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ABSTRACT

IMPROVED ROUGHNESS MODEL IN ICE ACCRETION PREDICTION

Dursun, Anil
Master of Science, Aerospace Engineering
Supervisor : Prof. Dr. Serkan Ozgen

August 2025, # 57 pages

This study explores advanced numerical methods to enhance the accuracy of ice
accretion prediction techniques under varying atmospheric conditions. Specifically,
it investigates approaches related to surface roughness modeling, smooth and rough
zone characterization, and their effects on convective heat transfer coefficient
distribution. The computational methodology begins by calculating the flow field
around the airfoil using the Hess-Smith panel method, then applies the Lagrangian
approach to track droplet trajectories and computes droplet collection efficiency
distribution on the surface. Ice accretion rates are subsequently estimated through a
thermodynamic balance using the Extended Messinger Method, following the
evaluation of convective heat transfer distribution via the Integral Boundary Layer
Method. The adequacy of icing prediction is evaluated under high-speed operating
conditions. The results are compared with those in the literature, though further

improvements are still needed.

Keywords: atmospheric icing, roughness height, smooth zone, rough zone,

convective heat transfer, Extended Messinger Model
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BUZLANMA TAHMIN TEKNIiKLERINDE PURUZLULUK MODELI
GELISTIRILMESI

Dursun, Anil
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi
Tez Yoneticisi: Prof. Dr. Serkan Ozgen

Agustos 2025, 57 sayfa

Bu c¢alisma, degisken atmosferik kosullar altinda buzlanma tahmin tekniklerinin
dogrulugunu artrrmak amaciyla gelismis sayisal yOntemleri incelemektedir.
Ozellikle vyiizey piiriizliiligii modellemesi, piiriizli ve piiriizsiz bolge
karakterizasyonu ve bu parametrelerin konvektif 1s1 transferi katsayis1 dagilimi
iizerindeki etkileri ile ilgili yaklagimlar arastirilmaktadir. Hesaplamali yontem, hava
akiminin Hess-Smith panel yontemiyle hesaplanmasiyla baslamakta; ardindan
damlaciklarin izlenmesi ve ylizeydeki birikme etkinligi dagiliminin hesaplanmasi
icin Lagrange yaklasimi uygulanmaktadir. Buz birikim oranlari, Kkonvektif 1s1
transferi  katsayisi  dagiliminin  Integral Sinir Tabaka Yontemi ile
degerlendirilmesinin ardindan, Genisletilmis Messinger Yontemi kullanilarak
termodinamik denge yoluyla tahmin edilmektedir. Buzlanma tahmininin yeterliligi
yiikksek hizli ¢alisma kosullar1 altinda degerlendirilmektedir. Elde edilen sonuglar
literatlirdeki verilerle karsilastirilmis olup, gelisme gézlenmis olsa da daha fazla

iyilestirmeye ihtiya¢ duyulmaktadir.

Anahtar Kelimeler: Buzlanma, yiizey piiriizlik yiiksekligi, piiriizsiiz alan, piirtizlii

alan, konvektif 1s1 transferi, Genisletilmis Messinger Modeli
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CHAPTER 1

INTRODUCTION

1.1 Research Motivation and Problem Statement

Ice accretion on aircraft surfaces remains a critical issue in aeronautical engineering,
particularly for aircraft operating in cold and moist atmospheric conditions. The
presence of ice can significantly alter the aerodynamic characteristics of an aircraft
by increasing drag, reducing lift, and potentially leading to flow separation. These
effects can compromise both the performance and safety of flight operations. In
severe cases, ice buildup can cause engine flameouts, sensor malfunctions, or even
loss of control [1]. Furthermore, ice accumulation can disrupt airflow over critical
control surfaces, impairing maneuverability and response time. These aerodynamic
disturbances necessitate the development of advanced detection, prevention, and

mitigation strategies to ensure safe flight in icing-prone environments.

The Dangers of Aircraft Icing
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Figure 1.1: The dangers of aircraft icing [2]



To mitigate these risks, accurate prediction of ice formation is essential during both
the design and operational phases of an aircraft. Ice accretion calculations enable
engineers to assess potential icing scenarios, design more effective anti-icing and de-
icing systems, and ensure compliance with airworthiness standards. As modern

aircraft are pushed to operate in more varied and challenging environments, the

demand for precise and reliable icing models becomes increasingly important.

Figure 1.2: Icing formation on airfoil [3]

Despite ongoing research, accurately modeling ice accretion on aircraft surfaces
remains a complex and multidisciplinary problem. The process involves interactions
between atmospheric conditions, droplet dynamics, surface thermodynamics, and

phase change phenomena.

Many current computational models make simplifying assumptions to reduce
complexity, which can limit their accuracy, especially under rapidly changing or
mixed-phase conditions. Moreover, experimental validation is often restricted by the
difficulty of replicating real atmospheric icing conditions in wind tunnels or test

chambers, which makes it challenging to benchmark models against real-world data.

Improving the accuracy and applicability of ice accretion models is therefore a
crucial objective in aeronautical engineering. Advances in this area will contribute
directly to safer and more efficient aircraft design, better certification procedures,

and enhanced in-flight decision-making tools for pilots and operators.



The physical factors affecting icing include ambient temperature, freestream
velocity, altitude, relative humidity, liquid water content, droplet size, icing exposure
duration, the shape and size of the surface, angle of attack, and horizontal extent.

Ice surface roughness plays a key role in precise heat transfer modeling. The
roughness that develops in the early phases of an icing event is considered crucial to
the overall ice buildup and the associated decline in aircraft performance. This
inference is supported by two key factors: (1) surface roughness increases local
convective heat transfer, accelerating ice formation, and (2) it causes disturbances in
the airflow that raise skin friction and may trigger an early laminar-turbulent
transition of the boundary layer [4]. Olsen and Walker [5] observed that ice tends to
be smoother near stagnation points and becomes rougher toward the edges of the

impingement region.
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Figure 1.3: Roughness and smooth-zone demonstration [6]

Anderson and Shin [6] divided ice roughness into three distinct areas: the smooth
zone, the rough zone, and the feather region, as shown in Figure 1.3. Their study
showed that the width of the smooth zone narrows as the accumulation parameter

increases.



1.2 Literature Review

Accurately calculating ice accretion is critical for assessing and improving aircraft
safety and performance. To enhance predictive capabilities, a range of modeling
strategies and experimental techniques have been employed, each aiming to better
capture the complex thermodynamic and aerodynamic processes involved.

1.21 Roughness Models

1.2.1.1  Equivalent Sand-grain Roughness Model

A sand grain—equivalent roughness approach, commonly referred to as the NASA
roughness model, was created for application within the heat transfer module of the
LEWICE ice accretion code [7]. The concept of equivalent sand grain roughness
height offers a simplified representation of how surface roughness influences
airflow. Instead of accounting for each microscopic imperfection, this approach
models the surface as if it were uniformly covered with sand grains of a specific size,
Figure 1.4. The chosen grain height reflects the same aerodynamic impact,
particularly in regions where turbulent flow is significant. In this model, the
roughness height is considered to be a function of the surface temperature (%), the

liquid water content (LW ), and the free-stream velocity (V).

k

(a) and—grain roughness ks=k

(b) Rnom rougness ke +k

Figure 1.4: Equivalent Sand-grain Roughness [8]



Later experiments conducted by Olsen et al. [9] demonstrated that roughness is

influenced by the median volumetric diameter (MV D) also.

In the NASA roughness model, the roughness height is computed once and
subsequently treated as a constant for entire surface. The equations below are used

to determine its value.

o= (0,0, )., @) @

where:
ks
(—) =0.0117
C /base
k
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(_S> = {E__plzo < d, < 50; }, dpin microns
C dp 3 30
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Nevertheless, the NASA roughness model does not account for temporal evolution

or spatial variations in ice roughness [10].

1.2.1.2  Analytical Roughness Model

Building on earlier research by Shin [12], Fortin, Ilinca, Laforte, and Brandi [11]
developed an analytical approach to better describe how ice forms on aircraft
surfaces under different thermal conditions. At lower ambient temperatures, droplets

freeze instantly on impact, forming rime ice with a bead-like texture, Figure 1.5.



Figure 1.5: Plan view (left) and Profile view (right) of roughness [12]

When temperatures are slightly higher, glaze ice forms instead—resulting in smooth
areas near the stagnation point and bead formations along the boundary between
rough and smooth zones. To account for the variety of surface behaviors, the authors
introduced three distinct formulations that represent the liquid water in its different
states: film, rivulet, and bead. The film describes uniformly smooth regions, beads
correspond to direct droplet impingement, and rivulets depict the flow of
accumulated water along rough surfaces. Ozgen and Saribel [13] showed that the
method has the potential to enhance the accuracy of ice accretion predictions on wind

turbines especially at wet regimes.
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Figure 1.6: Flowchart for Analytical Roughness Method

The flowchart outlines how to select the appropriate ice thickness model based on
ice type and local conditions. For rime ice, if the ice thickness exceeds the bead
height, a constant bead model is used K = e;; otherwise, a variable bead model
applies K = B(z,t). For glaze ice, if the water film is thick enough, the film model
is used. If not, the location is checked for impingement: if inside, the bead model is
used; if outside, the rivulet model applies K = e,.. This decision logic ensures the

model reflects the dominant physical process.

1.2.1.3  Experimental Correlation Roughness Model

Surface roughness from ice accretion critically influences heat transfer and water
collection on aircraft surfaces. To enhance prediction accuracy, roughness models
have been developed to correlate key parameters under varied icing conditions.
These models use experimental data to relate roughness parameters (e.g., height,
spacing, density) to changes in convective heat transfer coefficients and water
collection efficiency. They are often tailored to specific ice types (e.g., rime, glaze)

and icing conditions. The impact of surface roughness caused by ice accretion on




convective heat transfer was examined and modeled using ten test cases performed
by Han and Palacios [14]. A correlation linking icing conditions to surface roughness
was established using data from 74 experimental cases.
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Figure 1.7: Representative roughness measurements alongside comparison to the
updated correlation [14]

This new correlation was then evaluated against two previously existing roughness
prediction models, Figure 1.7. The results offer an improved method for estimating
the maximum roughness height, contributing to a more accurate understanding of

heat transfer behavior.

1.2.2 Smooth-zone Calculations

A smooth zone near the leading edge was commonly observed around the airfoil’s
stagnation line, typically followed by a rough area that eventually transitioned into a
clean surface. During the ice accretion process, additional rough areas such as the
horn zone, runback zone, or rime feather zone may form, but its occurrence is
relatively rare. The smooth zone width was found to decrease linearly with

accumulation parameter by Anderson and Shin [6], as shown in Figure 1.8.
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Figure 1.8: Smooth-zone width correlation with accumulation parameter [6]

Further studies by Han and Palacios [14] revealed that expressing the smooth zone
width as a function of only A, (accumulation parameter) or n, (freezing fraction
parameter) was inadequate. Instead, they developed a correlation that incorporates
both parameters simultaneously. Figure 1.9 demonstrates the possible enhancement

achieved through the new correlation [14].
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Figure 1.9: Example result from Han and Palacios study [14]



1.3

Overview of the Thesis Structure

The objective of this thesis is to:

Investigate experimentally correlated ice roughness height calculation
model.

Implement experimentally correlated ice roughness calculation to current
model.

Compare the results with literature data.

Analyze the effects of correlated roughness model on convective heat
transfer calculations and icing predictions.

Assess the impact of numerical enhancements in roughness modeling on ice
prediction accuracy.

Perform two-dimensional icing accumulation analysis under both

compressible and incompressible flow conditions.

The thesis is subsequently structured into four primary chapters:

Chapter 1: The introduction highlights the significance of icing prediction
and provides an overview of surface roughness modeling approaches.
Chapter 2: The functionality of the ice accretion modeling tool is discussed,
and the approaches applied in the calculations are detailed.

Chapter 3: Icing results for different atmospheric conditions are presented
step by step and their effect on icing prediction is investigated.

Chapter 4: The results are consolidated, and possible avenues for future

research are explored.

10



CHAPTER 2

METHODOLOGY

An ice accretion simulation tool has been developed to model the buildup of ice on
airfoils. Figure 2.1 illustrates the tool’s working mechanism, which includes four

primary modules along with an additional updated roughness model module.

Initial Clean Geometry

l

Flow Field Solution Droplet Trajectory and

— . Collection Efficiency
Using Panel Method Calculation \
-
Updated
Roughness
Model
AN J
Iee Accretion Tl1ermodyx?am1c /
B Analysis
Number of comp. layers
yes < b i, Final Iced Geometry

Total number of comp. layers

Figure 2.1 Flowchart of ice accretion simulation

2.1 Flow field Solution

To accurately assess aerodynamic performance and support boundary-layer analysis,

it is essential to obtain the flow field solution. Specifically, the velocity and pressure

11



distributions along the surface of the geometry must be known. The surface velocity
distribution is represented U,(s), where s is the circumferential distance along the
airfoil. This distance is measured clockwise, beginning at the trailing edge,
continuing along the lower surface, around the leading edge, over the upper surface,

and back to the trailing edge.

Additionally, off-body velocity vectors V (x, y), or components (V, 1), are required
for predicting droplet trajectories. Various numerical methods can provide these flow
field solutions with different levels of accuracy. For instance, the Panel Method,
when combined with a boundary-layer solver, offers a quick and computationally
efficient solution, although it is less precise than more advanced methods. One
advantage of the Panel Method is that it does not require a computational mesh.

In contrast, the Euler Method provides higher accuracy but requires mesh generation,
which introduces the need for velocity interpolation at droplet locations. Using the
Euler Method for both flowfield and droplet trajectory analysis ensures consistency
in the numerical approach [16]. For even greater accuracy, RANS (Reynolds-
Averaged Navier-Stokes) methods are commonly used in ice accretion modeling,
though they are more computationally intensive and time-consuming. Despite these
trade-offs, many ice accretion simulation tools employ the Panel Method, which has
demonstrated sufficient accuracy for such applications. In this approach, the airfoil
geometry is discretized into N quadrilateral panels. Each panel is associated with a
source singularity, and a constant-strength vortex singularity is applied across all
panels. The singularity strengths, which are unknowns in the problem, are
determined using the boundary condition that the flow must be tangent to the surface
at specific points (collocation points), which are typically located at the center of

each panel, Figure 2.2.

To solve for the N + 1 unknown singularity strengths, N equations are obtained from
the tangency conditions at the collocation points, and an additional equation is
provided by enforcing the Kutta condition at the trailing edge. Once these

singularities are determined, the velocity potential can be calculated, from which the

12



flow velocity components anywhere in the field—including on the surface—can be
obtained by taking spatial derivatives of the velocity potential.

(x.y)
A

source and vorticity distributions

y=Yyx)

trailing edge

control points

boundary

Figure 2.2: Hess-Smith panel method

A significant advantage of this method is that it allows for the precise computation
of flow velocities at the actual positions of droplets during trajectory analysis. The
panel and integral boundary-layer methods used here cannot fully capture flow
separation behind complex ice shapes, which may reduce accuracy in droplet and
heat transfer predictions. However, since droplets impact the windward side and ice
does not grow on the leeward side where separation occurs, this limitation has

minimal effect on overall icing results.

2.2 Trajectories of droplets and Collection Efficiency

Droplet movement is modeled using a Lagrangian method, allowing the simulation
to trace the individual paths of droplets over time. The initial position is set well
upstream of the airfoil, in a region characterized by undisturbed, uniform airflow. As
droplets approach the surface, their trajectory is governed by external forces such as
gravity, buoyancy, and aerodynamic drag. To simplify the computations, droplets
with diameters under 100 micrometers are approximated as rigid spheres. The

simulation uses Langmuir Distribution for varying droplet properties and sizes. The

13



Langmuir D distribution models real cloud droplet sizes using seven cumulative
segments based on mass and weight percentages as shown in Table 2.1. The
distribution of the droplet sizes and the cumulative mass are illustrated in Figure 2.3.

Table 2.1 Langmuir D droplet diameter distribution for MVD = 20 microns

Bin no. d;/MVD | d; Cumulative mass (%) | Weight (%)
B.C. 0.00 0.0 0 0
1 0.31 6.2 3 5
2 0.52 10.4 10 10
3 0.71 14.2 25 20
4 1.00 20.0 50 30
5 1.37 27.4 75 20
6 1.74 34.8 90 10
7 2.22 44.4 98 5
B.C. 3.00 60.0 100 0

The cumulative droplet collection efficiency is determined by taking the weighted

average of the values in Table 2.1 along with the individual collection efficiencies

computed for each droplet size using Equation (2.1).

%

100

80 -

60 |-

4

Cumul. mass

Weight

20

| -
30 40 50 60
d_i (microns)

Figure 2.3 Langmuir D droplet diameter distribution for MVVD = 20 microns
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B = 0.058; + 0.1, + 0.285 + 0.38, + 0.2f5 + 0.1, + 0.0583, (2.1)
Furthermore, any thermal exchange or interaction between droplets and the ambient

flow field is excluded from the model.

The velocities and accelerations of the droplets are determined using Newton’s
Second Law of Motion, based on the balance of the acting forces as shown below.
The local flow velocity components around the airfoil, ¥, and V;,, which influence
the droplets’ motion, are obtained from the Panel Method solution of the airflow

field.

mX, = —Dcosy (2.2)
my, = —Dsiny + mg (2.3)
where
Vo—
Y = arctan = },/p (2.4)
Vi — Xp
12 (2.5)
D= EVrelpCDAp '
Vi = [ =%,)7 = (0 = 5)° (26)

The variables employed in the preceding equations are defined as follows:

V., V- flowfield velocity vector at the droplet location in the x and y direction.
Xp, Y- droplet velocity vector in the x and y direction.

Xy, V. droplet acceleration in the x and y direction.

Cp: drag coefficient of droplet.

p: air density.

A, = %df,: droplet cross-sectional area.

The droplet Reynolds number is used to calculate the drag coefficient of a particle
[17].

15



Red = Vrelpdp/u (27)

24
Cp =—(1+0.15Re%%%7),  Rey <1300 (2.8)
Red
Cp =04, Rey>1300 (2.9)
The starting velocity of particles is assumed to be their terminal velocity, determined
as follows:
4 — d
vz, = 2Pw=p)gdy (2.10)
3 p Cp

The simulation is finalized once each droplet either makes contact with the surface
or continues beyond the trailing edge of the airfoil. Upon impact, the spatial
distribution of droplets on the surface is analyzed. Using a larger droplet population
enhances computational accuracy, allowing the resulting collection efficiency profile

to more closely reflect realistic icing conditions.

Collection efficiency is defined as the proportion between the initial gap separating
neighboring droplet paths and their spacing after striking the surface, formulated as
in Equation (2.11). For droplets of differing sizes—especially those modeled by a
Langmuir-type distribution—this efficiency is evaluated individually for each size
category. On a panel-by-panel basis, local collection efficiency quantifies the amount
of water retained, and refining its resolution directly improves predictions of ice
growth patterns.

_dy 211
p=2 @.11)
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Figure 2.4 Trajectory of two adjacent droplets

Droplet impingement occurs where a particle's trajectory intersects with the nearest
panel and detecting droplet impacts on the geometry surface requires attention [18],

which is handled as illustrated in Figure 2.5 and in the subsequent formulation below.

Xi+1,Yi+1

Xi» Vi

Figure 2.5: Detection of droplet impact on the geometry
Vector along particle trajectory = (I;,n;) = (Xqg — Xap, Ya — Yap) (2.12)
Vector along panel trajectory = (I, n,) = (X401 — Xp Vigr — yi)  (2:13)

The given system equations can be rewritten as a set of two equations with t; and ¢,

as the unknown variables:

lltl + lztz = xl‘ - xdp (2'14)
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Nty +nxt; =Y — Yap (2.15)

Solving for t; and t,:

N (x; — xdp) Ly - de)

1= Iiny — Lyn, , along the trajectory (2.16)
L — —ny(x; —x
, = 1(3’1 ydp) 1( i dp) , CLlOTlg the panel (2.17)
l1n2 - lznl
Impingement location is obtained as:
Ximp = Xir1 + oty OF Xy = Xgp + 118y (2.18)
Yimp = Yi t N2ty O Yimp = Yap + N1ty (2.19)

2.3  Heat Transfer Analysis and Boundary Layer Solution

The boundary layer is a narrow zone of airflow adjacent to the airfoil surface where
the velocity undergoes a sharp change from zero at the wall to the free-stream value.
Within this region, viscous effects are dominant, while the airflow beyond it is
typically considered inviscid. The velocity at the boundary layer’s outer edge, often
denoted as U,, is computed through the Panel Method as part of the overall

aerodynamic solution.

To investigate heat transfer and boundary layer behavior, the integral boundary layer
technique is applied. As the airflow progresses from the stagnation point
downstream, the layer thickens gradually. Initially, the flow remains laminar, but
further along the surface—where perturbations and instabilities become more

influential—it undergoes a transition to turbulence.

According to the Von Doenhoff criterion, the transition from a laminar to a turbulent
boundary layer occurs when the roughness Reynolds number surpasses 600. The
roughness Reynolds number is influenced by surface roughness height, denoted as

k., and is defined as:

18



Re, = pU,kg/1 (2.20)
U, represents the velocity at the outer edge of the boundary layer, while u denotes

the air’s kinematic viscosity.

Laminar boundary layer calculations do not depend on surface roughness. Smith and
Spaulding [19] formulated the convective heat transfer coefficient for laminar flow

as follows:

0.296kUL435
h. =

e = (2.21)
/vfo Ut87ds

The symbol s denotes the distance traveled along the airfoil surface in the direction
of the flow, beginning at the stagnation point. The dynamic viscosity of air is defined
as v =u/p , with u representing dynamic viscosity. Sutherland’s law is used to

calculate both kinematic viscosity and thermal conductivity.

1.5
T, +110.4 (T
=1711x 1075 ——— | = (2.22)
=LA T 104 <Tf>
-3
2.646 % 10 (2.29

k= \/a_1 a—z
where,

a; =10/ and a, =1+ a, (2;—5) (2.24)

Laminar boundary layer thickness is obtained as:

8, = 315/376, (2.25)

Laminar momentum thickness is obtained by Thwaites’ formula:

07 045 (° s
- = (2.26)
» Ue J;Ueds

When Re; exceeds 600, the boundary layer transitions to turbulence. The heat
transfer coefficient for turbulent flow is obtained using the Kays and Crawford [19]

correlation as follows:
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h. = StpU,C, (2.27)
The parameter St represents the Stanton number and is determined using the

following relation:

St = /2
— J(C72) /Sty + Pr,

The turbulent Prandtl number, denoted by Pr;, is taken as 0.9. Assuming a constant

(2.28)

Prandtl number is generally valid for subsonic flows, but at higher speeds it shifts
toward an engineering approximation rather than a physically rigorous treatment.
The roughness Stanton number, represented by St,, is characterized by the following
expression [19]:

St, = 1.92Re; . >*> pr=08 (2.29)

where Pr = uC, /k denotes Prandtl number of laminar flow. The boundary Reynolds
number, Re,- is calculated from:

Rey = u,kg/v (2.30)

The skin friction C; is calculated using the Makkonen relation [19]:

0.1681
Cr =2 (2.31)
[In(86406,/ks + 2.568)]?
The skin friction C; and roughness Stanton number St are obtained experimentally

[19].

The momentum thickness for turbulent flow, denoted by 8, is calculated using the

following formulation [19]:

0.036v%2 %
0 = ——5—( f (U3%5ds)°® + 6y, (2.32)
Ue. Str
where 6,,. is the momentum thickness of laminar flow at transition point.

Boundary-layer calculations begin at the leading edge and progress downstream

using the marching technique for both the upper and lower surfaces of the airfoil.
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According to the Von Doenhoff criterion, transition occurs at the streamwise location
where Re;, reaches 600. Compressibility effects are addressed using the Prandtl-
Glauert correction to the flowfield velocity components Vy and V,, while the
adiabatic recovery temperature is applied as a wall boundary condition to ensure
thermodynamic consistency in the flow analysis.

24 Ice Accretion Module

The accumulation of ice follows a sequence involving three primary stages. First,
flow and mass balance assessments are performed for each segment within the
impingement region, where droplets encounter the surface. Ice formation is then
computed using the Extended Messinger framework, which accounts for both
thermal and mass exchanges occurring during freezing. Surface roughness is
approximated through three distinct techniques, each based on the droplet impact
behavior and freezing characteristics. After the ice thickness has been evaluated, the
shape —specifically its direction and span— is determined using the bisection

algorithm to ensure accurate geometric representation.

24.1 Extended Messinger Model

The Extended Messinger Model estimates ice growth rates by accounting for phase
change processes. In contrast to the original Messinger Model, it includes the effects
of heat conduction through both the ice and water layers. As a result, the original
model typically underpredicts the rate of ice accumulation. Furthermore, the
extended model allows for a gradual transition between rime and glaze ice. To

simplify the computational process, several assumptions are applied.

e The physical characteristics of ice and water remain constant regardless of
temperature. However, ice density can take on one of two distinct values, p,

or pg, depending on whether the ice forms as rime or glaze. The shift between
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these density states is assumed to happen instantaneously. In this study, p, =
880 kg/m? and p, = 917 kg/m? are taken.

e The substrate temperature is predetermined and remains constant. To achieve
this, the substrate must possess high thermal conductivity and a significantly
greater thermal mass compared to the ice that forms on it.

e The temperatures of the droplet, air, and substrate are assumed to be the same.
The restriction is flexible and can be altered so that the substrate temperature
corresponds to the adiabatic recovery, wet-bulb, or any specified value.

e The phase transition happens solely when the temperature reaches the
freezing point, Ty.

SUPERCOOLED F SUPERCOOLED
WATEHR DROPS L . . WATER DROPS
. o . . \

« EVAPORATIVE HEAT LOSS
.CONVECTIVE HEAT LOSS

Figure 2.6 Mass (right) and energy (left) balances on a control volume

The ice accretion model is determined by energy conservation within the water and
ice layers, the continuity equation, and the phase-change condition at the boundary

between ice and water [21]:

ar _ _p 9°T (2.33)
ot ~ kiCy, 022

2
0 p, 920 234

9t " kG, 922
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0B dh
i on _ T (2.35)
Pi at + Pw at palgvoo mrb,m me,s

0B  oT a0
g 98 _, o, 00 (2.36)
pily5r =kig, —kwy,

Equation (2.33) expresses the energy balance of the ice layer, where its temperature,
T, depends on ice thickness and time. The parameters p;, C,,, and k; correspond to

ice density, specific heat, and thermal conductivity.

Similarly, Equation (2.34) defines the energy balance of the water layer. The water
temperature, 0, varies with time and the height of the water layer, with p,,, k,,, and

C,,, representing its density, thermal conductivity, and specific heat.

The thickness of ice (B) and water (h) layers varies over time due to three key mass
flow rates: impingement (p,SV.), runback water flow (i, ,), and evaporation or
sublimation (m, ), as described in Equation (2.35). Meanwhile, Equation (2.36)
accounts for the change in ice thickness, which results from phase transitions

occurring at the interface between the ice and water layers. The term (L) represents

the latent heat released during solidification.
Boundary and initial conditions are defined as follows [20]:

e Ice is in perfect thermal contact with the substrate:

T(0,¢) =T, (2.37)

The substrate temperature is calculated based on the adiabatic recovery temperature.

y—1

V2\[1+7 M?
T, = <Too o > _21 ‘ (2.38)
P\ 1+55=mz

1
The parameter r represents the adiabatic recovery factor r = Prz for laminar flow

1
and r = Prs for turbulent flow and M, is the local Mach number given as [20]:

U
M, = — (2.39)

VYRT,
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and T, is the local temperature:

V2 — U2

2¢,

T, =T, + (2.40)

e A phase change occurs in the layer between the ice and water, keeping the
temperature at the freezing point.

T(B,t) = 0(B,t) =T; (2.41)
e Heat transfer between the air and surface water in glaze ice formation

happens through aerodynamic heating (Q,), evaporation (Q,), convection

(Q.), particle kinetic energy (Qy), and cooling from droplet impact (Qy):

_kwg—i = (Qc +Qq +6,) — (Qa + Qy + Qrb’l.n), z=h+B (242)

e Heat transfer between air and ice in rime ice formation involves aerodynamic
heating (Q,), sublimation (Q,), convection(Q.), particle kinetic energy
(Qx), energy brought in by incoming runback water (Q,,,) and latent heat

release during freezing (Q,):

—k; Z—: = (Qc+Qa+6) = (Qu+Q+Quin+Q) z=8 (24

e The surface starts out clean and uncontaminated.
B=h=0, t=0 (2.44)
In this methodology, each panel is treated as a control volume, with the Extended

Messinger Model predicting ice formation to occur in a direction perpendicular to

the panel's surface.

2411 Rime Ice Formation

The thickness of rime ice is determined using Equation (2.35), based on the
assumption that the droplets freeze instantly upon impact. As a result, the water layer

thickness is taken as h = 0:
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paIBVoo + mrb,in - ms ¢ (245)
Pr
To derive the asymptotic solution of Equation (2.33), the equation is first

B(t) =

nondimensionalized. The leading-order term of the resulting asymptotic expansion
provides an adequately accurate representation of the temperature profile.

62_7_" _ ,BVwLWCclBa_T: _ 66_7_: (246)
072 k; ot ot
When B « L, Equation (2.46) can be solved using a series expansion in

BVeoLWCcj
terms of powers of €. As a result, the leading-order term of the solution is derived as
follows:

o*T _ (2.47)

0z2
As long as the ice thickness is well below 2.4 cm, the assumption in Equation (2.47)
remains applicable, thereby preserving the accuracy of the series solution [20].
Equation (2.47) shows that ice temperature varies linearly with thickness. Because
the ice is modeled as a series of thin layers, the process is considered quasi-steady.
This assumption allows Equation (2.33) to be reduced from a partial differential
equation to an ordinary differential equation. By integrating Equation (2.47) twice,

the following expression is obtained:

T(z,t) =a;z+a, (2.48)
The integration constant a, is determined by applying the boundary condition given

in Equation (2.36) at the surface.

T(0,t) =T, =a, +a;(0) 2 a, =T, (2.49)

Equation (2.43) is used to calculate constant a,:

—ka; = (Qc + Qq + Qs) — (Qa + Qx + Q + Qrpin) (2.50)

In the energy equations, the heat terms are determined as follows:

Convective heat transfer, Q..:
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Q. = h T(B,t) — T,] (2.51)

Cooling caused by incoming particles, Qg :

Qd = paﬁVoo pr [T(B; t) - Too] (252)

Heat loss due to sublimation, Q,:

Qs = Xxs€0lT(B, t) — To] (2.53)

Here, €, represents the constant used in the simplified evaporation function [20].

e(T) = —6.803 * 103 + ¢,T (2.54)

with €, = 27.03 Pa/K .In the Q, expression, y. is the sublimation coefficient [20]:

0.622h,L

Wy (2.55)

Xs
L represents the latent heat of sublimation, while P, refers to the total pressure of
the freestream. The Lewis number, Le, is determined using the following calculation:

Sc
== (2.56)
Le Pr

Sc represents the Schmidt number, which is defined as follows:

= 2.57
Sc D, ( )

D,, represents the vapor diffusivity in air, obtained as:

1.81
D, = 2.26<T£> (2:58)
Peo Tf
Aerodynamic heating, Q,:
Vio?
Qa = T'hcm (259)

Kinetic energy from the velocity of the droplets, Q:
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2

V.
_ & (2.60)
Qk - paﬂVoo 2

Energy of runback water mass, Q. i:
Qrb,in = mrb,incpw [Tf - H(B; t)] (2-61)

where 1, ;,, denotes runback flow into the control volume.

Latent heat of freezing, Q;:

0B
_ 95 (2.62)
Ql pT‘LF at

By incorporating the energy terms into equation (2.48) and assessing equation (2.50)

at z = B, the following is obtained:

kiTs+((Qa+Qit Q) +(he+PaBVeo Cpyy +X5€0) Too+Titr,inCp,, T )B (2.63)
ki+(hctPaBVeoCpyy +Xs€0+Trp,inCp,, )B

T(B,t) =
Using this, a, is obtained as:

o = ZUtcHPaBVenCpy +25€0) (Ts=Teo) +(Qa+Qu+Q=1itrinCp (=Tr) (2 64)
1 ki+(hc+PaﬁVooCPW+ngo+mrb.inCPw)B

Thus, the resulting temperature distribution within the rime ice layer is determined

as follows:

T(z,t) = a.z+ T (2.65)

2412 Glaze Ice Formation

Assuming the temperature distribution is derived through an asymptotic expansion,

as outlined in Section 2.4.1.1, Equation (2.33) yields the following expression:

2
T _, (2.66)

0z2

Integrating twice results in:
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T(Z, t) = a3z + a, (267)
The integration constant a, is determined by applying the boundary condition at the

surface, Equation (2.36).

T(0,t) =a, =Ty (2.68)
The integration constant a; is obtained from the ice-water interface boundary
condition, Equation (2.40).

T, — T,
T(B,t) = Tf = Ty + az(B) > as = fB s (2.69)

Thus, the temperature profile of the glaze ice layer is determined as follows:

T, —T
S P (2.70)

Similar to Equation (2.46), Equation (2.34) is expressed in nondimensional form.

T(z,t) =

The control volume of water and ice is considered thin, allowing the problem to be

analyzed under quasi-steady conditions.

5« k; 0.024
FFBV,LWCc;  FF

F o k,, 0.003
(1— FF)BV,LWCc,  (1—FF)™"

The assumption in Equation (2.71) holds true provided the ice thickness remains

m (2.71)

(2.72)

significantly below 2.4 cm, ensuring the validity of the series solution [20]. In this
context, FF denotes the portion of the control volume that has undergone freezing.
Typically, as water accumulates and moves downstream, its height averages around
0.1 mm [22]. Given this thin-layer condition, thermal conduction is considered
negligible, and the water temperature is treated as uniform. Accordingly, even when
the layer thickness exceeds 3 mm, the computed results retain acceptable accuracy.
The temperature profile across the water film is derived using the dominant term

from the asymptotic expansion of Equation (2.34).

2
96 _ o (273)

0z2
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Integrating twice yields:

0(z,t) = asz + ag (2.74)
The integration constant a, is determined based on the boundary condition at the ice-

water interface, Equation (2.40):

0(B,t) =T; = as(B) + ag = ag = Ty — as(B) (2.75)

So, temperature curve of water layer becomes:
0(z,t) =as(z—B) +T; (2.76)
The integration constant as is obtained from the equation 2.53:

—kyas = (Qc + Q4+ He) - (Qrb,in + Qg+ Qk) (2'77)

In the energy equations, expressing the heat terms as follows:

Convective heat transfer, Q.-

Qc = hc[H(B + h: t) - Too] (278)

Cooling by incoming particles, Q :

Qa = pa,BVoonW [6(B + h,t) — T] (2.79)

Heat loss due to evaporation, Q,:

Q. = Xe€0[0(B + h,t) — Tyl (2.80)
where €, is defined in Equation (2.54) and y, is the evaporation coefficient defined

as [20]:

0.622h.Lg
Xe=—"7% (2.81)
CpProole3

where Ly is the latent heat of evaporation.

The aerodynamic heating Q, and the kinetic energy associated with droplet velocity
Q,, are specified in Equations (2.59) and (2.60).
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The heat exchange associated with runback water, Q,p, i,

Qrp,in = My inCp,, [Ty — 0(B + h, 0)] (2.82)
By incorporating the energy terms into Equation (2.77) and evaluating Equation

(2.74), the temperature at the water layer's surface is determined.

kwT r+|(hc+ Vo Cpypy iy Xe €0 )Too+ 1y inCpy,, T £+ (Qq+Qr) |h
OB + h, t) = K TrHctpab Vool threco) oo i inCpy T+ QatQOI (3 g3)
kw+(hc+PaﬁVcoCpW+XeEO+mrb,Lnpr)h

Based on this formulation, the coefficient a5 is determined as follows:

o= Qat Q) — (he + paBVCp, + Xe€0)|Ty ~ Tor) (2.84)
> kw + (hc + paﬁVoo pr + Xe€o t mrb,incpw)h

Accordingly, the distribution of temperature in the glaze ice layer is determined as:

_ (Qa"‘Qk)_(hc"'PaﬁVoopr"')(eeo)[Tf—Too] _ 2.85
H(Z' t) - kw+(hc+PaﬁVoopr"')(efo"‘mrb,incpw)h (Z B) + Tf ( . )

Integrating the mass conservation Equation (2.35) once yields the expression for the

water height, h:

B h t
fpgdB + .]- pwdh = f(mimp + Myp,in — Me)dt (2.86)
By 0 iy

h = mimp + mrb,in -
Pw
Here, B, represents the ice thickness, while z, denotes the time at which glaze ice

Te(-) -2 (B-n) @8

initially forms.

The glaze ice thickness is determined by incorporating the temperature profiles of

both the water and ice layers into the phase change in Equation (2.36).

Tr—Ts

(Qa"’Qk)_(hc+paﬁV°OCpW+Xeeo)[Tf_Too] (288)
B

kw+(he+paBVoo Cpyy+Xe€o)h

dB
ngFE = k; — ky

The growth of ice thickness remains continuous and maintains a consistent value

during the transition from rime ice to glaze ice.
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68) _ 0B
0t/ ime Ot
Using Equation (2.45) and (2.88) in (2.89)yields:

) atB=Bjort=t, (2.89)
glaze

B ki(T —Ts) (2.90)

9= (PaﬁVoo_ms+mrb,in)LF+(Qa"‘Qk)_(hc"'PaﬁVoopr"'Xego)[Tf_Too]
If the B, is negative or tends toward infinity, glazing does not occur. The moment

glaze ice initially forms is determined from Equation (2.90) using Equation (2.45):

pr
= : —B (2.91)
paﬁVoo + Mypin — Mg g

tg
The freezing fraction represents the proportion of accumulated ice relative to the
total water mass entering the control volume. The Runge—Kutta—Fehlberg method is

employed to numerically integrate Equation (2.88) in order to calculate the time-

dependent height of glaze ice [22].

Freezing fractions in rime and glaze ice can be computed from Equations (2.91) and
(2.92), respectively (p, = 880 kg/m?,p, = 917 kg/m?3).

. . prB
X = 2.92
lee Ice FF (paﬁVoo"'mrb,in)t ( )
Glaze ice: FF = LrietPaB=5y) (2.93)

(PaﬁVoo +mrb,in)t

Evaporating and sublimating mass can be computed from [23]:

_ 0.622 hc Pv,sur — thV,OO (294)
C, Pe

where p, is the local pressure. Also, p,, s, and p, ., are the vapor pressures at the

Me s

ice surface (rime ice) or water surface (glaze ice) and the ambient air, respectively.

These are computed from [23] by using the appropriate temperatures:

p, = 3386(0.0039 + 6.8096 * 1076T2 + 3.55791 « 10~7T3)  (2.99)
where T = 72 + 1.8(T — 273.15), T in Kelvin.
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2.4.1.3  Multi-Step Computational Approach

Ice accretion is a dynamic process where the buildup of ice changes the surface
geometry, which in turn influences the surrounding flowfield. Conducting
simulations over extended ice exposure periods in a single computational cycle may
overlook these evolving flow dynamics. Accurate predictions require time-
dependent simulations that represent the coupling between ice formation and
variations in the flowfield. For this research, it is taken that a computational cycle
commences once ice accumulation corresponds to one percent of the chord length,
and with this criterion, the cycle count is derived as follows [24]:

Mster = 70 01cp, (2.98)

2.4.2 Numerical Improvements for Roughness

The precision of aircraft ice accumulation forecasts is largely influenced by the
surface energy balance, with convective heat transfer being the primary contributing
factor. To enhance the precision of existing models used for predicting ice
accumulation on aircraft surfaces, several applications are performed. Figure 2.7

illustrates the smooth and rough zone formations.
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Figure 2.7: Smooth and rough zone formations [14]

2.4.2.1  Updated Roughness Model

The height of surface roughness influences the quantity, rate, and formation
characteristics of ice buildup, which in turn impacts the aircraft's safety and
operational performance. In the base model, surface roughness is a constant value
that calculated using NASA model. Data from 74 experimental cases have been used
to study and model how ice-generated surface roughness influences convective heat

transfer [14]. It is seen that roughness height can be correlated with the terms Ac/n,
and /Ac/n, where Ac is the accumulation parameter and n, is the dimensionless

freezing fraction.

PATS: 2.97)
€ pi

_Cpws( 0 2.98

nO_CLF((p-l_b) ( )

The terms in above equation are given in below [26]:

cal cal
— . -5 . —
Cpus = 1.0074 K +8.29-10 e (T, — 273.15K)? (2.99)
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cpws (specific heat of water on model surface) is one of the important terms in these
applications, since it will change with every panel with surface temperature updates.
In the roughness equations, expressing the important terms as follows:

Drop energy transfer parameter, ¢:

VZ
=T —Tg — (2.100)
Cp,ws
Convective heat transfer coefficient, k., (Nu remains constant at the
stagnation point):
h. = Nu-k/2R (2.101)
Gas-phase mass transfer coefficient, h:
h
he = —=(Pr/Sc)>®’ (2.102)
Cp,a
Relative heat factor, b:
b _ Tfl : Cp,WS _ LWC V- ﬂo : CP,WS (2,103)
he he
Air energy transfer parameter, 6:
V2 B P%m_w _ %P_w
G st tot Pst
=T —Tg —=—)+— L (2.104)
Ty st ZCp’a) h, 1 Prot _Pww |

0622 Tror Tt

Vapor pressure of water can be calculated from below equation

p, = ag + AT <a1 + AT (az + AT (a5 + AT(ay + AT (as + ATag ))))) (2.105)
where

AT =T —273.15 (2.106)

with the coefficients:
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a, = 610.78 Pa (2.107)

a, = 44365 Pa/K (2.108)
a, = 1.4289 Pa/K> (2.109)
as = 2.6506 * 102 Pa/K3 (2.110)
a, = 3.0312 * 10~* Pa/K* (2.111)
as = 3.0341 « 106 Pa/K5 (2.112)
ag = 6.1369 * 10~ Pa/K°® (2.113)

In the equation for AT, T represents the surface temperature for p,,, while for vapor
pressure of water over water (p, ), the same equation applies with T set to the

freezing temperature.

After Ac and n, are computed, roughness height calculation can be done with the
correlation proposed by [14] explained in Figure 2.8. Equation (2.114) is derived

based on the relationship illustrated in the figure.

0.1
A Gent &
@ 0.08 ¢ Shin
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% 0.06 o AERTS Exp a ©
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o 0.04 »_6——"'% """""
: @g@ﬁ"% Y
g o
0.02 (o)
99038’ & °
»~o°0 o y=-0.008246 x24+0.03752 x
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Figure 2.8: Surface roughness height correlation [14]

A ,A
xk = (—0.008246 2 003752 - —C> 2R (2.114)
Ny No
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It should be remembered that, roughness height is calculated for every panel
seperately and accordingly all boundary layer and heat transfer characteristics are
altered. The analysis utilized 200 panels to optimize both runtime and numerical
precision.

24272 Smooth Zone Width Calculation

The smooth zone is the area on an aircraft's surface where ice accumulates in a
relatively uniform and streamlined manner, lacking significant roughness or
irregularities. This occurs when supercooled water droplets gradually solidify upon
contact, forming a continuous ice layer instead of uneven deposits. This region can

affect aerodynamic properties by modifying airflow, which may impact lift and drag.

Smooth zone width calculations are done with the correlation given in Figure 2.9 and
Equation (2.115).

3 7
g 'b ¢ Shin
= | o Anderson
- (o)
=2 o AERTS Exp
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= §)o y = 0.07254 x7(-0.6952)
NEREA
Y o @ (o]
— ~ m
é . %‘99£ ----- Pl a0 .l
o 0 @O o o
0 0.1 0.2 0.3 0.4 0.5

Figure 2.9: Smooth zone width correlation [14]

w = (0.07254 - (Ac - ny)~%6%52) - 2R (2.115)

On both the upper and lower sides of the stagnation point, within the smooth zone,

the roughness height is set to 0.05 mm [14]. This zone is symmetrically distributed
around the stagnation point.
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2.4.2.3  Integration of Updated Roughness Model with Smooth Zone

The updated roughness model enables the estimation of the maximum roughness
height resulting from ice accumulation. The evaluation of the smooth zone width is
used to identify the onset of the roughness region. To integrate the two models, the
stagnation point must first be determined, after which the outside of the roughness
zone width is set to 0.05 mm [14]. Figure 2.10 depicts the smooth-zone width along
with the adjacent roughness region. The length of the rough-zone region is defined
as 7.5% of the chord length [14].

cﬁﬁ o

o
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Q —————» Stagnation

K%
Figure 2.10 Rough and smooth zones locations

Roughness distribution is calculated with Equation (2.116), which yields a parabolic

distribution of roughness.

) = (00 - ) ok 2116)

Within the region denoted by "I", the roughness distribution is computed; outside
this range, a constant roughness value of 0.05 mm is assumed. This approach allows
the smooth-zone and rough-zone regions to be distinguished, enabling their

individual effects on heat transfer to be modeled separately. The roughness
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distribution is recalculated individually for each layer over time, though the

variations among them remain minimal.
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CHAPTER 3

RESULTS AND DISCUSSIONS

This chapter presents a detailed examination of the main findings derived from the
simulations and evaluations performed throughout the study. The results are
systematically connected to the previously stated research goals and questions.
Numerical enhancements are illustrated through visual data representations,
highlighting key trends and comparative insights. Where applicable, the findings are
interpreted in relation to existing scholarly work, identifying areas of agreement,
divergence, or novel contribution. Additionally, the discussion addresses the broader
implications of the results, evaluates their relevance to the initial research hypothesis,

and acknowledges any limitations or uncertainties encountered.

3.1  Comparison with Base Model and Literature Data

A number of cases from the DRA/NASA/ONERA [27] collaboration on icing
research were chosen to evaluate and compare how well the current NASA
roughness model performs against updated versions that incorporate smooth zone.
These cases were chosen to examine how the updated method performs across a
range of conditions, including variations in airspeed, temperature, liquid water
content, exposure duration, angle of attack, and airfoil type. According to the
experimental results [27], rime ice predictions were fairly accurate and consistent,
largely because the ice forms instantly upon impact and the freezing process is
modeled using a straightforward approach. For that reason, this thesis places greater
emphasis on predicting glaze ice, which typically occurs under high-speed and high-

temperature conditions.

Table 3.1 outlines the simulation variables for a typical rime ice condition used for

modeling ice accretion on the NACA 0012 airfoil.
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Table 3.1 Case 33 conditions of NACA 0012 icing simulations

Condition Parameter Value
Chord 0.53m
Velocity 93.89 m/s
Static Temperature 2425 K
Liquid Water Content 1.05 g/m?
Pressure 92.06 KPa
Angle of Attack 4°
Mean Volumetric Diameter 20
Exposure Time 372s

The base model incorporates NASA's roughness approach, which assumes a uniform
roughness height. The updated roughness model determines the roughness height at
each panel based on variations in dimensionless surface wrap distance with ice limit.
The correlations presented earlier in Figure 2.8 and Figure 2.9 are applied to

calculate the roughness height values.

Figure 3.1 illustrates the variation in roughness height at ice accretion zones. The
upper and lower surfaces exhibit identical distributions as indicated by Equation
(2.116), separated by a smooth zone where the roughness height is uniformly set to
0.05 mm. In contrast, the baseline model applies a constant, computed roughness
value across the entire surface. This distinction significantly alters the convective
heat transfer coefficient shown in Figure 3.2, leading to more accurate predictions of
ice accretion mass, geometry, and horn angles. Figure 3.2 indicates that the laminar-
to-turbulent transition shifts slightly near the stagnation region between models,
where a sharp rise in heat transfer is observed; however, the overall heat transfer

distribution along the airfoil undergoes a substantial change.

Figure 3.3 presents a comparison of ice accretion predictions from different
modeling approaches including the base NASA roughness model and the updated

roughness model against experimental results.
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Figure 3.3 Case 33 ice accretion prediction comparison (rime ice)

The results indicate that the uniform roughness model tends to underestimate both
the height and span of the ice horn. The updated roughness approach performs well
in predicting ice shape and asymmetry, and offers improved accuracy in capturing
impingement boundaries. NASA's predictions closely align with those of the
baseline model assuming uniform surface roughness. At lower surface, NASA
predictions deviate more noticeably compared to both the baseline and the refined
roughness models. The experimentally correlated roughness model also yielded
more accurate predictions of accumulated ice mass compared to the base model, with
a slight improvement observed on the lower surface. Nevertheless, it still

underestimates center region.

42



Table 3.2 Case 30 conditions of NACA 0012 icing simulations

Condition Parameter Value
Chord 0.53m
Velocity 58.1 m/s
Static Temperature 266.3 K
Liquid Water Content 1.3 g/m?
Pressure 95.61 KPa
Angle of Attack 4°
Mean Volumetric Diameter 20 p
Exposure Time 480 s

Table 3.2 outlines the simulation parameters for Case 30, which is a typical glaze ice
condition, while Figure 3.4 and Figure 3.6 present the corresponding results based
on those conditions. Figure 3.4 illustrates the roughness height comparison between
uniform and correlated model. The updated roughness model estimates a roughness
height that is twice as large as that predicted by the NASA model as illustrated in
Figure 3.4.

Figure 3.5 illustrates that the laminar-to-turbulent transition occurs at a different
location in the correlated roughness model, accompanied by a markedly higher heat

transfer coefficient compared to the base configuration.

The uniform roughness model and the updated roughness model exhibit comparable
overall performance in Figure 3.6. However, the revised roughness model provides
improved predictions for the initial impingement location and the front face of the
horn. Horn angles are similar, but the correlated model performs better. That said,
both models still require further refinement for the horn’s center region, where they
tend to underestimate the results. Both the uniform and refined roughness models

yield slightly more accurate predictions compared to NASA's results.
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Table 3.3 Case 29 conditions of NACA 0012 icing simulations

Condition Parameter Value
Chord 0.53m
Velocity 58.1 m/s
Static Temperature 259.1 K
Liquid Water Content 1.3 g/m?
Pressure 95.61 KPa
Angle of Attack 4°
Mean Volumetric Diameter 20 n
Exposure Time 480 s

Table 3.3 outlines the simulation parameters for Case 29, which is a mixed-ice
condition, while Figure 3.7, Figure 3.9 present the corresponding results based on

those conditions. Figure 3.7 shows that the experimentally correlated roughness
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model yields a noticeably greater roughness height than the base. According to
Figure 3.8, Although the transition location remains nearly unchanged, the
convective heat transfer rate is nearly double that of the baseline model.

Compared to the experimental profile, the base model captures the overall iced
geometry reasonably well but tends to deviate near the initial impingement region
and underestimates the horn’s central thickness. In contrast, the updated roughness
model shows improved agreement with experimental data at the leading edge and
front face of the horn, offering a more accurate prediction of the initial impingement
location. However, similar to the base model, it still underpredicts the ice accretion
at the upper side of horn, indicating that further refinement is needed.

NASA's predictions show stronger agreement at the upper horn geometry but begin
to diverge slightly near the center. On the lower surface, the discrepancy from
experimental data becomes more pronounced. Overall, the correlated roughness

model delivers the most consistent and accurate performance across all regions.
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Table 3.4 outlines the simulation parameters for Case 2, which is a high-speed
condition, while Figure 3.10 and Figure 3.12 present the corresponding results based
on those conditions. Figure 3.10 indicates that the correlated roughness height is
three times greater than that of the base model, resulting in substantial alterations to
the heat transfer dynamics and ice accretion behavior.

Table 3.4 Case 42 conditions of SA 13112 icing simulations

Condition Parameter Value
Chord 0.6m
Velocity 249.9 m/s
Static Temperature 243.0K
Liquid Water Content 0.5 g/m?
Pressure 79.5 KPa
Angle of Attack 0°
Mean Volumetric Diameter 20
Exposure Time 180s

As experimental data is unavailable for this condition, the comparison relies on
NASA's numerical results. In Figure 3.12, The base model (uniform) predicts
minimal ice accumulation, with insufficient horn angles and height. While the initial
impingement location on the lower side is accurate, it is misrepresented on the upper
side. Additionally, the central horn height is overestimated. Figure 3.11 shows near

transition point, but heat transfer differences affect icing predictions.

The correlated roughness model performs better in predicting central horn height and
captures ice accumulation more accurately. It also offers improved estimation of the
upper-side impingement location, with clearly enhanced horn angles and orientation.
The upper-side initial impingement location requires further refinement, and the
horn’s center should be examined to redistribute the accumulated ice toward the

upper and lower regions.
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3.2 Numerical Improvement Methods Effectiveness

A experimentally correlated roughness model was introduced to improve icing
predictions under varying conditions. Unlike previous approaches, it not only
redefines the maximum roughness height but also incorporates a smooth-zone region
to better capture heat transfer variations from the stagnation point to the trailing edge.
The enhanced roughness height improves the accuracy of ice accumulation
predictions in the impingement zone, while the smooth zone establishes an area of
reduced roughness, resulting in lower heat transfer near the stagnation region. By
applying this treatment panel by panel, the model significantly improves the
resolution of heat transfer calculations across the airfoil. This refinement enables a
more realistic representation of ice accretion shapes, aligning better with
experimental observations. Comparisons were also made with NASA's numerical

predictions, and in most cases, the correlated approach demonstrated superior
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performance. Ultimately, the model provides a more robust framework for assessing
aerodynamic penalties caused by icing. The symmetry in impingement and freezing
physics across the stagnation region suggests a statistically uniform roughness

pattern, yet this assumption calls for deeper analysis.

Improvement of correlated roughness methods tested, and it is seen that the updated
roughness model appears to deliver more reliable performance. It offers improved
predictions compared to the base model, particularly in horn angles, initial
impingement location, impingement zone, and ice accumulation mass. These
strengths suggest it could be effectively applied across a variety of atmospheric
conditions. Furthermore, it aligns more closely with observed data, enhancing
confidence in its predictive accuracy. Its ability to handle different flow regimes also

underscores its potential for future development in icing simulation frameworks.

Although the updated roughness model performs well overall, certain aspects still
need improvement. The predicted ice accumulation mass remains lower than what
was observed experimentally, and initial impingement locations could be more
accurate under specific atmospheric and flow conditions, especially high-speed
flows. Additionally, the horn shapes—particularly at the front face—require further

refinement to better match the extent seen in experimental data.

These discrepancies indicate that further calibration or integration with experimental
feedback might be necessary. In certain atmospheric conditions, the asymmetry
between the two surfaces and the horn’s center require further refinement. A key
limitation of the correlation roughness model appears to be the application of
identical roughness distributions to both the upper and lower surfaces. This approach
can lead to greater deviations from real-world results, particularly in the case of
asymmetrical airfoil geometries. It can also be suggested that a panel-by-panel
approach may enhance additional aspects of icing accumulation, warranting further
investigation in future studies. Enhanced modeling of droplet dynamics and surface

interaction could help close the gap between prediction and observation. Future

51



versions of the model may benefit from hybrid approaches that combine physical

modeling with data-driven corrections.

Additionally, incorporating the refined roughness model into advanced icing
prediction frameworks could further enhance its practical utility. By integrating it
with time-resolved ice growth simulations or coupling it with adaptive droplet
trajectory models, researchers may achieve more accurate forecasts of ice shape
evolution under dynamic atmospheric conditions. This would improve not only the
prediction of ice accumulation rates but also the assessment of aerodynamic
degradation over time. Such developments could support more effective design of
anti-icing systems and contribute to safer flight operations in icing-prone

environments.
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CHAPTER 4

CONCLUSION

In conclusion, this study has demonstrated that various numerical applications have
potential to enhance ice accretion predictions. Different techniques have been
investigated to estimate how surface roughness height changes when ice builds up
on aircraft surfaces. These methods are used within the Extended Messinger based
model to simulate how ice accumulate on surfaces. The models were evaluated by

comparing their results with experimental data, the baseline model.

The analysis revealed that surface roughness height can have a major impact on how
ice formation is predicted. The base model relies on NASA’s roughness approach,
which assumes the same roughness value across all surface panels. The
experimentally correlated roughness model determines the roughness height
individually for each panel, allowing for more accurate simulation results. The
updated roughness model also incorporates techniques like smooth zone width
analysis to improve its accuracy. Additional high-speed testing conditions are
required to fully assess its impact on high-speed prediction accuracy. In contrast, the
correlated roughness model enhances ice prediction accuracy, especially for initial

impact zones, the amount of accumulated ice, and the shape and angle of ice horns.

Moreover, the integration of smooth-zone characterization into the updated
roughness model has proven particularly valuable. By capturing variations in heat
transfer near stagnation points, the model provides a more realistic representation of

how surface conditions evolve under different icing regimes. This improvement not
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only enhances the fidelity of the predicted ice shapes but also contributes to a better
understanding of localized aerodynamic effects. Such refinements are essential for
developing models that can be reliably applied to a broad range of operational
scenarios, from low-speed rime icing to high-speed glaze icing conditions. The
updated roughness model still has room for improvement in several areas. Front-
facing horn shapes could be calculated more accurately, horn angle predictions—
especially under high-speed conditions—can be refined, and the estimated ice
accumulation mass still needs further tuning. These findings not only contribute to a
deeper understanding of roughness height effect on icing accretion prediction but
also open avenues for future research and practical application.

In summary, the research underscores the importance of continuously refining ice
accretion prediction models to bridge the gap between computational simulations
and experimental reality. While the updated roughness model represents a
meaningful advancement, future developments could focus on coupling it with
adaptive numerical schemes, Gaussian modeling can be applied to achieve a more
realistic representation of surface roughness, high-fidelity CFD, or machine-
learning-based correction methods. These extensions would further enhance
prediction accuracy and broaden applicability, ultimately supporting safer and more

efficient aircraft operations in icing-prone environments.
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