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Abstract

High altitude ice crystals can pose a threat to aircraft engine
compression and combustion systems. Cases of engine damage, surge
and rollback have been recorded in recent years, believed due to ice
crystals partially melting and accreting on static surfaces (stators,
endwalls and ducting). The increased awareness and understanding of
this phenomenon has resulted in the extension of icing certification
requirements to include glaciated and mixed phase conditions.
Developing semi-empirical models is a cost effective way of enabling
certification, and providing simple design rules for next generation
engines. A comprehensive ice crystal icing model is presented in this
paper, the Ice Crystal Icing Computational Environment (ICICLE). It
is modular in design, comprising a baseline code consisting of an
axisymmetric or 2D planar flowfield solution, Lagrangian particle
tracking, air-particle heat transfer and phase change, and surface
interactions (bouncing, fragmentation, sticking). In addition, an
efficient particle tracking method has been developed into the code,
which employs the representative particle size distribution at each
injection location and a deterministic particle sticking method by using
an in-situ particle based scaling factor without aborting the particle
trajectories. Various time integration algorithms, including implicit
and explicit Euler and Runge-Kutta methods, are discussed and the
effect on an acceptable timestep investigated. The model then
improves on those available in the literature in three ways: firstly, an
adaptation of the Extended Messinger Model (EMM) to mixed phase
conditions is incorporated, improving the fidelity of the ice accretion
prediction compared with the classical Messinger model. Secondly, an
experimentally-derived model for sticking efficiency improves the
accuracy of the continuity equation in the EMM; thirdly a simple
model for integrating two-way coupling of mass and energy is
proposed.

Introduction

There have been numerous cases in recent history of aircraft engine
incidents (damage, surge and rollback) whilst flying in conditions
associated with high ice water content (IWC). These conditions are
typically found (though not exclusively) above the tropics, where
convective weather systems loft large moisture concentrations to high
altitudes, resulting in condensation and glaciation. At some
intermediate altitudes (below ~22,000 ft), ice crystals may coexist with
supercooled water, resulting in mixed phase conditions. It is believed
that in glaciated or mixed phase conditions, ice crystals enter the
engine core compression system, where heat exchange with the warm
airflow and engine surfaces results in partial melting. Within a certain
range of melt ratios, where particles are sufficiently ‘sticky’, ice
accretion can occur. The resulting aerodynamic blockage may result in
rollback, or subsequent shedding of accretions may result in blade
damage, surge and/or flameout.

The Engine Harmonization Working Group (EHWG) classified 62
turbofan powerloss events since 1990 that were attributed to ice crystal
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accretion [1]. Of the icing events reviewed by the EHWG, many
occurred at altitude in excess of 22,000 ft, the recognised upper limit
at which water can exist in liquid form. Up to this point, ice crystals or
conglomerates (e.g. snowflakes) were generally viewed as benign to
aircraft and engine surfaces. In 2005, the EHWG presented a new
interim certification envelope, based on previous ice crystal incidents,
which was subsequently adopted by regulatory authorities. As a result,
there has been significant effort in recent years to develop semi-
empirical models of ice crystal accretion. These models may serve as
a cost effective and near-term route to certification (compared with
flight tests and sea-level test facilities) and also as preliminary design
tools.

Early efforts to adapt existing icing codes to glaciated and mixed phase
conditions include Mazzawy [2], an adaptation to NASA Glenn’s icing
code GlennICE by Wright et al [3], and a Eulerian approach
incorporated in FENSAP-ICE by Nilamdeen and Habashi [4]. Due to
a dearth of experimental data on many complex phenomena
(mechanical, thermal and multiphase interactions), these models have
necessarily included many simplifying assumptions.

More recently, as part of the High Altitude Ice Crystal (HAIC)
program, ONERA, the French Aerospace Laboratory, developed a
comprehensive 2D model for ice crystal icing, as described in [5], [6].
Particles are treated in the Lagrangian framework, and are allowed to
be non-spherical — introducing the need for non-spherical correlations
of Nusselt number, Sherwood number and drag coefficient. Particle -
surface heat transfer for bouncing or fragmenting impacts is neglected,
which is likely to lead to an under-prediction of particle melt ratio. The
model uses the Messinger model for liquid water icing [7], with the
energy and continuity equations extended to include ice crystals.
However, unlike the Extended Messinger Model (EMM) of Myers [8],
the Messinger model cannot account for heat transfer through the ice
layer or a transient temperature response in the substrate. A semi-
empirical erosion model, based on normal and tangential velocity, ice
concentration, particle diameter and surface energy is also presented.
The model has been tuned and validated against 2D accretion profiles
from a number of fundamental experiments ([9]-[11]) in external
flows.

Griftetal [12] used Lagrangian particle tracking within an Euler steady
flow solver to demonstrate particle tracking and phase change within
rotating turbomachinery. This did not, however, include surface
interactions (heat transfer, bounce, shatter or stick) or a surface energy
balance method (such as the EMM). The use of Eulerian particle
tracking was investigated by luliano et al [13], where various drag and
Nusselt number correlations from the open literature were investigated
using three Eulerian-Eulerian codes, from CIRA, ONERA and the
University of Twente.

At the University of Oxford, a new comprehensive numerical model
has been developed, the Ice Crystal Icing ComputationaL Environment
(ICICLE). A Lagrangian particle tracking scheme, with correlations
for non-spherical particle Nusselt number, Sherwood number and drag
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coefficient, has been written as a baseline model. Phase change is
incorporated using Hauk’s model for ice crystal melting [14].

The following novel elements are then incorporated into the baseline
model:

1) Incorporation of an adaptation to the Extended Messinger
Model (EMM) for use in glaciated and mixed phase conditions;
2) Improvements in sticking efficiency and erosion calculation
using data from an experimental campaign in an ice crystal icing
wind tunnel to calibrate and validate continuity equations;

3) Incorporation of a simple model for two-way coupling of mass
and energy.

Code Structure

Physics-based models for the accretion of ice on aircraft surfaces have
existed since the 1970s [15]. Models were primarily developed to
predict icing on aircraft wings, rotorcraft blades and nacelles when in
supercooled liquid water (SLW) droplet conditions. The first
generation of major aerospace icing models were developed by NASA
Lewis Research Centre, the Office National d’Etudes et de Recherches
Aérospatiales (ONERA) and the Royal Aircraft Establishment (RAE)
[16]. All share common building blocks, comprising (a) a flowfield
solution, (b) particle tracking (either in a Lagrangian or Eulerian
framework), (c) a thermodynamic ice accretion model and (d)
prediction of the ice profile and growth rate. This is shown in Fig. 1.
In the SLW problem, high-altitude supercooled water droplets freeze
on impact with cold aircraft surfaces. Whilst this is materially different
from the problem of ice crystal accretion inside turbofan engines, the
underlying building blocks may remain the same.

(C) (D)
(A) (B) Thermodynamic Extract accretion
Import flowfield Track particles accretion model on profile and growth
discrete panels rates

Fig. 1 Common building blocks of major aerospace icing codes

Fig. 2 shows the overall structure of ICICLE, using a similar four-
column representation as Fig. 1, with blocks grouped by the type of
physics — e.g. particle-air interactions. Both Fig. 1 and Fig. 2 are
termed ‘one-way coupled’ models: mass, momentum, and energy of
the particles (discrete phase) are altered by the flowfield; but the
flowfield is not altered by the presence of particles or accretions. The
accretion profile is generated by extrapolating the predicted growth
rate over a fixed time period — the time for which the test article is
‘exposed’ to the icing cloud. It has been shown that this method can
lead to inaccuracies for cases of ‘large’ accretions (of the same order
of magnitude as the test article characteristic dimension) because (i)
the area exposed to particles changes over time; and (ii) the assumption
that the flowfield remains unchanged is unrealistic. Additionally, the
effect of particle sublimation and evaporation on the flowfield
temperature and humidity (i.e. energy and mass coupling respectively)
is neglected.
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Fig. 2 Block diagram of the model. The blocks outlined in blue constitute the
main timestepping loop.

Fig. 3 shows a higher fidelity method of two-way coupling. The new
geometry (test article plus accretion) is re-meshed and the flowfield re-
solved. Surface smoothing is typically required to aid mesh creation,
and any gain in prediction accuracy is offset against an increased
computational cost. The efficacy of this method is discussed in full in
a companion paper [17]. An iterative two-way coupling of energy and
mass is also implemented. Practically, this means that the flowfield
temperature decreases and relative humidity increases if particles
sublimate or evaporate.

Import flowfield
Track particles
Calculate collection
efficiencies

Thermodynamic

model (EMM-C)
Erosion

Layer 1

Accretion profile

Re-solve &
import flowfield

Track particles
Calculate collection
efficiencies

Thermodynamic

model (EMM-C)
Erosion

Layer 2

Accretion profile

Layer N

Fig. 3 Multi-layer accretion process using flowfield updating, and iterative two-
way coupling of mass and energy

Particle-Air Interaction
Particle Size Distributions

Ice particles, both in the atmosphere and icing wind tunnels, can vary
in diameter by two to three orders of magnitude, from microns to
millimetres. For non-spherical particles, the size is described by the
equivalent diameter, D.,, which is the diameter of a sphere with the
same volume as the particle. It is therefore desirable to statistically
represent the particle cloud with a size distribution, which may then be



sampled to obtain an individual particle’s equivalent diameter. The
median mass diameter statistic in the distribution is then referenced to
equivalent diameters, i.e. MMD is represented by MMD,,.

Accurate representation of the particle size distribution is important for
multiple elements of the model. Particle trajectory and impact location,
melt percentage, probability of sticking, bouncing or shattering and
capacity to erode accretions are immediate examples. The most
common type of distribution used is the Weibull distribution, termed
the Rosin-Rammler distribution when applied to particulates [18]. It is
regularly used to describe distributions generated by liquid sprays and
comminution processes (grinding, crushing or cutting). The mass
fraction of particles with diameter greater than d is given by

Y, = e-@nr @

where D is the diameter constant, defined as the value of d at which
Y; = e~ 1, and n is the spread parameter, given by

In(—In(Y,))
" In(d/D) @
Size data for atmospheric particles are taken from flight tests ‘flight
13’ and ‘flight 16, conducted by the High Altitude Ice Crystals
(HAIC) and High Ice Water Content (HIWC) consortia in 2014 [19].
Here, the uncertainty in the measured equivalent diameter of each
particle is reported as 5%. Fig. 4 shows the measured size distributions
for flights 13 and 16, overlaid with their respective approximated
Rosin-Rammler distributions. Particle diameter, D, is plotted against
the mass fraction of particles with a diameter greater than D,,. The
parameters of the fitted distributions and the mean error for each flight
are given in Table 1. It may be seen that the Rosin-Rammler
distribution is capable of closely representing two quite dissimilar
distributions. Further flight test data in both similar and dissimilar
convective systems are still required to assess if this is robustly
applicable.
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Fig. 4 Measured atmospheric PSDs in HAIC/HIWC flights 13 and 16 [19]
and fitted Rosin-Rammler distributions.

Table 1 Parameters for Rosin-Rammler fits to HIWC/HAIC flight tests [19]

Case Dpin Dpax D n Nyins Mean
[um] [um]  [pm] error [%]
Flight 13 14 3100 700 2.1 42 1.4
Flight 16 14 1950 350 1.4 42 1.3

It is also instructive to consider how the particle size distribution (PSD)
may change between the engine inlet and inlet to the intermediate or
high pressure compressor. This provides a boundary condition for
simulations considering only the core compression system. Aouizerate
et al [20] used a Rosin-Rammler distribution with MMD,, = 400 um
as the inlet icing cloud for a study of crystal ingestion, where a fan and
single stage LP booster of a medium bypass ratio turbofan were
modelled. A particle breakup model first proposed by Villedieu et al
[5] was used to output the expected PSD at the fan face, downstream
of the fan and downstream of the inlet guide vane (IGV). Fitting a
Rosin-Rammler distribution to these distributions results in an error of
less than 3%.

Particle Shape Characterisation

Atmospheric ice particles are inherently non-spherical. Shadowgraph
images of particles captured during the HAIC/HIWC flight tests show
a prevalence of columns, shards, and a smaller proportion of rounded
or isometric shapes [19].

The influence of shape in the current work is principally limited to
trajectory and heat transfer. However, it has other effects currently not
accounted for: for example in-flight tumbling, and orientation-
dependent impact behaviour. Similarly to [5], ice particles are
approximated as spheroids in the current work. The attraction of this
approach is that a single set of equations defines the particle shape and
geometric parameters, and for a given equivalent diameter, D, the
shape is then defined solely by aspect ratio, E, as shown in Fig. 5. For



a value of E less than unity (oblate), discs or plates may be
approximated; for values of E greater than unity (prolate), columns
may be approximated.

~_\.

Prolate E>1

Oblate E< 1

Fig. 5 Geometry of oblate and prolate spheroids of aspect ratio E
The particle volume is given by

T 4 4 3
V=V = gDe,f = gmalc = sna’k @

where a and c are the equatorial radius and length from centre to pole
respectively.

Particle shape is commonly described through reference to a sphere of
the same volume. Two definitions, sphericity, ¢ [21] and crosswise
sphericity, ¢, , [22] are used, where

6 Veq 4

where A, is the surface area and v, = V, = 1/, 7D,,*. Substituting
this in to equation (3),

Deq 2 ®)

¢ = A

p

Sphericity is independent of particle orientation, and therefore cannot
take into account differing drag coefficients should a particle (such as
a plate or column) travel in a lengthwise (head on) orientation — where
skin friction may dominate - rather than a crosswise (broadside)
orientation — where form drag may dominate. Lengthwise plates, discs
and some high-aspect ratio spheroids can attain a lower drag
coefficient than a sphere (at the same particle Reynolds number),
which also cannot be captured through sole use of sphericity [23].
Crosswise sphericity is defined as the ratio of the cross-sectional area
of the volume-equivalent sphere and the actual area of the particle,
projected normal to the flow direction (4, ,):

_ aDed’ ©)
(2 Ap,J_
Since the particle orientation with respect to the flow is not known a-
priori, an assumed orientation would need to be applied at the particle
injection plane, and a tumbling model would then define the
orientation at any timestep. Since a tumbling model is not included in
the present work, it is assumed that particles adopt the (theoretically)
most stable orientation, broadside to the flow. This is likely to be
acceptable in steady flow cases, but in highly unsteady flows (such as
the compressor environment) where perturbations knock particles
from their stable orientations this may assumption may be limiting.
Impacts with solid bodies (e.g. rotors) or regions of high flow
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curvature may also lead to particles being misaligned from the stable
orientation. It is assumed that impacts that result in fragmentation
produce secondary particles whose aspect ratio moves towards unity
(for example, a columnar particle would be assumed to fragment into
two shorter columns).

For spheroids, it may be shown that

2
4E3 2
Poblate = ; Y1oblate = E /3 @)
E2 1+e ’
2+ /e In (1 — e)
2E2/3 1
Pprolate = W ; P 1prolate = E” /3 (8)
1+ B9

where the eccentricity, e, is given by

e= Jl — min(E?, l/EZ) ©)

The crosswise sphericities are calculated assuming broadside travel.
Given E and D, equation (3) gives a; all other shape parameters may
then follow. In ICICLE therefore, a distribution of D, and E need only
be specified to characterize the seeded particles. At the particle
injection plane, discrete injection points are defined; at each point,
sufficient particles are released to represent the whole distribution.

Lagrangian Particle Tracking

In Lagrangian tracking, Newton’s second law of motion is calculated
for each particle at each timestep to determine its trajectory in the next
timestep:

R dU, (10
Z Fei=mp3

where ﬁx,,- is the it force term in the X direction, and l_fx is the velocity
in the same direction. The particle mass is given by m, = 1/, p,nD,,*.

A spatially adaptive timestep is used to limit particle travel:
— g (9mi (11)
t, = Kt( mm/Ut)

where U, is the local velocity magnitude, d,;, is the smallest grid cell
dimension in the domain, and K, is a user-defined constant — similar to
a CFL number. The lower the value of K;, the higher the trajectory
accuracy (at a penalty of computational cost). The value of K; required
for an acceptable statistical convergence is dependent upon the time
integration method, as discussed in the following section.

Time Integration of Particle Motion

The time integration strategy used in ice accretion codes is infrequently
studied. A smaller time-step size can guarantee the stability and
accuracy, but requires a larger number of tracking steps, increasing the
computational time required. Given that the particle tracking stage of
the code (i.e. prior to any thermodynamic accretion model) typically
constitutes the majority of the overall runtime, significant gains may
be obtained through proper selection of the time integration method.
This is particularly true for cases where two-way coupling is



implemented during the particle tracking phase, necessitating iteration
of the particle tracks.

Particle relaxation time - considering only drag- is given by

T, = pPDqu (1)

in Stokes flow (Re, « 1) and by

T, = i pPDEqZ 12)
p 3 RepCduf
for Re, > 1.

Trontin et al. [24] suggest an analytic integration method due to its
advantages in stability, compared to higher order explicit schemes. For
developing ICICLE, a comparison of first order schemes (including
implicit and explicit Euler method and analytic method), second order
trapezoidal scheme and fourth order Runge-Kutta scheme have been
carried out for modelling ice accretion. Equation 13 shows the
integrated form of the particle momentum equation for (a) the explicit
Euler method, (b) implicit Euler method, (c) the analytic discretization
method and (d) the second order trapezoidal scheme, respectively.

Yl = yn 4 an - At 13(a)
VL = (U + At - (g + Vp/5,)) /(1 + At/Ty) 13(b)
At
gt = v+ (=) (4 - 1)
p At 13(c)
N
Tp
Vpn+1
At At 1
n. _ a8t aLy ., - . n. .
W (1 21,,)+21,, (v +80 %) + At g 13(d)
= At
1+ E

The stability and accuracy of the explicit method is constrained by
time-step size, especially for small particles. Similarly, other methods
are hampered by the 1/7, term, which may cause stability problems
for particles of small diameter (due to evaporation or sublimation). In
this scenario, dynamically switching to an Euler or trapezoidal
formulation may be beneficial.

Fig. 6 shows the mass change over time of an ice particle, initially 2
um equivalent diameter, sublimating in a dry airflow. The
aerodynamic conditions are a total temperature of 257 K, total pressure
of 47 kPa and freestream Mach number of 0.2. The phase change
model is discussed in an ensuing section. For each time integration,
solutions using differing values of the timestep multiplier, K;, are
plotted. It may be observed that implicit Euler, analytical and
trapezoidal methods achieve similar convergence and permit values of
K; up to ~ 10, reducing the number of required steps by the same factor
and thus reducing runtime. The explicit Euler method requires K; to
not exceed unity.
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Fig. 6 Comparison of time taken to sublimate an ice particle at varying values
of timestep multiplier (K)

Particle Forces

Equation (10) requires an assessment of the body forces pertinent to
ice crystal motion. It is instructive at this point to consider whether
particle motion is ballistic (inertia-dominated), or streamline-
following (viscously dominated). This is typically quantified by the
Stokes number, defined as

Stk = 2 (14)

Ty

where T, is as defined in equation (11) and the fluid characteristic time
is given by

L
) (15)
Ur



where L is a characteristic length in the flowfield and l7f is a bulk
flowfield velocity. An ice particle trajectory in a typical turbofan
compressor may be used to get an expected approximate range. In this
case, the characteristic flow dimension is taken as the axial chord of a
typical intermediate pressure compressor stator vane, such that L =
C, = 40 mm. Itis assumed that D,, is in the range 10 - 100 um, p,
920 kg/m?, us(T) = us (260 K) = 1.65x10"5kg/m.s and U; =
150 m/s. Substituting these values into equations (11) and (14) yields
Stokes number in the range 1.05 — 105. This demonstrates that all but
the smallest particles (D, <10 um) will have near ballistic
trajectories.

Drag and gravity will be considered as particle body forces. The high
Stokes number range in the above analysis implies that accretion will
be inertia driven. In this case, thermophoresis, turbophoresis, the
Basset history force and Saffman’s lift force may safely be neglected.
Since p, > pg;r, the virtual mass force and Brownian motion may
also be neglected [25], [26].

Drag
The drag force in the X direction may be expressed as

5 1 - - - - 16
Fd,x = _EprD Ap,J_ |Up,x - Uf,x|(Up,x - Uf,x) ( )

where A, is the particle area projected normal to the flow and Cj, is
the drag coefficient. Drag coefficient correlations for spherical
particles are widely available, notably that of Clift and Gauvin [27].
As part of the HAIC project, an assessment of available correlations
for drag coefficient was performed [5], [13]. The correlation of Hlzer
and Sommerfeld [23] is currently accepted as having the highest
accuracy at the widest range of particle shapes. The correlation takes
crosswise sphericity into account, to take into account the differing
drag mechanisms (form drag or skin friction) depending on the
orientation. It is given by

(.8 1 161 3 1 (%))
D= 5.~ .
Rep [o. ~ Rep[p = [Re, 97

042 (1004(-10:0(0)") 1
(2%

) U, — Us|D
where the particle Reynolds number, Re,, = prlU = Ul eq/ﬂf.

The correlation is applicable up to the critical particle Reynolds
number (~100 - 300 for the particle shapes considered here [28] and
the full range of particle sphericities. The mean error of this correlation
from 2061 experimental datapoints, covering spheres, spheroids,
isometric particles, disks and plates, is given as 14.4 %. Previous
correlations ([29], [30]) could incur errors of over 1000% for disks and
plates.

Particle Phase Change Model

The following phase change model uses the method of Villedieu et al
[5], which is itself an extension of Mason’s hailstone melting model
[14]. It will briefly be described here. A notional ice particle of
arbitrary shape is approximated as a spheroid of the same volume,
equivalent diameter, D, and initial aspect ratio E,. The particle has
uniform internal temperature T,. Initially fully glaciated, the particle
temperature increases until it reaches the melting temperature Ty.
During the fully glaciated stage (referred to as stage 1), the aspect ratio
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remains held at an initial value, E, but D,, can change due to
sublimation or deposition. During the melting stage (stage 2), a
concentric water layer surrounds an ice core, with volumes V,,; and
Vp,,w respectively. Eccentricity of the water layer or circulation within
the layer is neglected [31]. The particle temperature is fixed at Ty in
both the ice and water layers. The latent heat of fusion required for
melting is balanced by evaporative and convective heat fluxes. During
melting, the particle aspect ratio monotonically approaches unity, on
the assumption that when the particle is fully melted it is a spherical
droplet. Once fully melted (stage 3), the temperature is allowed to rise
once again, and aspect ratio is held at unity.

In the stage 1, the continuity and energy equations are given
respectively by

% _ (18)

ar —Mgyp 5 Mpi= Mp 5 Mpy =0

dT, , (19)
MpyCp,i W = Qcom; — Mgup Lsup

and aspect ratio is held constant at E = E|. The particle mass is

3
given by m, = p; w%, where p; is the density of ice, taken as 920
kg/m?. The sublimating or evaporating mass flux is given by

msub,evap = ApHmpf(wp CUO")
7D, g2 prD
eq Sh f v,a( » )

TDeq (20)
“1Sh PrDyq (wp - wm)

=1,

:Lv

where the average Sherwood number is given by [5]

Sh=2,/¢p+055 501/3(p1/4,/Rep (21)

and the local vapour mass fraction is given by

mvap _ ﬂ Pvap _ ﬂ Pvap (22)
mdry,a Ma Pdry,a Ma I Pvap

w =

where M,, and M, are the molar masses of water and dry air
respectively and P is the local static pressure. B,q, is the partial
pressure of vapour, given by

Pvap =RH Pvap,sat (23)

where RH is the local relative humidity (RH = 1 at the particle surface
and RH <1 in the freestream), and P4, sq: IS the local vapour
pressure at saturation. This is calculated from the correlation given in
Hyland and Wexler [32]. The local vapour diffusivity, D,, 4 is given as
a function of local static temperature and pressure in [33].

The convective heat flux is given by

TDeq (24)

Qconv = Ap H (Tf - IJ) = N_ukf(Tf - Z’)

where the average Nusselt number is given by [5]



Nu =2.,/p + 055 Pr/3p"/s [Re, (25)
and the flow temperature local to the particle is taken as

1 Mrelz) (26)

where the recovery factor, 7y = Pr'/s [34], T is the local static
temperature and M,,; is the particle Mach number based on slip
velocity. This equation yields Ty = T; when M, = 0 (i.e. no slip)

and Ty = T, when M,.; = M, (stationary particles), where T, is the
recovery temperature.

In the second stage, the particle is in the process of melting and T, =
T;. The continuity and energy equations are given respectively by

= mevava +mmelth @7)

QCOTIV

dr = —Mepap ,d_t' = —Met 3 Mpw = My — My; (28)
The particle melt ratio is given by

Mpw (29)
m

MR =

D

In the third stage, the continuity and energy equations are given
respectively by

dar, (30)

mPCP.W dt = conv

dm, B

. 31)
dr “Mepap 53 Mpw = My 5 My,; = 0

and aspect ratio is held constant at E = 1. The particle mass is given

nDeq3
by my = Py 5

Quasi Two-Way Coupling of Mass & Energy

Thus far, a one-way coupled approach has only been considered. This
means that the continuous (fluid) phase may change properties of the
discrete (particle) phase, but not vice versa. A general assessment of
coupling in a simple axial compressor in ice crystal icing conditions is
given in Wright et al., (2010). Mass and momentum coupling are
neglected on the basis that the mass loading fraction, Z = TWC/pa «
1.

Energy coupling requires more careful consideration. It may be
neglected if the following inequality is satisfied [35]:

Z L
& “sub &1 (32)
St CpiT

where the mass transfer Stokes number is given by

TmUp (33)

Sty =
m L
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where Uy, is an average particle velocity, L is a residence length (i.e.
tunnel length or compressor length), and the mass transfer relaxation
time is given by

T = piDqu (34)
™ 6Sh PaDya(wp — wo)

In Wright et al [3], equation (32) is evaluated for a multistage
compressor as ~0.1, implying that energy coupling is unimportant.
However, in-service data from engines that have encountered ice
crystal conditions show that the compressor delivery temperature can
reduce during an ice crystal encounter (and may suffer a spike
reduction if there is an ice shed). Use of this temperature reading as an
ice crystal detection parameter has been proposed by Califf and
Knezevici [36]. It is therefore apparent that in the ‘real’ engine
environment, energy coupling cannot be neglected.

In AGARD advisory report AR-332 it is stated that an increase in
humidity can also appreciably affect engine performance due to
changing fluid properties [37]. It is stated that the parameters with the
largest effects are the increasing gas constant, Ry, and the isentropic
exponent, y. The latter decreases from its dry air value of 1.4 towards
the gaseous water value of 1.333. Both these changes cause the specific
heat at constant pressure, C,, to increase. It is therefore preferable to
use enthalpy, rather than temperature, when solving energy coupling.

Two-Way Coupling: Energy

A simple approach is used to calculate the transfer of enthalpy from
the airflow to particles, similar to that used to characterize icing wind
tunnels [38].

The heat flux transferred from air to particles in the coupled case is
given by

Quir = ma(hf,exit - hf,exit,dry) = - Qp (35)
1 p=Np
= - E SFp[mp,iCp,i(Ti,exit - Ti,inlet)
Atexp p=1

+ Lfmp,W + mp.WCp,w (Tw,exit - Tf)
+ Lv,s(mp,exit - mp,inlet)]

where i1, is the mass flow rate of air, kg, is the enthalpy at the
domain exit, m, ,, is the proportion of the particle mass that is water,
Ny, is the total number of numerical particles and At.,, is the exposure
time to the ice cloud. A ‘packet mass’ or ‘parcel mass’ approach is
used to relate the mass of the numerical particles injected to the ‘real’
mass of particles injected in the simulated icing exposure. This is
quantified through the scale factor, SE,, given by

SFp _ Minj,parcel (36)
Minj,p

Where m;yj parcer is the fraction of the total ‘real’ mass with the same

diameter as the particle in question.

Equation (35) reads that the heat extracted from the air is equal to the
sum of the heat transferred to each particle per unit time. This in turn
comprises (i) sensible warming of the ice particle at inlet temperature
T} iniec t0 oUtlet temperature T ey;; (NOte Tjexie = T if melting has
begun), (ii) the latent heat of fusion required to melt a mass m,, ,,, (iii)
sensible warming of water to its outlet temperature Ty, ox;c and (iv)
particle evaporation or sublimation between inlet and exit. Note L,, s =



L until the particle starts to melt; thereafter L,,; = L,,. A summation
is used since all the information required has already been calculated
on a particle-by-particle basis in the phase change model.

Two-Way Coupling: Mass (Humidity)

Similarly to air temperature, the bulk specific humidity at exit may be
calculated by summing the individual contributions from particle
sublimation and evaporation. The change in vapour mass fraction is
given by

Weyit — Wexit,dry — Wexit — Winlet (37)

___t 1 ZFNPSF
- Atexp ma p=1 p(mp,emt

- mp,inlet)

and the specific humidity at exit is given by

Wexit (38)
SHeyip = ————
exit 1+ Oyt

Implementation

Since the system of equations are coupled, an iterative scheme is used.
The particle trajectory and phase change calculations are performed
for each iteration.

It is important to note that the flowfield is not re-calculated — so Mach
number, pressure and density are unchanged despite the local change
in temperature and gas properties. This is clearly acceptable provided
changes are small. The effect of implementing this method in an icing
wind tunnel is discussed in Appendix B. It is shown that the changes
in both static temperature and specific humidity are not negligible —
and thus the rather simplistic approach of equation (32) is not
acceptable.

Particle-Surface Interaction

Particle-surface interaction is used as a catch-all term for the
mechanical and thermodynamic processes that a particle undergoes
when it impinges on a solid (undeflecting) surface. Processes are
applied on a particle-by-particle basis and finish either when the
particle has stuck to a surface or has been re-emitted into the airflow.
The bulk process of ice accretion (i.e. how sticking particles become a
homogenous ice layer), as well as erosion, are considered in later
sections. This is illustrated in Fig. 7.
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Fig. 7 Schematic of processes considered as particle-surface interaction

Note that only sticking or bouncing/shattering are considered. Other
mass removal processes such as sliding, rolling, or submersion in
runback water are not considered explicitly due to the modelling
complexity and the difficulties in experimental validation. They are
assumed to be included in the bounce and shatter mass flux.

Sticking

Sticking probability is a necessary precursor to a thermodynamic
accretion model. Consider the case of ice particles impinging on a sub-
freezing surface — the vast majority will bounce off.

When a particle impinges on a wall, a sticking probability, P, is
calculated. The value of Py is used to calculate the portion of the parcel
mass that sticks to the wall, and the proportion that is re-emitted to the
airflow. This is achieved through modifying the scale factor. The scale
factor of the re-emitted particle is given by

SE,' = SE,(1— P,) (43)

An alternative method is to compare P, to a randomly generated
number to decide if the particle sticks or bounces. This stochastic
method may be discarded in favour of equation (43) as nearly double
the number of particles are required to achieve statistical convergence.

Two distinct cases must be considered for particle sticking — a surface
temperature above freezing (‘warm’), and a surface temperature below
freezing (‘cold’). The former is more akin to the believed mechanism
of engine ice crystal icing, whereby partially-melted ice particles are
incident on initially warm surfaces. The latter is more akin to
supercooled liquid water (SLW) icing — where ice forms due to liquid
incident on cold surfaces.

1. Sticking on surfaces below T

A simple model is used here. An assumption is made that solid ice
particles bounce off cold surfaces, and that liquid water fully sticks.
The sticking mass is then equal to the impinging liquid mass. The
liquid mass is either a fully melted droplet or the meltwater on a
particle, shed onto the surface.

Mstuck = Mstuckw = Pscota. MR my (44)

where the sticking probability of liquid on cold surfaces, Ps ¢4, =
1, and MR is the particle melt ratio at impact.

2. Sticking on surfaces above Ty



It has been shown that air temperatures above freezing can be
conducive to ice crystal accretion. This has been observed both in
tunnel tests [9], [10] and in engine data analysis [1], [39]. However,
models and data for particle sticking in these warm conditions —
whether empirical or analytical — are generally scarce. An
experimental campaign was conducted in 2017 to generate semi-
empirical models for ice crystal sticking and erosion when impinging
on initially warm surfaces, at engine-realistic conditions. The findings
of the study are detailed in full in [40]. It was determined that the
sticking probability could be expressed as a function of melt ratio, as
given by

P, = 183 MR® — 494 MR* + 478 MR® —
196 MR? + 30.2 MR — 0.526

for0.02< MR <0.37 (45)
P,=0

for0 < MR < 0.02 and 0.37 < MR <1.00
Bounce & Shatter

A new bounce-shatter model applicable to ice crystal icing was
developed as part of the work performed by the HAIC consortium [5],
[41]. The model uses a non-dimensional parameter defined as the ratio
of normal kinetic energy to surface energy. This parameter has been
observed experimentally to define the change of regime from bounce
to shatter for both ice particles [42] and hail [43]. It is given as

1 3 1 2 46
L= PotgDeq” 3 Upn” ippDequ,nz o)
TL'e,,Deqz 12 €s

where U, ,, is the particle velocity normal to the wall and e, is the
surface energy per unit area, given in [5]. The ratio may be seen as
equivalent to a Weber number for solid particles. At some critical value
of this parameter, the energy released by crack propagation exceeds
the total surface energy of the particle. The particle is treated as a solid
sphere and therefore equation (46) is likely to overpredict the
shattering threshold — for example shards or porous particles will
shatter more readily — and does not capture the effect of particle
orientation at the point of impact.

Three distinct regimes are defined: (i) a quasi-elastic bounce, (ii) a
non-elastic bounce with internal fracturing and (iii) fragmentation. The
boundary between (i) and (ii) is given as £; = 0.5 and between cases
(ii) and (iii) as £, = 90.

Bouncing Regime

In the bouncing regime, the particle ice density and aspect ratio are left
unchanged pre- and post-impact. In ICICLE, meltwater is assumed to
shed onto the surface. The new particle mass and diameter are given
by

my' = my; 5 Deg' = Degi 47)

where dash superscripts denote post-impact properties. The particle
velocity normal and tangential to the surface are given by

Up,t, = EtUp,t ; Up’n, = _EnUp,n (48)

where the tangential and normal coefficients of restitution, €; and €,
are given as
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=1 (49)

Y
en=1forf< £y ; €= (2)7 for £;< £  (50)

Shattering Regime

In the shattering regime, there is significant absorption of normal
kinetic energy due to fragmentation. This results in shallow exit angles
regardless of the inlet angle [44]. For impacts where £ > L,, as may
be expected on airframes or engines, fragments may number in the
hundreds [42], [44], which may be prohibitive for characterising the
fragment size distribution. As a result, literature models or data for
secondary particle diameter is limited. From a modelling perspective,
computational cost may also be prohibitive if hundreds of new
particles are created per impact.

In [5], the maximum diameter of any particle in the post-impact
fragment cloud is given by

o 6
Deq,max = Deq (f)

In ICICLE, it is assumed that a single numerical particle is released,
that is representative of the fragment cloud. It is assumed to have a
diameter of half D, mqy, and has a scale factor, SE,, that accounts for
the entire mass of the post-fragment cloud. Due to the complexity of
predicting the shape of secondary particles, the released particle is
assumed to maintain the same aspect ratio as the pre-impact particle.

It has been shown experimentally that the energy released on shattering
may lead to the average tangential velocity of the fragment cloud
exceeding the pre—impact tangential velocity [44]. In [5], the change
is accounted for using an additional coefficient of restitution, €,;.
Since the energy release is related to the severity of fragmentation, it
can be related to £. The overall tangential velocity post-impact is given

by

Up,t, = EttUp,t + EntUp,n (52)
where €;; = 1 and

. (53)
€Ent = 04 11— T

The normal coefficient of restitution is given by equation (50).

At this point it is instructive to consider which regimes are pertinent to
engine ice crystal icing. Fig. 8 plots lines of £L = £, and £ = £, for
equivalent diameter against normal velocity. It may be expected that
the particle equivalent diameter at the inlet to an intermediate pressure
compressor or low pressure booster is of the order of 10s of microns.
Given that velocity magnitudes in the early core compressor may
typically be in the range 80 — 160 m/s at a top of descent condition,
high-slip impacts with static surfaces (Stk > 1) or impacts with rotors
are likely to result in £L > L,, i.e. particle fragmentation. Impacts with
low slip (i.e. Stk ~ 1) are more likely to cause inelastic rebound, £, <
L< L,
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Fig. 8 Normal impact velocity against equivalent diameter for lines of £ = £,
and £ = L, (after [5])

Extended Messinger Model for Ice Crystal Icing

Once the mass flux of ice and water sticking to a given location is
known, a thermodynamic accretion model may be used to predict the
bulk growth of ice and water layers. Existing models for ice crystal
icing [3], [5] have typically used the Messinger Model (MM) [7],
adapted to glaciated and mixed phase conditions. This is a steady
approach where the substrate instantaneously adopts the equilibrium
temperature of the accretion. This may be below the freezing
temperature, Ty, for a rime ice accretion; equal to Ty for a glaze ice (ice
layer plus surface water layer) accretion, and above T for running wet
conditions.

For ICICLE, it was desired to improve on this in two ways:

1. Implement the Extended Messinger Model (EMM) of Myers
[8], adapted to glaciated and mixed phase conditions. This is
a quasi-steady model, which permits a linear temperature
gradient through the accretion. The substrate temperature is
therefore not confined to adopting the steady accretion
temperature. For an initially warm engine surface, this
allows a water film to first form whilst all particles are
melted, followed by the initiation of an ice layer.

2. A necessary assumption of both the MM and EMM models
is perfect thermal contact between the substrate and first
accretion layer (whether ice or water). Previous
implementations of the MM and EMM in mixed phase
conditions have inherently assumed a substrate initially
below freezing temperature, with ice as the first layer. This
incorrectly models the physics of ice crystal icing on warm
engine surfaces, where the first layer above the substrate
must be water if the substrate is above freezing temperature.

A new thermodynamic model was created to adopt these two
improvements, termed the Extended Messinger Model — Crystals
(EMM-C). The EMM is adapted to glaciated and mixed phase
conditions, and a novel three-layer (water-ice-water) system is
proposed for substrates initially above freezing temperature, as shown
in Fig. 9. Running wet conditions may also prevail in either scenario.
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Fig. 9 Assumed accretion structure for substrates initially above or below
freezing temperature

As with the classical EMM, the solution proceeds by solving a
continuity equation, heat equations in each layer and a Stefan (phase
change) equation. The model and its derivation are detailed in full in
[45].

Erosion

It has been observed experimentally that erosion has a significant
effect on the growth rate of accretions at engine-typical conditions
[10], [40], [46]. Semi-empirical models have been proposed in [6],
[10]. However, similarly to ice crystal sticking, there is a dearth of
experimental data with which to build and tune models. De-coupling
the driving parameters in sticking and erosion has also proved difficult
in previous experimental campaigns [10].

Decoupling of sticking and erosion may be achieved — at least to a first
approximation — by assuming that sticking probability is solely
dependent upon bulk melt ratio (equation (45)). The primary
mechanism of accretion mass loss is then assumed to be ductile
erosion [10], dependent upon the velocity and diameter of the
impinging particles, as well as the accretion temperature. A semi-
empirical model was developed following testing of a conical test
article in the NRC Research Altitude Test Facility, as detailed in [40].
Sticking and erosion are coupled to produce a ‘net’ sticking efficiency:

Nsnet = Pe(1 = Nyoss) (54)
where the mass loss efficiency, 1,5, iS given by
Mioss = Min(1,Mgro + H) (55)

- QS/R(l/TW_ 1/Tf)>

Mero = A(1+ logso (KE/gp, )) (1 + Bsin?y) ol )

(56)

where y is the angle between the local surface normal and the axial
directions, T, is the accretion surface temperature, R is the specific gas
constant of air and Qg, the surface activation energy of ice, is 4.82E4
J/K.mol. KE is a quasi- kinetic energy parameter, defined as KE =

Do,*U?, where D, * is calculated by cubing the particle diameter for

each bin in the distribution and mass averaging. Model constants
KE,, A, B and C may be found in [40].

Code Algorithm

Particles are seeded at the injection plane (usually coincidental with
the inlet plane of the fluid domain). Lagrangian tracking, the phase
change model, and two-way coupled mass/energy (if implemented) are
performed on each particle until all particles have either stuck to a wall,
left the domain or evaporated.



The thermodynamic accretion model, EMM-C, is then solved on
discrete panels around the test article surface and/or domain walls (e.g.
the hub and casing of an annulus). The mass of particles stuck to a
given panel is scaled using SF to get the mass fluxes of ice and water
under ‘real’ conditions, 1M; paner AN 7y 1ane;.- EMM-C is solved per
panel, USing mi,panelv mw,panelu Hpanelu we,panelv Te,panel and Pe,panel
as its primary inputs. Hyqn,; is the average heat transfer coefficient at
the panel location, and wepanerr Tepaner AN Pepaner are the local
freestream specific humidity, static temperature and static pressure
respectively. The local heat transfer coefficient is provided by
correlations in the case of simple geometries such as a wedge or cone;
or by CFD for cases such as a blade or vane. At present, there is no
correction of the predicted heat transfer coefficient distribution due to
the roughness of accreted ice. Whilst roughness has been categorized
for supercooled water accretions [15], [47], there is a lack of data for
ice crystal accretions.

The model outputs the ‘gross growth’ (neglecting erosion) of ice and
water. An erosive efficiency (1, between zero and unity) is then
calculated individually for each point in the panel. Individual
calculations are performed since points on curved panels will have a
range of surface normals, and thus a range of erosive efficiencies. The
‘net’ ice and water layer growths for each point are then calculated,
where it is assumed that erosion only changes the ice layer thickness.

Validation Test Case

ICICLE has been validated against ice crystal icing experiments
conducted using a prismatic stator test article, installed in the Research
Altitude Test Facility (RATFac) at the National Research Council of
Canada (NRC) in Ottawa.

Fig. 10 shows the test article. The main body comprises a prismatic
aerofoil, of 27.5° camber angle, chosen to be representative of a core
compressor stator vane at midspan.

Fig. 10 (a) Isometric view of stator test article; (b) side (tip) view when
installed in RATFac and (c) suction surface view. All arrows denote direction
of flow.

(©

[

A summary of the test conditions used for the test article is given in
Table 2. Throughout the campaign, freestream total pressure was held
at 34.5 kPa (ISA altitude of approximately 8.2 km / 27,000 ft) and total
air temperature at 10 °C. For the results shown here, the Total Water
Content (TWC) was maintained at 8 g/m? and the stator angle of attack
at 0°. The stator was also tested at angles of attack between -20° and
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20°. Full details of the test article, test conditions and results not
reproduced here may be found in [48].

Table 2 Summary of test conditions for the stator test case

Parameter Minimum Baseline Maximum
Freestream Mach [-] 0.25 0.40 0.40
Relative humidity [-] 0.05 0.22 0.65

Ice Dvio [um] 18 18 35
Ice Dyso [um] 34 34 68
Ice Dveo [um] 54 54 131

ICICLE requires the flowfield around the stator and the heat transfer
coefficient distribution at each aerodynamic condition as inputs. The
computational setup and results are given in Appendix A.

Results
Particle Melt Ratio

To ensure an accurate accretion prediction, the rate of particle sticking-
and hence melt ratio - at a given location must be well predicted. This
in turn depends on the accuracy of the particle tracking and phase
change models.

Approximate validation of predicted melt ratio is possible using the
data recorded during the stator experiments. The word ‘approximate’
is used for two reasons. Firstly, the measured melt ratio is a single,
bulk value. This can only be compared to a ‘total’ melt ratio in the
simulation, calculated as the summed contributions of all numerical
particles at the melt ratio measurement plane. Secondly, the Science
Engineering Associates (SEA) multiwire probe used to measure the
Liquid Water Content (LWC) suffers from a ‘false response’ — a liquid
water reading when in fully glaciated conditions, as detailed in [10],
[40], [49]. Since the probe cannot be calibrated against an independent
device, the bias (systematic) uncertainty in LWC — and hence melt
ratio- cannot be quantified.

Table 3 shows five test conditions of varying relative humidity, their
respective measured and ICICLE-predicted melt ratios at the probe
measurement plane. The measured values are corrected for the probe
false response. All conditions other than humidity were maintained at
their baseline conditions, as given in Table 2. A constant particle aspect
ratio of 0.70 [50] was specified for the simulated particles, which were
fully glaciated at the domain inlet.

Table 3 Measured and predicted melt ratio at LWC measurement plane for
four test conditions

Case RHo TWB, Meltratio: Meltratio: Difference
[-] [°C]  experiment |ICICLE[-] (absolute)

[ [
1 005 -637 0.010 0.00 -0.010
2 015 -333 0.022 0.00 -0.022




3 0.45 2.64 0.10 0.070 -0.030

4 0.65 5.16 0.17 0.14 -0.030

For cases 1 and 2, there remains a small measured melt ratio at
significantly negative total wet bulb temperatures (where melting is
assumed to be inhibited). The measured values of 0.010 and 0.022 are
within the scatter of the false response data [40], so are not further
considered.

For cases 3 and 4, the model underpredicts the melt ratio at the probe
plane by around 3% (absolute) - which is significant compared to the
width of the plateau region of sticking efficiency (approximately 9-
13% melt ratio). On the assumption that the aerodynamic conditions
are well known and well controlled, then particle size and shape
modelling is more likely to be the cause of the discrepancy. The size
distribution below the 101 percentile is not known; if there is a
significant negative skew in the actual PSD, (a higher concentration of
smaller particles), then the measured melt ratio will be higher. Further,
if the aspect ratio assumed in the model is too high, then the predicted
melt ratio will be lowered. Modelling the particles as spheroids also
introduces errors; especially if there is a predominance of slivers or
shards (as may occur with a grinder ice system) with high surface area-
to-volume ratios, or porous conglomerates of small particles. The
calculated Nusselt and Sherwood numbers are also affected by shape;
similarly the slip velocity is also dependent on shape (via drag
coefficient). Additionally, the inhibition of in-flight tumbling may
induce errors.

A study is currently being performed to model the effect of porosity on
melt ratio. A porosity factor, PF, is defined as

pF = bt ¢7)
Vo

where V, ; is the volume of ice and V, is the total volume — the sum of
the particle volume and an air volume — where V, = V,, = %Deq3. If

the particle is partially melted, the porosity factor only applies to the
unmelted ice core. For a given equivalent diameter, therefore,
increasing the value of PF results in a less dense, lighter particle. The
density of the ice core is given by

Peore = (1 — PF)pf + PFp; (58)

where py is the air density and p; is the density of pure ice. The overall
density of the particle is given by

1 _(-MR) MR (59)

pp Pcore Pw
where MR is the melt ratio and p,, is the density of pure water.

The effect of porosity factor has thus far been investigated for the
RH, = 0.45 condition. It was found that to match the experimentally
measured melt ratio, the value of PF was 0.60. This appears quite low;
however, as discussed above it is accounting for a number of disparate
approximations. Furthermore, the exact shape characteristics of
RATFac particles remains uncharacterized, and so the calculated value
of PF may prove to be reasonable. Future work will involve
calculating the required value of PF to match melt ratio at a wider
range of test conditions. It is worth noting that a sensitivity analysis
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conducted on ICICLE concluded that the phase change model was
most sensitive to humidity; however the error recorded in Table 3 is
outside of the bias uncertainty of the humidity measurement and
therefore cannot be wholly attributed to this.

Larger particles that are not incident on the test article and traverse the
wake experience significant slip velocities. For example, a particle of
34 pm equivalent diameter that traverses the wake below the stator
gains a peak slip velocity of 105 m/s, increased from a minimum of 2
m/s upstream of the stator. This results in a proportional rise in
Reynolds number, Re,, and corresponding increase in Nusselt

(dependent on ,/Re,,). The air temperature also recovers towards total

conditions. The resulting increase in convective heat transfer to the
particles results in the rate of melting increasing by a factor of 1.8 in
the wake compared to the freestream.

Growth Predictions on Baseline Case

Fig. 11 shows a test at the baseline aerodynamic and icing conditions
at test end, viewed from (a) the top, onto the pressure surface; and (b)
from the side, which is used for growth rate data extraction. It may be
seen that the accretion at this condition is reasonably uniform from

around 20% to 100% span (tip).

Side view of
accretion tip

Stator leading
edge

Stator trailing
edge

@)

o B

Fig. 11 Accretion for the baseline case at test end, viewed from (a) the top,
onto the pressure surface, and (b) the side

Fig. 12 shows a comparison of ICICLE-predicted accretion profiles
and experimental measurements at the baseline conditions.
Comparisons are shown for discrete exposure times of 60 s, 120 s and
180 s. Axes are normalised by the stator axial chord. For each
timepoint, the agreement is within 20% at any chordwise position.
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Fig. 12 Comparison of ICICLE-predicted and measured accretion profiles at
discrete timesteps

Fig. 13 shows ICICLE-predicted and experimentally measured
accretion growth histories for the same case. Data is shown at three
chordwise positions, with errorbars plotted on every 20™ datapoint of
the 5% chord position. Gaps in the data — most notably in the 90%
chord position — denote a failure of the postprocessing script to detect
the edge of the ice accretion at that timestep. This is invariably due to
obscuration of the camera window or a fluctuation in the icing cloud
washing out the image background. At low accretion thicknesses the
noise in the edge detection is also significant.

~
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Pressure Surface, 70% chord, prediction
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Fig. 13 Comparison of measured and predicted accretion thicknesses over the
exposure time at three chordwise positions, for the baseline case

Varying Melt Ratio

Fig. 14 shows three comparisons of experimentally-measured and
predicted accretion profiles for tests with measured particle melt ratios
of (a) 0.01, (b) 0.04, and (c) 0.10. All other conditions were held at
their baseline values to ensure no difference in the rate of erosion.
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Fig. 14 Comparison of experimental and ICICLE-predicted accretion profiles
on the stator test article after 180 s

In cases (a) and (b) the predictions give reasonable agreement with the
experimental measurements, with a maximum error of ~ 30% at the
leading edge of case (b). In case (c), the comparison between
prediction and experiment is clearly poorer. This condition is in the
plateau region of particle sticking, so a large accretion would be



expected. There is a shed at the leading edge during the test time so the
agreement here would be expected to be poor. The case is also
complicated by the fact that the accretion rotates forwards during the
test, also increasing the collection efficiency on the top surface. The
surface in contact with the aerofoil prior to rotation is shown by the
black dashed line in Fig. 15.

On the pressure surface, the primary issue with the simulations is that
growth that exceeds the projected area of the test article (for example
growth vertically above the trailing edge) will occur very slowly. This
is due to the profile edge being approximately aligned with the axial
direction, maximising erosive efficiency and minimising collection
efficiency. It is demonstrated in [17] that the agreement may be
improved by re-calculating the flowfield and particle trajectories at
discrete points during the test.

Fig. 15 Accretion at test end for the 10% melt ratio case. The original contact
surface between accretion and aerofoil before rotation is shown by the black
dashed line.

The new thermodynamic accretion model (EMM-C) also produces an
estimate for the thickness of any internal water layer between the solid
accretion and the test article. Table 4 shows the relative height of these
water layers at the test end for three cases of varying relative humidity.
The findings agree qualitatively with the observation that the 18% melt
ratio case is more translucent (indicative of a water layer on the test
article surface) and also slides and sheds more readily. The information
in Table 4 could therefore potentially be used to develop or test future
shedding models.

Table 4 Internal water layer height for three cases of varying relative humidity

Melt ratio Normalised internal
water layer height,
hint [_]
0.04 0.40
0.10 0.73
0.18 1

Conclusions

A new comprehensive numerical model for ice crystal icing has been
developed. It incorporates Lagrangian tracking for non-spherical
particles, phase change, and a stick, bounce and shatter model. Two-
way coupling of mass and energy has been incorporated into an ice
crystal icing model for the first time, modelling the effect on flow
enthalpy and humidity as particles evaporate or sublimate. A new
sticking model based on experimental data at engine-realistic
conditions has been incorporated into the code, as well as a decoupled
semi-empirical erosion model. A new thermodynamic model is also
integrated, which uses a novel three-layer (water-ice-water) ice crystal
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accretion structure to account for ice growth on initially warm engine
surfaces.

The particle tracking and phase change model has been validated
against experimentally measured ice crystal melting in the NRC’s
Research Altitude Test Facility. A discrepancy of ~3% in melt ratio is
observed, and a porosity model has been proposed as one possible
correction for this.

The code as a whole has been validated against experiments conducted
on a prismatic stator test article in the RATFac ice crystal wind tunnel.
The performance of the code was studied for a test case at the baseline
aerodynamic and icing conditions. For three chordwise locations on
the stator pressure surface, experimental and predicted growth
histories were compared, and found to agree within 20%. ICICLE was
then applied to test cases with differing melt ratio. In the lower melt
ratio cases the accretion profiles were well predicted, with the notable
exception of a wet, slushier cases where the experimental accretion
was invariably larger than the prediction.

The generally good agreement for an engine-realistic aerofoil is a
significant advance for the ice crystal icing community, as previously
codes have only been validated against more simple geometries
(hemispheres, cones, cylinders). Previous attempts to predict ice
growth in the engine environment have been restricted to qualitative
assessments of likely impact locations, rather than a quantitative study
of growth rates.
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Appendices

Appendix A — Computational Setup

The numerical domain is a thin (5mm) 3D slice of the stator test article
installed in the Research Altitude Test Facility (RATFac). Using a 3D
slice was found to aid convergence compared to a 2D case. Periodic
boundary conditions were applied on the side walls of the domain. The
entire length from cascade rig inlet to test article leading edge was
modelled, necessitated by the requirement to match melt ratio, as well
as the full cascade rig height.

A hybrid tetrahedral-prism unstructured mesh was used of 2.3M cells.
22 prism layers were applied at solid boundaries. The maximum y+ on
the stator surface up to 90% chord was 1.5. Fig. A-1 shows the domain
and Fig. A-2 the flowfield at the Mach 0.4 condition.

The solver was ANSYS Fluent v16.2, using density-based RANS. The
k-w SST turbulence model was used. Inlet boundary conditions were
fixed at a total temperature of 283 K, total pressure of 34.5 kPa, and
freestream Mach numbers of 0.25 & 0.40, matching the baseline
aerodynamic conditions. The inlet turbulence intensity was set at 7.5%,
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based on previous measurements in RATFac, with a lengthscale of
0.08 m[51] .

Upper tunnel wall

Inlet Blade Outlet

Port/starboard
walls periodic

\

Lower tunnel wall

Fig. A-1 Numerical domain for stator, flow is left to right.

e [

05F

Normalised
radial distance [-]

052
]

0 0.2 0.4 0.6 0.8 1 1.2
Normalised axial distance to leading edge [-]

Fig. A-2 Contour of velocity normalised against axial velocity for the Mach
0.40 aerodynamic condition; flow is left to right.

The local heat transfer coefficient on the test article is also required as
an input to ICICLE. It is used to calculate the convective, and
evaporative heat fluxes on the icing surface. These terms are critical in
determining whether ice will form, or whether complete melting
(running wet conditions) will occur.

The heat transfer coefficient distribution was also extracted from the
CFD simulations. A two-point approach was used: two simulations
were run at the same aerodynamic condition, with differing isothermal
wall temperatures (300 K and 310 K). The local heat transfer
coefficient may be calculated using both conditions as given in
equation (Al).

s) — s Al
Hsy = 2 = @) (A1)
Tw,2 — Iwa
where s is the streamwise distance from the cone tip, g,,(s) is the
predicted heat flux and T,, is the uniform wall temperature. Heat flux
was circumferentially averaged.

The values are held constant over the exposure time and so do not take
into account changes in surface roughness, shape or the presence of a
water film. A fully turbulent boundary layer was assumed since (i) the
turbulence intensity in RATFac was measured to be approximately
7.5% at the tunnel centreline on the traverse plane [51], and (ii) the
tunnel Reynolds number based on hydraulic diameter was varied in the
range 4.0 x10° to 6.4 x10°.
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Fig A-3 shows the predicted heat transfer coefficient distribution for
the Mach 0.40 simulation. For the pressure surface, a correlation for
an inclined flat plate with favourable pressure gradient [52] is also
plotted. The integrated difference is within 15%.

250
—CFD Prediction
- - -Correlation of Motwani et al
Suction Surface Pressure Surface
200 |

-
(%)
o

-
o
o

Heat transfer coefficient [W.‘mz.K]
(%))
(=]

-1 -0.5 0 0.5 1
Normalised unwrapped distance from LE [-]

Fig A-3 CFD-predicted heat transfer coefficient distribution against
streamwise location, with inclined flat plate correlation [52]

Appendix B: Effect of Two-Way Mass & Energy
Coupling

At the baseline aerodynamic test conditions, a relative humidity of
45% and baseline particle size distribution, the effect of implementing
two-way mass and energy coupling was investigated.

Fig B-1 shows the percentage change in specific heat capacity, specific
humidity, static temperature and enthalpy at the exit plane of the
domain. It may be seen that at this relatively high humidity, the effect
of implementing two-way coupling is to allow condensation or
deposition onto the particles, resulting in a decreasing specific
humidity and decreasing flow enthalpy.

In absolute terms, there is a decrease in specific heat capacity of ~ 2.2
J/kg/K and a reduction in static temperature of ~ 1.8 K. Since the dry
static temperature in this case is around 275 K, this shift is significant
for the icing energy balance due to its proximity to freezing
temperature. The analysis presented here demonstrates that the
simplistic non-dimensional assessment of equation (32) is left wanting
and may be an insufficient test to determine if energy coupling is
required.
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Fig. B-1 Percentage change in flow specific heat capacity, enthalpy, specific
humidity (SH) and static temperature between coupled and uncoupled mass
and energy cases.
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Total

Freestream

Air

Accretion

Convection

Equivalent (diameter)

Erosion

Evaporation

Ice

Impinging, sticking (particles)

Internal (water)
Local

Net sticking
Saturation
Sensible warming
Sublimation
Substrate

Surface

Timestep t
Vapour

Water, wall

Axial direction
Wall-normal direction

Mach number = U/.[y;R;T
Nusselt number = HL/kf
PrandIt number = u/C, ks
Reynolds number = pUL/ s
Particle Reynolds number =
pUrele/ﬂf

Schmidt number = u/p Dy,
Sherwood number = H,,L/D,,
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Spheroid equatorial radius

Area

Spheroid centre to pole length

Blade chord

Drag coefficient

Specific heat capacity at constant
pressure

Diameter for which all particles with
D < Dvxx constitute xx% of the total
volume

Spheroid eccentricity

Spheroid aspect ratio

Extended Messinger Model (adapted
to ice crystal icing)

Heat transfer coefficient

Mass transfer coefficient

Erosion model constant

Ice growth rate

Chilton-Colburn analogy factor
Thermal conductivity

Time step multiplication factor
Kinetic to surface energy fraction
Characteristic length

Latent heat of fusion

Latent heat of sublimation = Lf + L,

Latent heat of vaporisation
Mass flux

Mass

Molecular mass

Melt ratio

Molar flux

Pressure

Sticking probability
Porosity Factor

Heat flux per unit area
Recovery factor

Specific gas constant of air
Relative humidity

Scale Factor

Time

Temperature

Wet bulb temperature
Freezing temperature of water
Velocity

Volume

Wall-normal distance

Collection efficiency
Isentropic exponent of air
Increment

Efficiency (stick, erosion)
Coefficient of restitution
Dynamic viscosity
Density

Sphericity

Crosswise sphericity
Characteristic time (particle, fluid)
Vapour mass fraction

m
m?2
m
m

J/(kg.K)

pm

W/(m2.K)
m/s

J/kg
I/kg
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Pa

W/m?
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