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This study uses embedded large-eddy simulations of a developing turbulent boundary layer over a heated flat

plate with realistic ice roughness to assess local effects on velocity (ΔU�) and thermal (ΔΘ�) log-layer shifts.

Validated against experimental data, the numerical setup is used to analyze the mean turbulent flow properties and

ultimately assess a selection of equivalent sand-grain roughness ks correlations against computed roughness shifts.

Several establishedmodels are taken into account that estimate equivalent sand-grain roughness distributions based

on geometric properties of the nonuniform rough surfaces. The trend of ΔU� and ΔΘ� is observed by employing

the different correlations. The analysis is complemented with a brief assessment of Stanton-number–friction factor

analogies resulting from the simulation outputs. Finally, a multivariate approach is employed to investigate possible

cross-dependencies between roughness geometrical properties and shifts. The results indicate that some existing

models capture the trends of velocity shifts accurately only in the fully rough regime for k�s > 400, while for

k�s < 400, they generally struggle to correctly capture the expected trends. Thermal shifts show inconsistent trends

across the tested models. The same gap appears in St estimates via friction analogies, showing no clear dependence

on geometry features.

Nomenclature

CP = air specific heat at constant pressure, J∕�kg ⋅ K�
C��� = law of the wall constants

cf = friction coefficient

ESx = streamwise surface effective slope
H = computational domain height, m
Ku = roughness kurtosis
ks = equivalent sand-grain roughness, m
kz = roughness peak-to-valley height, m
L = reference plate length, m
Pr, Prt = molecular and turbulent Prandtl numbers
qw = convective heat flux at wall, W∕m2

Ra = roughness arithmetic mean height, m
ReL = Reynolds number based on plate length
Reθ = Reynolds number based on boundary-layer momen-

tum thickness
RA;RA0 = rough and smooth surface Reynolds analogy factors
Rq = roughness root-mean-squared height, m

S��� = surface area, m2

Scorr��� = corrected surface area ratio

Sk = roughness skewness
St = Stanton number
Stk = roughness Stanton number
Tb = flow bulk temperature, K
Tτ = friction temperature, K
Tw = wall temperature, K

tf, ts = simulation and sampling time for embedded large-
eddy simulation, s

U∞ = reference inflow velocity, m∕s
u = flow velocity, m∕s
uτ = friction velocity, m∕s
αx = streamwise surface slope, deg
Δl = mesh edge resolution, m
ΔU� = velocity log-layer shift in wall units
Δx = streamwise averaging resolution, m
Δz = computational domain span and spanwise averag-

ing resolution, m
ΔΘ� = relative temperature log-layer shift in wall units
θ = wall-relative temperature, K
κ = von Kármán constant
Λs = solidity parameter
λ = air thermal conductivity, W∕�m ⋅ K�
μ = air dynamic viscosity, Pa ⋅ s
ν = air kinematic viscosity, m2∕s
ξmin = minimum roughness wavelength, m
ρ = air density, kg∕m3

τw = shear stress at wall, Pa

I. Introduction

I N-FLIGHT icing poses a significant threat to aviation, degrading
aerodynamic performance and potentially leading to serious

consequences. The development of reliable numerical tools for ice
prediction is crucial, serving as a faster and more cost-effective
means within the certification processes of aircraft and rotorcraft.
Recent advancements in codes such as GlennICE [1], FENSAP-ICE
[2], IGLOO2D/3D [3], PoliMIce [4], or DICEPS [5] have improved
accuracy of predictions, especially for rime ice, yet challenges
remain, especially for glaze conditions, as highlighted in the Ice
Prediction Workshops [6,7]. A critical issue is the effect of ice
roughness on surrounding airflow, which significantly impacts skin
friction and heat transfer rates. It is known that such quantities
govern the freezing rate when the droplets do not freeze on impact,
thus requiring precise characterization of their enhancement due to
roughness [8].
Icing codes often employ Reynolds-Averaged Navier-Stokes

(RANS) equations or boundary layer methods to simulate flow
around evolving ice shapes, incorporating surface roughness via
an equivalent sand-grain roughness height ks [9,10]. Colebrook and
White [11] introduced ks as an equivalent height for irregular,
nonuniform rough surfaces that produce the same mean effects on
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the flow as the uniform, hemispherical sand grain of Nikuradse’s
[12] experiments in the fully rough regime. Though this simplifies
simulations, icing codes often rely on a reverse-engineered ks
determined indirectly to match experimental ice shapes, resulting
in a potential misrepresentation of the physical interactions driving
the enhancement mechanisms. Moreover, the treatment of convec-
tive heat transfer effects is frequently linked to skin friction, even if
the Reynolds analogy fails to hold in the presence of roughness.
Some of the older implementations typically assume uniform ks
values based on general icing conditions, as seen in LEWICE [13],
although they are not always aligned with experimental observa-
tions, which reveal significantly nonuniform roughness trends
[14,15]. Alternative approaches employ nonuniform surface rough-
ness models [16] or enhancement factors that adjust smooth-surface
convective heat transfer as done in GlennICE [1], although once
again calibrated to match experimental ice shapes. A more effective
strategy could involve correlating ks directly with geometric and
statistical surface parameters. The development of a universally
applicable ks model is of high importance, as several studies related
to rough wall-bounded flows [17,18] pointed out relations of this
parameter to the wall shear stress τw and heat flux qw via a velocity
shift ΔU� and thermal shift ΔΘ� in the mean turbulent profiles log
layer, respectively. These shifts are commonly described as func-
tions of the equivalent sand-grain roughness height in wall units
k�s � ks uτ∕ν, where ν is the kinematic viscosity of the fluid and

uτ � τw∕ρ is the friction velocity, with ρ being the density of the

fluid. The concept of roughness shifts stems from the fundamental
observation that the log-law region of a boundary layer is displaced
from its smooth formulation when exposed to a rough surface. As a
consequence, the velocity and thermal log-law regions can be for-
mulated as in Eqs. (1) and (2), respectively, with y� � y uτ∕ν,
u� � u∕uτ, and θ� � �Tw − T�∕Tτ. Here, Tw is the surface tem-
perature, and Tτ � qw∕�ρCPuτ� is the friction temperature normally
used to scale the relative difference of the flow temperature with
respect to the wall, with CP being the specific heat at constant
pressure of the fluid.

u� � 1

κ
ln�y�� � C� − ΔU� (1)

θ� � Prt
κ

ln�y�� � C�
θ − ΔΘ� (2)

The von Kármán constant is commonly assumed as κ ≃ 0.4,
while values for the smooth surface velocity and thermal constants

are proposed in literature as C� ≃ 5.0 and C�
θ ≃ 13.2Pr − 5.3

[19,20]. The Prandtl number is defined as Pr � CP μ∕λ, with μ �
ρν representing the dynamic viscosity and λ the thermal conduc-
tivity of the fluid. The turbulent Prandtl number Prt presents a wider
definition and a more complex behavior, but it is normally assumed
as constant Prt ≃ 0.85–0.9 through the boundary layer for numeri-
cal simulations.
Experimental evidence shows that ΔU� is close to zero for small

k�s (hydraulically smooth regime) and tends to exhibit a monotoni-
cally growing behavior for large k�s , commonly identifying the fully
rough regime [see Eq. (3)]. In such a regime, local flow separation and
pressure effects dominate over viscous effects. Intermediate values of
k�s define the transitionally rough regime, where viscous effects are
still relevant and ΔU� is also affected by the surface topology. For k�s
falling in this regime, correlations can be found in literature, such as
the one proposed by Grigson [21], shown in Eq. (4) and covering the
entire roughness scale spectrum based on the data of Colebrook and
White [11]. Finally, it must be pointed out that most RANS tools use
modified boundary conditions to account for ΔU� in the boundary
layer adjacent to a surface with a specific ks (see, e.g., Aupoix [22]).

ΔU� � 1

κ
ln�k�s � � C� − 8.5 (3)

ΔU� � 1

κ
ln 1� k�s

e�κ �C�−8.5�� (4)

The asymptotic form of ΔΘ� in the fully rough regime remains
ambiguous, with disagreement among current models [23]. For
example, Owen and Thomson [24] developed the correlation
reported in Eq. (5), including roughness effects based on the param-
eter Stk defined in Eq. (6), with Ck � 1.923, a � −0.45, and b �
−0.8 being topology-related constants. The correlation suggests
an early increase of ΔΘ� approaching k�s ≈ 100, followed by a
decrease of ΔΘ� as k�s increases into fully rough. In alternative,
more recent studies evidence a tendency of a constant ΔΘ� ≈ 4 in
the fully rough regime [18,25].

ΔΘ� � Prt
κ

ln�k�s � � C�
θ −

1

Stk
− 7.2 (5)

Stk � Ck �k�s �a Prb (6)

With relation to roughness shifts, different correlations for engi-
neering applications that link ks to geometrical features have been
developed, among others, by Sigal and Danberg [26], Bons [27],
Flack and Schultz [28], and Forooghi et al. [17]. These correlations
are typically based on experimental or numerical data from various
roughness samples, considering multiple statistical and geometrical
parameters, with ks effects on mean flow introduced via the afore-
mentioned log-layer shifts. Notably, most studies focus on skin
friction enhancements, with fewer addressing thermal shifts, limit-
ing robust ks model development for heat transfer.
The convective heat transfer has been extensively linked to

friction on smooth and rough surfaces. Early studies [29,30] focused
on providing a relation for the Stanton number St in pipes as a
function of the skin friction coefficient cf, the Reynolds number,

and the molecular Prandtl number, combining analytical consider-
ations with experimental data. While this analogy was found to
provide satisfactory results on smooth surfaces with comparable
molecular and turbulent Prandtl numbers, later investigations
showed how the proportionality between St and cf is compromised

in the presence of surface roughness. This was observed on wind
turbine roughness by Bons [31], who noted that the increase of the
Stanton number is generally accompanied by a larger increase of the
skin friction coefficient. The phenomenon is explained by the rise in
pressure drag induced by roughness and contributing to friction,
which finds no analog in heat transfer enhancement mechanisms.
Empirical St − cf analogies have been proposed based on Re and

Pr by Martinelli [29], or based on the Reynolds analogy factor
RA � 2St∕cf by Forooghi et al. [32]. Through a DNS study on

random roughness, Peeters and Sandham [33] assessed these and
additional analogies demonstrating how their performance depends
on the roughness regime, delivering St predictions that might
increasingly deviate from the simulated one as the roughness param-
eter k� is varied.
Comprehensive experimental and numerical databases on artifi-

cial or realistic roughness are the base to build ks correlations and
St − cf analogies. However, applications within the icing field are

still limited. A series of studies at Baylor University focused on heat
transfer and skin friction measurement over laser-scanned ice sur-
faces [34–36]. Alternatively, high-fidelity numerical techniques
such as large-eddy simulation (LES) and direct numerical simula-
tion (DNS) can be used to evaluate enhancement mechanisms, with
the advantage of undisturbed access to turbulent boundary-layer
properties down to roughness level. Hybrid RANS-LES methods
are reported in literature, but they were mainly used to target flow
separation and aerodynamic performance degradation due to ice
accretion, modeling small geometric features [37,38]. Resolving
roughness requires LES or DNS of realistic surfaces down to the
near-wall region, typically conducted in canonical wall-bounded
flow configurations to manage computational costs. These simula-
tions often involve artificial or realistic roughness in periodic chan-
nels or flat plate setups. Several studies have performed DNS and
LES in periodic channels with wall roughness [32,39,40], including
Yang et al. [41], who applied these configurations to realistic ice
from engine nacelles. While periodic channels effectively simulate
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fully developed turbulent boundary layers with uniform roughness,
they are far from realistic applications. Indeed, such a configuration
excludes any roughness inhomogeneity due to the periodicity con-
straint, thus neglecting any turbulent flow history influence, and
imposes a constant boundary layer to roughness height ratio. In
contrast, flat plate setups, eventually including pressure gradient
effects, allow the analysis of developing boundary layers under
more realistic conditions, although at a higher computational cost.
Extensive effort was dedicated to studying developing boundary
layers on rough surfaces without considering thermal effects. Sev-
eral of these studies are reviewed in the work of Piomelli [42], which
also includes an overview of different types of rough surfaces
analyzed. Pressure gradient configurations, which might be consid-
ered closer to operating airfoil conditions, were tested by Yuan and
Piomelli [43] and Yuan and Piomelli [44] over sandpaper roughness.
Here, the presence of roughness was found to obstruct the flow
quasi-laminarization normally induced by flow acceleration on
turbulent boundary layers over smooth walls. Another crucial aspect
commonly analyzed with a flat plate setup is boundary-layer tran-
sition. As an example, the recent study by Ananth et al. [45] used an
LES approach to study transition to turbulence over a realistic
roughness strip. Contrarily to momentum, thermal effects were less
investigated for turbulent boundary layers. Insights into rough zero-
pressure-gradient (ZPG) heated flat plates DNS can be found in
Cardillo et al. [46], employing recycling and rescaling methods to
establish turbulent inlet conditions. Zabaleta et al. [47] performed
wall-modeled LES of a turbulent boundary layer over a heated plate
featuring realistic ice roughness from previous experiments of
McCarrell et al. [36], providing a comparison of the numerical setup
with measurements of convective heat transfer by taking into
account solid conduction. In a similar way, Sotomayor-Zakharov
et al. [48] verified and validated an embedded, and validated an
embedded LES setup against the same reference study. Both this
work confirmed good accuracy achieved by LES strategies in
capturing thermal convection when compared to experimental data.
The present work assesses the performance of equivalent sand-

grain roughness models thought for engineering application on a
realistic ice geometry based on an embedded LES (ELES) approach.
In this type of simulation, the LES domain is restricted around the
region of interest, being in this case the rough boundary layer.
Elsewhere, flow is simulated through a RANS approach, reducing
significantly the computational burden. The objective of the pro-
posed investigation is to link ks with the observed flow properties,
for which the effect of realistic ice roughness is systematically
evaluated through velocity and temperature shifts correlation
extracted from ELES simulations of ZPG turbulent boundary layers.
The employed numerical setup is the one verified and validated in
the work from Sotomayor-Zakharov et al. [48]. Two realistic,
unwrapped ice geometries taken from McCarrell et al. [36] are
included in a flat plate flow configuration, and inlet conditions are
varied to access wider roughness regimes in terms of k�s . Mean
turbulent profile shifts with respect to theoretical smooth log layers
are computed, and the resulting data points, covering the transition-
ally (5 < k�s < 70) and fully rough (k�s > 70) regimes [19], are used
to compare the performance of ks models in predicting roughness
effects on the mean flow. Roughness shifts are evaluated against few
correlations from literature that make use of statistical moments,
surface slope-related parameters, or solidity, combined to build a
relation for ks∕kref, where kref is a reference roughness measure. A
similar ks model assessment can be found in the work of McClain
and Boldt [49], where the authors analyzed the geometrical behavior
of the models applied to several ice geometries. However, in such a
study, flow properties are not taken into account, thus disregarding
any correlation of ks with roughness shifts. Finally, few St − cf
analogies from literature are assessed for the present numerical
results, and a multivariate approach is proposed to observe cross-
dependencies between computed shifts and rough surface proper-
ties. The rest of the paper is structured as follows: Sec. II presents
the analysis methods, including the simulated ice geometries char-
acterization, the numerical setup and test cases, and the strategy to
extract turbulent quantities and roughness shifts from the outputs;

Sec. III presents the main results in terms of model-based k�s
correlations withΔU� andΔθ�, St − cf analogies, and multivariate

analysis of surface geometrical features; Sec. IV finally draws
conclusions and future perspectives of the work.

II. Methodology

The ELES carried out in this study aim to replicate the exper-
imental conditions established by McCarrell et al. [36]. While the
geometries have been slightly adapted for the numerical domain, the

essential statistical properties remain consistent with the original
experiments. The following sections will provide a concise over-
view of the experimental setup, followed by the description of the
computational domain, mesh, and numerical method. Subsequently,
a detailed characterization of the ice surfaces is proposed before
providing an introduction of the equivalent sand-grain roughness

correlations under analysis. Finally, a description of the numerical
test cases employed in this work and details on postprocessing
techniques are given.

A. Experimental Database

The evaluation of equivalent sand-grain models against LES
results on realistic ice roughness is conducted based on the ice

roughness geometries described in the work of McCarrell et al.
[36], who unwrapped the original wind tunnel NACA0012 ice scans
by McClain et al. [50] using the Self-Organizing-Maps approach of
McClain and Kreeger [51]. By scaling up 10 times the geometries,
considering just the suction-side ice pattern, and adding a smooth
portion in front of the roughness, flat plate test articles for the

measurement of skin friction and heat transfer were deployed.
The NACA0012 Reynolds number was matched by correspond-
ingly reducing the test velocity by a factor of 10. The test articles
were 3D printed into two materials, namely aluminum and plastic,
to determine the effects of heat conduction within the solid layer on
the convective heat transfer resulting from measurements. The

rough plate substrate was divided into panels, each one instrumented
to control the surface heating and possibly provide a uniform heat
flux across the whole surface. The convective heat transfer and the
skin friction were evaluated at every panel by means of infrared
thermography and hot-film anemometry, respectively, resulting in
Stanton number St and friction coefficient cf distributions along the
plate. Further details can be found in the original paper, while
Table 1 resumes the reference flow conditions matching the experi-
ments of McCarrell et al. [36]. Here, L is the test article reference
length, Tb is the air bulk temperature at which fluid properties are
considered, ΔT � �Tw − T∞� is the relative temperature difference
between wall and freestream, ρ is the air density, CP is the specific
heat at constant pressure, μ is the air dynamic viscosity, λ is its

thermal conductivity, and ReL and Pr are the Reynolds number
based on the plate length and Prandtl number resulting from such
conditions.

Table 1 Conditions and
flow properties for numerical

simulations

Parameter Value

L, m 0.9525

U∞, ms−1 6.67

Tb, K 300

ΔT, K 10

ρ, kg∕m3 1.124

CP, J∕�kg ⋅ K� 1007

μ, Pa ⋅ s 1.858 ⋅ 10−5

λ, W∕�m ⋅ K� 2.565 ⋅ 10−2

ReL ⋅ 10−5 3.85

Pr 0.729
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B. Characterization of Rough Surfaces

The two ice geometries displayed in Fig. 1 are used as baseline for
the present study, corresponding to the labels 113012.05 and
113012.04 from McCarrell et al. [36], here conveniently referred
to as case 1 and case 2, respectively. Such geometries are adapted to
a numerical domain for an ELES of a ZPG flat plate. The main
modifications regard the spanwise (z) extension of the rough surfa-
ces, which were reduced from Δz0 � 0.2032 m to Δz � 0.05 m to
spare computational cost, and a filtering of the spanwise edge
section of the domain to blend the roughness levels onto a unique
height value, thus ensuring periodicity across z required from
simulations. From a physical standpoint, this could lead to rough-
ness feature loss and turbulence constriction. However, as shown in
detail by Sotomayor-Zakharov et al. [48], such surface manipulation
does not affect critically results in the turbulent boundary layer over
the rough plate.
To link the computed shifts to simulated geometrical properties,

the analysis for the present work is directly based on the processed
surfaces used for the simulations, which already underwent the
modifications listed above. The surface characterization targets
statistical and geometrical indicators entering the ks models consid-
ered in this work, which will be described in the next section. The
flat plate wall featuring roughness elevation k � k�x; z� is divided
into several sections in streamwise (x) direction, each of fixed
extension Δx and planform area S, covering the full plate length
L. For each section, statistical moments such as mean height km,
arithmetic average Ra, root-mean-squared (RMS) height Rq, skew-

ness Sk, and kurtosis Ku are computed according to their definition
[see Eqs. (7a–7e)] to deliver a distribution along x.

km � 1

S S
k dS (7a)

Ra � 1

S S
k − km dS (7b)

Rq � 1

S S
�k − km�2 dS (7c)

Sk � 1

S R3
q S

�k − km�3 dS (7d)

Ku � 1

S R4
q S

�k − km�4 dS (7e)

In addition, parameters such as the effective slope ESx and the
local surface slope αx in the streamwise direction can be retrieved
according to Eqs. (8) and (9), where ∂k∕∂x represents the surface
height gradient along x. From the slope distribution, the weighted
RMS approach proposed by McClain and Boldt [49] is here
employed to retrieve the corresponding RMS variation across the
height map (αx;RMS), as shown in Eq. (10). It can be seen that the wet

area Sw [defined in Eq. (11)] is used to compute this value, and that
only windward elements are considered, identified as those featuring
a negative x-component of the local normal vector n � �nx; nz; nk�.

ESx �
1

S S

∂k
∂x

dS (8)

αx � arctan
∂k
∂x

(9)

αx;RMS �
1

Sw Sw

α2x ⋅H�nx < 0� dSw (10)

Sw �
S

1� ∂k
∂x

2

� ∂k
∂z

2

dS (11)

C. Equivalent Sand-Grain Roughness Correlations

In the following, the equivalent sand-grain roughness models
considered for the assessment are briefly introduced. By collecting
data from several artificial and realistic roughness samples, Flack
and Schultz [28] proposed a correlation solely based on surface
statistical moments, namely RMS height Rq and skewness Sk, as
presented in Eq. (12).

ks
Rq

� 4.43�1� Sk�1.37 (12)

A different approach was pursued by Forooghi et al. [17], who
investigated the effects of several surface parameters on ks by means
of direct numerical simulation (DNS) of channel flows at Reτ ≃ 500
with different wall geometries, featuring random synthetic rough-
ness. In such a study, the authors pointed out that skewness and
effective slope (ESx) were found to satisfactorily predict ks normal-
ized with maximum peak-to-valley roughness height kz. The corre-
sponding correlation is presented in Eq. (13). In the original study,
an additional parameterΔwas included representing the distribution
of roughness element sizes as a measure of diversity of roughness
peak heights. However, Eq. (13) is modified only for values of Δ
close to zero, which, according to the authors, correspond to rough-
ness with near-uniform peak size, thus not likely to be found in
naturally formed ice roughness [49]. Therefore, this parameter is
excluded from the present analysis for the ice roughness case, and
Eq. (13) is always considered.

ks
kz

� �0.67Sk2 � 0.93Sk� 1.3��1.07�1 − e−3.5 ESx�� (13)

It is worth stressing the fact that the above correlations were built
specifically to cover the fully rough behavior thus obtained exploit-
ing Eq. (3), and that may suffer in the representation of lower levels
of roughness in the transitionally rough regime. A different series of
correlations is based on geometrical features such as solidity and
slope, and most relevant examples are provided by Sigal and
Danberg [26] and Bons [27]. The first study introduced the param-
eter Λs, representing a solidity factor containing both surface slope
and shape information.Λs is defined in Eq. (14), where S, Sf, and Ss
are the surface planform area, the total frontal area of the roughness,
and the total windward wet surface, respectively. Based on its
definition, Λs can be obtained along the flat plate under analysis
following the approach presented previously and computing for
each streamwise section S, Sf, and Ss based on local roughness

characteristics. Sigal and Danberg [26] determined a ks correlation
from roughness geometry for surfaces with uniformly sized and
uniformly shaped two-dimensional (bars, ribs, or circular rods) rough-
ness elements arranged in a uniform pattern along a test surface,
delivering the function found in Eq. (15). The resulting model was
determined based on the values of the log-law intercept in the

Fig. 1 Elevation map of rough test articles 113012.05 (left) and
113012.04 (right) [36].
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presence of roughness. The definition of a kref to scale ks is
ambiguous in the reference work. In this study, kz is used as for
the Forooghi et al. [17] correlation.

Λs �
S

Sf

Sf
Ss

−1.6
(14)

ks
kz

�
0.00321 Λ4.925

s 1.4 ≤ Λs < 4.89

8.0 4.89 ≤ Λs ≤ 13.25

151.71 Λ−1.138
s Λs > 13.25

(15)

Bons [27] resorted instead to a purely slope-based correlation,
relating ks∕Ra to the RMS variation of the local rough surface
slope, as seen in Eq. (16). Bons [27] measured skin friction (cf)
and heat transfer (St) for low-speed flow over turbine surfaces
from 3D scanned data. Slope values α were measured from 2D
streamwise traces of such roughness patches, and this can be
considered equivalent to computing them in the x-direction as
indicated by Eq. (9). The RMS value was then evaluated over
the entire surface. Established cf correlations were used to fit

experimental data to extract ks estimates. While cf values aligned
with previous sandgrain roughness models, St correlations based
on Reynolds analogies were found to overpredict heat transfer. In
the attempt to overcome previous models' limitations in the transi-
tionally rough regime, Bons [27] presented a tuned correlation for
k�s < 70. Moreover, the analysis indicated that real roughness
differs significantly from regularly shaped models, affecting in
particular the accuracy of St predictions. These findings expose
limitations in traditional roughness models and the use of ordered
roughness elements.

ks
Ra

� 0.0736 αx;RMS � 0.019 α2x;RMS (16)

D. St − cf Analogies

Convective heat transfer is frequently estimated by friction anal-
ogies. The limitations of such an approach on rough surfaces have
been evidenced by previous works [31]; still, adjusted correlations
have been proposed to provide St estimates. These relations have an
empirical base, stemming from simulation or experimental data,
which directly link St to cf based on the rationale of the Reynolds

analogy. While the latter is known to fail in the presence of wall
roughness, corrected models have been devised, including depend-
ence on flow conditions through the Prandtl and Reynolds numbers.
Among others, Martinelli [29] proposed the relation of Eq. (17).
Based on the cavity vortex hypotheses applied to experimental data
on 3D irregular roughness, Owen and Thomson [24] derived con-
stants for the roughness Stanton number Stk, as previously indicated
in Eq. (6), which acts as a thermal resistance to include cavity
stagnation effects. The resulting form of Stk can be used to derive

a rough Reynolds analogy factor RA � �2St∕cf� as indicated in

Eq. (18). More recently, researchers have sought after a generally
applicable relation between the Reynolds analogy factor and the
wall roughness parameter ks, as done, e.g., by Forooghi et al. [32],
resulting in the model of Eq. (19). Here, the subscript “0” refers to
smooth conditions. Such correlation was obtained from a DNS
study of periodic channels focusing on density and slope parame-
ters, thus generating roughness elements by systematically modify-
ing their distribution based on a truncated conical section. To
complement such analysis, realistic roughness scans from wind
turbine blades and combustion chamber deposits were considered.
By knowing the theoretical distribution of cf and St on a smooth

plate, the corresponding rough values can be estimated based on
local friction and k�s .

2St

cf
� 5 cf∕2 Pr� ln �1� 5Pr� � 1

2
ln ��Re∕60� cf∕2�

(17)

RA � 1

Prt � cf∕2 St−1k
(18)

RA

RA0

� 0.55� 0.45 exp �−k�s ∕130� (19)

As part of the present study, these different analogies will be
assessed to further investigate their applicability on a turbulent
boundary layer, similarly to what Peeters and Sandham [33] did
for a turbulent periodic channel setup. Notably, the type of rough-
ness used in this study is different, e.g., from the one investigated in
the work of Forooghi et al. [32], thus testing once again its appli-
cability in a substantially different context.

E. Numerical Setup and Model

The numerical simulations follow the same procedures applied in
the study of Sotomayor-Zakharov et al. [48], which used the soft-
ware ANSYS FLUENT 21R2 to perform ELES on an airfoil with
ice accreted around the leading edge. Said study also includes the
verification and validation of the LES setup for standard flow
configurations against wind tunnel measurements. Figure 2 depicts
the flow domain, which follows the experimental configuration of
McCarrell et al. [36] but is extended in the streamwise direction for
numerical purposes. The ZPG heated flat plate extends from x �
0 m to x � 4.064 m, although the experimental test surface only
extends to x � 0.9525 m, taken as the reference scale L. The height
of the numerical domain H � 0.3048 m corresponds to the wind
tunnel test section height. A computational box with a reduced span
was selected, as outlined before, extending from zmin � −Δz∕2 to
zmax � Δz∕2, which manages to approximately preserve the surface
statistical parameters of the full span domain and the proper devel-
opment of turbulent structures as demonstrated in [48]. Specifically,

Fig. 2 Flow domain scheme in nondimensional units (x∕L). The blue coloring indicates the heated plate crossing the three subdomains.
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it was proven in such a study that the selected Δz � 0.05 m was
sufficient to resolve the roughness features and capture the turbulent
structures developing by performing a sensitivity analysis on such a
parameter. A double domain span Δz � 0.10 m was found to
deliver similar Rq and Sk distributions, and comparable turbulent

mean profiles and stresses.
The domain is divided into three subdomains (see Fig. 2): a

laminar subdomain, an LES subdomain in the center, and a RANS
subdomain downstream. The upstream subdomain allows the lam-
inar boundary layer to develop over the smooth portion of the flat
plate before roughness is encountered. Inside the LES subdomain,
transition to turbulence is triggered by the rough surface. The
turbulent boundary layer keeps developing into the downstream
RANS subdomain, crossing an LES-RANS interface. A nonturbu-
lent flow with velocity U∞ � 6.67 ms−1 and temperature T∞ �
295 K enters the domain at the inlet, initially without any turbulent
content, eventually developed due to roughness presence. The flat
plate acts as a no-slip wall and is maintained at a constant wall
temperature Tw � 305 K > T∞ to generate a heat flux. The iso-
thermal boundary condition was proved to adequately capture heat
transfer in the turbulent region, which is the target of the analysis,
as detailed in the related validation study [48]. The first bottom
portion of the laminar subdomain is set as a symmetry (slip region)
to ensure a laminar inflow reaching the plate, whose smooth
portion begins at x∕L � 0. The sides of the laminar subdomain
are set as symmetries as well, preventing boundary-layer formation
there, while the sides of the LES and RANS subdomains are
periodic interfaces. The top faces of each domain present a sym-
metry boundary condition, complying with the reference wind
tunnel experimental setup.
The rough surface is discretized by means of a body-fitted,

adaptive Cartesian mesh within the LES subdomain, featuring cubic
elements of side Δl that are progressively refined close to the plate.
The maximum edge size of a cubic element is Δlmax � 0.0064 m,
while the minimum resolution close to the wall is set to

Δlmin � 4 ⋅ 10−4 m. This results in five mesh resolution levels that
progressively halve their edge size fromΔlmax toΔlmin. Near the flat
plate, the Cartesian mesh merges with a prismatic layer with a first

layer height of 2 ⋅ 10−5 m, a growth ratio of 1.15, and a number of
layers chosen to achieve a last layer height of 1∕2 ⋅ Δlmin. A close-
up view of the near-wall mesh structure for the case 1 geometry is
given in Fig. 3. These settings ensure a first cell height Δy�w < 1 for
simulations, with an average Δy� ≈ 0.2 for the highest ReL cases.
Moreover, 4 ≲ Δl� ≲ 30 for the two geometries is achieved,
aligned with previous LES on rough surfaces [39,44]. A minimum
roughness wavelength ξmin based on the 99% threshold PSD spec-
trum energy of the surfaces in the critical roughness region between
x∕L � 0.3 and x∕L � 0.8 was extracted to evaluate the employed

surface resolution. For case 1, ξmin ∼ 8.0 ⋅ 10−3 m, while case 2

resulted in ξmin ∼ 9.2 ⋅ 10−3 m. From this, it was concluded that
Δlmin ≲ ξmin∕12 was sufficient to correctly resolve the surface

topology, according to previous DNS studies on roughness [52].
For the laminar and RANS subdomains, a hexahedral mesh is gen-
erated, matching the prism layer growth from the wall and expanding
outward from the interfaces with the LES region. A grid sensitivity
study is included in the work of Sotomayor-Zakharov et al. [48],
where the minimum and maximum resolutions were progressively
halved to show the effects on key parameters and turbulence statistics.
The ELES solves an incompressible, ZPG boundary layer mod-

eled by the momentum and scalar transport Eqs. (20) and (21) for
the velocity components ui and the scalar θ � Tw − T representing
the wall-relative temperature of the flow.

∂ui
∂t

� ∂uiuj
∂xj

� −
1

ρ

∂p
∂xi

� μ

ρ

∂2ui
∂x2j

(20)

∂θ
∂t

� ∂ujθ
∂xj

� λ

ρ CP

∂2θ
∂x2j

(21)

Within the laminar subdomain, these equations are solved
directly, excluding any turbulence modeling, to provide a laminar
inflow by deactivating turbulence production. The WALE model
[53] with Cw � 0.325 is used for the LES, while the SST k − ω
model [54] is applied in the downstream RANS subdomain, thus
modifying Eqs. (20) and (21) into RANS form. The energy equation
is enabled without viscous heating due to low flow speeds, using
Prsgs � 0.85 for LES and Prt � 0.85 for RANS. A noniterative

time advancement (NITA) solver with a second-order implicit
scheme is used, along with a PISO scheme for pressure–velocity
coupling. The least-squares cell-based gradient method is imple-
mented, with a bounded central difference scheme (BCD) for the
LES and a second-order upwind scheme for the laminar and RANS
regions. ELES simulations are initialized from a preliminary RANS
solution with a perturbation to trigger turbulence. The initializing
RANS simulation uses the SST k − ω γ − Reθ model [55] to estab-
lish a developing laminar boundary layer before the rough zone. The
simulation is run with a time step Δt small enough to ensure, for
each case, an average CFL < 0.5. The computed convective flow
time t 0f � U∞tf∕L ∼ 2 was long enough to observe a statistically

converged behavior of flow monitors such as cf and St, enabling
statistic collection for an additional flow-time t 0s � U∞tf∕L ∼ 2.5.

This choice is based on the statistical convergence analysis included
in the work of Sotomayor-Zakharov et al. [48], where more insights
into the choice of the numerical settings are also reported.

F. Surface Quantities and Roughness Shifts Evaluation

From numerical results, wall quantities such as τw and qw require
evaluation along the plate to derive cf and St distributions and local
friction quantities for wall-unit scaling (uτ and Tτ). The approach
followed by Sotomayor-Zakharov et al. [48] is used. As done for
surface statistics, the plate is divided into several streamwise seg-
ments (n-indexing), corresponding to a limited mesh set of N points
on a projected area S � Δx × Δz. Using time-averaged surface
values of pressure pn, shear stress τn and heat flux qn from simu-
lations, τw and qw are locally averaged over these subsets for each
streamwise x-location as shown in Eqs. (22) and (23), respectively.
Here, ηn represents the local surface element normal, while ex is the
x direction unit vector. From these, cf and St can be obtained via

Eqs. (24) and (25).

τw � 1

S

N

n�1

Sn��τn ⋅ ex� − pn�ηn ⋅ ex�� (22)

qw � 1

S

N

n�1

Sn qn (23)

cf � 2 τw
ρ U2

∞
(24)

Fig. 3 Near-wall mesh structure for case 1.
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St � qw
ρ CP U∞ΔT

(25)

Mean turbulent quantities are obtained through a double-
averaging procedure. Each time-averaged field of interest �φ is
further averaged in x and z over each segment along the rough plate
through the operator h⋅i defined in Eq. (26), thus resulting in a
plane-average procedure as used, e.g., by Piomelli and Yuan [56].

hφ �xn; y�i �
1

S

xn�Δx
2

xn−Δx
2

Δz
2

−Δz
2

�φ �x; y; z� dx dz (26)

The spatial resolutions Δx and Δz, employed to compute the
averaged surface properties and turbulent profiles, were chosen
consistently with the reference experimental [36] and numerical
[48] setups, respectively. Note that Δz coincides with the computa-

tional domain span. Double-averaged turbulent profiles hui� and

hθi� are scaled in wall units, indicated by the superscript ���, by
means of friction velocity uτ and temperature Tτ. These scaling
properties are locally computed using τw and qw as shown in
Eqs. (27) and (28).

uτ �
τw
ρ

(27)

Tτ �
qw

ρCPuτ
(28)

The wall distance y� is scaled via Eq. (29). The turbulent profiles
extraction accounts for the local origin of the wall, which amounts to
displacing the wall-normal distance y by the mean roughness eleva-
tion km [as defined in Eq. (7a)], which acts as the virtual origin of the
rough wall. Both y and km are measured with respect to the same
reference plane, corresponding to the smooth plate level.

y� � ρ uτ�y − km�
μ

(29)

The effects of roughness on the flowfield are analyzed through

the examination of profiles hui� and hθi� extracted at various
locations x along the plate to facilitate the assessment of
boundary-layer evolution. These locations coincide with the plate
segments centers xn, but only the ones in the fully developed
boundary-layer region. Among the test cases, the evaluation locations
x are held constant to analyze turbulent flow properties at consistent
roughness levels. To evaluate the ks models from the literature,

roughness shifts ΔU� and ΔΘ� must be extracted from these mean
turbulent profiles. Yuan and Piomelli [44] suggested a method for this
evaluation concerning rough flat plate simulations under a favorable
pressure gradient (FPG) condition, which utilizes the diagnostic

functions K�
u � y��du�∕dy�� and K�

θ � y��dΘ�∕dy��. These

diagnostic indicators allow for the identification of log layers in the
velocity and thermal profiles, characterized by the plateau regions
displayed in the functions. Based on this argument, log layers are

individuated for each profile by examining the behavior of dK�
u ∕dy�

and dK�
θ ∕dy� as further outlined in Sec. III.B. Values of ΔU� and

ΔΘ� refer to local profile shifts from theoretical smooth log-law

profiles, i.e., u�s � 1∕κ ln�y�� � C� and Θ�
s � Prt∕κ ln�y�� �

C�
θ [see Eqs. (1) and (2)]. The shifts can be directly obtained as

indicated in Eq. (30). For cases with varied velocity, the log-layer
location is verified to be reasonably not affected by the change in inlet
conditions in the fully turbulent region.

ΔU� � u�s �y�rs � − u��y�rs � ΔΘ� � Θ�
s �y�rs � − Θ��y�rs � (30)

G. Test Cases

The test cases under analysis are simulated under the reference
flow conditions matching the experiments (see Table 1). Additional

simulations are conducted by progressively reducing the reference
inlet velocity U∞ for both geometries. The main purpose is to cover
a wider range of k�s through a variation of the plate Reynolds
number ReL presented in Eq. (31).

ReL � U∞ L

ν
(31)

The evolving boundary layer on the two geometries already
delivers a wide range of k�s for a single test case. This can be easily
predicted given the magnitude of the roughness height in the two
cases and the friction distribution along the plate, which ultimately
plays a role in the scaling of ks in wall units. By adopting different
velocity values, minor changes are observed in corresponding k�s
values, slightly shifting data points and achieving a more robust and
complete representation of the shifts. The cases naming and corre-
sponding velocities that constitute the test matrix are presented in
Table 2. A total of 6 simulation routines are required to gather the
desired data points. The mesh characteristics presented in Sec. II.E
are maintained constant for the same geometry at varying velocities,
while verifying that the near-wall discretization was able to accom-
modate the estimated boundary-layer thickening implied by a pro-
gressively reduced U∞.

III. Results

In the following sections, the main results of the present inves-
tigation are outlined. Firstly, the geometrical and statistical param-
eters of the rough surfaces under consideration are used to derive
equivalent sand-grain roughness distributions through the selected
models. Then, turbulent mean profiles are analyzed, focusing on the
log-layer development on top of the simulated ice geometries. From
these profiles, roughness shifts are extracted and correlated to the
considered ks models, highlighting their dependence on specific
roughness parameters. Finally, a brief assessment is made on St − cf
analogies from literature based on the present results, and a multivari-
ate statistical approach is employed to determine cross-dependencies
of geometrical parameters with roughness shifts.

A. Ice Roughness Analysis

The method outlined in Sec. II.B is used to extract ice roughness
properties. The resulting surface parameter distributions are pre-
sented in Fig. 4 for both geometries. Case 2 reflects the higher
accretion time under which such an iced shape was obtained (see
McCarrell et al. [36]). The skewness stays comparable in magnitude
for both surfaces, showing an increasing trend along the plate.
Indeed, even when considering roughness variation with respect
to the mean height km, the nature of ice roughness is described by an
inhomogeneous deposit of material onto the smooth substrate,
leading to a mostly positive, increasing Sk. Physical reasoning
already suggests that such value might introduce just a bias in ks,
since it does not show any evident variation when comparing two
different accretion patterns. Among the parameters distributions,
similar trends can be observed for the RMS roughness Rq and the

slope quantifiers ESx and αRMS. This implies that such parameters
are correlated on the same geometry and might have a similar impact
when used in a ks model.

Table 2 Simulation test cases

Source geometry [36] Simulation case U∞, m/s ReL ⋅ 10−5

113012.05 1-R 6.67 3.85
113012.04 2-R 6.67 3.85

113012.05 1-T 5.00 2.89
113012.04 2-T 5.00 2.89

113012.05 1-H 3.33 1.93
113012.04 2-H 3.33 1.93

Labels R, T, and H correspond to freestream velocities of U∞, 0.75U∞,

and 0.5U∞.
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Figure 5 displays the ks distributions in wall units derived from
the models under investigation. The scaling is performed according
to reference cf distributions for the two geometries. A clear differ-

ence in magnitude can be spotted between the predictions among
different models. In particular, the ones including the skewness as a
parameter (i.e., Flack and Schultz [28] and Forooghi et al. [17]) tend
to predict higher ks values, especially at locations further down-
stream along the plate with respect to slope- and shape-based
models (such as Sigal and Danberg [26] and Bons [27]), confirming
that the inclusion of such a parameter may determine notable
differences in ks magnitude. Moreover, predictions of Flack and
Schultz [28], Forooghi et al. [17], and Bons [27] stay consistent
between the two geometries, while for case 2 roughness, Sigal and
Danberg [26] evidently provide much higher ks magnitudes, pos-
sibly due to substantially increased frontal area and solidity.

B. Mean Turbulent Profiles

The ELES results are postprocessed to extract desired turbulent
flow properties along the plate. In particular, mean velocity and

thermal profiles are the focus of the analysis, as roughness shifts are

directly computed from them as reported in Sec. II.F. The profiles

are evaluated at the 10 progressive x∕L locations reported in Table 3.

These locations cover the rough zone and feature a developing

turbulent boundary layer. The evolution of the Reynolds number

based on momentum thickness, Reθ, is reported in Fig. 6. As can be
seen from the graphs, transition happens around x∕L ∼ 0.4, point
before which the Reθ distribution agrees with the analytical smooth

laminar trend Reθ;lam � 0.664 Rex
p

. In the turbulent region, the

boundary-layer thickness is increased on the rough surfaces with

respect to the smooth turbulent reference Reθ;turb � 0.016�Rex�6∕7.
The evaluation of the roughness shifts is physically relevant for

those profiles presenting a detectable log layer. The developing

profiles in wall units along the plate are partially shown (one each

at two stations, for clarity) in Figs. 7 and 8 for each velocity case. As

expected, profiles evidence downward shifts with respect to the

asymptotic smooth reference. The difference between the two tested

geometries is highlighted in the graphs. Case 2 simulations show

higher shifts, especially in terms of velocity, due to substantially

Fig. 4 Roughness parameters distribution for the two ice geometries under analysis. Dashed gray lines indicate locations for turbulent profile
evaluation (see Sec. III.B).

Fig. 6 Reθ distributions of cases 1-R and 2-R. Dashed lines mark locations for turbulent profile extraction.

Fig. 5 Equivalent sand-grain roughness distributions in wall units derived from literature models for the present ice geometries. Left: case 1; right:

case 2.

Table 3 Extraction points of boundary-layer profiles along flat plate, with
color legend for each velocity case

Station ID 1 2 3 4 5 6 7 8 9 10

x∕L 0.57 0.60 0.63 0.65 0.68 0.71 0.73 0.76 0.79 0.81

Case *-R

Case *-T

Case *-H
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higher roughness levels. In such a case, the elements obstructing the

boundary layer are evidently disrupting the log layer up to further

x∕L locations with respect to case 1. Interestingly, the temperature

profiles scaled in wall units suggest minor dependence on local

roughness, as the shifts are not varying drastically in magnitude.

This aspect will be further cleared out in Sec. III.C. From the

extracted mean turbulent profiles, the log-layer detection is needed

to finally extract the roughness shift values. According to the

method outlined in Sec. II.F, the diagnostic functions Ku and Kθ

are computed at the evaluation points x∕L. To automatically detect

the log layer associated with the plateau of Ku and Kθ, the change in

slope of these functions is considered, observing that a constant

trend is always reached between changes in curvature of hui� and

hθi�. By systematically applying this strategy, the roughness shifts

evaluation point y�rs can be taken as the midpoint between the log-

layer bounds. The bounds resulting from this computation are also

visually represented in Figs. 7 and 8. As can be observed, few

velocity profiles for case 2 geometries in the first evaluation points

(x∕L � 0.57–0.65) still present a transitional behavior, for which a

clear log-layer identification becomes problematic. In addition to

this, after transition takes place, the turbulent boundary layer
presents itself with its smallest thickness, which is in the order of
the roughness elements themselves. This implies that the roughness
elements invade most of the boundary layer, questioning the exist-
ence of a log law. Therefore, roughness shifts associated with these
points have to be carefully considered in the subsequent analysis
and eventually ruled out from the resulting conclusions.

C. Assessment of ks Correlations

The test cases count three velocities onto two different ice mor-
phologies exhibiting disparate roughness heights, thus delivering a
total of 60 evaluation points for any k�s model evaluation. Each data
set is plotted in wall units against the correspondingΔU� andΔΘ�,
according to the color legend found in Table 3. Moreover, each
graph displays the expected behavior for ΔU� and ΔΘ� with
respect to k�s according to literature. In the fully rough and transi-
tional regime, ΔU� is modeled according to Eqs. (3) and (4), while
the reference ΔΘ� follows the phenomenological model by Owen
and Thomson [24] [Eq. (5)] and the recent constant models of
MacDonald et al. [18] and Rowin et al. [25].

Fig. 7 Mean turbulent profiles for case 1 with detected log-layer bounds (squares), shifted vertically at progressive stations ( smooth log layer,
1-R, 1-T, 1-H).

Fig. 8 Mean turbulent profiles for case 2 with detected log-layer bounds (squares), shifted vertically at progressive stations ( smooth log layer,
2-R, 2-T, 2-H).
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Firstly, the Flack and Schultz [28] correlation [see Eq. (12)] is

employed to compute k�s for each shift, and the resulting graphs are

shown in Fig. 9. Such correlation was developed only to model skin

friction effects, targeting the fully rough regime for a limited set of

surfaces. Velocity shifts display a trend that approaches the fully rough

asymptote for k�s > 400, representing the highest ice roughness levels.
Most of the points from case 2 cover this regime, as evidenced by the

plot. Relative to velocity shifts, the thermal shifts are misrepresented

by the same model, as no clear trend could be identified. Indeed, the

Flack and Schultz [28] correlation was not developed to account for

heat transfer enhancement due to roughness. While a good portion of

the points from case 1 falls around the expected constant values

(ΔΘ� ≃ 4), no evident pattern is exhibited for the higher k�s range.

The second correlation under analysis is the one proposed by

Forooghi et al. [17], and the corresponding results are depicted in

Fig. 10. Note that ks is computed according to Eq. (13), where

effective slope effects are included together with surface skewness.

The latter is almost always positive for rough surfaces generated by

physical or engineering processes implying deposition, as in the

case of ice accretion. While also Flack and Schultz [28] employed

such a parameter, it is reasonable to expect a negligible dependency

of shifts on skewness for the specific case of ice roughness. Again, it

must be observed that Forooghi et al. [17] built their correlation for

modeling roughness effects on skin friction in the fully rough

regime. These observations find feedback in the results. The plots

of Fig. 10 showcase similar trends as the ones analyzed above. An

improvement is registered moving toward the transitionally rough

regime, with ΔU� approaching slightly better the theoretical curve.

This might suggest that slope effects are more important for the

description of ice roughness friction enhancement, especially at

lower k�s . The thermal shifts still display ambiguous tendencies

for both cases 1 and 2, and the same observations made for Flack

and Schultz [28] hold as well for the present model.

A different correlation was proposed by Sigal and Danberg [26],

who introduced the solidity and shape parameter of Eq. (14), and ks
was then tuned as a function of such parameter in different ranges.

Here, the correlation from Eq. (15) is used to link k�s to the rough-

ness shifts reported in Fig. 11. With respect to the previous models,

Fig. 9 Flack and Schultz [28] correlation against computed velocity and thermal shifts.

Fig. 10 Forooghi et al. [17] correlation against computed velocity and thermal shifts.

Fig. 11 Sigal and Danberg [26] correlation against computed velocity and thermal shifts.
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the range of k�s values is considerably expanded, with points falling

even below k�s � 5. What can be observed for ΔU� is a relatively
good collapse onto a curve that has a lower slope compared to the
reference asymptotic behavior. This results in an overpredicted

ΔU� at low k�s , and the opposite effect at high k�s . The wider k�s
seems to have an apparent beneficial effect on the thermal shifts
collapse. ΔΘ� points are falling around the constant values pre-
dicted by literature studies [18,25], with a slight increase for the
higher roughness levels �k�s > 100�. For k�s approaching 1000, a
reduction is observed, which aligns better with the phenomenologi-
cal model of Owen and Thomson [24] and may be physically
associated with localized recirculation zones that shield the region
from convective effects.
Lastly, the model by Bons [27] is used to evaluate ks, and the

resulting correlation with the shifts is visualized in Fig. 12. Bons
[27] introduced a ks fully dependent on surface slope effects by
considering only roughness elements exposed significantly to the
flow. An important aspect of such correlation is that it was derived
from realistic wind turbine rough samples in a ZPG wind tunnel
setup, taking into account also heat transfer effects. Moreover, Bons
[27] introduced corrections for the transitionally rough regime,
delivering a model that is expected to perform better in this range

of k�s . Indeed, looking at the graphs of Fig. 12, the ΔU� exhibits a
collapse that correctly captures the expected slope of Grigson’s [21]
prediction, with a substantial improvement in the transitionally
rough regime with respect to the previous models. A slightly better
distribution is also shown byΔΘ� for mid to low k�s , again followed
by the same reduction registered for the previous model around very
high k�s . As previously observed, it appears that the characterization
of thermal shifts is hindered by a limited comprehension of how
roughness affects heat transfer enhancement. In general, the ana-
lyzed data points do not display a consistent pattern and do not align
well with findings from the literature.

D. Assessment of St − cf Analogies

The trends of cf and St along the plate can be extracted according
to Eqs. (24) and (25). These were used as validation parameters in
the work of Sotomayor-Zakharov et al. [48]. In this section, a brief
assessment of existing St − cf analogies is proposed, according to

the models described in Sec. II.D, having as a reference the cf and

St distribution delivered by simulations. While the Martinelli [29]
analogy can be readily computed from cf and dimensionless flow

parameters, the formulas by Owen and Thomson [24] and Forooghi

et al. [32] [Eqs. (18) and (19)] require k�s . To unambiguously

determine k�s based on friction, the Grigson’s correlation [21]
introduced in Eq. (4) is used in combination with ΔU� values from
ELES profiles.
Skin friction results from ELES are presented in Fig. 13. From the

plots, the increase in global friction is evident between case 1-R and
case 2-R, testifying to the enhanced pressure drag induced by higher
roughness. Indeed, by deriving St from a classical Reynolds anal-

ogy, i.e., St ∼ 0.5 cf Pr−1t , the estimate is leading to an overesti-

mation of the convective heat transfer, which grows significantly
when the pressure contribution to cf is predominant over the viscous

one. St − cf analogies in literature have tried to correct for this

imbalance.
The estimates resulting from the St − cf analogies applied in the

present analysis are presented in Fig. 14, alongside the correspond-
ing relative error with respect to the simulation results. The latter is
computed as er% � 100 ⋅ �jSta − StELESj∕StELES�, being Sta
obtained from the analogies. Only reference cases 1-R and 2-R
are considered for this purpose.
Firstly, it can be noted how the best performance is achieved on

irregular roughness by the Owen and Thomson [24] analogy, which
delivers the lowest error across the two cases. This is expected, as
the relation was acknowledged by previous icing applications for
providing acceptable approximations on irregular roughness
[3,10,13,16]. For case 1-R, in the presence of lower roughness,
the analogy by Forooghi et al. [32] is able to capture St in the
turbulent region with acceptable accuracy, delivering errors within
20%. This is a symptom of the general applicability of such corre-
lation, which, as anticipated, has been obtained from a different
numerical dataset on artificial and realistic roughness. The Marti-
nelli [29] analogy underestimates the local Stwith higher mismatch.
However, the same analogy has comparable performance for case
2-R, showing low sensitivity to the geometry. On the other hand, the

Forooghi et al. [32] estimate, depending on k�s , highlights a poorer
performance with respect to case 1, while still delivering lower errors
with respect to Martinelli—except for points with local friction
peaks. The overall results indicate an acceptable performance from

Fig. 12 Bons [27] correlation against computed velocity and thermal shifts.

Fig. 13 Trends of cf from ELES. Left: case 1-R; right: case 2-R.
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the Owen and Thomson [24] analogy, which, however, still suffers
from significant errors on higher roughness (case 2). The other
models highlighted limited accuracy in the application to the ana-
lyzed realistic ice morphologies, as Sta is not able to reproduce
closely trends directly computed and validated through ELES.
Nevertheless, the simple model by Forooghi et al. [32] delivers lower
errors, which testifies to its applicability in disparate studies, as
already noted by Peeters and Sandham [33]. Additionally, the out-
comes indicate the need for a more thorough physics-based study on
disparate ice roughness topology, where Reynolds-like analogies fail
to capture the mechanism ruling the interplay between momentum
and scalar transport.

E. Multivariate Analysis of Rough Surfaces

In this section, the outcomes of a multivariate analysis are
reported to highlight possible cross-dependencies in roughness
geometrical parameters, including their relation to shifts. To this
aim, cases 1-R and 2-R are selected, representing the baseline for
each rough geometry at hand. The aim is to analyze cross-
correlation among different parameters reported within the same
matrix plot, shown in Figs. 15 and 16. On the diagonal, histograms
representing the discrete probability distribution of each parameter

are depicted for each case. For clarity, a limited number of param-

eters is considered for each evaluation. In particular, two evaluations

are presented with a different set of parameters. The first evaluation

is reported in Fig. 15, for which main geometrical roughness

indicators are taken into account. These indicators are the ones

mainly used by equivalent sand-grain roughness models, i.e., Rq,

Sk, ESx, and αRMS, and that characterize the correlations proposed

by Flack and Schultz [28], Forooghi et al. [17], and Bons [27]. The

same plot includes two additional entries for ΔU� and ΔΘ�. When

applied to the simulated ice geometries, the analysis reveals an

expected cross-dependence between slope indicators such as ESx
and αRMS. These two parameters show a clear quasi-linear relation

with the RMS roughness height Rq, suggesting a possible similar

influence on the flow. Indeed,ΔU� exhibits a power-law interaction

with all these three quantities, revealing their potential in describing

the behavior of velocity shifts and justifying their employment for

ice roughness correlations as well. Similar trends of ΔU� with

respect to ESx can be found, e.g., in the study of Yuan and Piomelli

[39] on realistic ice morphologies. Contrarily, none of these cross-

dependent parameters show a relation with ΔΘ�, confirming the

criticality in the description of thermal effects through the same

correlations found for the velocity shifts. The last parameter left is

Fig. 15 Cross-dependence of main roughness parameters and computed roughness shifts. Cases at reference velocity ( 1-R, 2-R) are reported.

Fig. 14 St − cf analogies and relative errors with respect to ELES trends. Left: case 1-R; right: case 2-R.
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the skewness, which presents a random scatter with respect to any
other matrix plot input. In the present case, skewness is influenced
by the physical phenomenon that leads to ice roughness generation,
which is driven by a deposit of material onto a previously smooth
surface. The resulting rough pattern is inhomogeneous with varying
thickness, i.e., varying mean. This results in mostly positive,
increasing Sk levels, as shown in Fig. 4 and reported, among others,
by McClain et al. [57]. Such physical aspects represent an important
difference with respect to regular, sand-grain, and random homo-
geneous roughness employed for the development of ks models by
Flack and Schultz [28] and Forooghi et al. [17]. Indeed, such models
revealed a relation between Sk and other statistical parameters, as
shown in a similar multivariate analysis performed on a rough
surface by Jouybari et al. [58]. This possibly highlights the necessity
of using a set of different parameters for ice roughness ks treatment.
That is why a second evaluation is performed considering different
roughness geometrical parameters, briefly described in what fol-
lows. The kurtosis Ku [see Eq. (7e)] is introduced as an additional
statistical moment, representing the nature of the surface texture in
terms of pronounced peaks or valleys. Additionally, the local rough-
ness wavelength λx, defined as the mean peak-to-peak streamwise
distance for a given region, is computed. Scorr represents the cor-
rected wetted area ratio, defined by Aupoix [22] as the ratio
Sw;corr∕S, being Sw;corr the wetted area corrected by considering

only the exposed surface elements above km. Lastly, the shape
parameter Λs by Sigal and Danberg [26] is taken into account.
Cross-dependences are found between Scorr and Λs, both related
to area ratios. An inverse relation Scorr ∼ 1∕Λs can also be detected,
and once again a power-law dependence of ΔU� on such param-
eters is individuated. The other matrix plot entries are apparently
unrelated, with ΔΘ� once again uncorrelated to all parameters. In
the study of Aupoix [9], the maximum thermal shift ΔΘ�

max was
linked to Scorr by observing a possible trend from data on various
regular roughness shapes. However, the same relation is not regis-
tered for the present irregular surfaces between the computed ΔΘ�
and Scorr, and this can be ascribed to the type of roughness consid-
ered. While the simplified multivariate approach used in this study
does not allow a thorough testing of parameter combinations and
their possible relation to shifts, it is still meaningful to check which
standalone indicator can better describe roughness effects on the
mean flow. It is then clear that, while the analysis confirms the
potential usefulness of Rq, ESx, αRMS, or Λs and Scorr in building ks

correlations with respect to velocity shifts, other commonly adopted
indicators such as Sk could be ruled out for ice geometries generated
by deposition. At the same time, the limitation of existing correla-
tions that combine those parameters in describing thermal effects is
confirmed, as none of such quantities is showing a cross-
dependence with ΔΘ�. Further analysis of other parameters or their
cross-combination would be required to devise new ks correlations
usable to account jointly for momentum and thermal effects. Never-
theless, this is currently out of scope of the present work.

IV. Conclusions

The proposed analysis employed ELES to address the investiga-
tion of skin friction and convective heat transfer enhancement on
realistic ice roughness, with a focus on currently available equiv-
alent sand-grain roughness models and St − cf analogies from
literature. A ZPG heated flat plate setup is reproduced from the
experiments of McCarrell et al. [36], following the validated setup
studied by Sotomayor-Zakharov et al. [48].
The velocity shifts, in general, have an acceptable collapse onto

the expected fully rough asymptote at high roughness levels for
most of the models, with the only exception of Sigal and Danberg
[26]. For the latter, ΔU� collapses onto a curve characterized by a
lower slope with respect to the reference. Toward lower k�s , the
transitionally rough regime is well represented only by the correla-
tion of Bons [27], while skewness-based models seem to be affected
by an underprediction of ΔU� for k�s < 400. The reason may also
be found in the nature of such correlations. Indeed, Flack and
Schultz [28] and Forooghi et al. [17] derived them specifically for
the fully rough regime on artificially generated roughness. Still, the
outcome suggests a potential use of slope-related parameters for the
development of icing-specific k�s correlations for skin friction.
On the other hand, thermal shifts are misrepresented by all the

considered models. ΔΘ� values do not exhibit any clear patterns
when using the correlations of Flack and Schultz [28] and Forooghi
et al. [17], with slight improvements offered by the other correla-
tions. In particular, both Sigal and Danberg [26] and Bons [27] seem
to predict a collapse of ΔΘ� around a constant value ≃ 4, aligned
with previous literature observations [18,25], only for k�s < 100. On
the other hand, for higher values of k�s , the tendency shows an initial
growth and successive decrease of ΔΘ�, more in accordance with
older phenomenological models [24]. This is especially observed

Fig. 16 Cross-dependence of additional roughness parameters and computed roughness shifts. Cases at reference velocity ( 1-R, 2-R) are

reported.
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for case 2 geometries, which strongly obstruct the boundary-layer
flow. The brief analysis of St − cf analogies resulting from simu-

lation results showed, for the reference cases, a discrete performance
of the more recent model from Forooghi et al. [32], which demon-
strated its applicability in a TBL context on inhomogeneous rough-
ness, and confirmed the validity of the analogy from Owen and
Thomson [24] on irregular roughness.
The multivariate analysis performed on the available rough sur-

faces aimed at isolating possible cross-correlation between rough-
ness parameters and shifts. Several parameters showed a clear
interaction. For example, Rq was found to correlate with the slope
indicators ESx and αRMS, while Λs showed a relation with Scorr, the
latter pair being related to the exposed rough surface. ΔU� con-
firmed dependence on this set of variables, which enter the tested ks
models. Once more, no evident pattern was observed between ΔΘ�
and the computed surface indicators.
To conclude, this study highlights the peculiar nature of ice-

induced roughness and its impact on turbulent boundary layers,
showing that commonly used equivalent sand-grain roughness mod-
els may not fully capture the resulting flow modifications. By
systematically testing ks correlations against realistic ice geom-
etries, the analysis provides new insights into their ability to repro-
duce flow shifts and limitations in accounting for thermal effects.
Moreover, an overview of the influence of diverse geometrical
parameters on computed shifts is delivered. The analysis demon-
strates that, while geometry-based ks models remain a practical tool,
their predictive capability is challenged by the complexity of ice
morphologies. This aspect also emerges in the behavior of St − cf
analogies, where ice roughness impacts the conventional assump-
tions underlying heat–momentum transfer relations. Importantly, this
work establishes a comprehensive overview of how roughness–flow
interactions manifest on icing surfaces, laying the groundwork for
more reliable predictive strategies in aero-icing contexts.
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