx levels in the stack as well as un-
wanted levels of ammonia passing unreacted through the

catalyst unit.

Other applications can be envisaged, for example the reduc-
tion of acid-mist formation from the manufacturing of sul-
phuric acid. During the condensation of sulphuric aciq,
sulphuric acid mist is generated. This acid mist can be

seen as an aerosol consisting of small droplets of sul-

phuric acid. Environmental demands with regards to the es-
cape of acid mist from sulphuric acid manufacturing plants
are very stringent and several methods have been published

to regulate acid mist emissions. One of the methods pub-
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lished, for instance as described in EP patent No. 419,539,
relies on the presence of small particles in the gas acting
as nucleation seeds for the condensation of sulphuric acid
in order to stimulate the generation of greater sulphuric
acid droplets. These droplets are larger when the condensa-
tion takes place in the presence of nucleation seeds, thus
making their subsequent filtering much easier and more ef-
ficient and thereby bringing the escape of acid mist within

environmental acceptable levels. In this process, nuclea-

tion seeds having diameter of for 1instance below 1 um can
be added as a particle suspension (smoke from metal oxides
generated by electric-welding, smoke from fuel combustion,
e.g. smoke from the combustion of silicone o0ils) 1into the
feed air prior to condensation of sulphuric acid. Suitable
ways of introducing a stream comprising the nucleatilon
seeds are described in EP patent No. 419,539. The success
of the process depends on the ability of the nucleation
seeds to interact with the sulphuric acid vapours. This in-

teraction is promoted by mixing.

The necessity of adequate mixing devices, 1in particular
static mixers in order to provide for thorough mixing of
fluid streams without considerable pressure 1loss within

ducts or channels is well recognised in the art.

US patent No. 4,527,903 discloses a system for the mixing
of at least two flows discharging into a main flow compris-
ing eddy insert surfaces that can vary in shape. Filgures

5-10 of this citation show a wide range of shapes for the
eddy insert units, for instance circular, parabolic or dia-

mond base. The eddy insert surfaces can be used in cooling
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towers, where two different streams discharge into a main

flow, or in stacks and pipeline systems.

US patent No. 6,135,629 discloses an arrangement of mixing
devices or insertion structures for the mixing of several

fluid streams. The insertion structures are folded along

straight lines to form ® or w cross-sections so they are

thinner and lighter in weight than in conventional inser-
tion structures. These permit the incorporation of rela-
tively light supports to secure the insertion structures in
such a way that the mechanical design of the system 1is im-
proved. The cited conventional insertion structures or ge-
neric devices requiring relatively heavy support structures
are denoted as being circular, elliptical, oval, parabolic,
rhomboidal or triangular. The objective of the invention 1is
to improve the generic devices by decreasing the wéight of

the structures and supports.

US patent No. 5,456,533 discloses a static mixing element
in a flow channel comprising deflectors attached to mount-
ing items at a distance from the channel wall. The deflec-
tors form an angle relative to the main flow direction and
can be of different shapes. Figures 3a-3d of this citation
show for instance deflectors having substantially circular

and triangular shapes.

EP 1,170,054 Bl discloses a mixer for mixing gases and
other Newtonian liquids comprising built-in-surfaces posi-
tioned within a flow channel so as to influence the flow.
The built-in-surfaces are positioned transverse to the main
flow direction and partly overlap. This provides the homog-

enisation of the velocity profile of the flow by means of
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the built-in-surfaces. It 1is stated that the built-in-
surfaces can be round discs, disks with delta-shaped or
triangular basic shapes or elliptical or parabola-shaped
disks. The mixer enables fast mixing of the stream in the

flow channel within a very short mixing distance.

US patent No. 5,547,540 discloses a device for cooling
gases and drying solid particles added to gases 1in which
the mouth of the inlet line 1is 1in the form of a shock dif-
fuser. Within the area of the shock diffuser one or several
inserts are arranged so as to produce a leading edge Vvor-
tex. Figures 3 to 9 1n this citation show several shapes,
e.g. circular, triangular and elliptical. Figures 8 and 9
in this citation depict pfofiled shapes, for instance a V-
shape insert in Figure 8 to increase the intensity of the

mixing and insert with angled edges to stabilise the 1n-

sert.

EP 638,732 A describes the use of circular built-in sur-

faces in the expanding area of a diffuser in order to en-

sure uniform flow at low cost and low pressure losses.

EP 1,166,861 Bl discloses a static mixer in which a flow
channel contains a disc that 1influences the flow and where
the disc further comprises a chamber for the passage of a
second flow of gas, said chamber being located on the rear
side of the disc and further provided with outlet openings.
This chamber is integrally connected to a conduit carrying
the second stream. This permits rapid mixing of the flow

streams in short mixing sections.
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Common for all these disclosures is the utilisation of mix-
ing devices that are regular shaped. By mixing devices that
are regular shaped 1s meant mixing devices that have a non-
hollow cross-section and present shapes that are substan-
tially circular, trapezoidal, elliptic, diamond-like, tri-
angular or the like. That 1s, free of protrusions extending

outward from the periphery or main body of the mixing de-

vice.

More sophisticated static mixers are disclosed in US patent
Nos. 4,929,088 and 5,605,400. These describe relatively ex-
pensive hollow mixing devices with protrusions or projec-

tions directed 1nward from the periphery of the devices.

US patent No. 4,929,088 describes a simple static mixer to
induce mixing of a flow within a conduct in which one or
more ramped tabs project inward at an acute angle from the
bounding surface, 1i.e. channel walls, such that the tabs
are inclined 1in the direction of the flow. The static mixer
is hollow 1in order to allow for the passage of flow through
it and its periphery corresponds substantially to the pe-
riphery of the channel, e.g. a wall pipe. The mixing device
can be seen as having protrusions directed inwards from the

periphery of the flow channel.

US patent No. 5,605,400 describes a cylindrical mixing ele-
ment for the passage of fluids through i1t comprising a num-
ber of so-called spiral blade bodies arranged 1nside the
mixing element. These bodlies are arranged so as to form a
number of fluid passages extending spirally along the
length of the mixing element. The blade bodies are formed

independently to the cylindrical mixing element and are
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joined to it by means of e.g. welding. It 1s stated that
this results in a static mixer of high mixing efficiency
produced at relatively low cost compared to similar mixing

elements in which the cylindrical element and blade bodies

are unitedly formed.

US patent No. 4,034,965 describes a static mixer having a
central flat portion and oppositely bent ears. The oppo-
sitely bent ears are disposed substantially transversally
to the fluid stream in a conduit, whereas the plane of said
central flat portion is intended to be aligned with the
longitudinal axis of the conduit. The ears are configured
at their outside peripheries for a general fit to the con-

duit wall or preferably to “spring” against the conduilt

wall.

Even more sophisticated static mixers comprise channels
subdivided into smaller corrugated sections that form a
number of smaller compartments. This arrangement splits the
flow into separate streams so that intensive interaction 1in
between the streams 1is created. The separate streams are
then redirected so as to form a homogenous mixture. This
type of static mixer (Sulzer SMV gas mixer) provides a good
mixing with a relatively low pressure loss. However, they
are rather expensive and may require a greater number of
injection points for the introduction of a second stream
into the major fluid stream than when utilising regular

shaped static mixing devices.

In order to cope with commercially accepted ranges of pres-
sure loss, the simpler mixing devices having a regular

shape are conventionally positioned in such a way that the
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first major stream impacts the front side of the mixing de-
vice at a given incidence angle. EP 1,170,054 describes for
instance an arrangement of regular shaped bodies, such as
round disks disposed substantially transversally to the
main flow direction and forming an angle of 40° to 80°,
preferably 60° with respect to the main flow direction. The
incidence angle is the angle formed between the major fluid
stream direction and a plane defined along the cross-

section of the mixing device.

It would be understood that a compromise 1s needed between
having a very high incidence angle, for instance 90°,
whereby the mixing device is positioned transversely to the
main direction the first major stream and a low incidence
angle, for instance 0°, whereby the mixing device is
aligned with the main direction the first major stream. In
the former, the projected area of the mixer on a plane
transverse to the main stream direction equals the cross
sectional area of the mixing device. This configuration
promotes the creation of turbulent flow regions on the back
side of the mixing device, but 1imposes a Jgreat pressure
loss. In the latter arrangement, where the incidence angle
is 0° the mixing device does not exert any influence on the
major stream. The projected area of the mixer on a plane
transverse to the main stream direction 1s zero, conse-
quently, no turbulent flow regions are created and poor
mixing results. However, the pressure loss 1s very low. The
projected area of the mixing device on a plane transverse
to the major stream direction is important. A higher pro-
jected area implies a higher generation of turbulent re-
gions on the back side of the mixer and thereby better mix-

ing of the stream(s). Accordingly, it would be desirable to
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provide an arrangement of mixing devices having an optimal
incidence angle with respect to the major fluid stream in
order to be able to increase the degree of mixing with a

minimum penalty 1n terms of pressure loss.

A major problem confronted in the art is therefore that it
is desirable to obtain a good mixing of interacting fluid
streams within a relatively short mixing distance along the
duct without compromising the energy efficiency of the sys-
tem imposed by the high pressure loss exerted by the mixing

device.

Alternatively, i1t 1s desirable to be able to find means for
the achievement of a better mixing of a single fluid stream
or at least two meeting fluid streams within a commercially
accepted pressure loss range compared to the mixing ob-
tained from prior art mixing devices, particularly mixers
having a base regular shape for instance circular or ellip-
tical. Further, it would be desirable to be able to provide
a mixing device that can solve the problem of efficient
mixing of fluid streams with a minimum loss of pressure, at

low expense and by providing simple means.

Another problem encountered with particularly conventional
regular shaped mixing devices, for instance circular or el-
liptical mixers, 1s that the positioning of these within
rectangular or square ducts may result in relative poor

mixXxing at or near the corner regions of the duct.

Accordingly, we have realised that it would be desirable to
redesign the known regular shaped mixing devices, particu-

larly substantially circular or elliptical mixers, 1n order
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that they become much efficient in terms of providing good
mixing with the concomitant effect of reduced mixing dis-
tances in the duct. In particular, we have realised that it
would be desirable if all this could be achieved with mix-
ing devices that induce a better degree of mixing within a

commercially accepted range of pressure loss than with con-

ventional regular shaped mixers.

According to the invention, we provide an arrangement for
mixing fluid streams in a duct, said arrangement compris-
ing: at least one mixing device having front side and back
side and positioned within said duct through which a first
major stream travels, the at least one mixing device deter-
mining a total cross-sectional area which 1is significantly
lower than that of the duct so as to allow for the passage
of said first major stream, the at least one mixing device
being a solid plate disposed substantially transversally to
the travelling direction of said first major stream and
provided with one or more protrusions extending outward

from the main solid plate body.

By solid plate is meant any sheet of metal or other mate-
rial aligned substantially transversally to the stream flow
and which is able to divert or control said flow within a
closed space. By main solid plate body i1s meant the regular
shaped, e.g. circular, body that constitutes said solid

plate and from which the protrusions emerge.

It has surprisingly been found that the provision of pro-
trusions in the solid plate significantly increases the de-
gree of mixing of fluid streams. It 1s belleved that the

protrusions act like arms that are able to grab and impart
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additional motion to the flow 1in potentially dead zones
around the solid plate, in particular near or at the cor-
ners of square or rectangular ducts. Dead zones are under-
stood as zones where the velocity vectors forming part of
the velocity profile of the major stream in its travelling
direction shortens, 1.e. the velocity approaches zero. It
would be understood that since the solid plate is aligned
substantially transversally to the first major stream, the
solid plate acts as the major mixing element, thus creating
relatively large eddies on its back side. The protrusions
aid the major mixing generated by the impact of the flow on
the front side of the solid plate by creating small eddies,
which are entrained in the larger eddies on the back side

of the solid plate.

Since in many circumstances one or more fluid streams need
to be mixed with a first major fluid stream, the invention
also provides an arrangement to this purpose. Thus 1n a
preferred embodiment, we provide an arrangement for mixing
fluid streams 1in a duct, said arrangement comprising: at
least one mixing device having front side and back side and
positioned within said duct through which a first major
stream travels, the at least one mixing device determining
a total cross-sectional area which is significantly lower
than that of the duct so as to allow for the passage of
said first major stream; injection means for the introduc-
tion of at least one second stream into said duct wherein
said first major stream travels, the injection means being
adapted so as to provide for the impact of the at least one
second stream onto at least a partial region of the back
side of the at least one mixing device, the at least one

mixing device being a solid plate disposed transversally to
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the travelling direction of said first major stream and

provided with one or more protrusions extending outward

from the main solid plate body.

The first major stream may be a flue gas containing nitro-
gen oxides and said second stream accordingly may be a
fluid containing nitrogen oxide reducing agents for example
ammonia or urea. Typically the volume flow of said first
major stream is much larger than the volume flow of the at
least one second fluid stream. The ratio of volume flows of
said first major stream with respect to the second stream

may be up to 1000:1, for instance 100:1 or 10:1.

The first major stream may also be a flue gas containing
condensable sulphuric acid vapour and may contaln particles
that can act as nucleation seeds for the formation of sul-

phuric acid droplets.

We find that when compared to regular shaped mixing de-
vices, particularly circular mixers, the inventive mixing
devices are less obstructive to the main fluid stream. The
inventive mixing devices incorporate a certaln degree of
voids or empty spaces in between protrusions at thelir pe-
riphery that result in a relatively low resistance to the
major fluid stream, hence further reducing pressure losses.
It is believed that the benefits of the inventive mixing
devices arise not only because of the creation of local
turbulent regions on the back side of the solid plate (mix-
ing device), but also because of the reduced obstruction
against the major fluid stream as it impacts on the front

side of the solid plate.
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In the invention, the mixing devices are preferably posi-
tioned in a side-by-side relationshlp across and along the
length of the duct. The mixing devices may also be arranged
so as to form a tilted alignment with respect to the major
fluid stream travelling within the duct. A tilted alignment
offers the advantages that a relatively low resistance to
the major stream is provided and the penalty imposed by un-
desired pressure losses 1s reduced. The mixing devices may
be aligned so as to form overlaps or deflecting regions
that force the major stream to deviate from its main trav-
elling direction and thereby further promote mixing or ho-
mogenisation of the flow. Such an arrangement utilising

circular static mixers 1s disclosed in EP Patent No.

1,170,054,

In a specific embodiment of the invention the total cross-
sectional area covered by the inventive mixing devices cor-
responds to the cross-sectional area had the mixing devices
been reqular shaped, e.g. circular. In this manner, the to-
tal cross-sectional area offering the free passage of the

mixed stream in the duct remains substantially constant.

The protrusions may have any shape, however, 1t 1s pre-
ferred that they have a tapering shape pointing outward
from the main solid plate body. The number of protrusions
can vary; there may be only one protrusion, but better re-
sults in terms of mixing are obtained with two to six pro-
trusions, preferably four or five, most preferably five.
The cross-sectional area of each individual protrusion can
vary, but it is preferred that at least two protrusions ex-
hibit substantially the same cross-sectional area. The term

protrusion is to be understood as a region of the solid
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plate sticking out from the main solid plate, e.g. 1ts pe-
riphery, the main solid plate having a regqular shape that
is circular, elliptical, triangular, deltoid, rhomboid and
the like. The protrusions extend preferably outward in the
same plane defined by the cross-section of the main solid
plate body, but they may also extend outward so as to form
an angle with respect with said plane. The protrusions may
tilt toward the front side of the solid plate, 1.e. polnt-
ing towards the major fluid stream or they may tilt toward

the back side of the solid plate.

In another advantageous embodiment of the invention, one
protrusion extends only slightly away from the main body
and corresponds to a region located near and substantially
below the outlet of the at least one second fluid stream.
Hence, the injection means, for example a conduit for the
introduction of ammonia into the major stream, 1s adapted
so as to provide for the impact or contact of the at least
one second stream onto at least a partial region of the
back side of the solid plate. In this manner back-flow of
the second stream is prevented: it 1s prevented that the
second stream travels downward below the solid plate (mix-
ing device) and into its front section. Instead, the second
stream 1is directed upward into the turbulent flow being

created downstream, i.e. on the back side of the solid

plate.

As a result of the invention the degree of mixing or mixing
efficiency is improved within a given mixing distance or
within a given (commercially acceptable) pressure loss
range. This improvement in mixing with respect to for exam-

ple circular mixing devices can be quantified (see later in
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connection with example given in Figure 3). The benefits of
the invention can also be seen 1n terms of pressure loss:
it is now possible to operate with lower pressure loss than
is normally possible when operating with conventional cir-
cular mixing devices. Alternatively, the mixing distance 1in
a duct needed to obtain the same degree of mixing compared
with the use of circular mixers 1s reduced. The mixing dis-
tance in the duct can be reduced (in dimensionless terms)
significantly with respect to utilising a conventional cir-
cular mixer. For instance, for an arrangement comprising a
single mixing device withln a square duct, the mixing dis-
tance necessary to achieve a given degree of mixing can be
reduced from three hydraulic diameters, when utilising a
circular mixing device to two hydraulic diameters, when

utilising the inventive mixing device.

As a result of the invention 1t 1is now possible by simple
means to further reduce acid mist formation during the
manufacturing of sulphuric acid in flue gas cleaning opera-
tions. A typical process comprises pre-heating of the flue
gas in a gas—-gas heat exchanger followed by the catalytic
oxidation of SO, in the flue gas to SO; in a catalytic con-
verter. The gas from the catalytic converter 1s then passed
through said gas-gas heat exchanger, whereby its tempera-
ture is reduced to about 200-300°C. The gas from the cata-
lytic converter 1is then further exposed to a subsequent
cooling to about 100°C in a so-called H;SOs condenser,

whereby S0Os; reacts with water wvapour to produce H;SO4-vapour

that condenses as concentrated H,SO,.

The one or more inventive mixing devices can advantageously

be positioned at any point upstream said sulphuric acid
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condensing step, for instance in the duct carrying the feed
gas entering said SO0,-to-S03 catalytic converter, or the
subsequent duct between the catalytic converter and said
gas—gas heat exchanger. Preferably, the one or more mixing
devices are positioned 1in the duct between said gas-gas

heat exchanger and the H;SO4 condenser.

Nucleation seeds having diameter of for instance below 1 um

can be added as a particle suspension generated from smoke
from electric-welding, smoke from fuel combustion e.g.
smoke from the combustion of mineral or silicone oils.
Smoke from the combustion of silicone o01ls 1is particularly
advantageous because of the significant amount of nuclea-
tion seeds that can be generated compared to for example
vegetable oils. The nucleation seeds can be added into the
feed air prior to condensation of sulphuric acid. Suitable
ways of 1introducing a stream comprising the nucleation

seeds are described in EP patent No. 419,539.

The nucleation seeds in the form of a particle suspension
can be added as a second stream 1n the same duct where the
at least one mixing device is positioned. The nucleation
seeds in the form of a particle suspension can also be
added into another duct upstream the at least one mixing
device. For example the nucleation seeds can be added into
the duct through which the feed gas entering the S0,-to-SO0;
catalytic converter travels. Preferably the nucleation
seeds are added into the duct upstream the gas-gas heat ex-
changer, while the at least one mixing device 1s positilioned
in the duct between said gas—-gas heat exchanger and the

H,SO4 condenser.
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DETAILED DESCRIPTION OF THE INVENTION

The invention is illustrated in the accompanying drawings,
wherein Figure 1 shows a schematic vertical cross-sectional

view of a flue gas section according to the invention.

Figure 2 shows a cross-sectional view of a mixer according

to the invention positioned within a square duct.

Figure 3 shows a graph describing degree of mixing as a
function of pressure loss for a mixing device according to
the invention with respect to a conventional circular mix-

ing device.

In Figure 1 the flue gas section for reduction of nitrogen
oxides comprises a duct 1 having rectangular section
through which a flue gas 2 passes. The flue gas represents
a first major fluid stream travelling 1n direction Z and
collides with the front side of mixing device 3, which 1is
disposed substantially transversally to the travelling di-

rection of said first major fluid stream. Mixer 3 1s posi-

tioned at incidence angle a with respect to the travelling

direction of the major fluid stream 2. A second fluid
stream 4 1s injected through conduit 5 on the backside 3’
of solid plate or mixing device 3. The mixing devices 3
creates eddies or turbulent flow 6 as the major stream 3
passes, thereby carrying the second stream 4 and allowing
for the mixing of the fluid streams 2, 4. It is realised
that good mixing arises because the turbulent flow 6 cre-
ated on the back side 3’ of the mixing device 3 comprises
vortex—-like sections in which the stream partly flows 1in

direction Y, i.e. transversally to the main stream direc-
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tion Z. In larger ducts, additional mixing devices 3’’ can
be arranged to provide for good mixing throughout the whole
cross—-section of the channel. Additional conduits 5’ for
the injection of secondary stream 4 can be arranged. Fur-

ther downstream a catalyst unit 7 can be provided.

Referring now to Figure 2, the front side of a single mix-
ing device 3 1s shown. The mixing device is a solid plate
comprising triangular protrusions 9 that extend outward
from the circular main solid plate body 10. The protrusions
extend outward 1n the same plane defined by the cross-
section of the main solid plate body. The mixing device 3
is placed within duct 8 having side lengths S1 and S2. The

duct can have any shape, but 1s preferably square (S1=S2)

or rectangular (S1#S2). The incidence angle o of the first
major fluid stream 2 corresponds in this figure to 90°. The
second gas stream impacts on the back side 3’ of mixing de-
vice 3 and a minor protrusion 11 acts like a tail that im-
pedes back-flow of said second stream 4 into the front sec-

tion of the mixer 3.

The dotted line 12 around the main solid plate body repre-
sents a cross—sectional view having radius Rc of an equiva-
lent mixing device 13 having a clrcular base shape and
where its cross-sectional area corresponds to that of the
mixing device 3. For comparison purposes 1t 1s 1intended but
not necessarily required that the cross-sectional area of
the mixing device 3 equals to that of the corresponding
mixing device 13 having a regular base shape, here circu-
lar. The base regular shape can also be other than circu-

lar, for instance as disclosed in Figures 4 to 8 in US pat-

ent No. 4,527,903.
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The shape of the protrusions is preferably such that they
taper outward from the main solid plate body 10 having a
circular base shape with radius R as in Figure 2. Hence the
protrusions may have a triangular shape, yet other shapes
can also be envisaged, for instance rectangular, elliptic
or in the shape of a deltoid. The number and shape of the
protrusions may vary within a single mixing device so that
some protrusions may extend further outward than others.
The protrusions can be shortened or expanded at wish, but
it can be desirable that the material added or removed 1is
added or removed within the main body 10 by increasing or
decreasing its radius R, so that the total cross—sectional

area remains substantially constant.

'In the mixing device of Figure 2 four major triangular pro-

trusions 9 are shown as well as minor protrusion 1ll. It 1is
also possible to have a mixing device 3 having only one ma-
jor protrusion 9, but the number Of ma’jor protrusions 9 can
also be higher than four or five, for instance six to ten
and even more. Preferably, the number of major protrusions
9 is kept at about four in order to improve mixing of the
fluid stream(s) 1in the corners of square or rectangular

ducts.

In an advantageous embodiment of the invention, the major
protrusions 9 are placed in the corner of a hypothetical
rectangle having side lengths S1 and S2 that encompass the

mixing device 3. Each protrusion 9 and 11 spans an area

corresponding to angle 0. Angle 0 can vary from 20° to 45°,
but is preferably in the range 25° to 35°, normally 20° to
45°, more preferably between 30° and 40°, most preferably

around 30°. It is preferred that the extension SW of the
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protrusions 9 in the embodiment shown in Figure 2 1is such

that Sw>2:-(Rc-R). The total cross-sectional area of the

mixing device is 50% to 75% or 80% of a hypothetical rec-
tangle or square having side lengths S1 and S2 that encom-

pass the mixing device 3.

The solid plate can be made of materials like metal, glass
fibres, plastic or the like. When we refer to solid plate,
we encompass various forms of rigid and non-rigid plates,
which may or may not be bend by the influence of the major
fluid stream. Preferably, the solid plates are relatively
thin plates, e.g. 5-20 mm thick, made of metal and do not

bend during the passage of the fluid stream.

The minor protrusion 11 can be omitted since 1ts major ob-
jective 1is to prevent back-flow of the second stream into
the front section of the solid plate as explained above. It
would be realised that the positioning of the mixing device
3 with respect to the outlet of the injection means 5 can
be arranged in such manner that back-flow of the second
stream 4 is minimised, for instance by letting the second
stream 4 impact the back side 3’ of the mixing device 3
near 1ts centre regiOn. Accordingly, the outlet of the sec-
ond stream, which basically corresponds to injection means
5 is adapted so as to provide for the impact of the second
stream 4 onto at least a partial region of the back side 3’

of the at least one mixing device 3. This impact region

spans substantially over the area given by angle 6 in the
region of the solid plate where minor protrusion 11 is lo-

cated.
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Figure 3 shows a comparative example between a conventional
circular mixing device 13 and a mixing device 3 according
to the present invention (circular mixer with triangular
protrusions of Figure 2). Both mixers have the same cross-
sectional area. Degree of mixing is presented as a function
of pressure loss as measured 1n a square duct having dimen-
sions 200 x 200 mm. For such a duct a typical value for R
is in the range 50-100 mm, for example 77 mm. The compari-
son 1s given at a mixing distance corresponding to three
hydraulic diameters, wherein hydraulic diameter is defined

as the ratio of four times the fluid flow cross section

S1-:S2 and the wetted circumference 2-(S1+S2). It has to be

noticed that degree of mixing in Figure 3 is actually rep-
resented as a so-called Unmixedness; that is, the lower the
value of Unmixedness along the Y-axis the better the mixing

of the tracer gas in the major gas stream.

Unmixedness in Figure 3 has been determined according to a
laser sheet wvisualisation method following S. Matlok, P.S.
Larsen, E. Gjernes and J. Folm-Hansen "“Mixing studlies 1n a
1:60 scale model of a corner-fired boiler with OFA” in 8™
International Symposium on Flow Visualisation, 1998, pages
1-1 to 1-6 and accompanying figures. This laser method
serves merely to quantify the concentration of a certain
species, e.g. tracer gas seeded with a fog (oil smoke) at
any mixing distance 1in the duct, 1.e. distance from the
point where the first mixing device is placed. However, 1t
would be apparent for the skilled person that other conven-
tional methods are also suitable. For instance, by inject-
ing a tracer gas such as methane and measuring 1ts concen-

tration at a given mixing distance using a sultable tracer

gas analyser.
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Unmixedness in Figure 3 1s defined by taking the ratio of
the standard deviation (RMS) and the mean value (Mean) of
the concentration of a species, e.g. a tracer gas seeded
with a fog (oil smoke) along the width of a duct at a given
mixing distance, here three hydraulic diameters. Therefore,
the lower the ratio (RMS/Mean) the lower the deviation from
a mean value of concentration along the width of the duct
and consequently the better the mixing. The volume flow ra-
tio of the minor stream carrying the tracer gas with re-
spect to the major stream travelling along the duct is ap-

proximately 1:100.

Pressure loss along the X-axis 1n Figure 3 1s given as it

is conventional in the art in terms of the number of veloc-

ity heads, i.e. as a pressure drop coefficient g, following

the relationship:

AP

g (¥ p-v°)

where

AP is the pressure loss (Pa) and ¥ p-v* represents a veloc-

ity head (Pa) at a given mixing distance 1in the duct;

p represents the density of the stream (kg/m’), and

v its velocity (m/s).

The pressure drop coefficient can be correlated to the 1in-

cidence angle o of the flow in the duct toward the front
section of the mixing device, thus a pressure drop coeffi-
cient of between 8 and 9 in the curve corresponds to an 1in-
cidence angle of about 90°, whereas a pressure drop coeffi-

cient of 0 corresponds to an incidence angle of 0°.
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In the invention, advantageous results in terms of mixing
or pressure loss with respect to circular mixing devices
are obtained when the incidence angle is in the range 10°
to 80°, particularly between 20° and 60°. Preferably, the

incidence angle is between 30° and 50°, most preferably 35°
to 45°.

Figure 3 shows that in the commercially relevant range of
pressure drop coefficient, i1.e. between 0.5 to 3, the mix-
ing device according to the invention, 1.e. with triangular
protrusions, has a significantly lower pressure drop coef-
ficient for the same value of RMS/Mean (Unmixedness) when
compared to a circular mixing device having the same cross-
sectional area. Alternatively, a much better mixing 1is
achieved with the i1nventive mixing device compared with the
circular mixing device at a given pressure drop coeffi-
cient. As a particular example, at a commercially relevant
pressure drop coefficient of 2, the value of RMS/Mean (Un-
mixedness) for a conventional circular mixer 1is about 0.24,
whereas for the inventive mixing device of Figure 2 1t 1s
0.12. As another particular example, for a pre-defined ac-
ceptable value of RMS/Mean of 0.2 the circular mixing de-
vice of Figure 2 results in a pressure drop coefficient of
about 3, whereas the inventive mixing device of Figure 2
results in a pressure drop coefficient of about 1. This has
to be seen in the context that the range 1 to 3 in pressure
drop coefficient along the X-axis corresponds to about 2
mbar. For a conventional power plant station having a major
volume flow of 700,000 Nm’/h a pressure loss of 1 mbar im-
plies a penalty cost of roughly 150,000 EUR over the depre-

ciation time of the plant.
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1. An arrangement for mixing fluid streams in a duct
(1), said arrangement comprising

- at least one mixing device (3) having front side and
back side (3’) and positioned within said duct (1) through
which a first major stream (2) travels, the at least one
mixing device (3) determining a total cross-sectional area
which is significantly lower than that of the duct (1) so
as to allow for the passage of said first major stream (2),
and

- the at least one mixing device (3) being a solid plate
disposed substantially transversally to the travelling di-
rection of said first major stream and provided with one or

more protrusions (9,11) extending outward from the mailn

solid plate body (10).

2 . An arrangement according to claim 1 further com-
prising injection means (5) for the introduction of at
least one second stream (4) into said duct (1) wherein said
first major stream (2) travels, the means of injection (5)
being adapted so as to provide for the impact of the at
least one second stream (4) onto at least a partial region
of the back sidé (3') of the at least one mixing device

(3) .

3. An arrangement according to claims 1 or 2, wherein

said duct (1) is square or rectangular.
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4, An arrangement according to any preceding claim,
wherein the shape of said main solid plate body (10) is

substantially circular or elliptical.

5. An arrangement according to any preceding claim,
wherein the at least one protrusion (9,11l) taper off out-

ward from the main solid plate body (10).

6. An arrangement according to any preceding claim,
wherein the at least one mixing device (3) are positioned
in a side-by-side relationship across and along the length
of the duct (1), wherein the mixing of the fluid stream

(2,4) takes place.

7. An arrangement according to any preceding claim,

wherein the at least one mixing device (3) are positioned

within the duct (1) so that the incidence angle (a) of the
first major stream (2) on the front side of the at least

one mixing device (3) is between 10° and 80°, preferably

30° to 50°.

8. An arrangement according to claim 5, wherein major

protrusions (9) are triangular shaped so that SW>Z2:(Rc-R)

and 0 is in the range 20° to 45°, preferably between 30°
and 40°.

9. An arrangement according to any preceding claim,
wherein the at least one mixing device (3) comprises at

least one or more major protrusions (9), but none minor

protrusions (11).
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