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ABSTRACT Precise sampling is a crucial part of the aerosol measurement processes that ideally requires
perfectly isokinetic conditions in which particles in the sampling volume move exactly the same way as
they would in an undisturbed flow. Such conditions might be difficult to achieve in practical measurement
situations where the direction and speed of the air stream may change continuously. We propose a novel
method avoiding sampling errors due to moderately disturbed particle flow in case of an imaging cloud
droplet instrument. It is shown that despite the non-isokinetic and non-isoaxial conditions accurate droplet
density can be obtained by rejecting part of the measurement volume in post processing. The adjustment
of the sampling volume is easily applied using a holographic imaging method, which offers multiple
well-defined image planes to accurately set the boundaries of the sampling volume. To verify the hypothesis,
aerodynamic sampling effects of a holographic cloud droplet instrument are studied using computational
fluid dynamics (CFD) and particle tracing simulations and by comparing them with wind tunnel experiments.
‘We found out that changes in the airflow affected the particle density mostly near the walls of the probe. It was
observed that the error in droplet density could be kept under 10 % by limiting the cross-channel depth of
the measurement volume to two-thirds of the full wall-to-wall distance. Further improvement was achieved
by using simulation results to formulate a relation between sampled and ambient droplet concentration as a
function of droplet diameter and air speed. Less than 1 % deviation in droplet density was achieved in this
case compared to simulated values. Orientation of the instrument’s inlet relative to the direction of airflow
was found out to have the strongest effect on the achievable accuracy. Results show that the droplets can
be reliably sampled also in a non-isoaxial case if the measurement volume was further reduced. Reasonable
accuracy was achieved with 10-degree deviation within limited air speed and droplet diameter range.

INDEX TERMS Calibration, cloud droplets, computational fluid dynamics, digital holography, environ-
mental measurements, icing, isokinetic sampling, particle tracing.

I. INTRODUCTION

Accurate knowledge of cloud droplet statistics is important
for describing the microphysical properties of clouds [1], [2]
or atmospheric icing of structures [3]. Macroscopic properties
of clouds are derived from the individual droplets and they
play an important role in modern climate models. Icing is a
more concrete example of interaction with a cloud droplets
which is related to liquid water content (LWC) and median
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volume diameter (MVD) of the clouds. Cold climate regions
or high altitude locations are especially susceptible to icing
and problems related to it. For example, icing changes the
properties of wind turbine blades and leads to production and
financial losses [4]-[6]. Besides the temperature and air speed
the LWC of the air and the MVD of the supercooled cloud
droplets are the most important parameters determining the
severity of icing conditions. Both LWC and MVD can be
calculated from the droplet size distribution but their mea-
surement is challenging due to the wide range of possible
cloud droplet and raindrop sizes (1 um to 10 mm) and number
concentrations (107> to 10° cm™3) in the air.
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Several instruments to measure these parameters with dif-
ferent measurement principles have been developed over
the years and a lot of work has been done for their inter-
comparison. Common measurement principles include, for
example, forward scattering methods [7], [8], 2D shadow
imaging [9]-[12], phase Doppler interferometry [13], [14]
and holography [15]-[17] with each method having their own
strengths and weaknesses. Regardless of the measurement
principle, however, a common challenge for all instruments
is the undisturbed sampling of the airflow. The physical
shape of the instrument itself affects the airflow which again
will affect the density and size distribution of the particles
in the sampling volume. While the effects of disturbed air-
flow are rarely discussed, some studies have raised concerns
related to sampling in different wind speed and direction
conditions [12], [18], [19]. Besides this sample volume con-
tamination by the impact shattering of droplets has also
been recognized as one of the main error sources related to
sampling [20].

Ideally, a cloud droplet measurement should sample the
airflow isokinetically and isoaxially or a compensation
method for non-ideal conditions should be implemented.
Isokinetic sampling means that the inlet flow velocity v of
the instrument is equal to the ambient flow velocity vy while
isoaxial sampling means that the inlet flow direction matches
the ambient wind direction. Changes in the wind speed and
direction are typical causes for the sampling uncertainty of
cloud droplet instruments. If probe design doesn’t satisfy the
isokinetic sampling condition, a correction algorithm based
on theory or calibration measurements should be used. In both
cases the correction should take into account both droplet
size and wind speed. Isoaxial measurement conditions can be
ensured by rotationally symmetric design or with a rotating
installation. If neither is implemented in the design, only
measurements with matching wind direction should be con-
sidered reliable.

In our previous work [21] our assumption was that the
instrument would be continuously aligned with the wind.
In practice small deviations from the wind direction are com-
mon due to fast changes in wind direction and the rotational
inertia of the instrument. We also propose a novel method
to compensate the sampling errors due to the misalignment
of airflow by adjusting the position and size of the sampled
volume inside the particle flow of the probe.

In this work we have studied the isokinetic sampling of our
rotating cloud droplet instrument with computational fluid
dynamics (CFD). We used the CFD simulations to solve the
airflow through the instrument and then used particle tracing
based on the drag forces acting on different droplet sizes to
study the sampling effects in different wind conditions. The
instrument studied here is capable of detecting the size and
3D position of the cloud droplets passing through its sample
volume, which allows a direct comparison with the simula-
tions. Simulation results were compared against real mea-
surement data from controlled wind tunnel experiments. Both
wind tunnel measurements and CFD simulations are in good
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FIGURE 1. A photograph of the cloud droplet instrument in a wind tunnel
with icing conditions. Measurement volume is located at the center of
two symmetrical arms at the top of the instrument body. Airflow is
directed between the arms by conical knife-edge air guides.

agreement and they reveal aerodynamic sampling effects that
depend on droplet size, wind speed and direction. The results
reveal a new beneficial property of holographic droplet imag-
ing instruments which allows easy and dynamic optimization
of the sampling volume to avoid sampling errors.

Il. MATERIALS AND METHODS

A. CLOUD DROPLET INSTRUMENT

Structure of the droplet instrument consists of a cylindrical
body, tail and two identical arms with sharp conical air guides.
The instrument is shown in Fig. 1 installed in a wind tunnel.
First instrument arm contains a laser illumination source
while the second arm contains an image sensor. Both the laser
and the image sensor are behind protective glass windows.
The inner surfaces of the instrument contain multiple heating
elements for the anti-icing of the outer surface of the instru-
ment. Instrument body houses the control unit and external
communications and is connected to a pole with a freely
rotating axle which allows the tail to orient the instrument
arms in a direction of the wind.

The pulsed laser source illuminates the cloud droplets
flowing between the arms and the image sensor captures the
resulting interference pattern (hologram). Shadow images of
the droplets within the sample volume are then reconstructed
from the hologram. The size and position parameters are
obtained from the reconstructed droplet images. Details of
the holographic measurement principle and the cloud droplet
instrument are described in our previous works [21]-[24].
One advantage of the holographic imaging system is that it
provides the 3D information about individual droplets in post
processing which makes it possible to dynamically adjust
the measurement volume within the illuminated volume [25].
This property allows us to reject droplets that are too close or
on the surface of the instrument walls that limit the maximum
length of the measurement volume to 30 mm. Minimum
and maximum distance of the accepted droplets from the
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image sensor can be thus adjusted with better than 50 micron
accuracy which is the longitudinal resolution of the cloud
droplet instrument.

Overall prototype design shown in Fig. 1 is a result of
an ad hoc process to design a simple rotating instrument
that can withstand strong winds and icing conditions. Sharp
knife-edge air guides were added to the design for better air-
flow and protection from shattered droplets. CFD simulations
were used during prototyping to adjust arm lengths and angles
to minimize changes to the wind speed and direction entering
the imaging volume between the arms. The separation of the
air guides is 30 mm and their diameter is 100 mm.

B. CFD AND DROPLET TRACING SIMULATIONS

We used COMSOL Multiphysics 5.4 to perform numeri-
cal CFD and droplet tracing simulations. Wind speeds and
droplet sizes were chosen to cover the typical wind and icing
conditions for a stationary installation of the cloud droplet
instrument. While the instrument is able to align itself to
the wind, non-zero angles of attack were also taken into
consideration to examine the non-isoaxial performance of the
instrument. In practice, we first calculated a stationary CFD
solution for all combinations of wind speed and angle of
attack and then used the solution to calculate the drag force
acting on the droplets. Droplet paths were then calculated and
droplet density in the measurement volume of the instrument
was recorded.

We assumed the CFD simulations to be independent of
the droplet tracing and solved first the velocity vector field.
The stationary solution of the airflow was later used as an
input to the droplet tracing. We used COMSOL to solve the
air velocity field with the Reynolds-averaged Navier-Stokes
equations using the k-¢ turbulent flow model [26].
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Here p, p and u are the density, pressure and velocity vector
of the air respectively, F is the force acting on a volume and
I is the identity tensor. Viscous stress tensor « and turbulent
viscosity p7 used in k-€ turbulent flow model can be written
as:

K = (u+ pr)(Vu+ (Vu)') A3)
ur = pCuk*/e )

where u is the dynamic viscosity of the medium, C, is a
constant and k and € are the turbulent kinetic energy and
dissipation rate respectively.

After solving the velocity vector field u particle tracing can
be done by calculating the Stokes drag force acting on the
droplets with mass m [27].

1
Fp = —m(u —v) 5

g
where 7, is the particle velocity response time, u is the air
velocity and v is the particle velocity. With the Stokes drag
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FIGURE 2. A top-down view of the 3D simulation model of the cloud
droplet instrument with an initial wind speed of 7 m/s. Streamlines and
air velocity around the instrument are illustrated. The measurement
volume of the instrument is shown with a dashed rectangle.

law particle velocity response time for spherical droplets can
be written as 7, = ppdg /18 where p,, and d,, are the droplet
density and diameter.

In practice, we used COMSOL to create a model of air
volume surrounding a 3D model of the instrument shown in
Fig. 1. The simulated air volume was a cylinder which axis
of symmetry is the x-axis shown in Fig. 2. The radius of
the air cylinder was 0.5 m and its axis extended 0.6 meters
upstream and 1.8 meters downstream from the origin. Air
volume was meshed with COMSOL’s adaptive meshing algo-
rithm with mirror symmetry about the xz-plane. A boundary
layer mesh with a dense element distribution along instrument
walls was used. Elsewhere COMSOL used free tetrahedral
meshing. Compressible flow and no slip boundary condition
options were used. In particle tracing calculations droplets
were assumed to be independent of each other and they were
terminated if they collided with instrument walls.

A mesh independence test was performed by computing
the velocity and pressure solution for v9 = 10 m/s case
on successively finer meshes ranging from approximately
0.3 million to 3.3 million volume elements. Solutions con-
verged above 1.1 million elements and velocity stayed within
+1% from the solution with the finest mesh. Mesh with
1.6 million elements was chosen for calculations.

Ill. RESULTS

A. COORDINATE SYSTEM

All the results are presented in the same global coordinates
that were used in the simulations. Origin of the coordinate
system is shown in Fig. 2 and it is located at the center of
the measurement volume of the instrument. Measurement
volume is limited in y-direction by the instrument arms walls
which are at 15 mm distance from the origin. Wind direction
is in the direction of the positive x-axis and the angle of attack
is measured from the x-axis in xy-plane.

B. SIMULATED AIRFLOW
Stationary CFD solution was calculated for all combinations
of wind speeds of 5, 10, 20 and 40 m/s and angles of attack
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of 0, 5, 10 and 15 degrees. Additionally 7 m/s wind speed was
simulated with 0° angle of attack to match the conditions of
a wind tunnel test for comparison.

Results of the CFD simulations for 0° angle of attack are
illustrated in Fig. 2 and Fig. 3. From these figure it can
be seen that the flow experiences changes in its direction
and velocity when going through the instrument while the
relative flow speed v/vy is almost independent of the ambi-
ent wind speed vp. In each case, the wind speed drops to
0.87vp before the instrument and then accelerates to approx-
imately 1.18vyp when air flows through the instrument as
shown in Fig. 3. By definition it is clear that the flow through
the instrument is not isokinetic since the flow experiences
directional changes and v/vp # 1. No significant changes
in the z component of the wind speed were observed. Knife-
edged air guides slice the airflow before it is deflected around
the instrument and the flow is not disturbed inside the sample
volume. Only observed changes inside the sample volume
were the acceleration of wind speed in the center and a rapid
drop in wind speed near the instrument walls as seen in Fig. 3.
In & > 0° cases the flow redirected parallel to instrument
walls inside the sample volume and overall acceleration was
again observed but the relative speed v/vq profiles lost their
symmetry in y-direction about the origin.

C. DROPLET PATHS

Droplet paths through the instrument were calculated for
six droplet diameters between 5 and 200 um. The diam-
eters correspond to the detection limits of the instrument
which covers the most crucial 10-30 pum range of icing
particles [28]. We used the CFD solutions of the airflow
described in the previous chapter as input for the COMSOL’s
particle tracing module and droplets were released in the
flow before the instrument. In the simulations droplets were
independent of each other and no collisions were assumed to
happen. At release plane the cross-sectional droplet density
of 100 mm~2 was used for & = 0° and 25 mm~2 was used
for 6 > 0° angles of attack and droplet velocity was matched
with the ambient wind speed. Particle tracing module solved
the drag force (5) acting on particles on each time step
and updated the velocity and position of the droplets. For
each simulation position and velocity of the droplets passing
through the yz-plane at x = 0 was recorded for analysis.
Position and velocity data was used in post processing to
solve the droplet number densities p in mm™> and finally in
terms of relative density p/pg.

An example of droplet path calculation is shown for 10 um
droplets in Fig. 4 for 40 m/s ambient wind speed and 10°
angle of attack. Only a small proportion of tracked paths near
the instrument are shown for clarity with droplet velocity used
as color coding.

D. WIND TUNNEL MEASUREMENTS
We validated our simulated droplet concentrations against
wind tunnel experiments with icing conditions.
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FIGURE 3. Wind speed profiles through the measurement volume along
the axis shown in Fig. 2 relative to the wind speed with 0° angle of attack.
Dashed line in the lower figure shows the location of measurement
volume and dotted lines show the extent of the knife edge air guide.

It can be seen that relative wind speed profiles are nearly identical at all
simulated ambient wind speeds.

1) Wind tunnel was set to have wind speed vo = 7 m/s
and temperature 7 = —5 °C. Cloud droplet instrument
was placed in the wind tunnel and oriented parallel
to the airflow. Small water droplets were injected into
the airflow and the cloud droplet instrument measured
the droplets for a 24-minute period with a 1.5 cm?/s
sampling rate.

2) For the second experiment the angle of attack of the
instrument was adjusted to & = 10°. Wind speed was
increased to 10 m/s and 3 minutes of droplet data was
measured.

Wind tunnel conditions (speed, temperature, LWC) were sta-
ble during the experiments but ambient reference values for
droplet concentration and size distribution in the airflow were
unavailable. Total water content of the airflow was kept at
approximately 0.4 g/m3 during the experiments. The majority
of the detected droplets were smaller than 20 m in diameter
and only a few over 100 ©m were observed.

The spatial distribution of the detected droplets in the
first experiment with 6 = 0° are shown in Fig. 5 together
with the simulated droplet densities. Measured droplets are
shown for sizes 10 = 2 um, 20 £ 3 pum and 40 £+ 10 um.
For larger droplets the size range was increased due to their
lower total amount. Spatial distribution of measured and sim-
ulated droplet concentrations are in good agreement inside
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FIGURE 4. A top-down view of the simulated paths of cloud droplets with
10 pm diameter in the non-isoaxial sampling case. Only 100 droplet paths
are drawn for clarity. Ambient wind speed and droplet release speed is
40 m/s at a 10° angle of attack. Droplets were released from a grid 0.5 m
before the instrument. Droplet speed is used to color the paths.

the measurement volume of the instrument. Additionally,
it was possible to solve the velocity of some detected droplets
that were observed in two consecutive frames. Observations
confirmed that the droplets accelerate when going through the
instrument and their velocities matched the simulations.

Results from the second wind tunnel experiment are shown
in Fig. 6 for three different droplet intervals in arbitrary units.
Simulation results for the intervals are averages of the pro-
files of the corresponding diameter weighted by the detected
number of droplets in the wind tunnel measurements. Due
to the angle of attack the line of sight to the measurement
volume from the upstream is blocked by the instrument arm
above +6 mm coordinates. Measurements and simulations
show similar behavior for the shift of the center of mass of
the distributions, cutoff positions and increase in concentra-
tion as the droplet diameter increases. Differences between
measurements and simulations can be seen on how the cutoff
happens on the positive y coordinates. Experimental results
show steeper cutoff in the droplet density and slight increase
of density before the cutoff. It is likely that due to the angle
of attack the airflow is time dependent and too complex to be
accurately represented in this case by the steady state solu-
tion. For our purposes 50 % position of the relative density
seems sufficient.

E. RELATIVE DROPLET CONCENTRATION

Summary of the droplet concentrations relative to the ambient
concentration at four simulated wind speeds with 6 = 0°
are shown in Fig. 7. Concentration profiles are scaled by the
average droplet speed at each y-coordinate since the detection
probability of the pulsed measurement of the real instrument
is proportional to the droplet speed. The concentration pro-
files of Fig. 7 show that the largest droplets are nearly unaf-
fected by the airflow. Smaller droplets are directed towards
the center. Interestingly, it is not necessarily the smallest 5 um
droplets that exhibit the largest sampling effect. For example,
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FIGURE 5. Comparison of droplet concentration measurement in a wind
tunnel and corresponding simulation for three droplet diameters. Wind
speed was 7 m/s and the angle of attack was 0° in both cases. Each
concentration profile is normalized by its own sum. Both simulations and
measurements are zero on the instrument walls (Jy| = 15 mm) but offsets
are added to 10 xm and 20 xm cases for better visualization.

=——5-10 um (meas.}
10 - 20 pm {meas.}
20 -40 pm (meas.)
----- 5-10 pm (sim.}
————— 10 - 20 pm (sim.}
----- 20 -40 pm (sim.}

Relative concentration [A.U.]

-15 10 5 0 5 10 15
y [mm]

FIGURE 6. Measured and simulated droplet concentrations at ten degree
angle of attack of wind for three different droplet intervals.

the most overestimated case at vo = 5 m/s wind speed
with approximately 10% increase are the 40 um droplets
while at vg = 40 m/s the most overestimated droplet size
is 10 um with 10% increase in density. Overall all droplets
below 200 pm are slightly directed towards the center of mea-
surement volume. The increase in concentration of individual
droplet sizes never exceeds 10% of the reference level and the
profiles are nearly constant between -10 mm < y < 10 mm
and zero on the instrument walls.

Figure 7 shows that the droplet size, wind speed and
the measurement volume have an effect on the relation
between ambient and measured droplet density. Droplet size
and wind speed depend on the environment and can’t be
changed but the measurement volume can be optimized.
Since the instrument can detect the droplet positions, we can
filter out droplets that are located in the non-isokinetic
region of the measurement volume, i.e. droplets that are too
close to the walls. Table 1 shows the expected difference
from ambient droplet density averaged over all wind speeds
if the detected droplets are filtered by their y-coordinate.
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FIGURE 7. Simulated relative droplet concentration profiles in the
measurement volume for each droplet size and wind speed. The angle of
attack is 0° and only half of the symmetric profiles are plotted from the
center (y = 0 mm) to the wall (y = 15 mm). Droplet concentrations are
slightly higher near y = 0 mm than in free air and depending on the wind
speed and the droplet size the concentration drops rapidly to zero
between 8-15 mm distance from the center.

Without filtering, the instrument would underestimate the
number of droplets by up -15.4 percent but for some wind
speed and droplet diameter combinations the differences can
be nearly -20 percent. By limiting the acceptable y coordi-
nates of the measured droplets to two-thirds or one-third of
the full measurement range the number of droplets is slightly
overestimated but the absolute values of the differences are
nearly halved.

A practical compromise to achieve minimal sampling
effects and largest measurement volume for the droplet instru-
ment is to reject the droplets that are within a five millimeter
distance from the instrument walls. If the measurement vol-
ume of the instrument is limited to droplets with |y| < 10 mm
and if the wind speed data is also available, we can use an
approximation for the relative droplet concentration:

2

L 1 40.0999 exp <—M>

00 202
Here p and pg are the droplet densities in the measurement
volume and in the ambient air respectively, d is the droplet
diameter and v is the ambient wind speed. Parameters (vq)
and o are fitting parameters that can be expressed as ¢ =
0.6626 and p(vg) = —0.481nvp + 4.099. Approximation (6)
is based on the simulations and it deviates less than one
percent from the simulations for all wind speed vy and
droplet diameter d combinations used in the simulations.
Equation (6) can be used to calibrate the measurement results
of this instrument if up to 10 percent overestimation of the
droplet concentration is not acceptable. This might be the case
if accurate results for LWC, MVD or droplet size distributions
are required.

6)

F. DROPLET CONCENTRATION IN NON-ISOAXIAL FLOW
Equation (6) relates the ambient and sampling volume droplet
concentrations in isoaxial situation, i.e., when the angle of
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TABLE 1. Average difference from ambient droplet concentration with
different measurement volume limits based on droplet tracing
simulations.

Droplet Difference to pg
diameter Measurement volume y-range
[um] full range |y|<10mm |y| <5mm
5 -6.1% +2.5% +2.1%
10 -10.9% +6.3% +5.1%
20 -15.4% +8.6% +7.9%
40 -11.7% +5.2% +5.6%
80 -4.0% +1.3% +1.4%
200 -0.6% +0.1% +0.0%

attack & = 0° and the instrument is perfectly aligned with
the wind. From Figures 4 and 6 it can be clearly observed
that the distributions of the droplet densities along y-axis
are asymmetrical when 6 > 0°. In principle, the angle of
attack of our instrument should remain at 0° since it can
rotate and orient itself to the wind. In practice, it is possible
that the instrument is not always perfectly aligned. This can
happen, for example, if 6 is small and the axial torque due to
wind is too small to orient the instrument. Other possible rea-
sons for non-isoaxiality could be mechanical misalignment
or damaged components or asymmetrical ice accretion on
the instrument casing. We used the CFD and particle tracing
calculations to study the performance of our instrument in
non-isoaxial flow with up to 15° angles of attack.

The immediate consequence of the larger than 0° angle of
attack is that part of the measurement volume is out of the line
of sight from the upstream point of view. Without drag forces
there would be a sharp cut-off on the droplet concentration
corresponding to the line of sight. Airflow tends to bend
parallel to the instrument walls between the instrument arms
and drag force (5) changes how the droplets are distributed
in the measurement volume. Examples of non-isoaxial sim-
ulations are shown for 10° angle of attack in Fig. 8 where
relative densities inside the measurement volume are given
for droplets in the 540 pm range. An increase in the wind
speed and angle of attack cause the droplets paths to pass
the measurement volume closer to the other wall which leads
to asymmetrical density profiles. The Drag force is strong
enough to direct the smallest droplets through the gap with
relatively small deviation from the perfectly aligned situation.
Systematic lack of larger droplets on the other side of the con-
centration profile may indicate a problem with the orientation
capabilities of the instrument.

Angular tolerance and accuracy of the measurement can
be improved by limiting the acceptable y-range of the instru-
ment. Figure 9 shows how the perceived droplet density is
affected by the measurement volume limits and the angle of
attack. The results are averages over all wind speeds with
error bars showing the standard deviation. If droplets are
accepted from all possible y-coordinates (|y| < 15 mm) cloud
droplet instrument will always underestimate the number
of droplets regardless of their size. Additionally the larger
the droplet is, the stronger the effect of the angle of attack.
By limiting the measurement volume to |y| < 10 mm or
even to |y| < 5 mm droplet density is much closer to the
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FIGURE 8. Simulation results for relative droplet concentrations at
10 degree angle of attack.
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FIGURE 9. Effect of the angle of attack of the instrument and sample
volume limit on the relative droplet concentration inside the sample
volume. Relative concentrations are averages over the simulated wind
speeds between 5 m/s to 40 m/s and the error bars are 1 o values of the
mean. Sample volume limits correspond to full (top) two-thirds (middle)
and one-third (bottom) of the full volume.

ambient density and the tolerance for the angle of attack is
increased. Larger than 10° angle of attack remains a problem
for 20 — 40 wm droplets.

For detecting droplets relevant to icing conditions in 10 um
to 30 um range, acceptable compromise is to use |y| <
10 mm volume range. Using an even smaller measurement
volume further increases the accuracy and tolerance of the
instrument but it will increase the measurement time for
detecting the same amount of droplets. In practice, knowl-
edge of the available measurement time and the lower limit
for the number of detected droplets is to decide how much
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the measurement volume can be limited. In our instrument
the use of a holographic measurement principle allows this
choice to be made in the post processing of the raw measure-
ment data.

IV. CONCLUSION
Aerodynamic forces of the airflow within the probe inlet may

lead to a non-isokinetic sampling condition and consequently
error in the measured values of the particle concentration. The
magnitude of the sampling error is a complex combination
of the probe design, air speed, particle size, probe inlet ori-
entation as well as the extent and location of the sampling
volume within the probed airflow. A novel method to reduce
the sampling error of a modestly disturbed particle flow was
validated using a holographic cloud droplet imager. It was
shown that despite the non-isokinetic conditions accurate
droplet density could be obtained

1) by adjusting the location and the size of the sampled

volume inside the particle flow and

2) by using a simple algorithm based on the simulated

particle trajectories to compensate the redistribution of
the particles in the airflow through the measurement
volume.
Sampling volume adjustment could be easily realized using
the holographic imaging method, which offers multiple
well-defined image planes to accurately set the boundaries
of the sampling volume even frame by frame.

A combination of CFD solutions and particle tracing was
used to study the sampling effects of the holographic cloud
droplet imager. The sampling effect on the observed density
of 5-200 um droplets carried by a 5-40 m/s airflow with
multiple inlet angles was modelled. Our models were in a
good agreement with the data gathered from the wind tunnel
experiment. The results show that when the probe inlet was
aligned with the airflow the error in droplet density could be
kept under 10 % simply by limiting the cross-channel depth
of the measurement volume to two thirds of the full wall-to-
wall distance of the probe. Likewise using the model-based
compensation algorithm the error could be reduced to less
than 1 %. Results also indicate that by further limiting the
sample volume to cover only one third of the full wall-to-wall
distance of the probe inlet droplets up to 40 um in diameter
could be sampled with good accuracy when the angle of the
airflow was kept smaller than 10 degrees. Thus compromising
between the size of the measurement volume, measurement
time and the angular range of the inlet flow reasonable accu-
racy seems achievable for practical cases. To achieve this it
is important to know how the expected combinations of the
air speed, probe angle and the droplet size affect the particle
distribution in the measurement volume. The applied combi-
nation of the CFD and particle tracing seems to offer reliable
tool for this. Note also that by combining the information of
particle position and density (inherently offered by the holo-
graphic imaging method) with the modelling results offers a
way to continuously analyze the particle flow and further to
determine the best position and size for the sampling volume
even frame by frame.
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