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lceAccretionFoam Workframe

o Fluid cells
»  Solid cells
® 1B cells

o IB points

o Fluid cells: untouched
» Solid cells: deactivated
m [BS: intersected cells

o Adjusted IBS centres

Compressible Full 3D Solver with Eulerian Phase

Immersed Boundary

Figure 2: Traditional IBM and New Implementation of IBS after Jasak (23)

Finite Area Method

Rough Turbulent Convective Heat Transfer

Laminar-Turbulent Transition — Glaze Ice

2D She” Conduction Heat Transfer _ ICe PrOtECtiOn Figure 1: Face-edge interpolation in edge based local coordinate system after Jasak (18)

iceAccretionFoam implemented as a solver of foam-ext 5.0 A-I.S)
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OBJECTIVE

The purpose is to present the initial glaze development of a novel
three-dimensional (3D) ice accretion simulation utilizing Foam-
extend 5.0.
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Scope

« Atransient solution of the flow by using Unsteady Reynolds Averaged Navier-Stokes
compressible equations (URANS) in a multi-step approach;

« Compressible flow energy equation with kinetic heating;

» Fully turbulent momentum and heat transfer over a saind-grain rought surface

« An immersed boundary method that updates the frontier of the solid surface;

A finite-area method that simulate the water hydrodynamics on the airfoil surface;

« Droplet distribution with n bins based on the median volumetric diameter (MVD) and fraction
of the freestream liquid water content (FLWC);

* An implementation of the Langmuir-D-type distribution with 7 bins;

* A Eulerian-dispersed phase model with driftEulerFoam solver for compressible flow. A-I. S)
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Main Assumptions

1) All impinging supercooled liquid water will form a film with no surface tension

N

A normal growth of ice rule is applied based on growth rate of ice in the film;

w

4) Thermal balance and convective heat and mass transfer are considered:;

)
)
) A freezing fraction is implemented;
)
5)

Air kinetic heating and pressure effects are calculated in compressible flow;

6) Liquid water film exist on the surface of the airfoil;

7) The liquid film is solved in the non-deformed solid surface bur with effects of pressure
gradient, shear, heat transfer, water droplets momentum and mass flux from deformed
surface at immersed boundary;

8) The airfoil surface is adiabatic and thermal conduction is neglected;

9) No SLD effects considered yet and the droplets areperfect spheres without weight; A-I.S)
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Mathematical Model

1) rhoPimpleFoam* for main flow compressible URANS with kinetic heating

2) Special wall functions implemented for fully rough surface

3) Water mass, momentum and energy conservation for water film

4) Eulerian droplets trajectories — U_phase and « for each diameter

pWﬂIE]"'

5) Ineachtime step avalueis added: ki = Ataccretion & - Uphase.i 5
ice

6) Lewice Ice density model:  Pice = 1000-exp[0.15- (1+6043-5>%)]
MVDU.SZ . UU.59 ) LWCU-21
04 (—023

rec

S =

(*) coupled sonicFoam solver may be considered in future



Droplet Distributions

Table 2 — Distribution of Wright [16] with MVD = 21 um

%LWC  D(I)
0.1390 8.6
0.0958 12.5
0.0997 15.5
0.1220 18.5
0.1208 21.5
0.1115 24.5
0.0917 27.5
0.0946 31.6
0.0899 48.2
0.0350 95.9

Table 3 — Theoretical Langmuir-D Distribution [18] with MVD = 20 um

%LWC (a/ao0)’ D(l)
5 0.31 6.2
10 052 104
20 0.71 14.2
30 1.00 20.0
20 1.37 27.4
10 1.74 34.8
5 2.22 444

Table 1 — Discrete Cumulative Distribution of Papadakis [17] with MVD = 20 um

Cumulative % LWC % LWC D(l)/MVD  D(l)
97.5 5 0.2770  5.540
90.0 10 0.4460  8.920
75.0 20 0.6817  13.634
50.0 30 1.0000  20.000
25.0 20 1.5865  31.730
10.0 10 22043  45.886
2.5 5 3.2542  65.084
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Definitions

Pressure Coefficient Collection Efficiency Freestream «
P — P Q; - ﬁphasa,i ‘N o — LWCe.
Cp — 1 5 ﬁl — 3 Pwater
EpUm Koo - ‘Uphasejm‘
1 = o B
C*=C er = Z
PP v/ 1—M2 i—1 Qe
n
O = ) O
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Model Equations



Freezing Fraction based on Liquid CV

om om « om
ﬁice,cv N ff | Etotal,cv B ff ot liquid,cv
om _om _Om
ot total,cv Ot liquid,cv | ot 1ce,cv
. IS
= —
=175
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Water Film Conservation Equations

Oh 7, 3} L) q.
E —I_V‘(¢3 ‘h)ZZ‘Sm_Sf _Se 8}52] I V‘(¢23‘U3)—|—0.0125-Cf,w Us 'UsZ(ST+SZ+Sg)‘b” _I_Sg’I"CLdP_I_Sbl
g Zai ) prha,se,i P2s = Ps - h
e |A] o _Th
Mass = G, fpr. 0n Momentum = -
. . Al A v - : - ,
Film Height % Film Height X Velocity o _ S Spnases - Dppases
Se: mevap ’ |A|
Pw Sg=g-h
- Sg'ra,P — _ﬁ(ps h’)
- L 4 V(pw - Cuw-das-Tf) —k-h- V2T =heonv - (Trec — T¢) + Smi + St s + SHe S = 5_3 Oh
Smi = pw - Cw - Sm - Ty N
_ Vi
Energy = fa=let 5 0,
Film Height X Temperature Sus=f1*- % - i

SHe:(l _ff*) 'm:avap + by
_ Pair " Cp,air * Ceff \’
conv =
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Rough Wall Functions

0 Kst <25

Stanford — AB=4q ;In K‘i; 725'25 + Cs K7 | sin0.4258 - (In K — 0.811)] 2.5 < Kst <90

pt = p - 1 1 (1+C.K+) Kst>90
Rough Wall In(Eyt /enAB) s In(1+ Cs K st >

Where C's depends on the shape and distribution of the roughness elements and,
0.257.0.5 0.25;.0.5
:y_l'zypcJu : and K;":KSPC” &
[ 7
. U—T=\/Cf/2 and  ur =+/7/p with 7= (pu+pe)-[VU -7,

Double Resistance Analogy U
Not Reynolds Analogy 1

at=pt-n-Pry- A n= =
Pry+ Ygil® A-I- Sy
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NACAOO12 Meshes
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Number of cells: 66 K

Number of points: 133 K




Next Steps



Next Steps

This work has introduced the initial development phase of a glaze 3D ice
accretion tool, built on foam- extend 5.0. This initial tool is designed to simulate
the growth of the rime and glaze ice types, incorporating features such as a
transient flow solution with energy equation, immersed boundary, finite-area,
Eulerian-dispersed phase modeling, and user- defined droplet distributions.

The nexts are:
* Produce results for validation of classic glaze ice 2D cases
* |Implementation of SLD
 Validation of 3D flow effects with SLD
* Thermal conduction on the surface
 MVP with application to real 2D and 3D cases
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Thank you for your attention
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fATS IS Global

\

USA, Europe and Brazil

Sao Paulo - Brazil, since 2007

Miami - USA, since 2018

Sao José dos Campos - Brazil, since 2019
Munich - Germany, since 2022

ATS combines high-tech computational
methods with traditional engineering
analysis to provide accurate solutions for

thermal and fluid dynamic systems
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| The Client Challenges

To have one

contract with ONE
multi-skilled and
experienced company

To mitigate risks by
hiring experience.

To decrease the number of
prototypes and tests.

In addition

To cover peak workloads.

To support the internal team with
missing specific skills.
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- Engineering,
All skills in a Simulation, Testing and

single company Certification

17 years of experience
applying engineering and
CFD in the industry

End-to-end Solutions

Turnkey Job

Associate Engineer throughout
the development process

Multi-disciplinary team



Multidisciplinary Team

Guilherme Lima da Silva, Pedro Villela Caio Rafael
Ph.D, CEO, founder CTO, System Engineer, CFD Thermal Engineer,
Associate Associate
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M.Sc., Senior CFD Engineer

£

Odair Lima Henrique Lewi
CFO Head of Sales
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CFD Analyst

Rafael Hazana

Aerospace CFD Engineer
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ATS Expertise Areas
for Aerospace

B8

System Environmental Control
Engineering Systems ECS

- Air Condition Distribution and Control
- System and component

failure Analysis - Thermal Comfort
- Design and Development - Avionics Cooling and Dedicated
Systems

- Certification Requirements . .
- Pneumatic System and Ducting

- Operational Difficulties . .
- Smoke Evacuation, Prevention, and

- Tests Detection

- Reports at Certification Level -~ OXygen Systems and Pressurization

- Battery Thermal Management System

=

lce Protection

System Performance

lce Accretion and Shapes
Performance Degradation
Escaping conditions
Atmospheric Studies

Air Data Probes Ice Protection

Engine Ice Ingestion

Q

Stress Analysis

Conceptual design

ASME, ASTM and ABNT
Standards

Analysis of Reactions and
Displacements Thermal

Expansion

Hyper elasticity. Fluids and
Nonlinearity

Vibrations
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fATS IS Global

\

USA, Europe and Brazil

Sao Paulo - Brazil, since 2007

Miami - USA, since 2018

Sao José dos Campos - Brazil, since 2019
Munich - Germany, since 2022

ATS combines high-tech computational
methods with traditional engineering
analysis to provide accurate solutions for

thermal and fluid dynamic systems
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Validation Process

Cp & Beta

3D Shapes & SLD

Thermal Ice Protection
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| Physical Model ATS)
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o
I + Vs - [poU] = S s

C

dpdU
L 4V, [pfUU]= —6V.p + Spu

pressure based stress based

VF OAM P = Do+ D5+ Py P PUthon

The pressure term, p, is comprised of forces in the wall-normal direction and
consists of capillary effects (p, ), hydrostatic pressure head (ps), and local gas-
phase pressure (p, ).

S, sU =Ty + Tw + pg0 + To
The stress term, S,;u. includes the viscous shear stresses (7, 7,), gravity I EcH No LOG I ES

body force (pg,d), and stress related to contact-angle force (74).

o Fluid cells
» Solid cells
= IB cells

o IB points

o Fluid cells: untouched )
» Solid cells: deactivated t e C lOt 3 6 O
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o Adjusted IBS centres

pytecplot
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CFD 3D Water Film Model Integrateq Results
Immersed Boundary Implementation




Foam-Ext Selection

* Recognized CFD 3D Software (not from scratch)

* Finite Area to simulate runback water hydrodynamics and thermal

- Immersed Boundary to simulate ice growth without mesh deformation or
local/global re-meshing

* Turbulent Rough Heat Transfer implemented in OpenFoam of a new wall function
specific for icing surfaces based on traditional modeling (Lewice/Stanford)

* Implementations of Laminar-Turbulent Transition available in literature for
OpenFoam including roughness triggered

- driftEulerFoam already implemented for Eulerian droplets trajectories, including
clouds and distributions

» Possibility to run in the cloud through web interface A1. S)
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Roadmap

MVP/ Beta
Validation .
2001 2003 2015 2019 2022 2023/4 2025

.........‘.......Q.C.Q.....‘........‘.....Q.Q‘.Q......‘........‘.....Q...>

Certification Physics Ideation based OpenFoam Collaboration
New process Model on customer Selgct.ion with Dr. Jasak
generated for requirements - Finite Area Foam-Ext. 5
probes with - Immersed

OEM and ooundary

Authorities - Full 3D

AlS;
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Technology is designed to be a step ahead
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