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Abstract

An Eulerian 3D Analysis of Water Droplets Impingement
on a Convair-580 Nose and Cockpit Geometry

Ziad Boutanios

This thesis consists of the first 3-D application of an Eulerian droplet impingement
code. The code, DROP3D, was developed at the CFD Laboratory at Concordia University
by Professor Yves Bourgault. DROP3D is part of an integrated in-flight icing package,
FENSAP-ICE, under constant development at the CFD Laboratory allowing aerodynamic

performance degradation and ice accretion analysis as well.

Code validation results in both 2-D and 3-D are presented and discussed. Results of
a 3-D analysis over a Convair-580 nose and cockpit geometry are presented as well. This
3-D analysis is actually a simulation of a flight segment of the Canadian Freezing Drizzle
Experiment as conducted by the Atmospheric Environment Services. Special emphasis is
given to side window impingement on the Convair-580. The Eulerian approach’s advan-

tages over the classical Lagrangian approach are also discussed.
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Chapter 1

Introduction

Efficient in-flight de-anti-icing of an aircraft requires proper knowledge of Supercooled
Water Droplet (SCWD) impingement profiles in icing conditions or knowledge of loca-
tions of ice formation on the aircraft. This is often monitored through visual inspection
of local surface protuberances and discontinuities on the aircraft surface such as bolts and
window recesses which are considered general indicators of icing accretion. The belief is
that ice will form at such locations before, or simultaneously, with others such as lifting and
aerodynamic control surfaces. There is no experimental or analytical proof to these prac-
tices which are after all highly speculative. Moreover experiments remain severely limited
in covered range of operating conditions and tested aircraft geometries and extrapolation
from existing data and empirical relations is neither easy nor always possible, let alone

reliable.

The airframe icing problem was recognized as early as the mid 1940’s and some re-
search was initiated in the mid 1960’s by the Federal Aviation Administration (FAA) in
order to address the issue[l]. The work was carried out by General Dynamics engineers
and covered some meteorological icing data statistics, physics of ice collection, methods
of protection including de/anti-icing, applications to different types of aircraft including
rotary wing, ice detectors and controls, and testing of aircraft and ice protection systems.

Although exhaustive for its time the work reported was limited to 2-D airfoils and simple



3-D geometries. Empirical relations were defined in order to allow the results to be ex-
tended to realistic 3-D geometries used on design aircraft while being subject to the known
limitations of empirical extrapolation. An execution of a battery of experiments covering
all geometries and operational conditions of relevance to aircraft icing would have been
cost prohibitive and complicated (if not impossible) to achieve, due to the wide range of

aircraft types to be covered whether performed in wind tunnels or in actual flight missions.

The apparition of computers in the 1970’s allowed icing scientists to tackle the problem
from a computational perspective. Different 1-D and 2-D codes appeared in the U.S.A.
and Europe using mostly similar techniques in order to solve for water impingement and
ice accretion. The best known codes using these approaches are NASA’s Lewice[2] and
the ONERA’s icing code[3]. These codes originally used panel methods to compute the
inviscid air velocity on the geometry surface. The surface velocity solution was then cou-
pled with boundary layer codes or integral codes to obtain the viscous velocity field around
the geometry. These codes had several drawbacks when it came to calculate impingement

coefficients. Some of these drawbacks are:

e The droplets impingement coefficients are calculated by launching particles upstream
in the flowfield and painstakingly calculating their trajectories using Lagrangian

particle-tracking techniques;

e Uncertainties arise as to where to inject the particles and how many particles to use
to accurately predict impingement regions, the latter question being limited by com-

putational resources;

e Some parts of highly complex geometries such as recirculating regions of multi-
element airfoils are very difficult to attain and it is never evident where to launch

particles in order to impinge on these regions, hence a further trial and error;

e 2-D cases might be possible to analyze in reasonable times and with acceptable com-

putational requirements but uncertainty will always arise about regions of complex



2-D and 3-D geometries where impingement was not observed unless verified by

experiments.

Further evolutions of these Lagrangian codes were based on Navier-Stokes aerodynamic
solvers as Computational Fluid Dynamics evolved but little was done to overcome the

limitations of Lagrangian particle tracking in 3-D mode.

Recent advances in the development of icing simulation codes at the Concordia univer-
sity CFD Lab make it affordable to realistically simulate 3-D water droplets impingement
in icing situations, for complex 3-D geometries in real icing environmental conditions as
provided by icing atmospheric databases. The present thesis is a first application of these
developments and looks at the feasibility of applying such modem icing simulation tech-
nologies to analyze in-flight icing susceptibility to meteorological conditions. The air flow
is determined using a finite element solution of the Navier-Stokes equations, providing a
more complete solution for the air flow on the surface and around the geometry. A system
of partial differential equations is proposed in order to represent the droplets flow with the
possibility of adding or removing as many terms as needed in order to better model the
physics of icing[4]. This approach is a fully 3-D one where droplets velocity and volume
fraction of water have to be computed only at the nodes where the air flow variables are
determined, dispensing with particles having to be tracked as they cross the mesh as with

Lagrangian tracking approaches.

On the experimental side, Environment Canada’s (EC) Atmospheric Environment Ser-
vices (AES) has conducted a number of in-flight data acquisition experiments, and in par-
ticular the Canadian Freezing Drizzle Experiment (CFDE)[S, 6, 7, 8]. The CFDE consists
of collecting SCWD impingement data around various locations of a Convair-580 aircraft
flying in icing clouds and has been in the winter of 1997 in its third phase, the CFDE III.
The AES staff also had concerns whether significant water droplets impingement and ice
formation can be expected at the windows of the test aircraft and in particular the side win-

dow which is not heated. The CFD lab was required to conduct a numerical study of water



droplets impingement on the nose/cockpit geometry of the Convair-580 with specific wa-
ter droplets diameters. The droplets impingement and surface water collection efficiency
around the nose and cockpit profile of the Convair-580 aircraft are computed numerically
using the Eulerian scheme. Following a description of the scheme and validation of the
code using existing 3-D experimental impingement data, results on that geometry will be
presented and discussed in this thesis. These results will help the AES team improve their
data acquisition techniques and possibly point out potential impingement areas around the

aircraft’s windows.



Chapter 2

Physical Model

This chapter will introduce the physical model which is used in order to describe the motion
of a droplet phase in an air flow through a multiphase flow approach. The relative properties
of a component i in a multiphase flow are defined by its volume fraction ¢; and its bulk

density pp;. The volume fraction of a component (water droplets phase, for example) is
; = Ui/ Vniz

where v; is the volume of component i in the mixture and V,;; the volume of the
mixture. The sum of volume fractions of all components in a multiphase flow adds up to

unity. The component bulk density is

Pri = Mi/Viz

where m; is the mass of component i in the mixture. The sum of bulk densities of all
components adds up to the density of the mixture. The ratio of the mass of each component

to the mass of the conveying phase is the component loading.

In icing conditions the loading of water with respect to air is of the order of 1073. For
loadings smaller than 0.1, the flow is considered dilute and the presence of the particles

does not affect the properties of the conveying phase, ie. the air flow. Thus the air flow

5



is solely responsible for particle transport and particle property changes. This condition is
best modeled by one-way coupling[11, page 299] where an air flow solution is obtained
first and used to calculate a corresponding droplet solution. The following assumptions can
then be made:

1) The droplets are spherical without any deformation or breaking;

2) no droplets collisions or coalescence;

3) no droplets splashing at the walls;

4) no heat and mass exchange between the droplets and the air phases;

5) turbulence effects on the droplets flow are neglected;

6) the only forces acting on the droplets are due to air drag, gravity and buoyancy.

The first three assumptions rely on the fact that icing flows are dilute, with volume fractions
of the order of 107°, and that droplets are small with MVD in the range of 1-1000 microns.
The fourth assumption is justified as only impingement is required at this stage of the work.
Heat exchange between the two phases is important once ice accretion is required. The
fifth assumption relies on the fact that turbulence effects are addressed on the aerodynamic
side while computing the aerodynamic solution. Moreover, it is not the goal of this thesis
to investigate turbulence effects on droplet flow but to study the applicability of Eulerian

methods to 3-D droplet impingement with special emphasis on side-window impingement.

The droplets flow one-way coupling model consists of a continuity equation and a mo-

mentum equation which are respectively written in non-dimensional form as[9]:

da

=+ V- (ou) =0, @2.1)
ou . CpRey Pa 1
o TV VU= o (e —u)+ (1 7) Fr2® @2

where the variables a(z, t) and u(z, t) are mean values, respectively, of the water volume
fraction and of the droplets velocity over the element, given a small fluid element around
any specific location z in space, at time t.

u, = non-dimensional velocity of air,

p = density of water,



pao = density of air,

d = droplets diameter,

Req = pdUy|u, — u|/p is the droplets Reynolds number,

K = pd?Uy/18Ly is an inertia parameter,

Cp = (24/Rey)(1 + 0.15Re%%®7) for Rey; < 1000 is an empirical drag coefficient for
spherical droplets [10],

Fr = Uyx/+/Lgp is the Froude number.

The first term on the right-hand-side of equation (2.2) represents the air drag force on the

droplets, while the second term represents the buoyancy and gravity forces.

A parameter of great interest in icing, the water collection efficiency, can also be readily
solved for using the obtained values of volume fraction and droplets velocity. The water
collection efficiency at the surface, or normalized flux of water at the surface with respect
to the water flux at infinity, determines the amount of water flowing on the surface, which
subsequently determines the amount of ice formation and de-icing requirements. In the

Eulerian context, the water collection efficiency is calculated at every surface point using

B=-au-n

where n is the surface normal. Special care has to be given to evaluating the surface
normals in 3-D. If we consider a node on an element face i on a surface, the surface normal

n; at this node is

Ny =V X V2

where n; is the counter-clockwise vector product of v; and vs, the two vectors along
face edges originating from the node in question. The counter-clockwise rotation ensures a
normal vector direction exiting from the surface. In order to account for surface discretiza-
tion we would need to average n; over all the surface faces of all the elements connected to

that particular node, giving,



n=3m
€

The water flux at the surface can then be calculated as

my = LWC Uy 8 2.3)

The system of equations (2.1)—(2.2) is similar to a compressible Euler system without
the pressure term. There is no equation of state either for the droplets phase. These ab-
sences denote one of the main differences between a continuum such as a gas phase and
a dilute particle cloud such as a water droplets cloud in icing conditions. In a continuum,
information is transmitted by pressure waves and property diffusivity such as viscosity and
thermal conductivity. In a particle cloud, there is no analog to pressure and information is
transmitted along particle trajectories rather than through particle collisions. Property dif-
fusion of the particle phase would be mainly due to the conveying phase turbulence effects

which are not well understood at the moment.

The system (2.1)—-(2.2) models only one droplet size at a time. This size can be cho-
sen to be the MVD of the droplets cloud. In order to simulate variable droplets size or
droplets size distributions, the system (2.1)—(2.2) would have to be solved for each indi-
vidual droplet size and the different solutions combined using the percentage of each size
in the distribution. For example, the calculation of overall water collection efficiency for a

flow with a given droplets size distribution is done by using

B = Zpiﬁi

where 3; and p; are, respectively, the collection efficiency and the percentage of droplets

of the 1**-class within the droplets size distribution.

Obviously, the Eulerian approach allows us to include as much physics to the approach

as eventually needed since it would merely consist of adding or removing terms to the



system (2.1)—(2.2). The volume fraction, velocity and collection efficiency of the droplets
phase are also readily solved for in an integrated manner and available anywhere in the
flow field. The heat transfer coefficients are obtainable from the air flow solution where
they were solved for simultaneously with the other air flow parameters. This is not the
case for the Lagrangian approach where post-treatment is needed to obtain collection effi-
ciency. There is also no guarantee that droplets parameters at all points in the flow will be
available since the Lagrangian technique consists mainly of releasing particles in the flow
field and "hoping” that they will impinge on desired locations, much in a shoot-out fashion.
Areas with recirculating flows such as inter-element gaps for multi-element airfoils can be

completely missed with little hope of attaining them.



Chapter 3

Computational Approach

3.1 Air Flow Code

The air flow solution is computed prior to the droplets solution using the resident CFD
Lab air flow code Finite Element Navier-Stokes Analysis Package (FENSAP). FENSAP
was originally written at the CFD Lab and is continuously under development by the lab’s
staff[12, 13]. The code has the ability to analyze steady or unsteady compressible turbulent
flows, with or without recirculations, and can provide an inviscid flow simulation by default
should this simplification prove justifiable in adequate situations. FENSAP is essentially a
3-D code but is capable of analyzing 2-D flows as well. The following algorithmic devel-
opments are included in FENSAP:

e Structured and unstructured grids using hexahedral/tetrahedral/prismatic finite ele-
ments over complex geometries typical of industrial applications;
e Weak-Galerkin and Least-Squares formulations;

e Implicit time-stepping methods combined with efficient iterative solvers and precon-

ditioners with optimized memory requirements;

Shared-memory parallelization of large portions of the code;

10
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e < — € high-Reynolds number turbulence model with logarithmic finite elements at

the wall, considerably reducing the size of grids for turbulent flows;

e Low-Reynolds number turbulence model to examine the effect of sand-paper rough-

ness on near-wall physics;

e Arbitrary Lagrangian-Eulerian (ALE) formulation for problems with changing

boundaries, such as ice growth on an airfoil;

e Full compatibility with an efficient anisotropic Mesh Optimization Methodology
(MOM) package, also developed at the CFD Lab, that has been shown to give highly

accurate user-, solver- and initial mesh-independent results[14].

3.2 Droplets Flow Code

3.2.1 Algorithmic Features

The droplet code, written by Professor Bourgault, is finite element-based with the possibil-
ity of using either a viscous or an inviscid air flow solution for droplet calculations. The

following algorithmic developments are included in the droplets code:

e 2-D and 3-D meshes capability with hexahedral/tetrahedral/prismatic finite elements;

e Streamline Upwinding Petrov-Galerkin (SUPG) terms added[15] to prevent oscilla-
tions in the solution, with discontinuity capturing crosswind terms[16] to stabilize

droplet solutions with contact discontinuities;

e A non-linear Newton-GMRES algorithm[17] is used to solve the nonliner system of
equations. This solver combined with diagonal preconditioning requires very little
memory since it does not store the system matrix and is a compromise, efficiency

wise, between an explicit and a fully implicit solver with ILU preconditioning;
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e Parallelization of the element assembly calculation routines through an element col-

oring scheme[18].

3.2.2 Discretization

The disretization of the system of equations (2.1)—(2.2) is carried out through a finite el-
ement Galerkin formulation. Considering a domain €2 of continuous piecewise linear ele-
ments for tetrahedra (quasi-linear for hexahedra), the volume fraction o™ and the droplets

velocity u™ at time £™ are solutions of

n __ ,n—l1
/ [a——i— +V. (a"u")] pdz
Q k

+ aq(a", p) + qu(a®, dp) = 0 3.1)

N _ .01
/ [P—L-i-u"-Vu"] pdr
o k

+ a, (U™, ¥) + ap.(u”, dy) =/Qf-wd:c (3.2)

for all ¢ € Vi, € V;V. N is the number of spatial dimensions. f is equivalent to the
drag, buoyancy and gravity force terms on the right hand side of equation (2.2) and depends

on u and u,. The terms a4 (., .) and a,(., .) are the SUPG stabilization terms expressed as

n __ n—l
ae(a, ) = cq Z/ [%— +V- (a"u")] T (u™ - V)pdz (3.3)
* JK
u" — un.—].
a,(u™,Y) = ¢ Z/ [_k— +u”-Vu" - f] T(u® - V) dz (G4
% JK
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where ¢, and ¢, are user-provided parameters. Tx is equal to hg/+/1 + |u|?, hx be-
ing the specific size of element K. The terms ayo(.,.) and ay(.,.) are the discontinuity

capturing cross-wind diffusion terms and are expressed as

1

a® — o™
a an, d(p = C / [—___
|[a( ) {lex EK, & A

+V- (a"u")} Tr (U, - V)p dz (3.5)

1

apu(a®, ) = o3 /K [“n_‘];li'_
K

+u*-Vu" - f] Tr(Ujy - V)Y dz (3.6)

where ¢y, and ¢y, are user-specified parameters as multiples of ¢, and ¢, respectively.

uj, and uy, are calculated using the expression

BTVt if VR £ 0
0 if Vzh = 0

up, = 3BT

3.2.3 Boundary Conditions

The system of equations (2.1)—(2.2) has been shown to be hyperbolic [4]. A boundary
condition needs then to be imposed on every inlet boundary for every variable. No bound-
ary conditions are needed on the walls or on the outlet boundaries. The initial solution is
specified as « = 1 and u = uy everywhere in the flowfield except at the walls where
these values are set to zero. U, is typically the flow velocity at infinity but, can also be the
sum of the flow velocity and the droplets free-fall terminal velocity in order to account for

droplets initial velocity in the cloud.



Chapter 4

CAD Modeling and Meshing Techniques

All CAD models for test-cases and the Convair-580 aircraft nose/cockpit geometry were
constructed using ICEM CFD’s CAD module DDN. The input data for the Convair was

supplied by AES from hardcopy blueprint measurements as a CAD version was not avail-

able. All the data was in xyz point format as shown in Figure 4.1.

The point input data was used to produce B-spline curves describing the geometry us-
ing DDN. In the 3-D cases, B-spline surfaces were also generated to fully describe the
geometries. The geometries were then enclosed by solution domains, 2-D elliptic sections
for 2-D cases and 3-D ellipéoid sections for 3-D cases. Figure 4.2 shows the resulting

Convair-580 geometry from data taken from files such as in Figure 4.1, fitted into a quarter

\ Dost. Geometry

. 000

006
000
.000

.000

000
000"
2000
000

. z -
wdo  26.010
74,610 . - 26.980
74.890 = .27.940.
75.230. - 29.160
75.550 . 30.350
75.830 . - 31.480.
76.130 -~ 32,710
76400, .~ 33.960. -

6. ssogj-* 35130

Figure 4.1: Example of an input data file for the Convair-580 geometry
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DU

Figure 4.2: Convair-580 nose/cockpit geometry with its quarter-ellipsoid solution domain

of an ellipsoid solution domain.

The resulting CAD models and domains were then divided into blocks using ICEM
CFD’s hexahedral meshing model HEXA. The blocking makes it easier to control different
local meshing requirements for the geometries. Structured C-grids with linear 8-nodes
hexahedral elements were exclusively used for all geometries. Figures 4.3 and 4.4 show
the Convair-580 blocking and one of the resulting Convair structured hexahedral meshes

respectively. Figure 4.5 shows the same Convair mesh at the body surface of the aircraft.



Figure 4.3: Convair-580 nose/cockpit blocking
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Figure 4.4: Convair-580 nose/cockpit Euler air flow solution structured mesh with 156095
nodes and hexahedral elements
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Figure 4.5: Convair-580 nose/cockpit Euler air flow solution structured mesh on the aircraft

body surface



Chapter 5

Droplet Code Validation and Test Cases

The droplet code was validated with 2-D and 3-D experimental results [19] consisting of
experimental impingement limits and surface collection efficiency measurements on the
surface of a 2-D cylinder and a 3-D spher'e, respectively. Inviscid air flow solutions were
used for both cases. The geometries were constructed using ICEM CFD’s DDN module.

The meshes were constructed using ICEM CFD’s hexahedral meshing module HEXA.

5.1 2-D Test Case

The 2-D cylinder test case consisted of a structured O-grid hexahedral mesh around a cylin-
der with a diameter of 10.16 cm. The mesh is shown in figure 5.1 and the pressure field
of the inviscid airflow solution calculated on it in figure 5.2. The structured 2-D mesh
has 17168 nodes. The physical parameters for the airflow and droplets solution are the
following:

Us = 80m/s , the air flow velocity at infinity;

Paco = 1.097kg/m3 , the air flow density at infinity;

My, = 0.236, the Mach number at infinity;

T = 12°K, the static temperature at infinity;

19
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P, = 89867 Pa, the static pressure at infinity.

Droplets solutions were calculated for the 2-D cylinder geometry for each of the
droplets diameters in Table 5.1 which all together form a Langmuir-D distribution with
an MVD of 16um. Figure 5.3 shows the collection efficiency on the cylinder surface for
one droplet diameter of 16 um. Figure 5.4 shows the collection efficiency for the combined
result of the solutions for all the diameters in the distribution. Not much difference can be
seen at first look. However, should one plot the collection efficiency on the surface for both
cases and compare to experimental results [2], important differences come to light. Such a
plot is shown in figure 5.5 and it can clearly be seen that the Langmuir distribution is much
more effective than the MVD solution in matching the experimental data. The Langmuir
solution captures both maximum collection efficiency and impingement limits values and
stays within the experimental repeatability range. The MVD solution on the other hand
overestimates the maximum impingement value, underestimates the impingement limits
and goes out of the experimental repeatability range in some areas. We can conclude from
our results that FENSAP-ICE is capable of providing quality 2-D droplets impingement
data, given an adequate droplets distribution is provided to represent the actual droplets

flow field.

5.2 3-D Test Case

The sphere test case’s mesh consists of an C-grid around the surface of a 15.04cm diameter
half-sphere. The sphere’s hexahedral mesh consists of 201735 nodes forming 185976 linear
hexahedral elements in a half spherical domain. Figure 5.6 shows the hexahedral mesh and
solution domain for the sphere test case. Figure 5.7 shows a closeup of a cut perpendicular
to the x-axis through the center of the sphere. The direction of the air flow is along the

z-axis from -oo to +oco.

The inviscid air flow solution input parameters were:
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Table 5.1: Langmuir-D distribution of droplet diameters with an MVD of 16 um as used for
the 2-D cylinder testcase

Percentage | Ratio of Droplet
LWC Diameters | Diameter (xm)

5 0.31 5.0

10 0.52 8.3

20 0.71 114

30 1.00 16.0

20 1.37 21.9

10 1.74 27.8

5 2.22 35.5

Figure 5.1: Side view of the 2-D cylinder validation mesh
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Figure 5.2: Inviscid pressure field around the 2-D cylinder geometry

Figure 5.3: Collection efficiency at the surface of a 2-D cylinder for a droplet diameter of
16pm
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Figure 5.4: Collection efficiency at the surface of a 2-D cylinder for a Langmuir-D distri-
bution with an MVD = 16um

0.6 ! , , r

] 1
'Experimental repeatability range’
'MVD numerical’ +
‘Langmuir numerical’  x

Collection efficiency

-0.06 -0.04 -0.02 0 0.02 0.04 0.06
S(m)

Figure 5.5: Comparison of computed collection efficiency on the surface of the 2-D cylin-
der for the Langmuir distribution and the MVD solution to experimental data
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Uy = 75m/s , the air flow velocity at infinity;

Paco = 1.097kg/m3 , the air flow density at infinity;
Mo, = 0.217, the air flow Mach number at infinity;
T = 7°C, the static temperature;

P = 95840 Pa, the static pressure.

Figure 5.8 shows the pressure field for the inviscid air flow solution around the sphere.

No comparison could be made between our numerical data and experimental data since
experimental surface measurements of aerodynamic parameters were not provided in the

literature.

Droplet solutions were computed for the seven droplet diameters shown in Table 5.2.
These droplet diameters form a Langmuir-D distribution with an MVD = 18.6um. The
surface collection efficiencies are shown in figures 5.9, 5.10, 5.11, and 5.12 for droplet
diameters of 5.8 and 9.7, 13.2 and 18.6, 25.5 and 32.4, and 41.3um, respectively. The
combined solution obtained using the method described in chapter 2 is shown in figure
5.13 side by side and on the same collection efficiency scale as the MVD = 18.6um so-
lution. Since all the figures are drawn to the same scale it can be seen that the maximum
collection efficiency, as well as the impingement limits, increase steadily as the droplet
diameter increases. Moreover, the MVD = 18.6um solution seems to result in a higher
maximum collection efficiency than the Langmuir distribution combined solution, judging
from the higher concentration of red at the center of the sphere which is a sign of increased
collection. For a quantitative evaluation one has to look at figure 5.14 which shows a plot
of the surface collection efficiency vs distance from the stagnation point for the combined
solution, the MVD = 18.6um solution and the experimental results [19]. The MVD =
18.6um collection efficiency curve slightly overestimates the maximum experimental col-

lection efficiency and underestimates the experimental limits of impingement. However,
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most of the MVD collection efficiency curve falls within the reported experimental mar-
gins of error of £10%. The combined solution on the other hand matches the experimental
maximum collection efficiency as well as the maximum impingement limits. The rest of
the combined solution curve falls within the experimental margins of error as well. Both
solutions on the other hand are slightly out of the experimental margins of error in the
region just before the maximum impingement limits. With respect to the MVD solution
this clearly demonstrates its unsuitability to simulate an experimental water droplets flow.
The combined solution, however, showed itself to be more suitable for this purpose but the
differences from experimental results near the maximum impingement limits region make
one wonder if the Langmuir distribution chosen in the litterature [19] to approximate the
droplets flow is really representative. A more accurate measured distribution would have

been desirable. We should also mention the following points about the experimental data:

o The experimental range of repeatability reported was an average over the whole range
of measurements and not a local range as for the cylinder data. A more accurate es-
timate of the experimental range of repeatability would be desirable for better com-

parison to numerical results;

e The experimental data dates back to the mid-50’s and recent studies pointed to un-
certainties in the data measurement techniques [20] resulting in over- and under-

estimation at different points within the same set.

These remarks increase the level of confidence in FENSAP-ICE. Overall, one can say that
FENSAP-ICE is capable of providing quality results in 3-D, given the adequate droplets

and flow experimental conditions.
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Table 5.2: Langmuir-D distribution of droplet diameters with an MVD of 18.6um as used
for the 3-D sphere test-case

Percentage | Ratio of Droplet
LWC Diameters | Diameter (um)

5 0.31 5.8

10 0.52 9.7

20 0.71 13.2

30 1.00 18.6

20 1.37 25.5

10 1.74 32.4

5 222 41.3

Figure 5.6: Hexahedral mesh for the sphere test-cases



Figure 5.8: 15.04cm Sphere inviscid solution pressure field
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Figure 5.9: 15.04cm sphere surface collection efficiency for d=5.8um (left) and d=9.7um

(right)

Figure 5.10: 15.04cm sphere surface collection efficiency for d=13.2um (left) and

d=18.6um (right)
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Figure 5.11: 15.04cm sphere surface collection efficiency for d=25.5um (left) and
d=32.4um (right)

Figure 5.12: 15.04cm sphere surface collection efficiency for d=41.3um
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Combined Sotuiion

Figure 5.13: 15.04cm sphere surface collection efficiency for the combined solution (left)
and the MVD = 18.6um solution (right)
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Figure 5.14: 15.04cm sphere surface collection efficiency vs. distance from the stagnation
point



Chapter 6

Convair-580 Analysis

Chapter 4 gave a description of the Convair CAD model, the solution domain and the mesh
used. Only an inviscid air flow solution was obtained for the Convair as a viscous solution

would have necessitated more memory and CPU time than available within the time frame

of this thesis.

6.1 Convair-580 Air Flow Solution

The flow input parameters for the Convair-580 inviscid solution were the following as pro-
vided by AES:

My, = 0.4, the Mach number at infinity;

T = 288.0°K, the static temperature at infinity;

P, = 1.0 - 10° Pa, the static pressure at infinity;

R = 287.05J/K g.K, the air gas constant;

v = 1.40, the air specific heat ratio;

Fuselage AOA= (°.
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The static temperature and pressure values used are typical of sea level conditions and
are believed to be suitable for this analysis. Above zero temperature was chosen in order
to guarantee that no freezing was to be expected so that we would not have to compute an
energy solution with the aerodynamic solution. Such values are considerable for our pur-
poses since we are merely demonstrating the usability of the method for 3-D calculations
over an airplane and side-window icing without any quantitative comparisons. Note that
the static temperature’s only effect on the air flow is in specifying the air flow velocity at
infinity through the Mach number since the energy equation is not solved either in the air

flow or the droplet flow. Thus the air flow velocity at infinity is

U = Mo-/7.RTo = 136.1m/s

The surface pressure profile is shown in figure 6.1 with the pressure contours in the
aircraft’s longitudinal plane of symmetry. A noticeable effect is that of the windows re-
cesses effect where local stagnation areas form, especially for the inside windows which
directly face the flow. The mid and outside windows are relatively flush with the flow at
0° pitch roll and yaw so the pressure profile is unaffected since the air flow misses most of
the windows recesses. Later on in the droplet analysis the windows recesses will be seen
to have an important effect on impingement at the lower droplet diameters. The stagnation
regions at the windows recesses can again be observed in figure 6.2 which is a close-up of

the pressure profile at the windows.

The solution as shown in figures 6.1 and 6.2 displays some sensitivity with respect
to the surface of the aircraft geometry. This is due to a slight misalignment of the b-
spline surfaces forming the aircraft surface. Such a misalignment is due to the fact that
the geometry was not initially available in CAD version and had to be constructed from
blueprint measurements as mentioned in chapter 4. The data was presented in xyz format
and included no information about surface characteristics which led to the above mentioned

problems. This problem was, however, fixed at the windows where special care was taken
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Figure 6.1: Surface pressure profile and pressure contours along the Convair’s plane of

symmetry

in insuring that the b-spline surfaces were well aligned together since the windows were

the primary area of concern for AES.

6.2 Convair-580 Droplet Solutions

The same approach followed for the sphere’s droplet solutions was followed for the
Convair-580 where a number of droplet solutions at different required droplet diameters
were calculated and combined to form a final solution. Eight droplet solutions were cal-
culated for the Convair-580 based on the inviscid air flow solution discussed above. The
droplet solutions were calculated at diameters of 10, 13, 20, 50, 100, 174, 200, 300, 400 and
1000pm, a droplet distribution measured during one of the CFDE flights. The 1000um

solution, however, was calculated for the sole purpose of investigating the effect of large
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Figure 6.2: Close-up of the surface pressure profile at the windows

droplets on collection efficiency on the side window. The droplet distribution is shown in
figure 6.3 as LWC vs. droplet diameter. The overall LWC for this distribution is 0.137g/m?
and its MVD is 174um. The LWC weight for each diameter in the distribution was calcu-

lated by integrating under the LWC curve. These weights are shown in table 6.1.

The surface collection efficiency isolines on the Convair-580 geometry in front
view are shown in figures 6.4, 6.5, 6.6, 6.7 and 6.8 for droplet diameters of
10, 13, 20, 50, 100, 200,400 and 1000pum respectively. The solutions are truncated at a
maximum surface collection efficiency value of 3 = 1.00. From figures 6.4 to 6.8 it can
be observed that the impingement limits increase with increasing droplet diameters up to
400um. For 400 and 1000um droplet diameters, the impingement limits seem to have

stabilized or reached maximum values.

This same analysis can be confirmed in a quantitative manner by looking at cuts on the
aircraft surface. A vertical cut and a horizontal one were selected on the aircraft surface
and they are both shown in figure 6.10. From these cuts the surface collection efficiency
was plotted for all the droplet diameters along the cut plane intersection with the aircraft
surface. Figure 6.11 shows the surface collection efficiencies along the vertical cut for

all the droplet diameters, as well as the combined distribution. As observed previously,
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Table 6.1: LWC weights for the droplet diameters chosen to discretize the AES in-flight
distribution

Percentage | Ratio of Droplet
LWC Diameters | Diameter (zm)
9.9 0.06 10.0
8.8 0.09 13.0
14.5 0.11 20.0
5.6 0.29 50.0
5.6 0.57 100.0
8.3 1.00 174.0
12.5 1.15 200.0
19.9 1.72 300.0
15.0 2.30 400.0

the limits of impingement as well as the maximum values of collection efficiency increase
with increasing droplet diameters. It is obvious from these results that most of the water
collection is due to the higher diameter droplets. Moreover, the kink in the graph where the
inside window edge is located demonstrates the edge effect in collecting more water than
the planar part of the window. Figure 6.12 shows the collection efficiency on the Convair-
580 surface along the horizontal cut which passes in the middle of the side window. The
data displayed is the side window collection efficiency alone. It can be seen that the only
appreciable impingement on the side window happens at droplet diameters of 300um and
above for which collection efficiencies are at least three times higher than the other droplet
sizes. For diameters below 300um the surface collection efficiencies along the side window
are all nearly zero. The same edge effect seen for the inside window can be observed for
the side window where kinks in the graphs at the window edge location indicate higher
water collection for the edge than for the planar part of the window. Again we have seen
that most water collection is due to the larger droplet. Thus, the percentage of the larger

droplet in a droplet distribution would affect the overall collection efficiencies and water
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collection at the surface. Such an effect can also be seen in the marked differences between
a combined impingement solution obtained from the weighted contributions of all droplet
classes in the profile and the MVD solution. The comparison was done in the same fashion
as for the 2-D and 3-D test cases, and front views of both combined and MVD impingement
profiles on the aircraft nose are shown in figure 6.9. The MVD for the AES flight segment
was 174um. As expected from the validation results, the combined solution shows smaller
peak impingement values and wider impingement limits. This is easily observed whether
looking at the impingement profiles in figure 6.9 or the impingement coefficient curves
from the horizontal and vertical cuts in figures 6.11 and 6.12. However, in the case of the
aircraft the differences are much more pronounced between combined and MVD solutions
reinforcing our conclusion that an MVD solution might not be representative of actual
flow conditions especially in a real life case like the atmospheric cloud encountered during
the CFDE flight segment and represented by the droplet diameters distribution in figure
6.3. Moreover, the side window shows almost no impingement for the MVD solution.
The combined solution shows much more impingement than the MVD solution at the side
window due to the larger droplet conferring an important role to SLDs in side window

impingement.

No impingement measurements were available in order to compare with computational
results. However, a photograph of an ice patch that accreted on the airplane’s nose fol-
lowing a flight into a 300um MVD cloud was provided following the completion of the
calculations. Figure 6.13 shows the photograph side by side with the combined solution
impingement profile on the nose of the Convair-580. We can see that the limits of the ice
patch accretion zone and the Eulerian impingement zone on the nose are somewhat similar
although the environmental conditions for the flight case at hand and the Eulerian solu-
tion were very different. This gives us added confidence in the capabilities of the Eulerian

formulation in simulating droplet impingement on 3-D aircraft shapes.
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Figure 6.3: Droplet diameter distribution measured during a CFDE flight

Figure 6.4: Front view of the Convair-580 surface collection efficiency for a droplet diam-

eter of 10pum (left) and 13um (right)
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Figure 6.5: Front view of the Convair-580 surface collection efficiency for a droplet diam-
eter of 20um (left) and 50um (right)
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Figure 6.6: Front view of the Convair-580 surface collection efficiency for a droplet diam-
eter of 100um (left) and 200um (right)
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Figure 6.7: Front view of the Convair-580 surface collection efficiency for a droplet diam-
eter of 300um (left) and 400um (right)



42

Figure 6.8: Front view of the Convair-580 surface collection efficiency for a droplet diam-
eter of 1000um
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Figure 6.9: Front view of the Convair-580 surface collection efficiency for the combined
solution (left) and the MVD = 174um solution (right)

Figure 6.10: Vertical and horizontal cuts locations on the Convair-580 surface
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Figure 6.11: Collection efficiencies on the Convair-580 surface along a vertical cut
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Figure 6.12: Collection efficiencies on the Convair-580 side window surface along a hori-
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Figure 6.13: Comparison of the in-flight ice patch shape to the Eulerian impingement pro-
file on the nose of the Convair-580



Chapter 7

Conclusions and Future Work

7.1 Conclusions

The Eulerian approach to droplet impingement calculation has been presented. FENSAP-
ICE is the first modern icing code to use this approach in DROP3D its droplet impingement
calculation module. DROP3D provides a droplet impingement solution for an arbitrary
geometry by basing itself on a pre-calculated airflow solution. The airflow solution can be
either inviscid or viscous laminar or turbulent. In fact, there are no restrictions over the
type of airflow solutions that can be used. Of course, a judicious choice will undoubtedly

reflect itself on the quality of the impingement solution.

DROP3D was successfully validated against published NASA experimental results. In
fact, it was suggested that even better agreement with experimental data could be obtained
if the actual icing tunnel experimental droplet diameter distributions were available instead
of the assumed Langmuir-D distribution. We compared impingement solutions for one
droplet diameter equal to the distribution’s MVD to a combined solution of all the droplet
diameters in the distribution. In both 2-D and 3-D modes we found better agreement with
experimental data for the combined solutions than the MVD ones with the latter system-
atically over-estimating maximum impingement values and under-estimating impingement

limits. These tendencies were more pronounced for the 3-D test-case than the 2-D one.
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The Convair analysis was requested and funded by AES in order to investigate droplet
impingement and side window icing on the Convair-580. The geometry coordinates were
provided by AES and the CAD model as well as a hexahedral mesh for it were constructed
at the CFD Laboratory using in-house facilities. A droplet diameters distribution was also
provided by AES. This droplet distribution was measured during one of the CFDE flight
segments. We selected several diameters throughout the distribution in order to approxi-
mate it. A droplet impingement solution was calculated for each of the diameters selected
and a weighted combination of each solution was produced in order to compare with the
MVD solution and analyze the results. This comparison produced the same conclusions as
earlier with the validation test-cases. The MVD solution was again seen to produce nar-
rower impingement limits and higher maximum impingement values. More importantly
for the Convair analysis the MVD solution showed no impingement on the side window
whereas the combined solution did. On the Convair the side window is the only one that’s
not heated. This means that when flying in icing conditions the side window is the only
one that’s likely to accrete ice. In the absence of ice accretion sensors on the airplane, side
window icing could be a valuable way to determine whether the airplane is in SLD icing
conditions or not. The individual droplet diameter solutions showed no impingement on
the side window up till a droplet diameter of 300 was reached. This result along with the
fact that an MVD solution did not produce side window impingement whereas the distri-
bution solution did means that side window impingement will occur in clouds of SLD with
diameters well over 2004 for the Convair-580 in steady level flight. There were no experi-
mental measurements available to verify this results but the success of the validations gives

the Convair-580 analysis results a lot of confidence.

Overall, the Eulerian approach presents the following advantages over the Lagrangian

one:

e No need to seed particles upstream of the geometry;

e No need for post-processing to obtain impingement coefficients as they are readily
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available within the impingement solution;

More confidence associated with the results since the formulation of the droplet phase
flow through a set of partial differential equations guarantees results everywhere in

the computational domain;

The same formulation allows us to update the physics of the method with new terms

as needed;

The Eulerian method is typically suitable for problems with highly separated flows
like wings with deflected control surfaces. These geometries are extremely hard to
analyze (if not impossible) with Lagrangian codes but they present no particular chal-
lenge to the Eulerian approach. In essence we can say about the Eulerian approach

that wherever an airflow solution can be obtained, so can a droplet impingement

solution.

7.2 Future Work

All the cases considered in this thesis were satisfactorily treated with inviscid airflow
calculations. However, some cases requiring turbulent airflow calculations such as
wings with extended control surfaces might need to have the issues of droplets coa-
lescence, breaking and splashing addressed. Moreover, the present formulation does
not take into account the possible rebounding of droplets on solid surfaces and fur-
ther research is desirable on this aspect as well. Most often, turbulent flows exhibit
a transient nature or a repetitive pattern requiring a full transient treatment. It might
be necessary to tighten the coupling between the airflow and droplet codes for such
cases. Such tight coupling might even require formulating a two-fluid model where

the airflow and droplet flow variables are computed simultaneously.
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