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(57) ABSTRACT

The present disclosure generally relates to the field of sensor
technology. More specifically, the present disclosure relates
to a sensor arrangement and a catheter comprising such a
sensor arrangement. An embodiment of the sensor arrange-
ment comprises: at least two displaced first sensors arranged
in parallel in a first plane and adapted to measure a quantity
of a fluid flow; and a control unit adapted to determine, from
the measured quantity of the fluid flow, information indi-
cating at least a range of directions of the fluid flow in two
dimensions.
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SENSOR ARRANGEMENT AND CATHETER
COMPRISING A SENSOR ARRANGEMENT

[0001] The present disclosure generally relates to the field
of sensor technology. More specifically, the present disclo-
sure relates to a sensor arrangement and a catheter compris-
ing a sensor arrangement.

[0002] A sensor able to measure a velocity of a fluid flow
along two directions may be needed in certain cardiovascu-
lar procedures. In the state of the art, this is obtained by
using two perpendicular sensors in order to obtain the
direction of the fluid flow, often described by an incidence
angle .

[0003] In order to measure the velocity of the fluid flow in
three dimensions, three orthogonal displaced sensors are
needed. A measurement of the velocity of the fluid flow in
two dimensions requires a sensor arrangement with two
orthogonal displaced sensors.

[0004] In order to correctly measure the velocity of the
fluid flow, the two sensors should be subject to the same
velocity and the fluid flow should exchange the same
amount of heat with the sensor.

[0005] Incase ahot film or hot wire is used with a catheter,
the catheter should be linked to a round surface of the sensor
and it is possible that the surface of the two sensors being
exposed to the flow will be different. For example, the
horizontal sensor could be placed around the catheter while
the vertical sensor could lie on one side. With this configu-
ration both sensors cannot be exposed to the same flow when
the sensor touches a vessel wall and only a part of the sensor
is covered by the fluid flow.

[0006] A possible solution would be to minimize the
sensor’s surface, but this would also minimize the sensor’s
sensibility.

[0007] Therefore, a space-saving solution for a sensor
arrangement is needed ideally not limiting the sensor’s
sensibility.

[0008] Accordingly, there is a need for an improved sensor
arrangement and a catheter comprising such a sensor
arrangement.

[0009] According to a first aspect, a sensor arrangement is
provided. The sensor arrangement comprises at least two
displaced first sensors and a control unit. The at least two
displaced first sensors are arranged in parallel in a first plane
and are adapted to measure a quantity of a fluid flow. The
control unit is adapted to determine, from the measured
quantity of the fluid flow, information indicating at least a
range of directions of the fluid flow in two dimensions.
[0010] Inother words, the at least two sensors are arranged
parallel to one another/in parallel to each other. Further, the
at least two sensors are displaced from each other. The term
fluid flow can be understood as flow of a/the fluid.

[0011] The term at least a range of directions of the fluid
flow may relate to one single direction. The one single
direction may correspond to the correct or actual direction of
the fluid flow. In this case, the correct or actual direction of
the fluid flow can be unambiguously determined. Thus, in
this case, the control unit may be adapted to determine, from
the measured quantity of the fluid flow, information indi-
cating the correct or actual direction of the fluid flow in two
dimensions.

[0012] The term at least a range of directions of the fluid
flow may relate to two or more direction candidates (can-
didates of directions) lying within the range of directions.
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[0013] The two or more direction candidates may com-
prise the correct or actual direction of the fluid flow. In this
case, an approximation or estimation of the correct or actual
direction of the fluid flow can be determined. This approxi-
mation or estimation may be specified more accurately by
appropriate measures or configurations as explained in more
detail below. Thus, in this case, the control unit may be
adapted to determine, from the measured quantity of the
fluid flow, information indicating a range of directions of the
fluid flow, the range of directions including the correct or
actual direction of the fluid flow in two dimensions.

[0014] In this way, a space-saving solution is achieved.
The two-dimensional sensor arrangement according to the
first aspect includes displaced sensors that are arranged in
parallel rather than displaced sensors that are arranged
orthogonally to each other. The sensors’ output is then
processed in such a way that bi-dimensional flow informa-
tion can be derived. Bi-dimensional (flow) information may
be understood as (flow) information with only two values,
e.g. one value for one direction, respectively.

[0015] This configuration solves the current limitation of
the state of the art, because if, for example, the two sensors
were displaced and arranged in parallel to a longitudinal
direction of a catheter, it may improve the bi-dimensional
fluid flow velocity measurement, which was limited by cases
in which two perpendicular sensors were not exposed to the
same flow pattern. The parallel arrangement may ensure that
the sensors are exposed to at least approximately the same
flow pattern.

[0016] The at least two displaced first sensors may be
spaced parallel to each other. The at least two displaced first
sensors may be spaced apart from each other, in particular
transverse to or orthogonal to a common direction or com-
mon orientation of the at least two displaced first sensors.
The common direction or common orientation of the at least
two displaced first sensors may be defined by a lengthwise/
longitudinal direction of each of the at least two displaced
first sensors. The at least two displaced first sensors may be
arranged next to each other, in particular abreast or along-
side, transverse to or orthogonal to the lengthwise/longitu-
dinal direction of each of the at least two displaced first
sensors. The common direction or common orientation of
the at least two displaced first sensors may be defined by the
parallel arrangement of the at least two displaced first
SEensors.

[0017] The control unit may be adapted to determine, from
the measured quantity of the fluid flow, information indi-
cating a direction of the fluid flow in two dimensions. The
determined direction may lie within the range of directions.
The range of directions may comprise a first and fourth, or
a second and third quadrant of a two-dimensional coordinate
system of the first plane. In this case, the determined
direction may lie in an area formed by a first and fourth, or
a second and third quadrant of a two-dimensional coordinate
system of the first plane. For example, the range of direc-
tions may correspond to the first and fourth quadrant of the
two-dimensional coordinate system or to the second and
third quadrant of the two-dimensional coordinate system.

[0018] For example, the control unit may be adapted to
determine, from the measured quantity of the fluid flow,
information indicating a direction of the fluid flow in two
dimensions, wherein the information may indicate that the
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direction lies in an area formed by a first and fourth, or a
second and third quadrant of a two-dimensional coordinate
system of the first plane.

[0019] The quadrants may be defined by a two-dimen-
sional coordinate system comprising x- and y-axes, wherein
the sensors are arranged in parallel to the y-axis. The
coordinate system is not part of the sensor arrangement, but
can be regarded as a virtual reference used herein to describe
the direction of the fluid flow in the coordinate system. The
quadrants of the two-dimensional coordinate system may be
described as follows.

[0020] In geometry, the axes of a two-dimensional Carte-
sian system divide the plane into four infinite regions, called
quadrants, each bounded by two half-axes. These quadrants
are often numbered from first to fourth and denoted by
Roman numerals: I (where the signs of the two coordinates
are (+,+)), II (=,+), 11 (-,-), and IV (+,-). When the axes are
drawn according to the mathematical custom, the numbering
goes counter-clockwise starting from the upper right
(“northeast™) quadrant.

[0021] In other words, the first quadrant may be estab-
lished by positive values of x and y, the second quadrant may
be drawn up by a positive value of y and a negative value of
X, the third quadrant may be drawn up by negative values of
x and y and the fourth quadrant may be drawn up by a
negative value of y and a positive value of x. The combi-
nation of the first and fourth quadrant may form the right
half of the coordinate system and the second and third
quadrant may form the left half of the coordinate system.

[0022] In consequence, the information indicating at least
the range of directions of the fluid flow may indicate a
distinction between right and left half of the sensor arrange-
ment with respect to the y-axis of the coordinate system. The
first quadrant of the two-dimensional coordinate system may
be described by a respective angle 0=a<90° of the coordi-
nate system starting at the positive x-axis (a=0°) rotating in
a counter-clockwise direction or the incidence angle 180°z
¥ 290° (the incidence angle normally starts on the negative
side of the x-axis and rotates clockwise). The second quad-
rant of the two-dimensional coordinate system may be
described by a respective angle 90°<c<180° of the coordi-
nate system starting at the y-axis (¢=90°) rotating in a
counter-clockwise direction or the incidence angle 90°z
¥ 20°. The third quadrant of the two-dimensional coordinate
system may be described by a respective angle
180°=a1=270° of the coordinate system starting at the nega-
tive x-axis (¢=180°) rotating in a counter-clockwise direc-
tion or the incidence angle 360°=9 2270°. The fourth quad-
rant of the two-dimensional coordinate system may be
described by a respective angle 270°=0<360° of the coor-
dinate system starting at the negative y-axis («=270°) rotat-
ing in a counter-clockwise direction or the incidence angle
270°<9¥ <180°.

[0023] The information regarding the indication of at least
a range of directions of the fluid flow may indicate a trend
of the direction of the fluid flow in a certain region, e.g. one
or more quadrants as explained above.

[0024] The first sensors of the sensor arrangement accord-
ing to the first aspect may be thermal sensors or flow sensors,
for example hot wire, hot plate, constant temperature or
constant current anemometers. Thermal sensors may be
referred to as temperature sensors and flow sensors may be
referred to as anemometric sensors.

Dec. 27,2018

[0025] The sensor arrangement according to the first
aspect may further comprise at least two displaced second
sensors, i.e. at least two second sensors that are displaced
from one another. The at least two displaced second sensors
may be arranged in parallel in the first plane and may be
adapted to measure the quantity of the fluid flow. The at least
two displaced second sensors may be spaced parallel to each
other. The at least two displaced second sensors may be
spaced apart from each other, in particular transverse to or
orthogonal to the common direction or common orientation
of the at least two displaced first sensors. The common
direction or common orientation of the at least two displaced
second sensors may be defined by the lengthwise/longitu-
dinal direction of each of the at least two displaced first
sensors. Each of the at least two displaced first sensors may
be arranged next to one of the at least two displaced second
sensors, in particular abreast or alongside, transverse to or
orthogonal to the lengthwise/longitudinal direction of each
of the at least two displaced first sensors. The common
direction or common orientation of the at least two displaced
second sensors may be defined by the parallel arrangement
of the at least two displaced first sensors. The control umit
may be adapted to determine the information indicating at
least the range of directions of the fluid flow in two dimen-
sions by further considering the quantity of the fluid flow
measured by the at least two displaced second sensors. In
other words, the control unit may further be adapted to
determine, from the measured quantity of the fluid flow (as
measured by the first and second sensors), the information
indicating at least the range of directions of the fluid flow in
two dimensions.

[0026] For example, the control unit may be adapted to
determine, by further considering the quantity of the fluid
flow measured by the at least two displaced second sensors,
the information indicating the direction of the fluid flow in
two dimensions, wherein the direction lies in the first,
second, third or fourth quadrant of the two-dimensional
coordinate system of the first plane. In other words, the
control unit may further be adapted to determine, from the
measured quantity of the fluid flow (as measured by the first
and second sensors), information indicating the direction of
the fluid flow in two dimensions, wherein the direction lies
in the first, second, third or fourth quadrant of the two-
dimensional coordinate system of the first plane. In this way,
the information regarding the indication of at least the range
of directions of the fluid flow may indicate a more accurate
trend of the direction of the fluid flow in a certain region, e.g.
one or more quadrants as explained above.

[0027] The atleast two displaced second sensors may have
a different size and/or length than the at least two displaced
first sensors. For example, the at least two displaced second
sensors may be shorter or longer in size and/or length than
the at least two displaced first sensors. The term size may
relate to the size in the longitudinal direction of the respec-
tive sensor.

[0028] The sensor arrangement according to the first
aspect may further comprise at least two displaced third
sensors, 1.e. at least two third sensors that are displaced from
each other. The at least two displaced third sensors may be
arranged in parallel in a second plane, perpendicular to the
first plane, and adapted to measure the quantity of the fluid
flow. The at least two displaced third sensors may be spaced
parallel to each other. The at least two displaced third
sensors may be spaced apart from each other, in particular
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transverse to or orthogonal to a common direction or com-
mon orientation of the at least two displaced third sensors.
The common direction or common orientation of the at least
two displaced third sensors may be defined by a lengthwise/
longitudinal direction of each of the at least two displaced
third sensors.

[0029] The at least two displaced third sensors may be
arranged next to each other, in particular abreast or along-
side, transverse to or orthogonal to the lengthwise/longitu-
dinal direction of each of the at least two displaced third
sensors. The common direction or common orientation of
the at least two displaced third sensors may be defined by the
parallel arrangement of the at least two displaced third
sensors. The control unit may be further adapted to deter-
mine information indicating at least a range of directions of
the fluid flow in three dimensions by further considering the
quantity measured by the at least two third sensors.

[0030] The sensor arrangement may further comprise at
least two displaced fourth sensors arranged in parallel to the
third sensors in the second plane. The at least two fourth
sensors may have a different size and/or length than the at
least two third sensors. The at least two displaced fourth
sensors may be spaced parallel to each other. The at least two
displaced fourth sensors may be spaced apart from each
other, in particular transverse to or orthogonal to the com-
mon direction or common orientation of the at least two
displaced third sensors. The common direction or common
orientation of the at least two displaced fourth sensors may
be defined by the lengthwise/longitudinal direction of each
of the at least two displaced third sensors. Each of the at least
two displaced third sensors may be arranged next to one of
the at least two displaced fourth sensors, in particular abreast
or alongside, transverse to or orthogonal to the lengthwise/
longitudinal direction of each of the at least two displaced
third sensors. The common direction or common orientation
of the at least two displaced fourth sensors may be defined
by the parallel arrangement of the at least two displaced third
sensors. In this respect, the fourth sensors may be considered
to correspond to the second sensors and the third sensors
may be considered to correspond to the first sensors.
[0031] The at least two displaced first, second, third and/or
fourth sensors of the sensor arrangement may be arranged in
parallel to each other.

[0032] The measured quantity of the fluid flow may com-
prise or be a velocity of the fluid flow, an acceleration of the
fluid flow or the like.

[0033] The velocity of the fluid flow may be determined
by a lookup table, an analytical solution and/or a numerical
solution of the heat transfer convection governing equation.
[0034] According to a second aspect, a catheter is pro-
vided. The catheter comprises a sensor arrangement accord-
ing to the first aspect, wherein the sensor arrangement is
arranged on the catheter for measuring a fluid flow, e.g. the
blood flow.

[0035] The sensor arrangement may be arranged in lon-
gitudinal direction of the catheter. In this arrangement the at
least two first sensors may lie parallel to the longitudinal
direction of the catheter.

[0036] In this way, the space required by the sensor
arrangement in the longitudinal direction on the catheter can
be reduced. The perpendicular sensor arrangement of the
state of the art requires more space in the longitudinal
direction of the catheter, as one sensor has to be placed, in
the longitudinal direction of the catheter, next to the other,
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perpendicular sensor. On the contrary, the sensor arrange-
ment according to the first aspect requires less space in the
longitudinal direction of the catheter, namely space at least
similar to or corresponding to the length of one sensor.
[0037] The catheter may comprise or be formed as a tube.
In this case, the longitudinal direction may be the longitu-
dinal direction of the tube.

[0038] Inthe following, the present disclosure will further
be described with reference to exemplary embodiments
illustrated in the Figures, in which:

[0039] FIG. 1 is a schematic illustration of two prior art
sensor arrangements;

[0040] FIG. 2A is a schematic illustration of a sensor
arrangement with a parallel sensor configuration;

[0041] FIG. 2B is a schematic illustration of a sensor
arrangement with a parallel sensor configuration and a fluid
flow indication;

[0042] FIG. 2C is a schematic illustration of a two-
dimensional coordinate system with indicated first, second,
third and fourth quadrants, and an indicated fluid flow;
[0043] FIG. 3A is a schematic illustration of a sensor
arrangement with a parallel sensor configuration and an
exemplary temperature distribution, when the incidence
angle of the fluid flow is §=0° (e=180°);

[0044] FIG. 3B is a schematic illustration of measurement
values, when the incidence angle of the fluid flow is ¥ =0°
(a=180";

[0045] FIG. 3C is a schematic illustration of a sensor
arrangement with a parallel sensor configuration and an
exemplary temperature distribution, when the incidence
angle of the fluid flow is ©=90° (@=90°);

[0046] FIG. 3D is a schematic illustration of measurement
values, when the incidence angle of the fluid flow is §=90°
(0=90°);

[0047] FIG. 3E is a schematic illustration of a sensor
arrangement with a parallel sensor configuration and an
exemplary temperature distribution, when the incidence
angle of the fluid flow is & =30° (¢=150°);

[0048] FIG. 3F is a schematic illustration of measurement
values, when the incidence angle of the fluid flow is © =30°
(0=150%;

[0049] FIG. 3G is a schematic illustration of a sensor
arrangement with a parallel sensor configuration and an
exemplary temperature distribution, when the incidence
angle of the fluid flow is & =60° (¢=120°);

[0050] FIG. 3H is a schematic illustration of measurement
values, when the incidence angle of the fluid flow is & =60°
(a=120;

[0051] FIG. 4 is a schematic illustration of a sensor
arrangement with a parallel sensor configuration and two
additional parallel sensors;

[0052] FIG. 5A is a schematic illustration of a sensor
arrangement for a fluid flow measurement in three dimen-
sions;

[0053] FIG. 5B is a schematic illustration of a sensor
arrangement for a fluid flow measurement in three dimen-
sions with additional sensors; and

[0054] FIG. 6 is a schematic illustration of an example
lookup table for solving the heat transfer convection gov-
erning equation.

[0055] In the following description, for purposes of expla-
nation and not limitation, specific details are set forth, such
as specific sensor and geometry details, in order to provide
a thorough understanding of the present disclosure. It will be



US 2018/0368702 A1l

apparent to one skilled in the art that the present disclosure
may be practiced in other embodiments that depart from
these specific details. For example, even if the present
disclosure is described with reference to specific angles to
illustrate directions of the fluid flow, the present disclosure
may be practiced with all angles (0° to and including 360°).
All of the calculations described herein may be carried out
by a suitable control unit (mentioned above) e.g. using
individual hardware circuitry, using software functioning in
conjunction with a programmed microprocessor or a general
purpose computer, using an Application Specific Integrated
Circuit (ASIC) and/or using one or more Digital Signal
Processors (DSPs). The control unit can be suitably con-
nected in wireless and/or wired manner to one or more
sensors and one or more sensor arrangements described
herein to exchange data such as measurement values. The
control unit may be arranged on a catheter on which the
sensor arrangement(s) described herein is/are arranged or
may be arranged separately from the catheter.

[0056] FIG. 1 shows a schematic illustration of two prior
art sensor arrangements 3 based on hot-wires and hot-films.
Three orthogonal displaced sensors are shown, which are
required for measuring a velocity of a three dimensional
fluid flow. For the measurement of the velocity of the fluid
flow in two dimensions a sensor arrangement with two
orthogonal displaced sensors is required.

[0057] FIG. 2A shows a schematic illustration of a sensor
arrangement 1 with a parallel sensor configuration compris-
ing two parallel sensors 5. The two sensors 5 are arranged in
parallel in a common plane. In the example of FIG. 2A the
sensors 5 of the sensor arrangement 1 have a rectangular
geometry, but they may also be implemented as parallel
wires or have a different geometry, e.g. circular or elliptical.
This configuration is built to measure a direction of the fluid
flow, which may be originating from the left or right of a
sensor plane, as described in more detail below.

[0058] FIG. 2B shows a schematic illustration of the
sensor arrangement 1 of FIG. 2A and a fluid flow 10
indication. The additionally indicated fluid flow 10 describes
a direction having an incidence angle & with respect the
negative side of the x-axis 20. In this scenario, the incident
fluid flow 10 is exemplarily indicated to originate from the
left and thus to be on the left hand side of the sensors plane.
The sensor plane is, in the present example, formed by the
two axes in y-direction 15 and x-direction 20. In other
words, the incident fluid flow 10 is exemplarily indicated to
originate from the left hand side with respect to the y-axis 15
and to end in the origin of the coordinate system.

[0059] FIG. 2C shows a schematic illustration of a two-
dimensional coordinate system 2 illustrated in FIG. 2B in
more detail. That is, the two-dimensional coordinate system
2 of FIG. 2C has a first 25, a second 26, a third 27 and a
fourth 28 quadrant. Further, a fluid flow 10 is indicated in the
coordinate system. The sensor arrangement 1 is adapted to
determine at least a range of directions of the fluid flow 10
within the coordinate system. For example, the sensor
arrangement 1 may determine that the direction of the fluid
flow 10 lies within one or more quadrants of the two-
dimensional coordinate system 2. In the scenario of two
parallel sensors 5, the information is bi-dimensional and
indicates a direction coming from a left hand side or a right
hand side with respect to the y-axis 15. In other words, the
sensor arrangement 1 is configured to determine that the
direction lies in the second 26 and third 27 quadrant (left
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side), or the first 25 and fourth 28 quadrant (right side),
respectively. In the example of FIG. 2C, the sensor arrange-
ment can determine, for example, that the direction of the
fluid flow 10 lies within the area formed by the second
quadrant 26 and third quadrant 27.

[0060] FIG. 3A shows a schematic illustration of further
details of the sensor arrangement 1 of FIG. 2A. FIG. 3A
illustrates an exemplary temperature distribution 30, 35 of
the fluid, when the incidence angle of the fluid flow is & =0°
(0=180°). In case of a flow (and flow velocity) with an
incidence angle of % =0° (a=180°), the left sensor is work-
ing normally and is not affected by the right sensor. The right
sensor measures, however, a slightly warmed fluid, as shown
by the isothermal area 30, so its measurement will be of a
lowered magnitude with respect to the one measured by the
left sensor.

[0061] FIG. 3B shows a schematic illustration of the
measurement values 31, 36 measured by the sensors 5 in the
example of FIG. 3A, when the incidence angle of the fluid
flow is 9=0° (¢=180°) as illustrated in FIG. 3A. As
described above with respect to FIG. 3A, the first measure-
ment value 31 as measured by the left sensor is higher than
the second measurement value 36 measured by the right
sensor. As the first measurement value 31 is higher than the
second measurement value 36, the sensor arrangement 1 can
derive that the direction of the fluid flow lies in the second
or third quadrant. There is still some ambiguity as to where
exactly in the second and third quadrant the direction lies.
The sensor arrangement 1 can be suitably calibrated to lower
or even nullify this ambiguity. For example, the sensor
arrangement 1 can be calibrated such that the difference
between the measurement values 31, 36 is a maximum
difference value when the incidence angle of the fluid flow
is ¥=0° (@=180°). Thus, when determining measurement
values 31, 36 and thus deriving a difference value between
these measurement values 31, 36, the sensor arrangement
sensor 1 can detect that the determined difference value
corresponds to the calibrated maximum difference value.
Thus, the sensor arrangement 1 can determine that the
direction of the fluid flow is along the x-axis 20 without
knowing whether the direction is pointing into the left or
right direction. By further considering whether the left or
right sensor returned the lower measurement value, the
sensor arrangement 1 can further determine whether the
direction is pointing into the left of right direction. If the left
sensor returns the higher measurement value 31, then the
sensor arrangement 1 determines that the direction points to
the right % =0° (¢=180°), i.e. the fluid flow is from left to
right. If the left sensor returns the lower measurement value
36, then the sensor arrangement 1 determines that the
direction points to the left 8 =180° (¢=0°), i.e. the fluid flow
is from right to left.

[0062] FIG. 3C shows a schematic illustration of the
sensor arrangement 1 of FIG. 2A. FIG. 3C further shows an
exemplary temperature distribution 30, 35, when the inci-
dence angle of the fluid flow is ¥=90° (0=90°). The left
sensor and the right sensor are either not affecting each other
or they are affecting each other in an equal manner, which
depends on the distance between the sensors 5 and the
magnitude of the flow velocity.

[0063] FIG. 3D shows a schematic illustration of the
measurement values 31, 36 measured by the sensors 5 in the
example of FIG. 3C, when the incidence angle of the fluid
flow is ¥ =90° (¢=90°). In this case, both sensors 5 return
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the same measurement values 31, 36. Thus, the sensor
arrangement 1 can derive, as the sensors 5 are either not
affected by each other or affected in an equal manner, that
the direction of the fluid flow is along the y-axis 15, e.g.
either up or down in this illustration. Since this scenario
usually describes the primary direction in a catheter com-
prising a sensor arrangement arranged in longitudinal direc-
tion of the catheter, the direction indicates the usual blood
flow.

[0064] FIG. 3E shows a schematic illustration of the
sensor arrangement 1 of FIG. 2A. FIG. 3E further illustrates
an exemplary temperature distribution 30, 35, when the
incidence angle of the fluid flow is ¥=30° (¢=150°). The
left sensor is affecting the measurement of the right sensor
similar to the case of ¥ =0° (a=180°). However, the differ-
ence between the measurement values 31, 36 of the two
sensors 5 is lower because the influence of the left sensor
will affect only a part of the area of the right sensor.
[0065] FIG. 3F shows a schematic illustration of the
measured difference 31, 36, when the incidence angle of the
fluid flow is 9=30° (0=150°). As explained above with
respect to FIGS. 3A and 3B, the sensor arrangement 1
determines, by comparing the measurement values 31, 36,
that the direction lies in the second or third quadrant in the
example of FIG. 3E. There is remaining ambiguity regarding
the distinction between the second or third quadrant. Also in
this case the effect described above with respect to FIGS. 3A
and 3B will be present, i.e. the right sensor will be less
sensible to the fluid flow due to the influence of the left
sensor on the right sensor. In other words, the left sensor will
return the higher measurement value 31. However, the
difference between the measurement values 31, 36 is lower
than in FIG. 3B, as the right sensor is influenced less by the
left sensor than in FIG. 3A. If the sensor arrangement is
suitably calibrated as explained above, it can determine that
the direction is in the second or third quadrant, but not on the
x-axis 20.

[0066] FIG. 3G shows a schematic illustration of the
sensor arrangement 1 of FIG. 2A. Further, FIG. 3G shows an
exemplary temperature distribution 30, 35, when the inci-
dence angle of the fluid flow is ¥ =60° (¢:=120°). Again, the
left sensor is affecting the measurement of the right sensor
similar to the case of 9 =0° (¢=180°) and ¥ =30° (@=150°).
However, the difference between the measurement values
31, 36 of the two sensors 5 is lower than in the other two
cases because the influence of the left sensor will affect only
a smaller part of the area of the right sensor.

[0067] FIG. 3H shows a schematic illustration of the
measurement values 31, 36 measured by the sensors 5, when
the incidence angle of the fluid flow is ¥ =60° (0=120°). As
explained above, the sensor arrangement 1 can determine
that the direction lies in the second or third quadrant,
because the left sensor returned the higher measurement
value 36. There remains the ambiguity as to where exactly
the direction lies within the second or third quadrant. If
suitably calibrated in the way explained above, the sensor
arrangement 1 may even determine that the direction of the
fluid is closer to the y-axis 15 than in the case of © =30°
(0=150°) as the difference between the measurement values
31, 36 is smaller.

[0068] FIG. 4 shows a schematic illustration of the sensor
arrangement 1 having the parallel sensor configuration com-
prising the two parallel sensors 5 as illustrated in FIGS. 2A
to 3H and explained above and two additional parallel
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sensors 6. This configuration allows distinguishing between
the first, second, third and fourth quadrant of a two-dimen-
sional plane, wherein the two parallel sensors 5 and the
additional two parallel sensors 6 are aligned in parallel in the
same plane. The disambiguation between 0°<% <90° (sec-
ond quadrant, 180°2¢:=90° and 270°<® =360° (third quad-
rant, 270°2¢.=180° is performed by adding the two parallel
sensors 6 for example as an anemometric sensor or a
temperature sensor, respectively.

[0069] If the two parallel sensors 6 are anemometric
sensors, and:

[0070] if the right sensor of the two sensors 6 records a
lower value with respect to the left sensor of the two
sensors 6, it means that the sensor is working in the
region 270°s® <360° (270°z.2180°);

[0071] if the left sensor of the two sensors 6 records an
equal value with respect to the right sensor of the two
sensors 6, and the flow is going from left to right as
determined by the sensors 5, then it means that the
direction is in the region 0°=% =90° (180°20.290°);

[0072] if both left and right sensors of the two sensors
6 record a reduced fluid flow velocity with respect to
the normal fluid flow velocity measured by the left and
right sensor of the two sensors 5, it means that the flow
is going in the direction of 8 =270° (@=270°); and

[0073] if both left and right sensors of the two sensors
6 record an equal fluid flow velocity with respect to the
normal fluid flow velocity measured by the left and
right sensors of the two sensors 5, it means that the flow
is going in the direction of 9=90° (a=90°).

[0074] If the two parallel sensors 6 are temperature sen-
sors, and:
[0075] if the right sensor of the two sensors 6 records a

higher value with respect to the left sensor of the two
sensors 6, then the sensor is working in the region 0°<
¥ <90° (180°20.290°);

[0076] if the left sensor of the two sensors 6 records an
equal value with respect to the right sensor of the two
sensors 6, and the flow is going from left to right as
determined by sensors 5, then it means that the direc-
tion is in the region 270°=% <360° (270°z0=180°);

[0077] if both left and right sensors of the two sensors
6 record a higher temperature with respect to the fluid
temperature than the sensors 5, it means that the flow
is going in the direction of 8=270° (a=270°); and

[0078] if both left and right sensors 6 record an equal
temperature with respect to the fluid temperature as
sensors 5, it means that the flow is going in the direction
of B=90° (0=90°).

[0079] Similarly, the disambiguation between 180°=
¥ 290° (first quadrant, 0=<90°) and 270°= 9 =180° (fourth
quadrant, 270°<0<360°) can be performed.

[0080] FIG. 5A shows a schematic illustration of a sensor
arrangement 1 for a fluid flow measurement in three dimen-
sions with first sensors 5 and second sensors 7, wherein the
sensors 5, 7 are arranged in parallel, but the first sensors 5
and the second sensors 7 are placed along two non-parallel
axes, e.g. two perpendicular axes as illustrated in FIG. 5A,
whereby a three-dimensional information according to a
direction of the fluid flow can be gathered.

[0081] FIG. 5B shows a schematic illustration of a sensor
arrangement 1 for a fluid flow measurement in three dimen-
sions, wherein additional sensors 6 are added to the sensor
arrangement 1 of FIG. 5A to more precisely gather infor-
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mation regarding the three-dimensional case as explained
above with respect to FIG. 4. This extension may lead to
information indicating a direction, which correspond to
octants of a three-dimensional coordinate system.

[0082] FIG. 6 shows a schematic illustration of an
example lookup table for solving the heat transfer convec-
tion governing equation in order to implement the concept of
comparing measurement values to derive the fluid flow
direction as explained above. When a moving fluid with
temperature T, encounters a warmer body at a temperature
T, there is a heat transfer between the two bodies known as
convective heat transfer. The goveming equation of this
physical phenomenon is:

o  OT)_ 9 (0T .
pC[W”‘a_xl]_a_xi(a_x;)_q_

[0083] Where Tis the temperature, q is the volumetric heat
source, p is the material’s density, k the thermal conductiv-
ity, ¢ the specific heat. v, is the fluid’s velocity in direction
x,. The equation describes the temperature distribution into
a fluid domain where the fluid is moving.

[0084] The convective effect is used for building anemom-
eters, a resistive sensor R, is heated at a temperature T,
above fluid’s temperature Tand the power transferred to the
fluids by the sensor, when the fluid is moving, is described
by the following equation:

PR=h4(T,-T)

where 1 is the current flowing into the sensor, h is a
convective coeflicient and A, is the area of the sensor.
Anemometric sensors are also sensitive to the direction of
the fluid with respect to the geometrical dimension of the
sensor.
[0085] If the two measurements of S1 (left sensor) and S2
(right sensor) are defined as:
[0086] ES,  is the value measured by the sensor (S1 or
S2) measuring the lower value, and
[0087] ES,,,, isthe value measured by the sensor (S1 or
S2) measuring the higher value.

[0088] The following equation may be written:
ESpe il Uep)s
[0089] where f, is a function that relates the measured

velocity with an electrical output of the sensor, e.g. the
well-known King’s Law. In a bi-dimensional space the
“effective cooling velocity” or Uefl is defined as:

UE;:Uz(:cos 'szz sin '82)

[0090] This equation describes the relation between a
measured U,;with the real fluid’s velocity U, where & is the
angle (orientation of the velocity) between the sensor’s
transverse direction and the fluid’s velocity and k is a
sensor’s coeflicient (geometrical coefficient specific for each
sensor) that quantifies a sensor’s sensibility to the velocity
direction perpendicular to the main direction.

[0091] The measurement performed by the S, (sensor
(S1 or S2) measuring the lower value) may be in general
written as:

ESinSrsna B aacr. B 1)
[0092] where f,,,, is the function describing the loss in

sensitivity of the sensor S measuring the lower value that is
a function of the fluid’s velocity, the velocity orientation and
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the known sensor’s temperature (T,). By coupling the mea-
surements ES,  and ES, ., it is possible to establish a
relationship between the two measurements that may iden-
tify the two values of v and ¥, when 0°=%<90°
(180°2a=90°) or 270°=% <360° (270°z0=2180°) (FIG.
3A-3H), assuming that the flow goes from the left sensor to
the right sensor (the system behaves symmetrically when the
flow goes from the right sensor to the left sensor).

[0093] A function g

1, O =g S 0 ES i)

[0094] may be formulated using different methods:

[0095] Empirical definition, through test bench experi-
ments. In this case, g is then formulated as a look up
table;

[0096] Analytical solution of the heat transfer convec-
tion governing equation;

[0097] Numerical solution of the heat transfer convec-
tion governing equation; or

[0098] Use of reduced and simplified formulas derived
from the heat transfer convection governing equation.

1-11. (canceled)

12. A sensor arrangement comprising:

at least two displaced first sensors arranged in parallel in

a first plane and next to each other, and adapted to
measure a quantity of a fluid flow; and

a control unit adapted to determine, from the measured

quantity of the fluid flow, information indicating at least
a range of directions of the fluid flow in two dimen-
sions,

wherein the first sensors are hot wire, hot plate, constant

temperature or constant current anemometers.

13. The sensor arrangement according to claim 12,
wherein the control unit is adapted to determine, from the
measured quantity of the fluid flow, information indicating
a direction of the fluid flow in two dimensions, wherein the
information indicates that the direction lies in an area
formed by a first and fourth, or a second and third quadrant
of a two-dimensional coordinate system of the first plane.

14. The sensor arrangement according to claim 12, further
comprising at least two displaced second sensors arranged in
parallel in the first plane and adapted to measure the quantity
of the fluid flow, wherein the control unit is adapted to
determine the information indicating at least the range of
directions of the fluid flow in two dimensions by further
considering the quantity of the fluid flow measured by the at
least two displaced second sensors.

15. The sensor arrangement according to claim 14,
wherein the control unit is further adapted to determine
information indicating the direction of the fluid flow in two
dimensions by further considering the quantity of the fluid
flow measured by the at least two displaced second sensors.

16. The sensor arrangement according to claim 12, further
comprising at least two displaced third sensors arranged in
parallel in a second plane, perpendicular to the first plane,
and adapted to measure the quantity of the fluid flow,
wherein the control unit is further adapted to determine
information indicating at least a range of directions of the
fluid flow in three dimensions by further considering the
quantity measured by the at least two third sensors.

17. The sensor arrangement according to claim 16,
wherein the at least two displaced first, second and third
sensors are arranged in parallel.
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18. The sensor arrangement according to claim 12,
wherein the quantity comprises a velocity of the fluid flow.

19. The sensor arrangement according to claim 18,
wherein the velocity of the fluid flow is determined by a
lookup table, an analytical solution or a numerical solution
of the heat transfer convection governing equation.

20. A catheter comprising a sensor arrangement according
to claim 12, wherein the sensor arrangement is arranged on
the catheter for measuring a fluid flow, for example a blood
flow.

21. The catheter according to claim 20, wherein the sensor
arrangement is arranged in longitudinal direction of the
catheter.
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