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Modifications have been implemented in the GlennICE software to accommodate a non-
inertial reference frame. GlennICE accepts a flow solution from an external flow solver. It
then introduces particles and tracks them through the flow field in a Lagrangian manner.
Centrifugal and Coriolis terms were added to the GlennICE software to account for relative
frame simulations. The objective of the present paper is twofold. First, to check that the new
terms are implemented correctly and that the code still behaves as expected with respect to
convergence. And second, to provide some initial insight into an upcoming propeller
experiment in the NASA Icing Research Tunnel. The paper presents a description of the code
modifications. In addition, results are presented for two operating conditions, and three
particle sizes. Each case was simulated with four different grid densities to assess grid
dependence.

I. Nomenclature

AoA = propeller angle of attack at % (0.75) span along blade (ignoring propeller induction
effects) [degrees]

D = propeller diameter [m]

Feen = centrifugal force [kg m/s?]

Fcor = Coriolis force [kg m/s?]

LWC  =icing cloud liquid water content [g/m?]

m = particle mass [kg]

N = motor rpm

Pexit = exit static pressure [Pa]

Pwtin = inlet total pressure [Pa]

r = radius [m]

t = icing exposure time [s]

Twtin = inlet total temperature [K]

Voo = tunnel speed [m/s]

Vrelative = relative velocity [m/s]

Vtip = relative velocity of airflow seen by the blade at the tip (considering tunnel speed and
rotation velocity) [m/s]

X = axial direction [m]

Beta = collection efficiency [-]

Bo.7s =blade pitch at % span along blade

w = rotation rate [radians/s]



I1. Introduction

A recent Analysis of Alternatives (AoA) study [1] has demonstrated a need to enable analyses of icing on rotating
components. Examples are the fan and spinner, as well as rotors within the compressor. Additionally, there are needs
to investigate Advanced Air Mobility (AAM) vehicles and rotorcraft [1]. In the absolute frame, a rotating component
presents an unsteady flow field. However, with appropriate assumptions, the flow field can look steady when riding
on the rotating component. Anchoring the viewpoint to the rotating component means that additional terms must be
introduced to account for the non-inertial reference frame.

The flow solver, that supplies the solution for input to GlennlICE, includes the additional non-inertial terms, and
now GlennICE also includes terms to account for centrifugal and Coriolis forces.

The paper includes a description of the modifications to the software. It also includes simulations of a four bladed
propeller at two different operating conditions. Three particle sizes of 5, 20, and 80 microns were simulated at the two
operating conditions. To assess grid dependence, four similar grids were used with increasing refinement. The grid
sizes range from 2 million to 31.25 million cells.

I11. Methodology

GlennlICE has been in development for several years [2-5]. It accepts a flow solution, then uses Lagrangian
trajectory simulation to approximate the collection efficiency. Once the collection efficiency is determined, an energy
balance is performed on the icing surface and ice growth is approximated.

In the present study, a four bladed propeller is simulated as shown in Figure 1. The geometry is modeled after a
configuration that is expected to be tested in the NASA Icing Research Tunnel (IRT) in the near future.

Figure 1. View of propeller configuration.

The nominal twist and chord distributions of the propeller blade geometry were developed by NASA during a
design optimization effort to improve acoustic and aerodynamic performance [6]. However, the “as manufactured”
geometry differed from the nominal blade design. For the purposes of this study, the “as manufactured” geometry was
used so that future comparisons with experimental data can be made. Comparisons of the nominal and “as
manufactured” chord and twist distributions are show in Figures 2a and 2b.
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Figure 2a. Nominal vs manufactured chord distributions
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Figure 2b. Nominal vs manufactured twist distributions

The airfoil profile is NACA 0012 throughout the majority of the blade span, however, deviations occur near the
root of the blade to enable connection to the hub.

A full ring simulation is performed to eliminate the need for periodic boundary conditions, which are still in
development.

In addition to the blades, the spinner geometry matches that of the spinner to be tested in the IRT. The downstream
center body is kept axisymmetric to simplify the numerical analysis.

The geometry is initially specified as a Step file [7]. Next, components are extracted using the Rhino software [8]
and exported as stereolithography (stl) files [9]. Then, the grid is generated using the GridPro [10] software from
Program Development Corporation. The grid is then passed through the Pointwise [11] software to create an
unstructured grid.

The flow is generated using the NASA FUN3D [12] software.

The flow solution from FUN3D is then supplied to the GlennICE software to simulate collection efficiency. Then,
based on the local water collection on the surface, ice is grown.

The operation of the GlennICE software in the inertial frame has been previously established and documented [4].
In this work, additional terms have been added to the Lagrangian trajectory integration. Two additional contributions
to the force on the particle are centrifugal force and Coriolis force.

The equation for the centrifugal force is:

Feen= —mox(wxr)

The centrifugal force always points radially outward. It is the force that pushes you against the car door as you

round a corner.
The equation for the Coriolis force component is:



Feor= —2m(w>< Vrelative)
Where:

m=particle mass [kg]

w=rotation rate [radians/s]

r=radius [m]

Vrelative=velocity in the relative frame [m/s]

The Coriolis force is the reason that hurricanes rotate one direction in the northern hemisphere, and the opposite
direction in the southern hemisphere.

Figure 3 shows an example of a particle trajectory, in the relative frame, that just misses the upper blade.
Y
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Figure 3. Example of particle trajectory in the relative frame.

IV. Operating Conditions

Table 1 gives a summary of the three operating conditions expected to be investigated experimentally.
For the present study, only operating condition 1 (OC1) and operating condition 3 (OC3) were simulated.
The conditions OC1 and OC3 were chosen for simplicity since they can use the same grid. Compared to
OC1, OC3 has the same relative angle of attack but is running slower (i.e., the tunnel speed and rpm are
reduced).

Table 1. Operating conditions investigated.

Operating Ve Bo.75 N D A0A Viip
Condition (OC) | (knots | m/s) (deg.) (rpm) (in|m) (deg.) (knots | m/s)
OC1 130166.9 50.72 1635 36]0.914 2 200.2]103
oc2 13066.9 52.72 1635 36]0.914 4 200.2|103
OC3 87 |44.8 50.72 1094 360.914 2 133.9]68.9

Vo - Tunnel speed

Bo.75— Blade pitch at % (0.75) span along blade (Figure 4 shows the definition of this angle)

N — motor rpm

D — propeller diameter

AoA — propeller angle of attack at ¥4 (0.75) span along blade (ignoring propeller induction effects)

Viip is the relative velocity of airflow seen by the blade at the tip (considering tunnel speed and rotation velocity)




Figure 4. View showing pitch angle definition.

V. Description of cases and boundary conditions

Four similar grids were generated to assess grid dependence. The four grids will be referred to as 1p00X, 1p50X,
2p00X and 2p50X. The name of the grid refers to the increase in refinement in each of the three directions. The initial
grid, 1p00X, is first created as a structured multi-block grid. The refined grids are then created by increasing the
number of cells in each of the three index directions. Table 2 shows the refinement level and number of cells for each
grid.

Table 2. Summary of grids

Grid Name Refinement Value Number of Cells [millions]
1p00X 1.00 2.

1p50X 1.50 6.75

2p00X 2.00 16.

2p50X 2.50 31.25

The simulation inlet is placed 9 meters upstream of the center body leading edge. The exit is located 11 meters
downstream of the center body leading edge. An outer cylindrical boundary with a diameter of 6 meters was used.
Recall that the propeller diameter is 0.914 meters. The propeller and center body are set to no-slip. The outer boundary
is set to slip.

At the inlet, total pressure and total temperature are specified. At the exit, static pressure is specified. The pressure
ratio is set to achieve the desired through flow velocity. The temperature is set very cold to ensure that only Rime ice
occurs (i.e., no runback). The handling of runback water in the non-inertial reference frame is currently under
development in GlennICE.

For each operating point, the propeller and center body are run first at a wall temperature of 0.95 times the inlet
total temperature, and then at 1.05 times the inlet total temperature. These two solutions are then provided to the
GlennICE software to solve for the heat transfer coefficient.

Table 3. Boundary conditions

Operating Inlet Total Pressure Inlet Total Temperature Exit Static Pressure
Condition Ptot,in, [Pa] Ttot,in, [K] Pexit, [Pa]
0ocC1 95,805 231 93,066

0C3 94,297 231 93,066

For each operating point, three single bin simulations were performed with the GlennICE software. Particle sizes
of 5, 20, and 80 microns were investigated. For the ice growth simulation, a value of 1.2 g/m”~3 was used for liquid
water content (LWC). Ice was allowed to grow for an icing exposure time, t, of 300 seconds.



The FUN3D calculations were carried out on the NASA’s Advanced Supercomputing Sstem (NAS). The FUN3D
simulation was run as compressible and turbulent. The turbulence model used was sst-v. The largest grid, 2p50X,
took roughly 5 hours using 512 Haswell processors at NAS. All solutions were converged to a residual level of 1.e-
12.

For the GlennICE simulations, the following parameters were used. The FRACTION_CONTAINED_TOL=0.5,
MAX_FACE_HITS=300. This combination allows the leading edge CFD faces to converge while limiting the number
of hits that can be amassed near the impingement limits. The refinement levels were continued until the leading edge
values of collection, Beta, converged to at least 4 decimal places. This process generally resulted in more than 90%
of hit CFD faces reporting converged. Any remaining faces were observed to be near the impingement limit. The
faces near the impingement limit are inherently difficult to converge. At the same time, they are of less importance

due to low water flux. It is expected that all of the CFD faces that have appreciable water collection are converged
long before the impingement limit is converged.

V1. Introductory Results

Figure 5 shows an example of the seed plane, as well as the surface geometry colored by collection
efficiency. The seed plane is located at the simulation inlet. Each point on the seed plane represents a
location where a trajectory was released. The GlennICE code starts from a very coarse seed plane grid and
then automatically releases points in regions to converge the collection efficiency without wasting too many
points that will miss the icing surface. Confirming that the addition of non-inertial terms appears to cause
no disruption in the convergence was one of the objectives of the current study.
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Figure 5. Upstream seed plane and icing surfaces colored by collection.

Figure 6 shows a zoomed in view of the seed plane. The observed clustering of release points is as
expected based on previous inertial reference frame simulations.
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Figure 6. Zoomed in view of seed plane.

Figure 7 shows a zoomed in view of the propeller. The collection efficiency has the expected distribution. A level
below one is expected at the nose of the center body. Additionally, higher values are expected on the blade leading
edges. At the outer radius of the blade, values greater than one are possible, owing to the high relative velocity.

Figure 7. Zoomed in view of collection.

Figure 8 shows an example of the ice growth in blue. This result is for OC1 and particle size 20 microns and the finest
grid of 2p50X.



Figure 8. Ice growth shown in blue

Figure 9 shows the same result as Figure 8, except that the blue ice surface is removed. With the ice surface removed,
it is possible to see the cross-section of the three-dimensional ice shape at various y-locations.
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Figure 9. Black lines showing the ice growth cross sections at various values of Y.



VII. Grid Dependence

To assess grid dependence, two areas will be investigated. First, a cut at the % span location (0.3429 m) will show
the pressure distribution and water collection (Beta). Then, Beta along the center body and leading edge of the
propeller will be shown.

Figure 10 shows the pressure distribution for OC1 at the % span location. It can be seen that the 1p00X grid is
too coarse as the peak pressure and the trailing edge pressure differ from the finer grids. It can also be seen that the
2p50X and 2p00X grids have good agreement.

Figure 11 shows the collection efficiency, Beta, at the same % span location as Figure 10. Notice that the x-
direction range has been reduced to highlight the impingement region. Figure 11 indicates that grid 1p00X is too
coarse and that the 2p50X grid is in good agreement with the next coarser 2p00X grid.
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Figure 10. Cut at 75% span. OC1, 20 microns.
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Figure 11. Cut at 75% span. OC1, 20 microns. Note change in x range to highlight impingement region.



Figure 12 shows the collection efficiency along the center body and along the leading edge of the propeller. Figure
12a is included to demonstrate the geometry location relative to the plot values of Beta in Figure 12b.
Tecplot was used to extract the data for Figure 12b in the following ways.
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Figure 12a. Planform of geometry to help visualizing the figure below.
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Figure 12b. Collection efficiency for OC1, 20 microns case.

On the center body the minimum and maximum values of radius and Beta were extracted for 2000 x-locations
between 0 and 0.3 m. The minimum and maximum values were then added and divided by two to produce radius and
Beta pairs from the center body leading edge to downstream of the propeller.
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On the propeller, 2000 y-slices were made between the propeller root and tip. At each y-slice the maximum value
of Beta was extracted. The value of y for the slice was used for the radius in the radius and Beta pairs along the
propeller leading edge. Note that the actual location of the maximum Beta for a given y-slice can be at a slightly
different radius. However, it was deemed that y and radius could be used interchangeably because the difference will
be quite small.

The results in Figure 12b demonstrate that the finest grid, 2p50X, is sufficiently refined to provide acceptable
results. The results on the center body (radius between 0 and 0.1 m) agree for all of the grids, except near the center
body leading edge. The results along the leading edge of the propeller show a steady progress toward grid convergence
as the grids are refined. The 20 microns case produces a shadow zone near the root of the propeller and a highly
concentrated zone at the edge of the shadow zone (near Radius=0.1 m). The peak value of the spike near Radius=0.1
is 2.07, 2.33, 2.82, and 2.93, for the grids 1p00X, 1.50X, 2p00X, and 2p50X, respectively. The changes in the peak
value get progressively smaller and the difference between 2p00X and 2p50X is less than 4%.

Figure 13 shows a closer look at the center body region. Figure 13 shows that most of the center body result is in
very good agreement, even for the coarsest grid. Additionally, it can be seen that the leading edge value is converging.

The conclusion from the comparison of four grids is that the finest grid is certainly providing acceptable results.
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Figure 13. OC1, 20 microns. Zoomed in on center body

VIIIl. Fine Grid Results

Results are now presented for the 2p50X grid. For each of the two operating points, OC1 and OC2 described in
Table 1, three particle sizes were simulated. Values for particle diameter of 5, 20, and 80 microns were investigated.

Figure 14 shows the collection efficiency across the center body and propeller leading edge for OC1 (the higher
speed case). The trends are as expected, with some exceptions that will be discussed below. On the center body, it
can be seen that the peak value increases with increasing particle size. In addition, the impingement region grows
larger as particle size increases. The value of Beta drops rapidly at the high curvature region of the nose near the
centerline and then more slowly further from the centerline over the conical portion of the nose. Finally, Beta drops
rapidly again to the impingement limit as the curvature increases approaching the propeller. Now focusing on the
propeller leading edge portion of Figure 14 (i.e., 0.1<Radius<0.46) we see some interesting results. The peak value
along the propeller leading edge generally increases with particle size, as expected. It also increases as the radius
increases, owing to the increased relative velocity at the larger radius. Near the root of the propeller (i.e., near
Radius=0.1), an interesting phenomenon occurs. Both the 5 microns and the 80 microns case impinge all the way to
the root. However, the 20 microns case has a shadow zone and a sharp spike.

11
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Figure 14. OC1, 2p50X. Notice 20 microns has shadow zone near propeller root, but both 5 and 80 microns have no
shadow zone.

Figure 15 presents the results for OC3 (the lower speed case). Trends are very similar to the results for OC1 shown
in Figure 14. Owing to the lower tunnel speed and lower RPM, the values of Beta are generally reduced. All other
trends are the same as Figure 15, with one small exception; there is a small amount of collection on the center body
near the propeller root for the 5 microns case. None of the other 5 cases had collection on the center body near the
root of the propeller. The only indication in Figure 15 is a small red spike near Radius=0.095. In a later figure
showing ice shape (Figure 17), the small ice growth on the center body near the propeller root will be visible.
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Figure 15. OC3, 2p50X. Similar to OC1 at somewhat reduces levels of Beta. Little tick of red near x=0.09 shows slight
collection on center body near root of propeller. The OC3, 5 microns case is the only case to have any collection in that
area.
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Figure 16 shows the ice shape for each of the 6 conditions (2 operating points and 3 particle sizes). Figure 16a
and 16b show the 5 microns results for OC1 and OC3, respectively. At5 microns the impingement region is relatively
small for both center body and propeller.

Figure 16¢ and 16d show the results of the 20 microns simulations for OC1 and OC3, respectively. Impingement
regions are significantly increased relative to 5 microns. The impingement limit on the center body is farther back for
OC1 due to the higher freestream velocity. On the propeller, it is interesting to note the shadow zone at the root and
the spike in thickness just above the shadow zone.

Figure 16e and 16f shows the results for 80 microns results for OC1 and OC3, respectively. Compared to the 20
microns cases the impingement zones are significantly increased. Once again, the impingement limit is farther back
for OC1, compared to OC3, since it is the higher speed case.

Figure 17 shows a close up view of the ice on the center body near the root of the propeller for the OC3, 5 microns
case. Interestingly, this is the only case to have collection at the root of the propeller. At the same time, however, it
is such a small amount that it is probably not very important in this case.
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Figure 16. Ice shapes for 2p50X grid. Note reduced impingement region for OC3 cases, as expected. OC3, 5 microns

case is the only case to show some ice on the center body near the root of the propeller.
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Figure 17. Ice shape for OC3, 5 microns. Only case to produce ice on center body near propeller root.

IX. Summary

The present work describes the implementation and testing of the addition of the non-inertial frame capability in
the GlennlICE software. A set of sample results are presented demonstrating the expected behavior. The sample case
represents a propeller in axial flow. The propeller geometry is expected to be tested in the NASA IRT at similar
operating conditions in the near future. By observing a single particle trajectory in the relative frame, and seeing the
expected helical path, it was confirmed that the new Force terms were implemented properly. In addition, observing
how the GlennICE software converged to a final result confirmed that all of the techniques that have worked for
inertial frame still work in the relative frame. Comparing results from four different grid resolutions confirmed that
the fine grid results are acceptable. Comparing collection for three different particle sizes and two operating points
demonstrated expected trends. Operating condition 1 (OC1) and operating condition 3 (OC3) have the same relative
angle of attack, with OC1 run having a higher axial speed and RPM than OC3. The collection efficiency results
consistently produced larger values for OC1 relative to OC3 at the same particle size. Also, OC1 consistently
produced larger impingement regions when compared to OC3. Both larger collection efficiency and larger
impingement region for OC1 are consistent with expectations.

The observed behavior of collection efficiency as particle size varied also agreed with expectations. That is to say,
larger particles produced larger values of collection efficiency and larger impingement zones.

Two interesting phenomena were observed. The first was a shadow zone and spike in collection efficiency near
the root of the propeller for the 20 microns cases. This will be discussed more in the next paragraph. The second was
the small amount of collection observed on the center body near the root of the propeller for one specific case. The
OC3 with 5 microns particles was the only case to produce collection on the center body near the propeller. The
collection is so small that it probably does not matter from a practical point of view, but it will be of interest to see if
the phenomena is observed experimentally.

The 20 microns case, for both OC1 and OC3, produced a shadow zone and spike on the propeller near the root
This phenomenon was not observed for either the 5 microns or 80 microns cases. The conclusion from this would be
that there is a limited range of particle size that produce a shadow zone. Once again, it will be interesting to see if this
phenomenon is observed experimentally.
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Finally, ice shapes were shown for the six cases (2 operating conditions, and 3 particle sizes). The liquid water
content (LWC) was 1.2 [g/m”3] and icing exposure time, t, was 300 seconds. These cases were run very cold to
generate rime shapes which essentially create a spatial representation of the collection efficiency. The ice shapes also
provide a useful visualization of the impingement limits and show the spike in collection efficiency for the 20 microns
cases.

Overall, these results are very encouraging. It is expected that many additional simulations will be run in the future
to support the experimental effort.
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