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(57) Abstract: An apparatus for dispensing liquid droplets
(106) into an gas flow (116), comprising: liquid droplet
producing means (101 ) for producing liquid droplets
(106), said means (101 ) comprising an outlet (151 ) for
the liquid droplets (106); and dispensing means (102),
comprising: an outer tube (112) having a length 11, a first
end (140) and a second end (141 ), the second end (141)
comprising a tube outlet (119); an inner tube (160) having
a length 12 with I2 <11, a first end (130) and a second end
(131), the first end (130) comprising a tube inlet, the
second end (131) comprising a tube outlet (118), wherein
the inner tube (160) being arranged inside the outer tube
(112) with the outer surface of the inner tube (160) being
disposed at distance from the inner surface of the outer
tube (112), the first end (140) of the outer tube (112) and
the first end (130) of the inner tube (160) being co-located,
the outlet (151) of the liquid droplet producing means
(101) being connected to the tube inlet of the inner tube
(160) such that the liquid droplets (106) being dispensed
from the said means (101) into the inner tube (160) sub-
stantially along a center axis of the inner tube (160); and
one tube-wall-opening (113) being arranged on a down-
stream side of the outer tube (113).
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APPARATUS FOR DISPENSING LIQUID DROPLETS INTO A GAS FLOW

This invention relates to an apparatus for dispensing liquid droplets into a gas flow, and
especially to an apparatus for dispensing super-cooled liquid droplets into an air flow of a

wind tunnel. Further the invention relates to a wind tunnel comprising such an apparatus.

Wind tunnels as such are well known and used for example in testing aircraft or aircraft
parts under realistic flying conditions. For this purpose, wind tunnels comprising means
for controlling at least flow velocity and temperature of the related wind tunnel airflow. If
effects like rainfall or icing on aircraft or on aircraft parts need to be studied, wind tunnels
are commonly providing means for liquid water droplet dispensing. In order to realistically
correlate measured wind tunnel data to actual environmental data, the means for liquid
water droplets dispensing need to be specifically filling wind tunnel chambers with
controlled amounts of liquid water droplets of known droplet size. In this field a wind
tunnel droplet dispensing means is known from US 3,087,332 A. This dispensing means
comprises a plurality of vertically arranged dispensing members, means for coating the
outer surface of said members with liquid, means for controllably vibrating said members,
wherein the liquid dispensing members have constricted portions formed in an airfoil
configuration and the constricted portions being physically arranged within the wind tunnel
such that minimum airflow turbulence is achieved. Further, from JP 04069539 A a liquid
particulate generating device for wind tunnel applications is known which enables

adjusting particle size distribution depending on use of different droplet generators.

In wind tunnels used for simulating icing and snow fall, liquid water droplets typically at a
temperature range of 20 °C to 70 °C are being dispensed into a wind tunnel airflow, which
was cooled to temperatures below 0 °C. The liquid water droplets are cooled by said
airflow after their release into that airflow to convert into super-cooled liquid droplets.
From that, wind tunnels simulating icing conditions, i.e. comprising super-cooled liquid
droplets in the airflow, are typically rather large in size due to the long distance between
the means for liquid water droplets dispensing and a specimen under examination
arranged within a test section of the wind tunnel that is required for adequate cooling of
the liquid droplets. Such a wind tunnel with a respective means for liquid water droplets
dispensing is disclosed in JP 04070535 A.

CONFIRMATION COPY
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The wind tunnels and respective means for liquid water droplet dispensing known in the
art can not effectively been used for explicitly studying the physics of single droplet
impacts on test specimen, because they do not provide means for liquid water dispensing
which produces controlled and repeatable droplet impacts on a test specimen located in

the test section of a wind tunnel.

It is an object of the present invention to provide a new and improved apparatus for

dispensing liquid droplets into a gas flow, especially into an air flow of a wind tunnel.

It is another object of the present invention to provide an apparatus for dispensing liquid
droplets into a gas flow adapted to accurately controlling the quantity and the quality of
the liquid droplets being dispensed into the gas flow.

It is still another object of the present invention to provide a new and improved wind
tunnel adapted to accurately controlling the quantity and the quality of the liquid droplets
being dispensed into the gas flow, and to accurately producing controlled and repeatable

droplet impacts on a test specimen located in the test section of a wind tunnel.

The present invention is directed to an apparatus for dispensing liquid droplets into an
gas flow, comprising: liquid droplet producing means for producing liquid droplets, said
means comprising an outlet for the liquid droplets; and dispensing means, comprising:
an outer tube having a length I1, a first end and a second end, the second end
comprising a tube outlet; an inner tube having a length 12 with 12 < |1, a first end and a
second end, the first end comprising a tube inlet, the second end comprising a tube
outlet, wherein the inner tube being arranged inside the outer tube with the outer surface
of the inner tube being disposed at distance from the inner surface of the outer tube, the
first end of the outer tube and the first end of the inner tube being co-located, the outlet of
the liquid droplet producing means being connected to the tube inlet of the inner tube
such that the liquid droplets being dispensed from the said means into the inner tube
substantially along a center axis of the inner tube; and a tube-wall-opening being

arranged on a downstream side of the outer tube.

Generally the proposed apparatus for dispensing liquid droplets into a gas flow comprises
a liquid droplet producing means and a connected dispensing means. The dispensing

means is preferably extending completely (with the length 11) into the gas flow. In the
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invention the liquid can be any liquid, especially water or water containing liquid solutions.
The gas flow can be a flow of any type of gas or mixture of different gases, especially air
or inert gases. Those skilled in the art will recognize that there is a wide variety of
liquid/gas combinations which may be possible, although for icing wind tunnel applications

liquid water and air is preferred.

Liquid droplet producing means are known in the prior art. Some of them are based on
piezo-electric induced production of liquid droplets. In this invention a droplet producing
means adapted to producing mono-dispersed liquid droplets of controlled droplet size is
preferred. The liquid droplet producing means is providing the droplets through an outlet
of said means preferable at low droplet speed. The liquid droplet producing means is
connected with the dispensing means such that the outlet of the liquid droplet producing
means is connected to the tube inlet of a preferably straight and vertically oriented inner
tube such that the liquid droplets are being dispensed from said means into the inner tube
substantially along a center axis of the inner tube. The inner tube is preferably
concentrically arranged inside the outer tube with the first end of the outer tube and the
first end of the inner tube being co-located, meaning that the first end of both tubes are at

least approximately arranged at the same position along a common centerline.

A droplet entering the inlet of the inner tube will - without wall impacts - pass through the
inner tube, leave the inner tube at the outlet of the inner tube, then pass through the
remaining length |1 — 12 of the outer tube and leave the outer tube at the outlet of the
outer tube into the gas stream. Ideally, a droplet produced by the liquid droplet producing
means is passing through the dispensing means following a vertical trajectory until it
leaves through the outlet of the outer tube into the gas flow at low droplet speed. The
preferably concentrically mounted inner tube inside the outer tube is producing a
predominately axial droplet flow reducing undesirable an impact of droplets on the inner

wall surfaces of the inner or outer tubes.

The preferably vertically oriented outer tube preferably fully extends into the gas flow. In
one advantageous embodiment the volume between the inner tube and the outer tube is

being gas tightly closed at the first end of the outer tube.

In a preferred embodiment the outer tube also comprises at least one tube-wall-opening

being arranged on a downstream side of the outer tube with the tube wall-opening
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extending along a central axis of the outer tube from a distance d1a to a distance d1b and
with both distances d1a, d1b measured relative to the co-located first ends of the inner
tube and the outer tube and with d1b < 12. The tube-wall-opening produces an
entrainment gas flow into the outer tube and thus a re-circulating flow within the outer
tube, wherein gas from the gas flow enters into the outer tube through the tube-wall-
opening from the leeward side of the outer tube and proceeds towards the outflow of the
outer tube allowing for a mainly turbulence-free release of droplets from the outlet of the

outer tube into the gas flow.

In a preferred embodiment of this invention the liquid droplet producing means is
configured for producing and dispensing super-cooled liquid droplets at a specified
temperature into the dispensing means. Thus, the respective cooling of the liquid droplets
to a desired temperature is performed before the droplets being dispensed into the gas
flow. Especially icing wind tunnels can be built with a significantly smaller size, because
there is no longer the need for a long distance between the means for liquid water
droplets dispensing and a specimen under examination arranged within a test section of

the wind tunnel that is required for adequate cooling of the liquid droplets.

Preferably the liquid droplet producing means comprising: a liquid droplet generator with
an outlet for liquid droplets, a channel having a length I3, a first end and a second end,
with the first end of the channel tube being connected to the outlet of the droplet
generator such that the liquid droplets being dispensed from the said generator into the
channel substantially along a center axis of the channel, and with the second end of the
channel being identical with the outlet of the liquid droplet producing means; and cooling
means in thermal contact with said channel for cooling said channel. In this embodiment
the droplet generator is producing liquid droplets, e.g. at a temperature above 0°C. The
droplets are dispensed into the preferably vertically oriented channel at very low speed.
Then the droplets are accelerated downwards in the channel mainly based on
gravitational forces. The time a liquid droplet at a given size needs from entry into the
channel until leaving the channel at the second end depends on the initial velocity of the
droplet when entering the channel, gravitational force and droplet mass, which depends
on the type of liquid used and droplet size. The channel walls are cooled and thus based
on thermal conduction the liquid droplets inside the channel are cooled as well. The
cooling of the droplet thus can be adjusted by adjusting the length of the channel and/or

adjusting the cooling efficiency of the cooling means. With such a liquid droplet producing
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means super-cooled liquid droplets can be produced and dispensed into the dispensing

means describes above.

In a preferred embodiment, the cooling means comprise a volume encompassing at least
a part of an outer surface of said channel, with the volume having an inlet and an outlet,
and the volume, the inlet and the outlet being permeable for a cooling medium. For a
controlled temperature inside the channel the cooling medium with controlled temperature
is pumped through the volume via the inlet and the outlet of the otherwise closed volume
at a controlled rate. At a given length I3 of the channel the temperature inside the channel

thus can be varied mainly by changing the temperature of the cooling medium.

In a preferred embodiment an area cross-section of the tube-wall-opening equals an area
cross-section of the outlet of the outer tube. It has turned out that this relation provides for
an optimal reciprocal flow inside the outer tube allowing for minimum turbulence inside the
outer tube, minimal droplet impact on the inner wall of the outer tube, especially at a tube
section at the second end of the outer tube, and thus for optimal reproducibly dispensing

mono-dispersed liquid droplets into the gas flow.

In a preferred embodiment of this invention the inner tube and the outer tube are
concentrically arranged along a common vertically arranged central axis. Preferably the
geometrical profile of the cross-sections of the outer tube and the inner tube are similar,
e.g. circular or elliptical profile. In another embodiment, the geometric profile of the cross-
sections of the outer tube and the inner tube are different. In another embodiment, a
profile of a cross-section of the outer tube is constant along the center axis of the outer
tube. The geometric form of the cross-section of the outer tube preferably has a circular
profile or a drop shaped profile or a symmetric shaped airfoil profile or a symmetric
shaped NACA airfoil profile. The NACA airfoil profiles are airfoil shapes for aircraft wings
developed by the National Advisory Committee for Aeronautics (NACA). The shape of the
NACA airfoils is described using a series of digits following the word "NACA." The
parameters in the numerical code can be entered into equations to precisely generate the
cross-section of the airfoil and calculate its properties. The NACA four-digit wing sections
define the profile by: one digit describing maximum camber as percentage of the chord,
one digit describing the distance of maximum camber from the airfoil leading edge in tens
of percents of the chord, and two digits describing maximum thickness of the airfoil as
percent of the chord. For example, the NACA 2412 airfoil has a maximum camber of 2%
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located 40% (0.4 chords) from the leading edge with a maximum thickness of 12% of the
chord. Four-digit series airfoils by default have maximum thickness at 30% of the chord
(0.3 chords) from the leading edge. The NACA 0015 airfoil is symmetrical, the 00
indicating that it has no camber. The 15 indicates that the airfoil has a 15% thickness to
chord length ratio: it is 15% as thick as it is long. The NACA system is known by those
skilled in the art.

In a preferred embodiment of this invention the outer tube comprises two portions, a first
portion extending from the first end of the outer tube in direction to the second end until a
cross section of the outer tube located at a distance d2 from said first end, wherein the
first portion encompassing the tube-wall-opening, and a second portion extending from
said cross section to the second end of the outer tube; the second portion comprising a
body having a cross section oriented perpendicular to the center axis of the outer body,
said cross section being a drop shaped profile, or a symmetric airfoil shaped profile, or a
symmetric NACA-shaped profile. Preferred NACA-shaped profiles are: a NACA0020, or a
NACAO0030, or a NACA 0040 profile.

In a preferred embodiment of this invention, the length 12 of the inner tube is selected
from a range: [1.2 * d1b, 5 * d1b], [1.5 * d1b, 3.5 * d1b], or [2 * d1b, 2.5 * d1b] with d1b
being a distance measured from to the first end of the outer tube and with d1a < d1b and
d1b < 12; and/or the length |1 of the outer tube is selected from a range: [100 mm, 700
mm], [100 mm, 500 mm], [100 mm, 400 mm], [150 mm, 300 mm], or [150 mm, 250 mm]
and/or the ratio 12 / |1 is selected from the range: [0.1, 0.7], [0.1, 0.5], [0.1, 0.3], or [0.15,
2.25); and /or d1a is selected from a range: [0, 50 mm], [0, 25 mm], [0, 10 mm], [0, 5§
mm], [1 mm, 3 mm], [2 mm, 2.5 mm]. Those skilled in art will recognize that these
preferred dimensions allow construction of relatively small wind tunnels e.g. for studying
the physics connected with impact of mono-dispersed super-cooled liquid droplets on test

specimen.

Finally this invention is directed to a wind tunnel with an apparatus described above,
wherein the apparatus is being arranged at an upper wind-tunnel-wall located upstream of
a test section of the wind tunnel with the outer tube extending into the air flow. Preferably
the outer tube is being aligned vertically and is fully extending into the airflow with its

length 1.
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The above-mentioned and other objects, advantages and features for the invention will
become more apparent when considered with the following specification and the

accompanying drawings wherein:

Fig. 1 shows a cross-sectional view of an apparatus according to a preferred
embodiment of this invention,

Fig. 2 shows a cross-sectional view of the dispersion means and instantaneous
droplet positions for an outer tube without a tube-wall opening in the outer
tube,

Fig. 3 shows a cross-sectional view of the dispersion means and instantaneous
droplet positions for an outer tube with a tube-wall opening in the outer
tube;

Fig. 4 shows an intersection of droplet trajectories with a plane parallel with the

outlet of the outer tube over a time interval of 0.152 s.

Fig. 1 shows a cross-sectional view of an apparatus according to a preferred embodiment
of this invention, which is used in a small-scale icing wind tunnel. The main goal of the
presented apparatus is to introduce mono-dispensed super-cooled water droplets 106 into
the air flow 116 of a wind tunnel and have them impact on a specimen located in the test
section of the wind tunnel (not shown). The droplets 106 are produced and super-cooled
by a liquid droplet production means 101 before introduction into the wind tunnel air flow
116 by the liquid droplet dispensing means 102. The liquid droplet dispensing means 102
is designed to introduce the droplets 106 into a settling chamber of the wind tunnel in
manner that produces repeatable droplet impacts with a specimen in the test section of
the wind tunnel. The liquid droplet production means 101 is arranged outside the wind
tunnel settling chamber (in Fig. 1 the part above the wind tunnel wall 111), while the liquid
droplet dispensing means 102 is arranged inside the wind tunnel settling chamber (in Fig.
1 the part below the wind tunnel wall 111), thus extending completely into the gas flow
116. Fig. 1 shows the arrangement of the apparatus at the upper wall 111 of the settling

chamber of a small scale icing wind tunnel.

The liquid droplet production means 101 comprise a droplet generator 103 to produce
mono-dispersed liquid droplets 106 of given size having ambient temperature. The
droplets 106 are introduced into a vertically arranged channel 105 which is connected to
the outlet of the droplet generator 103 at the first end 150 of the channel 105. In this
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embodiment, the channel 105 has a circular cross-section and is surrounded by a volume
110 of a cooling means 104, which in the present case is formed by an outer channel also
having a circular cross-section. Those skilled in the art will recognize that there are a
variety of other geometric forms for the volume 110 of the cooling means 104. The
volume 110 of the cooling means 104 has one inlet 108 and one outlet 109 and is
otherwise a closed volume. Through the volume 110 a cooling medium is circulated as
indicated by the arrows 107. The temperature of the cooling medium controls the
temperature of the air inside the channel 105. The cooling of the liquid droplets 106 inside
the channel 105 depends on the time the droplets 106 spends inside the channel 105 and

the temperature of the air inside the channel 105.

The liquid production means 101 is extending through the wind tunnel wall 111 until the
inner surface of the settling chamber and is connected to the liquid droplet dispensing
means 102. In Fig. 1 the channel 105 and the inner tube 160 are formed as one
continuous inner tube, such that droplets 106 produced by the droplet generator 103 are
introduced into this continuous inner tube at the upper end of the cooling channel 105 and
leave this continuous inner tube at the second end of the inner tube 160. Further, also the
outer channel and the outer tube 112 are formed as a continuous outer tube with their
upper end being connected gas tightly to the droplet generator 103, and their lower end
being open to the gas flow 116 inside the settling chamber of the wind tunnel. There also
is gas tightly blockage (indicated as black areas) between the inner surface of the
continuous outer tube and the outer surface of the continuous inner tube co-located to the
passing of the wind tunnel wall 111. For those skilled in the art it will be apparent that a
variety of other geometries for the channel 105, the cooling means 104, the inner tube
160 and the outer tube 112 exist.

The liquid droplet dispensing means 102 comprise a vertically oriented straight outer tube
112 having a length I1, a first end 140 and a second end 141, the second end 141
comprising a tube outlet 119, a vertically oriented straight inner tube 160 having a length
12 with 12 < 11, a first end 130 and a second end 131, the first end 140 comprising a tube
inlet , the second end 141 comprising a tube outlet, wherein the inner tube 160 being
arranged inside the outer tube 112 with the outer surface of the inner tube 160 being
disposed at distance from the inner surface of the outer tube 112, the first end 140 of the
outer tube 112 and the first end 130 of the inner tube 160 being co-located, the outlet 151

of the liquid droplet producing means 101 being connected to the tube inlet of the inner
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tube 160 such that the liquid droplets 106 being dispensed from the said means 101 into
the inner tube 160 substantially along a center axis of the inner tube 160, and the volume
between the inner tube 160 and the outer tube 112 being gas tightly closed at the first end
140 of the outer tube 112; and one tube-wall-opening 113 being arranged on a
downstream side of the outer tube 112 with the tube wall-opening 113 extending along a
central axis of the outer tube 112 from a distance d1a to a distance d1b, both distances
d1a, d1b measured relative to the co-located first ends 130, 140 of the inner tube 160 and
the outer tube 112 and with d1b <12 and d1a < d1b.

The embodiment shown in Fig. 1 comprises an outer tube 112 with two portions, a first
portion extending from the first end 140 of the outer tube 112 in direction to the second
end 141 until a cross section of the outer tube 112 located at a distance d2 from said first
end 140, wherein the first portion encompassing the tube-wall-opening 113, and a second
portion extending from said cross section to the second end 141 of the outer tube 112,
the second portion comprising a body 115 having a cross section oriented perpendicular

to the center axis of the body 115, said cross section a symmetric NACA-shaped profile.

The tube wall opening 113 provides a pressure relief that supports the droplets 106 in
leaving the inner tube 160. Additionally, the body 115 provides for reducing the wake
turbulence downstream the outlet 141 of the outer tube 112. The flow induced inside the
outer tube 112 by the tube-wall opening 113 proceeds uniformly from the tube wall
opening 113 to the outlet 119 of the outer tube 112, thereby minimizing collisions of the
droplets 106 with tube walls and maximizing the number of droplets 106 that exit the outer
tube 112. The cross section of the airfoil body 115 reduces wake turbulence and
enhances repeatability of droplet impact with the specimen in the test section of the wind
tunnel. The resulting closed design is a fully encapsulated droplet delivery system that

does not introduce warm air from the outside into the wind tunnel.

The outer tube 112 is not restricted to a circular cross section and may have any shape
that facilitates delivery of the droplets 106 so they impact the test specimen. The
cylindrical outer tube 112 has a length 11 of 22.5 cm with 22 mm outer diameter. The
thickness of the outer tube wall is 2 mm, so that the inner diameter of the outer tube 112
measures 18 mm. The tube-wall opening 113 is located on the downstream side of the
outer tube 112 tube near the upper wall 111 of the settling chamber. This design allows

air from the leeward side of the outer tube 112 to enter the tube-wall opening 113 and
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proceed towards the outlet 119 of the outer tube 112 at the second end 141. The tube-
wall opening 113 is located 2.5 mm below the upper wall 111 of the wind tunnel settling
chamber and measures 36.3 mm tall by 6.74 mm wide. This dimension of the tube-wall
opening 113 is selected such that its area is equal to the cross-sectional area of the outer

tube 112, especially the cross-sectional area of the outlet 119 of the outer tube 112.

The concentrically mounted inside the outer tube 112 was introduced to produce a
predominantly axial flow and reduce the undesirable effects associated with the unsteady
flow in the pressure relief tunnel-wall opening 113. The outlet 118 of the inner tube 160 is
located 36.2 mm lower than the bottom of the tube-wall opening (at distance d1b from the
wind tunnel wall 111) to protect the droplets 106 from the inflow of the tube-wall opening
113, which might adversely affect the droplet trajectories. The inner cylindrically formed
tube 160 has a length 12 of 7.5 cm and measures 8 mm in outer diameter. The walls of
the inner tube 160 were assumed to have a thickness of 1 mm such that the inside
diameter measures 6 mm. The outer diameter of the inner tube 160 is chosen to limit

blockage inside the outer tube 112.

A second feature of the outer tube 112 design is its cross-section profile in the vicinity of
the second end 141 of the outer tube 112. The presented circular cylinder cross-section
design is preferable due to similarity to the liquid droplet producing means 101, but it
introduces significant unsteady artifacts to the downstream flow via a turbulent wake. In
order to reduce these induced fluctuations in the flow downstream of the outer tube 112,
hybrid geometry was introduced that combine a cylinder geometry at an upper part of the
dispensing means 102 and an airfoil-shaped collar/body 115 at the lower part of the
dispensing mean 102, respectively the lower part of the outer tube 112. The cylindrical
cross-section allows an easy incorporation of the tube-wall opening 113 while the airfoil
body 115 introduces a more streamlined geometry in critical regions of the wind tunnel air
flow 116. Three different NACA-airfoil profiles: NACA0020, NACA0030, and NACA0040

were examined as possible cross-sectional geometries for this hybrid outer tube 112.

During the examination, it was anticipated that the tube-wall opening 113 of the outer tube
112 would encourage a more uniform flow for the droplets 106. For the examination on
one hand, the tube-wall opening 113 and the inner tube 160 were removed from the
design of the liquid droplet dispensing means 102 and compared with a design of the
liquid droplet dispensing means 102 comprising the tube-wall opening 113 and the inner

10
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tube 160 to determine the effect of the tube-wall opening 113 on the flow inside the outer

tube 112 and its subsequent effect on the droplet trajectories.

The examination showed that the configuration with no tube-wall opening 113 and no
inner tube 160 result in a significant region of upward moving flow inside the outer tube
112 close to the outlet 119. The region of downward directed droplet velocity is a
magnitude greater and is significantly larger for the configuration with a tube-wall opening
113, also the velocity vectors are more uniform. In addition it was found that in both
examined cases there still was a vortex formation close to the outlet 119 of the outer tube
112.

Fig. 2 shows a cross-sectional view of the dispension means 102 and instantaneous
droplet positions for an outer tube 112 without a tube-wall opening 113. The droplets 106
inside the inner tube 160 fall unaffected for some length until adverse vertical air flow in
the outer tube 112 reduces the droplet velocities in downward direction, alter their
trajectories, and increase the scattering of droplets 106 and their concentration in the
outer tube 112.

Fig. 3 shows a cross-sectional view of the dispension means 102 and instantaneous
droplet positions for an outer tube 112 with a tube-wall opening 113 in the outer tube 112.
Examination of this configuration shows that the downward directed velocity of the
droplets 106 increases as they fall through the outer tube 112. A swirl of droplets 106 in
the outer tube 112 is an evidence of residual effects of flow around the inner tube 160.
The dispersion of droplets 106 created by the swirling flow does not affect the scatter of
droplets 106 as much as the dispersion caused by the adverse flow. More droplets 106
exit the outlet 119 of the outer tube 112.

A further examination of the droplet 106 impact locations inside the outer tube 112 for
both above configurations showed that droplets 106 in the outer tube 112 with a tube-wall
opening 113 are less likely to impact the wall of the outer tube 112. It is assumed that
when a droplet 106 impacts a wall, it is instantaneously removed from the domain. This
assumption ignores the possible accretion of ice inside the outer tube 112 over time, if
droplet impacts are frequent. Eventually, this accretion may impede the flow from exiting
the outer tube 112 thereby preventing droplets 106 from exiting the outer tube 112.

11
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Fig. 4 shows the scattering of droplets 106 that exit the outlet 119 of the outer tube 112 at
intersections of droplet trajectories with an exit plane determined by the x- (401) and y-
(402) axis and located at the second end 140 of the outer tube 112 over a time interval of
0.152 s for two configurations of the liquid droplet dispensing means 102. The plane is
arranged perpendicular to a longitudinal axis of the outer tube 112. A first configuration is
defined as having no inner tube 120 and no tube-wall opening 113, and a second is
defined as having an inner tube 120 and a tube-wall opening 113. Intersections 404 for
the first configuration are marked with ‘x’. Intersections 405 for the second configuration

are marked with '+’

It is clear from Fig. 4 that in the second configuration there are significantly more droplets
106 that exit the outer tube 112 during the given time interval. In the second configuration
the droplets that exit further show a more concentrated and centered distribution of
impacts on the exit plane. The reference numeral 403 refers to the cross-section of the
outlet 119 of outer tube 112. Further examination showed that in the second configuration
fewer droplets 106 impact the wall of the outer tube 112 during the time interval. Thus, the
dispensing means 102 configured with the second configuration increase the rate of
droplets 106 successfully exiting the outer tube 112 during this time interval and decrease

the scattering of droplet trajectories in the exit plane.

The cylindrically cross section design of the outer tube 112 tend to scatter droplets 106
that have exit the outlet 119 and tend to deflect them upward due to fluctuating velocity
components in the wake of the outer tube 112. Presumably less scatter and therefore
more reliable droplet trajectories would be the result of employing a cross section in the
lower part of the outer tube 112 that produces less turbulence in its wake. To test this
hypothesis, three different NACA-airfoil bodies 115 have been tested in lieu of a circular

cross-section of the outer tube 112.

The three different airfoil-shaped collars were installed just below the tube-wall opening
113 on the outer tube 112, so that the favorable effects of the opening 113 and the inner
tube 160 could be maintained. The three configurations were based on NACA0020,
NACAO0030, and NACAO0040 airfoil profiles. The thickness of the profile was held constant
and the chord of the profile decreased in order to keep the same tube diameter.

Experiments proved that the scatter of trajectories of droplets 106 which have been
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released from the outlet 119 of the outer tube 112 with an airfoil body 115 have
significantly less scatter in the exit plane and in the test section than that of the circular
cylinder-shaped outer tube 112. Additionally, the upward shift of the trajectories is

minimized using a streamlined symmetric airfoil body 115.

The cylindrical cross-section of the outer tube 112 shows a strong, very active turbulent
wake. Each of the outer tube configurations with an airfoil body 115 produces significantly
smaller regions of high intensity turbulent flow than the cylindrical outer tube 112. As the
relative thickness of the airfoils body 115 increases in moving from the NACA0020 to the
NACAO0040 profile, the intensity of the turbulent fluctuations increases. However, even the
NACAO0040 profile, which has turbulence levels approaching those of the cylinder in
regions of the wake, has reduced turbulence levels near the outlet 119 of the outer tube
112, which has more impact on the droplet trajectories. In contrast, the NACA0020 cross
section nearly eliminates all of the turbulence near the outlet 119 of the outer tube 112,
and thus the NACA0020 profile is the preferred profile.
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List of reference numerals

101 liquid droplet production means

102 liquid droplet dispensing means

103 droplet generator

104 cooling means

105 cooling channel

106 mono-dispersed droplets

107 flow of cooling medium

108 inlet of cooling means

109 outlet of cooling means

110 volume of cooling means

111 wind tunnel upper wall

112 outer tube

113 tube-wall opening

114 entrainment flow into the outer tube through tube wall opening
115 airfoil body

116 gas (air) flow of the wind tunnel

117 airflow inside the outer tube

118 outlet of the inner tube

119 outlet of the outer tube

130 first end of outer tube

131 second end of outer tube, outlet of the outer tube
140 first end of inner tube, inlet of the inner tube

141 second end of inner tube, outlet of the inner tube
150 first end of the cooling channel

151 second end of the cooling channel equaling the outlet of the liquid droplet

production means

160 inner tube

401 X-axis

402 y-axis

403 cross-section of the outlet of the outer tube
404, 405 intersections of droplet trajectories
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Claims

Apparatus for dispensing liquid droplets (106) into an gas flow (116), comprising:

liquid droplet producing means (101) for producing liquid droplets (106), said means (101)
comprising an outlet (151) for the liquid droplets (106); and

dispensing means (102), comprising:

an outer tube (112) having a length 11, a first end (140) and a second end (141), the
second end (141) comprising a tube outlet (119);

an inner tube (160) having a length 12 with 12 < I1, a first end (130) and a second end
(131), the first end (130) comprising a tube inlet, the second end (131) comprising a tube
outlet (118), wherein the inner tube (160) being arranged inside the outer tube (112) with
the outer surface of the inner tube (160) being disposed at distance from the inner
surface of the outer tube (112), the first end (140) of the outer tube (112) and the first end
(130) of the inner tube (160) being co-located, the outlet (151) of the liquid droplet
producing means (101) being connected to the tube inlet of the inner tube (160) such that
the liquid droplets (106) being dispensed from the said means (101) into the inner tube
(160) substantially along a center axis of the inner tube (160); and

a tube-wall-opening (113) being arranged on a downstream side of the outer tube (113).

Apparatus according to claim 1, wherein the tube wall-opening (113) is extending along a
central axis of the outer tube (112) from a distance d1a to a distance d1b, both distances
d1a, d1b measured relative to the co-located first ends (130, 140) of the inner tube (160)
and the outer tube (112) and with: d1b <12 and d1a < d1b.

Apparatus according to one of the claims 1 or 2, wherein the liquid droplet producing
means (101) is configured for producing and dispensing super-cooled liquid droplets

(106) at a specified temperature.

Apparatus according to one of the claims 1 to 3, wherein the liquid droplet producing
means (101) comprising:

a liquid droplet generator (103) with an outlet for liquid droplets (106);

a channel (105) having a length I3, a first end (150) and a second end (151), with the first
end (150) of the channel (105) being connected to the outlet of the droplet generator such
that the liquid droplets being dispensed from the said generator (103) into said channel
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(105) substantially along a center axis of the channel (105), and with the second end
(151) of the channel (105) being the outlet of the liquid droplet producing means (101);
and

cooling means (104) in thermal contact with said channel (105) for cooling said channel
(105).

Apparatus according to claim 4, wherein the cooling means (104) comprise a volume
(110) encompassing at least a part of an outer surface of said channel (105), with the
volume (110) having an inlet (108) and an outlet (109), and the volume (110), the inlet
(108) and the outlet (109) being permeable for a cooling medium.

Apparatus according to one of the claims 1 to 5, wherein the inner tube (160) and the

outer tube (112) are concentrically arranged along a common central axis.

Apparatus according to one of the claims 1 to 6, wherein a profile of a cross-section of the

outer tube is constant along the center axis of the outer tube.

Apparatus according to claim 7, wherein the cross-section of the outer tube (112) has a
circular profile or a drop shaped profile or a symmetric shaped airfoil profile or a
symmetric shaped NACA-profile.

Apparatus according to one of the claims 1 to 7, wherein the outer tube (112) comprises
two portions:

- a first portion extending from the first end (140) of the outer tube (112) towards the
second end (141) up to an outer tube (112) cross section located at a distance d2 from
said first end (140), wherein the first portion encompassing the tube-wall-opening (113),
and

- a second portion extending from said cross section to the second end (141) of the outer
tube (112); the second portion comprising a body (115) having a cross section
perpendicular to a center axis of the outer body (115), said cross section being a drop
shaped profile, or a symmetric airfoil shaped profile, or a symmetric NACA-shaped profile.

Apparatus according to claim 9, wherein the NACA-shaped profile is a NACA0020, or
NACAO0030, or NACA 0040 profile.
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Apparatus according to one of the claims 1 to 10, wherein 12 is selected from a range:
[1.2*d1b, 5§ *d1b], [1.5 * d1b, 3.5 * d1b], or [2 * d1b, 2.5 * d1b].

Apparatus according to one of the claims 1 to 11, wherein I1 is selected from a range:
[100 mm, 700 mm], [100 mm, 500 mm], [100 mm, 400 mm)], [150 mm, 300 mm], or [150
mm, 250 mm].

Apparatus according to one of claims 1 to 12, wherein the ratio 12 / 11 is selected from the
range: [0.1, 0.7], [0.1, 0.5], [0.1, 0.3], or [0.15, 2.25].

Apparatus according to one of the claims 1 to 13, wherein d1a is selected from a range:
[0, 50 mm], [0, 25 mm]}, [0, 10 mm)], [0, 5 mm)], [1 mm, 3 mm], [2 mm, 2.5 mm)].

Wind tunnel with an apparatus according to one of the claims 1 to 14, wherein the

apparatus being arranged at an upper wind-tunnel-wall located upstream of a test section

of the wind tunnel with the outer tube (112) extending into the air flow (116).
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