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Abstract

his paper presents impingement analysis on a nacelle

inlet, multibody airfoil, and swept tail under Supercooled

Large Droplet (SLD) conditions in icing tunnels.
Impingement and collection efficiency calculations are crucial
for ice shape and protection analyses. The aerospace icing
community selected three cases for simulation, focusing on
SLD conditions, which require specific mathematical models
for accurate representation. The present authors used a
Reynolds-averaged Navier-Stokes computational fluid
dynamics (CFD) tool to evaluate pressure coeflicients and
collection efficiency, comparing them with experimental data.
CFD simulations incorporated fully turbulent flow using
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Introduction

hen certifying an aircraft, the first step of a icing

simulation is to perform an impingement analysis.

The main objective is to calculate the collection
efficiency  and the mass of water accumulated on the exposed
aircraft surfaces to atmospheric icing conditions. But to
simulate impingement at critical matrix points, it is necessary
to understand the mission profile, study the aircraft’s perfor-
mance, and determine critical icing conditions considering
the icing envelopes of aeronautical regulations. This initial
simulation not only provides impingement limits and, mainly,
the amount of water for the design of ice protection systems
but also gives a preliminary size of ice shapes. If the 8 calcu-
lated has deviations, it will negatively impact subsequent
studies of ice shape and protection, with errors that can go
against the safety margin. With respect to CFD used for engi-
neering design and certification, it is essential to work with
validated tools to have a reliable ice accretion and protection
analysis in the earlier stages of development and to support
compliance with regulations.

Given the importance of impingement and ice shape
analysis, the First AIAA Ice Prediction Workshop (IPW)
Committee [1] defined test cases for ice simulation tools
and CFD.
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various turbulence models and Eulerian droplet transport,
considering experimental droplet distribution. The results
showed acceptable deviations despite SLD simulation chal-
lenges and experimental data problems. A secondary conclusion
suggests simplifying a 27-bin distribution to a 10-bin distribu-
tion to take into account the cumulative mass curve. An accu-
mulated mass index is proposed to compare different simula-
tions. Importantly, the CFD accurately captures the impinge-
ment limits, enhancing its value for engineering purposes. This
study demonstrates the suitability of the CFD method by show-
casing its application to address aircraft certification challenges,
emphasizing the importance of integrating engineering
perspectives within CFD simulation results.

It is important to assess simulation results on the
basis of ice protection engineering and certification
requirements.

Icing Codes

Classic icing codes such as LEWICE [2] and ONERA [3] solve
the two-dimensional potential or full potential flow field
around airfoils and, after solving the trajectories of the
droplets by a Lagrangian formulation, predict the collection
efficiency. Therefore, the trajectory is calculated by following
the path of the droplets until they impinge on the airfoil. The
droplets are subjected to drag and weight but do not influence
the airflow.

Regarding three-dimensional codes, one must cite
LEWICE3D [4], a pioneer code dealing with icing in 3D but
only available to US citizens in the USA. This code uses the
flow solution from external CFD and calculates the droplet
trajectories by Lagrangian formulation. On the other hand,
the FENSAP code [5], initially developed by Prof. Habashi’s
team at McGill University, uses a 3D flow solution from CFD
but calculates the trajectories of the droplet by an Eulerian




Downloaded from SAE International by Guilherme Lima Da Silva, Tuesday, June 13, 2023

- IMPINGEMENT ANALYSIS ON NACELLE INLET, MULTIBODY AIRFOIL, AND SWEPT TAIL CASES UNDER SLD CONDITIONS

formulation. In this method, the observer does not travel in
the droplets but is fixed in a control volume. The solution adds
three equations for droplet transport in Reynolds conserva-
tion form: momentum, energy, and mass. Depending on the
CFD solver, the flow and droplets may have a two-way interac-
tion, which is not possible in the Lagrangian approach.

To mathematically model SLD, Wright and his NASA
collaborators worked on models to extend the capabilities of
icing simulation in LEWICE 2D and 3D versions [6], [7], [2].
The final implementation considered droplet breakup before
it hits the body and droplet splashing after it hits the body,
losing mass locally, and reimpinge further downstream. The
authors also researched other second and third-order effects
but concluded they are negligible.

Objective

The objective of this paper is to simulate in CFD the impinge-
ment of supercooled water droplets of three cases defined by
the First ATAA TPW Technical Committee [1, 8]:

1. Case 111 - NACA 64A008 finite swept tail
2. Case 121 - Three element airfoil
3. Cases 131 and 132 - Axisymmetric inlet

Also, the results will validate the CFD tool used in engi-
neering projects and certification when in SLD conditions.

CFD Tool Description

The Computational Fluid Dynamics (CFD) solver selected for
the current paper is CFD++ [9], developed by Metacomp
Technologies Inc. This solver is widely regarded for its
accuracy in aerodynamic flows and is employed by major
aerospace companies. The software is a finite volume code
capable of simulating airflow around aircraft, wings, and
engines, along with the transport of SLD. It can utilize a user-
defined distribution of droplet diameters or adopt a Langmuir
D distribution with a Median Volumetric Diameter (MVD)
provided by the user. Additionally, it can simulate both contin-
uous airflows and dispersed flow, such as droplets or particles,
and their interactions with surfaces.

The droplet trajectories and their impact on surfaces are
solved using an Eulerian Dispersed Phase (EDP) module with
specific equations tailored for aeronautical icing, even though
the module can be applied to other, more general uses. Because
EDP is a dispersed phase, there is no interaction between the
droplets and the flow.

Consequently, the EDP model can address the issue of
in-flight icing for supercooled droplets smaller than SLD. To
model in-flight icing for SLD, additional features within the
EDP module are necessary, including aerodynamic droplet
breakup and droplet-wall interaction models.

Metacomp scientists developed an aerodynamic droplet
breakup model based on Pilch and Erdman [10] for nondi-
mensional breakup time. This model solves the number
density equation with a source term generated by the breakup.

m Droplet-Wall Interaction Types [11].
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From Bai and Gosman [11], the droplet-wall interaction
process types can be classified according to Figure 1:

The CFD++ model for droplet-wall interaction considers:
1) a change in the momentum of the droplets during impinge-
ment [11, 12]; 2) a change in the diameter and number of the
droplets during impingement, which was derived by
Metacomp based on conservation laws:
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where N represents the number of particles, u, denotes
the particle velocity, and d is the particle diameter.

The first item was validated by Honsek et al. [13] against
SLD-specific droplet impingement data provided by Papadakis
et al. [14]. CFD++ incorporates all four types of interactions
in its implementation.

The present authors assumed several simplifications for
running CFD++ simulations for the test cases:

No heat transfer among droplets in free airflow
No heat transfer between droplets and airfoil
No water droplet coalescence

No re-impingement after impacting the airfoil
No surface water film and rivulets

NSNS

Deformation of droplets that occurs in larger droplets
results in non-sphericity, requiring modification of
the droplet drag model constant that multiplies
Cp(Re) to 0.7. This adjustment reflects a reduction in
the frontal area due to non-sphericity, as expressed in

Equation (2):

Cp=0.7-Cp(Re) 2

where Cj is the drag coefficient and Re is the
Reynolds Number.

Test Cases

In this paper, the authors present simulation results for cases
111, 121, 131, and 132, which sufficiently demonstrate that the
CFD++ software is suitable for impingement calculation.

Table 1 displays the test parameters for each case.

Table 1 presents static values for both temperatures and
pressures. The IPW Committee [1] provided participants with
the geometry and mesh in appropriate formats for their use.
For engine inlets 131 and 132, only the flow into the
nacelle changes.

All cases are very similar with respect to flow and icing
conditions. This similarity is intentional to emphasize the
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TABLE 1 Flow and icing conditions [1].

MVD Temp. Press. Mass Flow
Case Mach [um] [K] [Pa] al°l [kg/s]
m 0.23 21 280 96147 6 -
121  0.23 21 278 95630 4 =
131 0.238  20.26 28315 95492 15 7.8
132 0.2312 20.36 279.63 95492 16 10.41

variations in 3D geometry type and angle of attack («) as more
critical factors for validation.

Although the committee did not define a value of the
liquid water content (LWC) for the free stream, the authors
used LWC,, = 0.05 g/m” for all cases. However, the calculations
B in this article are not affected by the value of LWC because
the flow solution is not two-way in the present work; therefore,
the concentration of liquid water does not influence the flow,
as it is considered a dispersed phase. The first two cases had
Liquid Water Content Fractions (FLWC) and MV D distribu-
tions defined as 27-bin fractions.

For Cases 111 and 121, the present work employed the
27-bin distribution and approximated the 27-bin to a 10-bin
distribution, as shown in Figure 2. Simulations with a 10-bin
distribution had to be performed as a requirement of version
19.5 of CFD++. In contrast, the simulations with a 27-bin
distribution were conducted using a more recent version that
permits the inclusion of a larger number of species in problems
involving the EDP.

The droplet distributions for the last two cases — 131 and
132 — were not provided by the IPW Committee [1], resulting
in varied assumptions by the participants. Some adopted
Langmuir D [15] distributions, which is referenced in FAA
Advisory Circular 20-73A [16], while others used the defini-
tion proposed by Papadakis et al. [17]. In this study, both
Langmuir D and Papadakis et al. distributions were used. The
Langmuir D distribution, an approximation of the experi-
mental NASA Icing Tunnel Curve, is deemed suitable due to
its close alignment with the Papadakis distribution for up to
65% of the cumulative LWC.

IR Approximated 10-bin distribution and IPW [1]
27-bin distribution used in Cases 111 and 121.
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TABLE 2 Comparison between Papadakis et al. [17] and
Langmuir D distributions [15].

Accumulated

[fraction] Papadakis [pm] Langmuir D [pm]
0.05 5.64 6.31

0.15 9.08 10.59

0.35 13.47 14.46

0.65 20.36 20.36

0.85 32.30 27.89

0.95 46.72 35.43

1.00 66.26 45.20

Figure 3 illustrates the two distributions with an MV D
0f 20.36 ym, and Table 2 presents their comparison. The MV
D is determined by the diameter distribution corresponding
to 50% of the accumulated volume. Although the two distribu-
tions exhibit similar values of MV D, discrepancies arise for
diameters larger than MV D. The approximated Langmuir D
distribution was selected as the Papadakis distribution was
not accessible to the authors at the time due to its absence
from the official materials. The Papadakis distribution was
incorporated in this study following a literature review
conducted after the IPW event. In the interest of consistency,
the Langmuir D approximation, which was presented to the
committee, is maintained in this document.

Definitions

For rotational and 3D flows, the Collection Efficiency 8 can

be defined as:
_LWG, -V, i )
LWC, - \\7@\’

where the subscripts oo and i stand for ‘free-stream’ and
‘local’ values, respectively. The V is the velocity of the air, 71 is
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normal to the body surface, and S is the collection
efficiency.

The flux of water ] that impinges on the surface, expressed
in (g/m®s), can be expressed as:

J=B-LWC,-V,. )

The total mass flow rate of water s arriving on the
surface, in (g/s), can be obtained by:

m=[BdS-LWC,, -V,. (5)

where S is the area of the surface.

By assuming the constant vz within a time step and
neglecting the change in  with ice accretion, it is possible to
simply multiply the mass accumulation rate iz by At. This
yields the mass of water accumulated on the surface, expressed
in grams (g):

m=[(IpdS)dt-LWC. V.,

~[BdS-At-LWC,, -V,

When comparing f8 values from experimental data and
simulation results from the above equations, one can conclude
that the integral of § over the surface is important because:

(6)

_[BindS
ratio J'ﬁexpds .
As LWC,, V., and At are constants within a given time
step, their contributions to the total mass cancel each other
out when comparing simulated values with experimental data.
Consequently, it is of greater importance to examine the
integral of 3, which exhibits a direct proportionality to the
mass of impinged water. The m,,,,, parameter indicates the
extent to which the simulation deviates from reality or from
the unity value. The subscripts ‘sim’ and ‘exp’ pertain to the
values derived from the computational fluid dynamics
(CFD++) simulations and the experimental data acquired
from the Ice Prediction Workshop (IPW), respectively. This
relation is valid only for clean bodies or the beginning of an
ice accretion process.

@)

Solver Configuration

The authors employed the Spalart-Almaras (SA) turbulence
model [18] in all cases. However, for cases 111 and 121, they
also investigated alternative turbulence models: Cubic « - €
(3-KE) [19], Shear Stress Transport (SST) [20], and the tran-
sition-enabled Langtry-Menter (LM) model [21].

For the CFD++ simulations, the present authors used
different boundary conditions for the various cases. In Case
111 - 3D, the airfoil walls were treated as viscous and adiabatic
with a solve-to-wall approach, while the domain walls were
viscous and adiabatic with a wall function. The outlet used
an outflow-only approach with a backpressure imposition of
AP = 0.0 Pa, and the inlet employed inflow and outflow with
T=280K, AP=0.0Pa, and V =78.68 m/s.

For Case 121 - 2D, the airfoil walls were viscous and adia-
batic with a solve-to-wall approach, whereas the domain walls

were inviscid. The outlet and inlet used the inflow and outflow
with primitive variables as T =278 K, AP = 0.0 Pa, and V =
78.2 m/s.

In case 131/132 - 3D, the walls of the nacelle were viscous
and adiabatic with a solve-to-wall approach, and the walls of
the domain were viscous and adiabatic with a wall function.
The outlet domain used an outflow-only approach with a back-
pressure imposition of AP = 0.0 Pa, while the outlet motor
used an outflow-only approach with adjusted back pressure
to match the desired mass flow rate of 7.8 kg/s. Finally, the
inlet was specified with inflow and outflow using T = 283.15
K, AP =0.0 Pa,and V =76.31 m/s.

Numerical Results

For Case 111, the authors used the mesh provided by the IPW
Committee [1]. Figure 4 shows that the choice of the turbu-
lence model has practically no influence — SA, LM, SST — on
the results of the pressure coefficient, except for the minimum
point C,, where the laminar-turbulent transition may occur.

Figures 5 and 6 show the effect of the droplet distribution
of 10-bins and 27-bins for the C, and j3, respectively. Figure 6
shows that the peak of the experimental distribution f3 is lower
and displaced relative to the corresponding simulated values.
It also presents that the experimental 3 is higher after the peak
and reverts to being lower than the simulation results at the
end of the geometry.

The results for C, for the SA model using the 27-bin distri-
bution are presented in Figure 7. The upper side has more
deviations from the experimental data than the lower side of
the geometry. However, both figures capture the shape of the
curve and so the pressure gradient or its derivatives. Also, one
can imagine that experimental data may have errors. The
10-bin and 27-bin curves are the same, so the blue color curve
10-bin does not appear at the plot. It confirms previous

m Pressure Coefficient Inboard Section for LM, SA
and SST turbulence models - Case 111.

—2.54 —e— 10-bin /SA
—— 10-bin /LM
—— 10-bin /SST
=2.01 m  Experimental
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m Pressure Coefficient Inboard Section for 10-bin
and 27-bin distribution - Case 111.
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statements that air flow and particle flow are not coupled. The
main difference in results is between models SA and LM.

For case 121, the authors employed the MIME Grid-
Generator from Metacomp Technologies to create a new opti-
mized mesh, which was a 2D unstructured mesh consisting
0f 266,294 nodes. Due to computational resource limitations,
this study did not use the IPW mesh [1]. Another reason for
not using the IPW mesh was to meet the IPW deadlines, as
simulations would require a longer time period. The proposed
2D mesh proved to be appropriate, as the authors compared
the results between the proposed mesh and the IPW mesh
before selecting the proposed mesh as standard. Ultimately,
the results indicated that this decision was well-founded.

In the turbulence assessment study, illustrated in Figure
8, the authors evaluated the influence of turbulence model
selection on collection efficiency results by using both 10-bin
and 27-bin droplet distributions. The LM turbulence model,
which features free-stream 6% turbulence, exhibited smaller
deviations from the experimental data compared to other
models throughout the geometry, except in the peak region.
Additionally, the case displayed unsteadiness in the vortex
trailing the slat back. This effect cannot be captured by steady
Reynolds-Averaged Navier-Stokes (RANS) equations. To
accurately assess this phenomenon, it may be necessary to
employ more advanced methods, such as Large Eddy
Simulation (LES) or unsteady RANS (URANS) approaches.

The study conducted simulations employing a range of
turbulence models, namely LM, SA, 3-KE, and SST models.
The laminar-turbulent RANS LM model was implemented
with various values of the turbulence eddy viscosity ratio, ,/y,
as indicated in the legend, and a free-stream turbulence level
of 0.2%. The results revealed that there is no considerable
advantage in employing any specific model for the simula-
tions, apart from the SST model. As a result, the SA model
was chosen as the standard for CFD++ simulations within
this project. It is important to mention that the SST model
demonstrated inferior performance concerning the main body.

m Collection Efficiency for LM and SA - Case 111.
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The authors subsequently performed additional simula-
tions using the LM and SA models with the 27-bin distribu-
tion. Figures 9, 10, and 11 show the comparison of these
models and present the results for various diameters of the
collection efficiency for Case 121 in the slat, main body, and
flap, using the 27-bin distribution. The LM model results
demonstrated greater sensitivity to turbulence level changes
compared to the SA model, attributable to the LM model’s
inherent characteristics, as the onset transition position is
dependent on the free-stream turbulence level. Furthermore,
of all the simulations conducted, the SA model with a turbu-
lence level of 6% provided the closest match to the experi-
mental data for the main body. The LM model with a 6%
turbulence level exhibited the best performance for both the
slat and flap sections, including the peak regions.

The minor difference regarding the airfoil S dimension
for the slat and flap in case 121, as provided by the committee
and the calculations done by the present author, is as follows:
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m Pressure Coefficient for Inboard and Outboard
using the SA model - Case 111.

m Collection Efficiency on Slat, Main Body, and
Flap for LM, SA, 3-KE, and SST turbulence models Case 121.
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1. For slat: The dimension S is 0.0020 m smaller than the
dimension of the IPW template.

2. For flap: The dimension S is 0.0064 m greater than the
dimension of the IPW template.

The impact of airflow on droplet impingement in the
main body and flap requires further investigation, potentially
related to the runback water flow that jumps from the slat to
the main body and from the main body to the flap.

Upon analyzing Figure 12, the authors of the present
paper have reached a conclusion that droplet trajectories with
an MVD of 4.0 um pass through the flow path between the
slat’s lower side and the main body. As the diameter of the
droplets increases, a decreasing number of particles follows
this flow path and instead proceeds directly toward the main
body. This trend is observable for the MVD values of 16.0;
61.8, and 163.9 ym.
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Figure 12 shows the droplet flow through the gap between
the slat and the main body for particles of 4.0, 16.0, 30.7, and
163.9 um, respectively. On the one hand, smaller droplets can
be observed to pass through the gap between the slat and the
main body of the airfoil as a result of their lower inertia. This
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m Collection Efficiency on Flap for different

turbulent models.
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means that these particles are less affected by the inertial
forces and therefore can follow the flow curves around the slat
and pass through the gap. At the same time, larger droplets
with greater inertia tend to follow a straight line toward the
main body.

For Cases 131 and 132, the authors used the mesh
provided by the IPW Committee [1]. The primary concern in
these cases is the potential influence of the tunnel walls on
the Mach number measurements as a result of the size of the
test body in the test section. Although the authors simulated
the boundary layer, it was insufficient to accurately represent
the local Mach number at the 0°angle closest to the wall,
considering the 15°angle of attack.

m Pressure Coefficient and Droplets Trajectories
for Different Droplets Sizes Inboard and Outboard Section
using the SA model in Case 111.
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Two simulations were carried out for each case (131 and
132): 1) considering the Langmuir D droplet distribution and
2) considering the Papadakis droplet distribution. Figure 13
also defines the reference positional angle for presenting the
results. It shows the three-dimensional pressure and collection
efficiency at the inlet of the tested nacelle in the ice tunnel
simulation using the Langmuir D droplet distribution.

The Mach number in Figure 14 relates to a potential flow
pressure distribution, i.e., the velocity at the boundary layer’s
edge. Figures 15-18 present the collection efficiency results
for Cases 131 and 132.

This study demonstrated that simulations using the
Langmuir D droplet distribution and the Papadakis distribu-
tion produced similar results for surface Mach number.
However, the collection efficiency results indicate that the
Langmuir D distribution slightly better approximates the
experimental results than the Papadakis distribution.
Nevertheless, this improvement may not be attributable to
distribution characteristics but rather to errors in the simula-
tion and experiment. It is crucial to emphasize that further
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IGETEERYN Mach for Case 131and 132 at 0°, 90° and 180°.
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empirical data is needed to thoroughly analyze the results,
including the effect of the boundary layer due to the inlet
condition with a velocity profile near the wall, which is preva-
lent in ice tunnels.

Another observation in this study is that the Surface
Mach number has higher deviations at 0° than at 180°. This
deviation is also evident and amplified in impingement for

IEEEERTN Collection Efficiency - Case 131 at 45°, 90°, 135°
and 180°.
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the results of case 132. As a suggestion for future studies, it is
recommended to locally improve the mesh or boundary
conditions (BC) in this region, as well as in the region at 45°,
which also showed higher deviations for the efficiency of
collection, as can be seen in Figures 15-18.

Discussion

In ice protection system engineering, evaluating distributed
results for  can be challenging, as it may be difficult to
compare and assess deviations. Lower deviations at the peak
but higher at the end of the body might be present. For engi-
neering purposes, the amount of water impinged is crucial,
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IELEERTY Collection Efficiency - Case 132 at 45° 90°, 135°
and 180°.

Case132: Bela-045

Case132: Bela-090

Langmuir-D
Papadakis . al [16]
+ Experimental Data

as it may be correlated to the mass of ice or the heat flux
required to melt the ice. A comparison using Equation (7) can
provide insight into the deviation of a simulation model from
reality, serving as an indicator or metric for the goodness of
the simulation. This metric captures the uncertainty associ-
ated with the mathematical model, numerical implementa-
tion, solver, and user definitions.

Equation (7) is employed below to define a variation
concerning the reference experimental data:

Am = Myario — L (8)

If Am is zero, the simulation results are in agreement with
the experimental data. If Am > 0 or Am < 0, the simulation
results deviate from the experimental data. The advantage of
using Am is that it quantifies the deviation with a single value,
enabling straightforward comparisons between different
models, configurations, solvers, or other variations in the
analysis. The relative difference of mass accumulated between
simulation and experiment, considering the experiment as
the reference, is defined by Equation 8.

Table 3 presents the results of Equation (8), Am, for Case
111 Inboard. Both the SA and LM models exhibit similar
deviations in the direction of safety, i.e., positive Am values.

The Am results for Case 121 in Table 3 lead to the conclu-
sion that both models display similar deviations from the
experimental data. The SA model has a slight advantage over
the LM model for the slat, primarily. However, for the main
body and flap, the LM model is closer to the experimental
results in terms of the amount of water than the SA model.
The flap results for both models underestimate the water accu-
mulation and are thus non-conservative. This indicates that
engineers must exercise caution when analyzing the effects of
ice on flight control surfaces. In contrast, the simulation
results for the SA model are on the conservative side for the
slat and main body, which is a desirable outcome.

TABLE 3 Mass Flow m and Relative Difference of Mass
Accumulated Am.

LM/Exp. SA/EXxp.

Case LM6% m SA6% m Exp.m Am Am

M Inb. 0.0284 0.0284 0.0250 0.1359 0.1374
121 Slat 0.0249 0.0240 0.0220 01333 0.0910
121 Main  0.0326 0.0341 0.0332 -0.0165  0.0280
121Flap  0.0417 0.0404 0.0505 -0.1744 -0.2012
131 0° - 0.0343 0.0164 - 1.0913
131 45° = 0.0279 0.0171 = 0.6280
13190° - 0.0240  0.0201 - 0.1950
131135° - 0.031 0.0304 - 0.0232
131180° - 0.0372 0.0253 = 0.4698
132 0° - 0.0315 0.0202 - 0.5545
132 45° - 0.0263 0.0202 - 0.3035
132 90° - 0.0266 0.0361 = -0.2614
132135° - 0.0351 0.0394 - -0.1096
132180° - 0.0416 0.0326 - -0.2754

The engine inlet cases 131 yielded mixed results according
to Table 3: 1) the positions at 0°,45° and 180° exhibited signifi-
cant deviations from the experimental data; 2) the positions
at 90° and 135° displayed more acceptable deviations in terms
of Am. This discrepancy might be attributed to the proximity
of the wall. At the 0° position, the body is closer to the wall,
which could influence the flow at the 45° position. Despite
being near the wall, the 180° position features an angle of
attack that mitigates its impact. The effect of an inlet boundary
layer in the tunnel was not modeled, and this may influence
the results, as it could decrease the effective area of passage.
The potential impact of the boundary layer can be observed
in the deviation of Mach in Figure 14. The test body is too
large for the tunnel, so the CFD software must accurately
represent the actual tunnel operation rather than ideal tunnel
conditions. The limited information available made this case
more challenging to simulate.

For case 132, the results of Am in Table 3 are closer to the
experimental data compared to case 131, as the flow into the
nacelle reduces the significance of the tunnel effect. Only the
result at 0° was not acceptable, as it is the closest point to the
tunnel wall due to the angle of attack. The other points demon-
strate more acceptable results but with larger discrepancies
compared to the experimental data for cases 111 and 121. The
points at 90°, 135°, and 180° exhibited negative safety margins,
which may raise concerns.

Cases 131 and 132 are more complex scenarios that
require detailed information about the operational parameters
of the tunnel to accurately define the boundary conditions in
CFD++.

Conclusion

The present paper offers a comprehensive analysis of numer-
ical simulations on impingement on bodies, wings, and
airfoils. The effects of turbulence models, droplet



Downloaded from SAE International by Guilherme Lima Da Silva, Tuesday, June 13, 2023

- IMPINGEMENT ANALYSIS ON NACELLE INLET, MULTIBODY AIRFOIL, AND SWEPT TAIL CASES UNDER SLD CONDITIONS

distributions, and other factors significant for ice accretion
simulations were investigated. The authors conducted simula-
tions using different turbulence models and droplet distribu-
tions for cases 111 and 121. It was found that the SA turbulence
model with Tu = 6% performed slightly better than other
models and was chosen as the standard for CFD++ simulation
in this project. It is essential to note that the LM model with
6% free-stream turbulence also performed well in the majority
of cases. However, the SST model did not perform well in one
specific case.

A secondary conclusion, unrelated to the simulated cases
but pertinent to the experimental information provided, is
that it is feasible to simplify a 27-bin distribution to a 10-bin
distribution when considering the cumulative mass curve for
the distribution. This simplification may be necessary due to
software, hardware, or time constraints since the effort
increases with the number of diameters in the distribution.

Another conclusion drawn from this study is that the
mesh simplification in case 121, from a heavy 3D mesh to a
light 2D one, proved to be effective and led to savings in both
time and resources. However, this simplification is not feasible
for cases that exhibit 3D features, such as the swept angle in
case 111 or the nacelle lip in cases 131 and 132.

The study revealed that simulations using the Langmuir
D droplet distribution and the Papadakis distribution
produced similar results for surface Mach number for cases
131 and 132.

The results of the collection efficiency distributed for
Cases 131 and 132 demonstrated that the Langmuir D distri-
bution had slightly lower deviations from the experimental
results than the Papadakis distribution. However, this discrep-
ancy may not be due to the distribution but rather due to
simulation and experimental errors, considering the
complexity of the 3D case. It is crucial to emphasize that
further experimental data is needed to thoroughly analyze
the results, including the effect of the boundary layer due to
the inlet condition with a velocity profile near the wall, which
is prevalent in ice tunnels.

The authors also examined the influence of the selection
of the turbulence model on the collection efficiency results
using a 10-bin droplet distribution. The study included runs
with LM, SA, 3-KE, and SST models. The impact of airflow
on droplet impingement in the main body and flap requires
further investigation, potentially related to the runback water
flow that jumps from the slat to the main body and from the
main body to the flap, as observed in case 121.

The deviations in the total mass accumulated indicated
that cases 111 and 121 exhibit smaller deviations compared
to cases 131 and 132. This discrepancy may be due to the
installation effects not being modeled in CFD++. The SA and
LM with Tu = 6% presented similar magnitudes of deviations
in Am. In some areas, the SA performed better, while in
others, the LM did. Negative magnitudes appeared in certain
cases, raising concerns regarding safety if the CFD calcula-
tions are used directly for designing and assessing system
safety. The present study highlighted both positive and
negative deviations. Based on the findings from cases 111 and
121, but not from cases 131 and 132 due to inaccurate modeling,
engineers may consider establishing a safety margin to
be implemented in real-life projects.

This study has demonstrated a strong capability for
predicting the maximum f value and its distribution along
the body. Atleast, the shape of the ff curves and the total water
catch have been effectively captured, as evidenced by the
Am analysis.

Impingement limits derived from the current analysis are
also valuable for the engineering of ice protection systems.
The present simulations have demonstrated exceptional
accuracy in predicting the impingement boundaries on both
the upper and lower surfaces of the structures simulated. In
particular, all deviations were conservative, meaning that the
predicted areas were larger than those observed
experimentally.

Further information about the icing tunnel turbulence
amplitude or intensity (Tu) and frequency or viscosity ratio
(u/u) would be beneficial in evaluating the accuracy of the
simulations. Improvements related to water impingement
prediction for the main element and flaps are necessary for
the three-element airfoil. This can be achieved by incorpo-
rating unsteadiness, URANS or LES, and runback water flow
effects after the slat and main body end.

In conclusion, this study has offered informative insights
into the water impingement behavior on bodies and high-
lighted the modeling errors that led to deviations from experi-
mental data. Further research and experimentation are neces-
sary to improve the accuracy and reliability of simulation
tools, particularly in the realm of full 3D CFD. Ultimately,
the findings of this study contribute to the body of knowledge
on icing simulation in engineering applications and lay the
groundwork for future investigations in this field.
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