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Abstract

A model of two-phase, low concentration water flosv presented. The developed
computational method is dedicated to the determanaif water collection efficiency of an
aerodynamic surface. The implementation of flow rmary condition on the surface is in
accordance with algorithms used for simulation offace icing. The method has been
implemented as an User-Defined-Function modulehm FLUENT code solving RANS
equations. The results of computations of the wetéection efficiency have been compared
with experimental data.
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INTRODUCTION

Simulation of atmospheric icing effects on a gehehaee-dimensional surface involves the
solution of several separate problems, such asrrmdetation of two-phase flow field around
the surface including air- and water-droplet fl@@lution of parameters of water film on the
surface: distribution of its height and velocitpdadetermination of heat fluxes reaching the
surface including heat incoming with the water dietgy heat resulting from friction in the
boundary layer, heat created through phase changkfeat conducted from underneath the
surface. Due to the complexity of the problem, situsually divided into sub-problems
analysed sequentially as separate tasks, usingasepaimerical tools, each dealing with an
element of the physical phenomenon, which is tkeaikcretion on the surface and its effects
on the aerodynamic characteristics. The typical mmsition of numerical tools and the flow
of information is shown in Figure 1.

The aim of this paper is to present the detailthefassumed method of determination of
collection efficiency of a surface in two-phasew]| consisting of air and dispersed water
droplets, and some examples of its practical apgdin. It is assumed, that the amount of
water in the flow, measured by the Liquid Water @ah parameter is similar as in typical,
real conditions of atmospheric icing.

Two approaches are generally used in numerical atatipns of this quantity.
Chronologically the first of them is an Lagrangiapproach [1], tracking the motion of a
droplet in space. It requires the determinatioa ¢$ource zone” of water droplets hitting the
surface. By the evaluation of the trajectoriesnafividual droplets leaving the source zone it
is possible to determine the local collection édficy as the ratio of the distance between the
source points of two closest droplets in the sowmee (far field) and the distance of their
impact points along the airfoil surface. This agmio was popular in the first ice accretion
simulation codes using potential model of air flosuch as LEWICE [1]. Its constraints
appear in the application for multi-element aigagnd three-dimensional surfaces, where the
source zones for droplets reaching wing surface maere complicated shape than the source
zones in the two-dimensional, single-element didase. In recent years, particularly in the



last decade, the task of determination of watelectibn efficiency is fulfiled more often
using an Eulerian approach [2]. In this approackewdispersed in droplets is regarded as a
continuous phase and the solution of droplet moigdmeing obtained simultaneously for all
points of the computational domain. In this applotiere is no need for the determination of
the source zone for droplets hitting the surfanstelad, the droplet flow field is determined
simultaneously in the whole computational domainthg solution of the continuity and
momentum equations for the droplet phase with gpate boundary and initial conditions.
This approach is analogous to the determinatioraiofflow field using Euler or RANS
equations of Fluid Dynamics and became competitivéhe Lagrangian approach as the
solutions of Euler and RANS equations became adifolel means of solving practical design
problems in the industry. In many cases the smtubf air and water flow is being conducted
using different computational codes. This is donetlte grounds of the frequently adopted
assumption that the droplet flow does not affeet dir flow, which is true for low water
concentration [2]. Applying this assumption it igsgible to conduct a solution of water flow
for a steady case using a converged, steady solofiair flow. In the present approach
similar assumption regarding the one-directiondluance of air flow on droplet flow was
applied. Based on this assumption a model of twaspHlow with boundary conditions for
external flow was built and implemented in the FINJE (ANSYS) solver as the User-
Defined-Function module.

Modular approach for the simulation of icing effects:

'

Pressure Coefficient|

water film solver:
water layer height,
water surface velocity

v
P
air flow solution: v
velocity, wall friction, pressure, ice accretion solver:
turbulent heat flux at wall heat flux balance Wat.er
- T T~ \ film temperature, ice
-~ ~ }
accretion rate
N\
/

P i\ ‘
grid regeneration module:

/| grid rebuilding over a new
/ contour

\. droplet flow solution:
~droplet velocity, collection efficiency p >
~ -~
S~ -

Figure 1 Partitioning of the method of simulatidriaing effects into sub-problems analysed with
different numerical tools

The results of the droplet flow model form inputanother modules of the icing effects
simulation model, which is currently under develgmin There are also some important
questions regarding the amount of water capturethéysurface that are worth investigating
from the point of view of aviation safety. They inde the effect of flight parameters such as
speed or angle of attack on the mass and surfatebdiion of the collected water, or the



effect of a model of droplet dispersion in ternisdooplet size on the mass and surface
distribution of the collected water. This paper@ddes these issues.

FLOW EQUATIONS

The model of air flow applied in the present apploa described with equations of
conservation of mass, momentum and energy supptechdsy turbulence equation (one-
equation Spalart-Almaras turbulence model). Thetesysof equations is solved by the
FLUENT solver [3] in identical way as in the casfeone-phase fluid flow. For the present
work the pressure-based solver was selected withnsieorder upwind discretization of flow
variables and SIMPLE-type pressure-velocity couplin
The water-droplet-phase flow is described withdbetinuity equation:

0
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and the momentum conservation equation, writteherfollowing, conservative form:
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where:

U4 - droplet velocity,
Py — droplet phase density, equabt@,,
a - droplet phase volume fraction,
P — Water density,
0, — air density,

fq - drag force

g - gravitational acceleration.

The first terms on the left side of equations (il §€2) describe unsteady phenomena and
are omitted in the implementation of steady floveeaThe divergence terms are treated as
follows. For steady-flow cases the FLUENT solverypdes the possibility of computing the
transport of a user-defined scal@r solving the equation written in the following geale
form:

DHPa — T MA) = Sk (3)
where ¢ is a vector field and  diffusion coefficient of the scalar “k”. In the deflt case

@ = pJ , whereU is the primary-phase fluid velocity.
In the present, two-dimensional case, three scdlare been used to represent three
variables:oy, ug, andvg, whereuy andvy are components of the droplet velodify, . For each

of them Equation (3) is solved in the computatiad@iain. The components of tige vector

are the productgy ug and gy vy. The scalaf in Equation (3) is set to zero, in order to comply
with Equations (1) and (2). The computation of dldgection terms in equation (1) and (2) is
being accomplished in an user-defined procedutegiating the advection term in equation
(3) over the cell volume. This is done applying €alivergence Theorem. The wall values
of the ¢ vector components are computed using an upwindnseh based on cell centre



values and gradients of scalars computed at tHeeelres. For the boundary cells the wall
values of the scalars are set as boundary conslition

The forces acting on the droplets taken into actowtude droplet drag, the net effect of
gravity and buoyancy, and effect of pressure gradie the flow field. This is what most
researches take into account, e.g. [2,4]. Dragefasccomputed using formula proposed by
Morrison[5] for a sphere, because of reported agess with experimental data for a wide
range of droplet Reynolds number (Figure 1). THeesof Reynolds number encountered in
the computation of droplet drag usually don’t ext&60, but it is mentioned in the literature
[2], that in some special cases, with large drogletmeters and unconverged solution,
Reynolds number of a droplet may reach a valueO801 It is recommended, that for fast
convergence adequate drag formula be used. Drag feer unit volume is evaluated by

Pq

multiplying drag of a single droplet (sphere) by tfactorv . where Vy is droplet
d w
volume.
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Figure 1. Comparison of analytical formula for dedpm, with experimental data [5].

The Equations (1) and (2) represent a model ofdreztional coupling in a two-phase
flow, where the second phase flow does not infleethe main phase flow. This assumption
is commonly used for water concentration foundtmaspheric icing problems [2,4].

Collection efficiencyf3 at a point of a surface is computed as:

PsJ,
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wherenis a local surface normal vector, aogdns is droplet phase density, referred to also as
Liquid Water Content (LWC).

'8 = (5)




Boundary conditions for the droplet flow have bekiwsen to correspond to the external
flow boundary conditions being used for the compaotaof the aerodynamic characteristics
of airfoils and three-dimensional bodies. The endéboundary surfaces of the computational
domain have been divided into two categories: pres$ar-field and pressure outlet. The
pressure far field includes surfaces of uniform andisturbed flow lying ahead of and on
both sides of the airfoil. The air flow quantitiesing set there include Mach number, X and
Y components of the vector of the flow directiomegsure and temperature. They allow for
the determination of the values of the flow vareabtomputed by the solver. components of
flow velocity, density, pressure and temperaturke Tater flow variables include mass
concentration and X and Y components of the droggéicity. It is assumed that the X and Y
components of the air and water droplet velocigyequal in the far field (The computational
problem may be considered as body moving throutytogphase fluid at rest). On the outlet
surface only the pressure and temperature ardlsetair flow velocities and density include
disturbances caused by the airfoil and are comphbyethe solver. Similarly the water flow
concentration and velocity components are compufetb the cell center point adjacent to
the outlet surface. Their values on the outlet am@fare extrapolated using gradients
computed in the centre of the cell.

On the airfoil surface the typical wall no-slip bwlary condition is applied for the air
flow. For the water flow there are two cases tréatedifferent way: the case when water is
intercepted by the surface and the case when wetptets move by the surface. In the first

case, whenUy4 [h) < Pnbeing the cell-wall normal vector, the airfoil saré is considered

totally permeable for the water. The water veloaity the surface is extrapolated using
gradients computed in the cell centre. This is anddrd procedure applied for the
computation of collection efficiency for the simtidan of ice accretion. The flow of water on
the surface is a separate problem, being treatétkirce accretion simulation codes with the
application of heat exchange and heat balanciaggoiure, summing heat flows in and out of
the surface. This allows for the determinationha &mount of water that freezes in particular
location or runs away along the surface. Such phaeehas not been created for the present
work yet, but is planned for the future.

In the case wherfUq4 () > @he water concentration on the surfagg, is set to zero,

and the components of water flow velocity are edtated using gradients computed at the
cell center. This ensures the continuity of drofitet/ variables.

RESULTSOF COMPUTATIONS

In order to compare the present method with expartal results, two computational cases
were created using NACA 23012 airfoil of chord dg0®144m, at the angle of attack
0=2.5. Free stream velocity was 78.23m/s, far field gpues and temperature was 101330Pa
and 299K respectively. In the first case Liquid WaContent (LWC, equal twy far away

from the airfoil) was set at 0.19g7rand medium droplet diameter wasu2@ In the second
case LWC was 1.89gfand droplet diameter 28f. The experimental results were reported
in [6] and quoted in [4] and represented measurgtdloltion of collection efficiency of a set
of droplet sizes with Median Volumetric Diameter 2um and 23@m. The computed
characteristics of airfoil collection efficiency shown in Figure 2. The computations were
performed on a mesh of 25000 elements. In the ityciaf the airfoil boundary layer
structured mesh was created, with the y+ parametkere > 30 over most of the airfoil
surface. Further away from the surface mesh wégsaske” type with quadrilateral elements.
Figure 2 shows the comparison of the results ofpitesent method with the experimental
results of [6]. The results of the present meth@dewobtained for two cases: for a case with



water phase composed of droplets of single dianwt@0um, and for a normal distribution
of droplet diameter, with medium diameter pg&0and standard deviation
0=6.6(6) (1/6 of droplet diameter range). The dropleameter range was divided into 11
zones, each with single, medium droplet diametertha zone. The reported droplet
distribution in experiment[4] is roughly similarubwith 9 diameter zones.
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Figure 2. Distribution of the water collection eféncy along the airfoil circumference, first tease.

The overall agreement between the experimental @mputational results is good,
especially the maximum value gfcomputed for normal distribution of droplet diaereis
very close to the value obtained in experiment. Thain differences between the
computational and experimental results are the siithe computed characteristics to the
right (into the suction zone) and underpredictiérp on the areas of lovs. The shift of the
computedp characteristic may be justified by the inertiadvbplets, preventing them to
follow air flow and hit the surface in the stagoatipoint at right angle (as the reported
experiment data with maximufhin the stagnation point suggests). The underptiediof 3,
especially away from the stagnation point may sagtiee overestimation of drag force — the
main force responsible for droplet motion and defiey them from the surface. In a real flow
a droplet is likely to distort from the spherichbpe and assume a more streamlined shape[8].

In Figure 3 a comparison of the experimental resaitd the computations for the second
test case is presented. In this case the compugati@re conducted for a single-diameter
droplet phase, whereas the experimental resulte wbtained for a distribution of droplet
diameters with median diameter of 286, as the assumed diameter in the computations, but
with maximum diameter reaching 1Q08. In contrast to the previous test case the moftel
single droplet diameter overpredicts the amourwater captured by the surface. This effect
is explained in [4,8] by droplet splashing on theface in the real flow. The droplets of
diameters of more than fth are termed Supercooled Large Droplets, and ikey Ito
splash when hitting the surface and return a foactif the water back into the flow. For this
reason, a proper splashing model is needed torohtaiurate distribution of the collection
efficiency characteristics. However, this resulstii valuable from a viewpoint of a design of



anti-icing devices, since the maximugnis predicted correctly. The overprediction of the
collection efficiency occurs mainly in the ared@# . From the practical viewpoint of safe
design of anti-icing installation the overpredictiof the amount of water that reaches the
surface is safer than underprediction of it. Itwierth noting, that the Supercooled Large
Droplet case represents rarely occurring conditafrfigh water content and droplet diameter
in excess of values defined in airworthiness reguia FAR 25 for certification in icing
conditions. This type of icing conditions becaméedd of research in recent years [4,8,9],
resulting in propositions of amendments for thevarthiness certification regulations[10].
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Figure 3. Distribution of the water collection eféncy along the airfoil circumference, second test
case.

The airworthiness regulations, FAR25, appendix [C défine icing conditions in terms of
droplet median diameter against liquid water conter different temperature values
(Figure 5). It is therefore interesting to compére results of mass flux of collected water
computed for a single-diameter approximation ofptibdistribution with results for different
distributions of droplet size, since the computagidor a single-droplet approximation of the
droplet phase flow require much less time and messuthan computations for a distribution
of droplet size. For this purpose the mass flugalfected water computed for single droplet
distributions and conditions defined by t=220and diameter of 20m (Figure 5), was
compared with results obtained for three normatrithistions of droplet size, each with
medium diameter of 20m, diameter range of <O — 4 > and different values of standard
deviationo (Figure 4).

Mass flux of collected water for a given valuecoivas obtained as weighted sum of fluxes
computed for each diameter indicated with a dajrepphs of Figure 4, obtained through the
integration of thed characteristics over the airfoil surface. The ealof the fraction of total
LWC corresponding to givefp characteristics were used as weighing coeffisieiihe
results of computations are presented in FigufEh@y indicate, that for the determination of
mass of water collected by an airfoil, in condisatefined by the FAR 25 regulations (Figure
5) a single-diameter droplet distribution modglistified.
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For the icing conditions defined in Figure 5 congtigins were performed to determine the
values of diameters of droplet captured most likeyyan airfoil. The results, presented in
Figure 7 show, that at temperatures betwééhdhd -10C the most likely to hit an airfoil are
droplets of diameters between 20 an@rB0At low temperatures, close to <ZDthe mass of
collected water is more independent of droplet @iem
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Figure 7. Dependence of mass of collected watelroplet diameter for icing conditions
defined by FAR 25 regulations, Appendix N[ACA 23012 airfoil atu=2.5", M=0.22, Re=4.5min.

Investigations of the effect of flight parametesisgle of attack and Mach number on the
mass of collected water were also conducted. Coatipus for different values of angle of
attack were done for NACA 23012 airfoil at Mach raenof 0.22 and Reynolds number of
4.5 min using single-diameter approximation for theoplet phase. Figure 8 shows
distributions of the collection efficiendy computed for the range of angle of attack values
from 2.5 to 11°. A tendency of decreasing the peak value and incrgdbk area hit by the
droplets as the angle of attack is increased ibleisAlso the point of peak value ffmoves
slightly towards the bottom side of the airfoil llaving the stagnation point. In Figure 9
dependence of the mass flux of collected waterhenaingle of attack is shown. The results
were obtained for two conditions of temperature kiggiid Water Content, according to FAR
25, app C: 0C ,0.19g/m and -20C, 0.635g/m. In both cases the angle of attack of minimum
collected water coincides approximately with minnmwf profile drag. There is no rapid
growth of the mass of the collected water when engif attack is increased within the
investigatedu-range. Mass flux of collected wateroatl1° is approximately 30% higher than
its minimum ato=1~2°. Figure 10 shows the effect of Mach number chamg¢he mass of
collected water and maximum valuefofThe computations for Mach number range of 0.2 to
0.5 reveal, that collection efficiency increasegshwgrowing Mach number, which is the
reason for faster than linear growth of the mass @f collected water. This effect should be
taken into account in the design of anti-icing atistions.
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CONCLUSIONS AND FUTURE WORK

A model of low-density droplet phase flow was deped and implemented in the
FLUENT solver. Two experimental test cases weral isevalidate the model. The first test
case represented flow conditions typical for sndhbplet, low Liquid Water Content,
described by the FAR 25, Appendix C regulationsonditions of continuous icing in
stratiform clouds, the second test case was repiasee of Supercooled Large Droplets. The
water collection efficiency characteristics computed with the present methedlase to the
characteristics obtained in experiment, with déferes mainly in areas of low values of fhe
parameter. In the first case of small dropletspghesent method slightly underestimates the
collection efficiency, and in the second case thethmd overestimates it. The most likely
reasons are the neglected effects of droplet defioomand splashing, which, particularly for
large droplets leads to reintroduction of a fractad water into the flow. The computations
for different shapes of normal distribution of detpdiameter distribution were aimed at
exploring the possibility of using single dropleamheter for the determination of mass flux of
collected water. Results of Mass flux of collectedter obtained for single diameter
distribution and for normal distribution of dropkdiameters with standard deviation of 1/6 of
the assumed diameter range (a frequently appliedehaf normal distribution for random
variations in technology) were practically identic@omparison of mass flux of collected
water obtained for different droplet diameters eded, that for high water concentration in
the cloud the most likely to collide with airfoifeadroplets of diameter approximately in the
middle of the range defined by FAR 25 regulations &ircraft certification in icing
conditions. For low values of water concentratiba tmass flux of collected water is more
independent of droplet diameter. Computations ddferent values of angle of attack,
within the range of its normal takeoff/landing, iseivalues revealed that the lowest rate of



water collection occurs at low profile drag valudsangle of attack, without rapid growth at
higher alphas. Increasing Mach number leads to mitdease of the collection efficiency
which is responsible for faster than linear growththe mass flux of collected water with
increasing Mach number.

Future work in this field will be directed towartte development of models for water film
transport on the surface which will enable the sotuof energy balance equations on the
surface in icing conditions, and in consequenceerdenation of ice accretion rate.
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