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1\BSTRACT 

Recent research at RAE into icing on helicopter rotors is reviewed. 
Mathematical models have been developed to predict accretion of ice on rotor 
blades and of the thermal behaviour of electrothermal rotor deicing protection 
systems. The accretion model predicts ice formation on a rotor for both the 
hover and forward flight cases. Comparisons are presented between wind tunnel 
and flight accretion measurments and corresponding model predictions, and some 
preliminary assessment is made of the effects of forward flight on ice 
accretion. Both 1- and 2-dimensional models of electrothermally deiced rotors 
have been developed and results are shown to illustrate their capabilities. 
Overall assessments are made of the models' limitations and their applicability 
to system design and certification. 

Results are also presented from an experimental study of the relative 
sensitivity of a NAGA 0012 and an RAE cambered section aerofoil to aerodynamic 
degradation by ice, represented by a simple geometric spoiler. Significant 
differences were found in the effects on the lift, pitching moment and stall 
characteristics of the two sections. 

INTRODUCTION 

The capability for flight in icing conditions is a continuing high priority 
requirement for current and future helicopters, both military and civil. At 
present, several types of helicopter have_ clearences to fly in a limited range 
of icing conditions without the safeguard of a rotor protection system, whilst a 
few now have electrothermal rotor deicing systems and are achieving more 
extensive clearences. 

Although in the past the certifications have been based primarily on the 
evidence of flight in natural cloud, the problems and limitations of this have 
long bNm realised. In particular, icing flight trials are very expensive and 
are dependent on nature to provide suitable weather. Although the aim is to 
clear the helicopter to extreme conditions, these will by definition occur very 
rarely, and some compromise has to be reached in terms of the level of 
experience which is acceptable as a basis for clearence. 

In recent years, much thought and effort has been given to the contribution 
which other techniques, such as the use of prediction methods and simulation, 
may make to design, development and certification, so as to reduce the duration 
of natural icing trials. Whilst it must be accepted that some natural testing 
will always be necessary, the use of other methods to interpolate and 
extrapolate flight results to the extremes of the atmosphere and performance 
envelopes will be a major benefit. 

The current paper describes two aspects of the recent work in RAE concerned 
with rotor icing, and records the progress since the previous Forum paper in 
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1980 (Ref 1). Firstly, mathematical models have been developed to predict the 
accretion of ice on rotor aerofoils (in terms of extent, shape and growth rate) 
and to predict the thermal behaviour of electrothermal deicing systems; in 
discussing these, attention is given to their acceptability for the particular 
applications for which they may be intended. Secondly, wind tunnel experiments 
have been conducted to investigate the relative sensitivity of the traditional 
NACA 0012 aerofoil and a modern cambered section to degradation by ice. Both 
these aspects make important contributions towards the understanding and 
prediction of rotor performance in icing. 

2 MATHEMATICAL MODELLING 

2.1 Application 

In developing and assessing the mathematical 
consider the tasks to which they may be applied. 
vary between the individual analyses, three broad 
identified: 

modelling it is important to 
Although these will obviously 
applications may be 

a. Understanding the observed behaviour of helicopters in icing, of either 
natural or simulated (e.g Ottawa Icing Spray Rig) origin. 

b. Design, particularly of protection systems. 

c. Direct application to the certification process, for instance for 
interpolation or extrapolation of flight test results. 

The model's ability to meet these conditions is reviewed at the end of each 
section. 

2.2 Ice accretion prediction 

2.2.1 General desciption of the model 

The aim is to predict the shape, extent and rate of ice growth at any given 
spanwise station of the rotor. The problem is simplified to either steady 
(hover) or quasi-steady (forward flight) 2-Dimensional flow and without wake 
interaction effects. Furthermore, the predictions are made for a clean 
aerofoil, and as such the ice growth rates predicted should be regarded as 
initial ice growth rates, since the resulting ice layer will change both the 
aerodynamics and the water catch characteristics of the aerofoil. However, 
research has shown that there is considerable scope for this single time step 
technique which is proving adequate for the relatively small accretions likely 
to be associated with a deiced aerofoil. 

As in previous studies of ice accretion, such as that by Messinger (Ref 2), 
the RAE model is based on the assumption that the icing of a surface is governed 
by the balance of a number of heat flows, eg kinetic heating, convective 
cooling, evaporative cooling, latent heat of freezing and so forth. The RAE 
model, however, represents a significant step forward in that a full allowance 
is made for compressible flow effects. The kinetic heating and convective 
cooling terms are combined such that the ambient air temperature in the 
classical equation for convection, is replaced by the adiabatic boundary layer 
recovery temperature, itself a function of local static pressure. A new 
evaporative cooling term has also been developed to take account of the 
variation in water vapour concentration at .the edge of the boundary layer due to 
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the v~riation in local pressure. This means that for instance in the upper 
surface suction region where the air is expanded and cooled, the water vapour 
concentration is reduced, resulting in further heat loss by evaporation in this 
region. Full details of the heat balance equations may be found in Ref 3. 

!n practice, the heat balance equations are applied to a number of small 
zones, equally spaced along the aerofoil surface. The local icing condition in 
each tone is found by evaluating the heat balance, which determines the local 
surface water freezing fraction, nf' and subsequently enables the surface 
temperature and ice growth rate to be calculated. The freezing fraction 
dictates the type of ice formed. White, opaque rime type ice forms when all the 
impinging water freezes on impact (nf=1). Conversly, translucent, glaze ice 
forms when only part of the impinging water freezes (0 < nf < 1). Any unfrozen 
water is included in the heat balance for the next downstream zone. 

An ice shape prediction is made from the local growth rates by 
extrapolation to a given time. The direction in which the growth rates are 
applied to the aerofoil surface has received much attention in the past. For 
single time step models, it is now becoming widely accepted that the growth 
rates are applied normal to the aerofoil surface for glaze type accretions and 
in a direction parallel to the main airflow direction (usually taken as the 
aerofoil incidence) for rime accretions; the latter method produces a more 
realistic rime ice shape, and allows predictions to be made at larger time 
steps. 

The latest RAE model combines three seperate accretion models into one 
extremely versatile aerofoil accretion prediction package. The three models 
cover: 

'' 
1) Accretion in hover (fixed airspeed and incidence) assuming no heat 

conduction within the blade structure, 

2) Accretion in hover as above, but with heat conduction in the blade, and 

3) Accretion in forward flight (cyclic·variation of both incidence and 
airspeed) with heat conduction in the blade. 

The first two models are used to predict initial values (zero azimuth 
position) for the blade temperature and ice growth rate distributions used in 
part three of the package. This reduces the computer time needed to find the 
forward flight solution, and also provides a reference solution to quantify the 
effects of the cyclic parameters on the accretion. 

The layout and input data for the models are summarised in Fig 1. The 
atmospheric and rotor details are relatively straight forward. The main inputs 
to the models are chordwise distributions for clean surface pressure 
ratio, P/H , convective heat transfer coefficient, h and surface water 
droplet ca~ch efficiency,~; the latter being the 18cal fraction of the free 
stream liquid water concentration (LWC) impacting the aerofoil surface. The 
pressure ratio data base is generated using the RAE Garabedian and Korn program 
(Ref 4). The chordwise pressure distribution is stored for a range of Mach 
number and incidence values (typically M=0.1-0.7 in 0.1 intervals ande(:0°-12° 
in 1° intervals) and the desired pressure distribution is obtained by 
interpolation. 
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Convective heat transfer coefficients are difficult to calculate and the 
problem has only recently been overcome after considerable research. Even now, 
an empirical approach has had to be adopted and it is likely to be some time 
before a purely theoretical method is developed. The present method 
approximates the leading edge of the aerofoil to a cylinder and uses the 
generalised form of the distribution for heat transfer from the surface of a 
roughened cylinder (Ref 5). Experimental measurements in the USA (Refs 5,7) 
have confirmed the basic form of this distribution. 

The size of the cylinder and the coefficients in the generalised heat 
transfer distribution are found by matching a theoretical prediction for a glaze 
ice shape with an experimental, tunnel or flight ice shape. The empirical 
relationships are based on the cylinder Reynolds number, and research has shown 
that the scaling properties of this variable can be utilised, allowing the heat 
transfer coefficient distributions to be calculated for a wide range of 
atmospheric and flight conditions. 

Finally, the water catch distribution is calculated from a set of 
generalised curves which are written in terms of the modified inertia parameter, 
K (Ref 8) and aerofoil incidence. Only certain key variables, such as peak 
v~lue catch efficiency, and limits of water droplet impact are generalised. 
Interpolation is used to obtain the local water catch efficiency at each surface 
zone. Crucial to this generalised catch efficiency approach is the need to 
calculate the water droplet catch distribution on an arbitrarily shaped aerofoil 
for a range of K and aerofoil incidence. At RAE we have developed such a 
program, which i~ described below. 

2.2.2 Droplet trajectory calculations 

Due to the complex nature of the airflow about rotor systems, it is 
necessary to make the simplifying assumptions that steady two dimensional 
compressible flow calculations are acceptable, and that wake interaction effects 
have negligible influence on the ice accretion process. Experimental evidence 
to date, suggests that these assumptions are acceptable. 

The trajectory of a super-cooled water droplet about an arbitrary shaped 
aerofoil is found by integrating the governing equations of motion of the 
droplet. The governing equations, expressed in non-dimensional form, have been 
formed in the standard way by assuming that ,aerodynamic drag is the only force 
affecting the particle motion; the drag law proposed by Langmuir and Blodgett 
(Ref 9) has been used. 

In the equations of motion there is a non-dimensional grouping of terms 
called the inertia parameter, K, which relates airspeed, droplet diameter and 
aerofoil chord. A large value of K produces high values of local catch 
efficiency, and implies large water droplets travelling at high speed and 
impacting on a small chord aerofoil. Whilst K may be used for scaling analyses, 
a better parameter is the so called modified inertia parameter, K , which is 
formed from the product of the inertia parameter and a correction°term relating 
aerodynamic drag to Stoke's law drag. This produces a parameter which is better 
for scaling in airspeed. 

The integration requires the airflow to be known or calculable at every 
position the droplet may occupy. For the RAE trajectory model, the Viscous 
Garabedian and Korn (VGK) (Ref 4) program, developed by Aerodynamics Department 
RAE for transonic flow predictions, is run to provide a data file containing 
velocity component data for the required Mach number/incidence case. 
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Interpolation by the trajectory program within these data provides the desired 
values of the local airstream velocity components. 

Integration is performed using a fourth order Runge-Kutta numerical 
integration process with the integration step length reduced automatically as 
the droplet nears the aerofoil surface. This maintains the accuracy of the 
integration whilst using a minimum number of integration steps. 

The local surface water catch efficiency is found by calculating two 
trajectories which have a small separation in the free stream. The separation 
between the initial trajectories divided by the separation between impact points 
on the aerofoil surface is a measure of the surface water catch. 

Outputs from the model are the surface distribution of water catch, which 
includes the limits of water droplet impact, and a value for the overall catch 
efficiency, E, which is the ratio of the volume of intercepted water to the 
geometric swept volume of the aerofoil. 

Validation of the model against experimental results is extremely difficult 
since it is impossible to produce a suitable clou~ of single sized droplets. 
Also, the high turbulence levels in icing tunnels, caused by the the water spray 
mast, has an unknown effect on the droplet trajectories. An alternative 
approach to validation is by comparison with results from other theoretical 
studies on droplet trajectories (Refs 9-11). The simplest test is to compare 
results for catch efficiency on a cylinder under incompressible flow conditions, 
with the data published in Ref 9. Additional confidence is obtained now that 
other researchers have made similar comparisons (Refs 10,11). The RAE model 
showed excellent agreement with all the published data (Ref 12), which shows the 
mathematical aspects of the program to be correct. 

More appropriate are comparisons for water catch on aerofoils. Under a 
NASA/MOD(PE) agreement on helicopter icing a number of test case trajectory 
calculations have been compared to further validate the respective models, and 
also quantify the effects of air compressibility on catch efficiency 
distribution. Comparisons covered the incidence range 0° to 8° and Mach 
numbers from 0.175 to 0.8 on a symmetric NACA 0012, and non-symmetric Wortmann 
FX-69-H-098 aerofoil at two values of inertia parameter, K. The K values were 
chosen to give high and low extremes of water catch appropriate to helicopter 
rotors. The results showed excellent agreement for the high K values (K:0.72-

3.0) over the complete range of Mach numbers. Fig 2 illustrates this agreement 
for the high K case (with K:3.0) at M=0.8. Slight differences in catch 
distribution were found however, for the low K values at Mach numbers above 
M:0.4 (K= 0.12- 0.24). Fig 3 shows the relatively small differences in 
predicted catch distribution obtained with M:0.8 and~:0°. 

Fig 4 summarises the magnitude of compressibilty effects on the overall 
catch efficiency for the Wortmann aerofoil at zero incidence. Plotted is the 
percentage diffence in E relative to the value at M:0.175, for a range of K 
values. There appears to be a threshold Mach number above which compressib£lity 
effects are present, and which leads to a slight reduction in catch efficiency 
(and catch limits). Note that the magnitude of the compressibility effects 
varies with K. In terms of the non-dimensional parameter,~, (Ref 9) (which 
combines the 8roplet Reynolds nu~ber and the inertia parameter K) the threshold 
value is in the range 1.3-1.5x10 • 
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2.2.3 Applications and limitations 

The present model addresses impingement only. It is assumed that the 
intersection of a trajectory with the surface implies the droplet will attach. 
Experimental observations suggest that this may not be true for highly oblique 
impacts on aerofoils, such as at the limit of water droplet impact. Thus the 
model is probably acceptable for producing the input to the accretion model, 
where the leading edge is the main consideration, but may give an overestimate 
of catch limits, especially on the aerofoil lower surface, and may therefore be 
more limited in its usefullness for heated rotor blade system design, where 
there is a need to calculate the surface area to be protected by heating 
elements. A programme of experimental work on the impact of small water 
droplets at highly oblique angles under representative conditions is planned for 
the near future. 

The effects of 3-D flow and turbulence are unknown, as is the effect of the 
rotor inflow on the cloud. For forward flight, with cyclic variation of 
velocity and incidence, the assumption that instantaneous catch is governed by 
instant@neous flow is probably acceptable. Notwithstanding these comments the 
model is probably acceptable for quantifying the likely differences in water 
droplet catch between different rotor systems and different cloud conditions 
(e.g effect of larger droplets, or benefits from a larger chord rotor). 

The velocity gradient across the boundary 
trajectory calculation, though its effect on a 
significant in the region of the catch limits. 
correction to the inviscid flowfield have shown 
predicted catch for aerofoils at incidence. 

layer is not included in the 
trajectory would probably only 
Calculations with a viscous 
negligible differences in 

2.3 Ice accretion in hover without blade heat conduction 

be 

To a first order approximation any spanwise station of the rotor is assumed 
to have a fixed aerofoil incidence and Mach number. The problem is then 
identical to icing on a fixed wing aircraft, with steady, 2-dimensional, 
compressible flow. Without heat conduction the heat balance equations are 
mathematically independent (apart from the runback water term) and the equations 
can be solved in a step-by-step process starting at the airflow stagnation 
point. The equilibrium icing surface temperature is found using the 
Newton-Raphson technique, using a polynomial function for the ice/water vapour 
pressures (Ref 13) 

Fig 5 shows comparisons between theoretical and experimental (icing tunnel) 
ice shapes formed on a 30 em chord, NACA 0012, fully composite, aerofoil over a 
range of icing conditions. Initially, the heat transfer coefficient 
distribution was optimised to give agreement between experiment and theory for 
case 5.1/b. From this distribution, the equation coefficients are derived which 
are used subsequently in the model subroutine for the calculation of heat 
transfer coefficient at all Mach numbers and incidences. The level of agreement 
is remarkable considering the single time step approach used, and indicates the 
method is acceptable at least for accretions with a maximum size of 2% x/c. 

In Fig 6 the same heat transfer equation constants have been used for 
predictions on a US Army UH-1H helicopter flown in the NRC Canada, Ottawa Icing 
Spray Rig (Ref 14). The agreement is good for accretions on inboard stations 
but there is an overprediction of ice shape outboard of approximately 60% span. 
The reasons for this are not yet understood but possible explanations include 
the droplet bounce phenominom mentioned above, centifugal effects and low LWC 
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towards the edge of the spray cloud. Note that the test conditions for the 
cloud and for rotor incidences contain a large degree of uncertainty. The 
agreement shown was obtained using a much warmer static air temperature than 
quoted (-14 instead of -19°C). The only explanation for this is that the air 
temperature was measured out of the cloud and that steam atomising nozzles are 
used to produce the droplet cloud, which might conceivably raise the air 
temperature of the fairly localised cloud. 

A notable feature of the new heat balance equations is the ability to 
predict the so called beak ice accretions (Ref 1), which form in the upper 
surface suction region of the aerofoil under relatively warm conditions. The 
local reduction in pressure in this region produces local cooling which is 
sufficient to freeze out part of the warm runback water. Observations in rig 
experiments indicate that the size of the accretion is self limiting, with the 
consequent loss of lift causing an increase in local surface pressure and hence 
temperature to a point at which no further ice grows. On a rotor, beak ice 
accretions will grow outboard of the normal spanwise limit of leading edge/lower 
surface ice, and can extend close to the tip even at temperatures above -5°C. 
Due to the strong influence of suction on its formation, the extent of beak ice 
will probably be affected by collective pitch, itself a function of aircraft 
all-up-weight and flight condition. It may also be very transient in nature, 
with a small reduction in aerofoil incidence causing the ice to shed. Fig 7 
shows an example of beak ice accretion formed during rig experiments at a total 
temperature of +4.7°C, a Mach number of 0.4, and incidence of 8°. The 
corresponding model prediction is given in Fig 8, which shows the position of 
the accretion to be in agreement with the experimental result. 

2.4 Ice accretion in hover with blade heat conduction 

The assumption of a non-conducting structure is unrealistic for almost all 
practical blade constructions. Even blades made of composite construction, 
which have low thermal conductivity, usually have metal erosion shields which 
provide a conductive path. Part 2 of the model considers a 2-dimensional blade 
geometry in which the construction is represented by a number of finite width, 
parallel, flat plates. Spanwise heat conduction may be ignored because the 
temperature gradients in this direction are small, even towards the blade tip. 
The heat balance equations are now inter-dependent and must be sovled using a 
slightly more complex method. A Gauss-Siedel underrelaxtion technique has been 
successfully employed, which uses the results from the non-conducting rotor 
model as the initial estimates for zonal (nodal) temperatures and surface 
freezing fractions. The number of iterations required to obtain a converged 
solution depends upon the thermal conductivities in the layer construction and 
upon the ice type. With a glaze ice shape it is necessary to relax values of 
the freezing fraction at certain nodes instead of the temperature. This affects 
the downstream runback water terms, which consequently slows convergence. 

Results from the conduction model (Fig 9) show significant effects for a 
bare alloy construction, whilst an all composite construction behaves virtually 
as a non-conductor. However, considering more typical constructions, an alloy 
construction protected with a polyurethane erosion tape, has very similar icing 
characteristics to a composite structure protected by a metal erosion shield. 

The conditions under which heat conduction is likely to have most effect on 
the icing characteristics of a rotor are at the thresholds for icing and for 
rime/glaze ice type. Results for the latter constructions described above have 
shown little difference in icing characteristics at these threshold conditions. 
Rig observations using a test specimen with half metal, half composite 
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construction have confirmed the theoretical predictions (see Fig 7). 

It should be noted that there is no allowance for heat conduction within 
the predicted ice layer, which would provide an extra conductive path. From the 
limited number of comparisons with experimental data, this omission seems 
acceptable at present. 

2.5 Ice accretion in forward flight 

In forward flight, any given spanwise station will experience cyclic 
changes in both incidence (pitch) and velocity. The former will increase the 
primary catch area of the aerofoil, and will also produce a cyclic variation of 
pressure and hence temperature in the suction region. Cyclic velocity will 
cause variations of temperature and other parameters over the whole blade 
surface. How the rotor surface temperature responds to these transient effects 
will be determined by the thermal properties of the various layers in the blade 
construction. A blade made from thermally insulating material is likely to 
confine any temperature variation to a region close to the rotor surface, and a 
rotor with a high specific heat content material (i.e a material with a high 
density x specific heat product) will tend to reduce the magnitude of the cyclic 
effects, whilst also introducing a phase difference between the driving external 
heating and the response of the blade surface. 

The aim of the forward flight model is to find the equilibrium conditions 
for the azimuthal variation of temperature and surface growth rate. The ice 
growth rates are averaged over a complete revolution which allows an ice shape 
prediction to be made as for the hover case models. The model uses a 
2-dimensional, transient, finite diffence scheme to solve the equations, with 
the blade structure represented by a series of flat plate layers. Typically 12% 
chord, top and bottom surface is modelled with insulated edge boundary 
conditions assumed at the chordwise limits. A converged solution is reached in 
about 8 revolutions Hhen using 100 steps in azimuth. 

At present the incidence variation is sinusoidal, Hith representative 
values determined from rotor load predi9tion programs assuming a Glauert 
doHnHash model (Ref 15). 

Figure 10, compares the response of a typical composite and metal blade 
rotor under Het and Harm (non-icing) conditions. ShoHn is the azimuthal 
variation in surface temperature at the 1% surface distance to chord point on 
the aerofoil upper surface. The metal erosion shield in the composite 
construction dissipates the cyclic heating remarkably effectively, Hhilst the 
polyurethane erosion tape on the metal spar blade shaHs approximately 1° 
variation Hith azimuth and with an approximately 45° phase shift between the 
peak heating (at 90° azimuth) and peak temperature response of the blade. 

It is likely that the effects of forHard flight will be most evident at the 
threshold icing conditions. Figs 11 and 12 compare the predicted hover and 
forHard flight threshold conditions for icing in the suction region (beak ice 
threshold) and stagnation line respectively, on a \~essex helicopter. The 
forHard airspeed was taken at 80 Kts, with an AUW of 6350Kg and 5000ft altitude. 
Also, the hover results are for the loHer altitude of 500ft. Three curves are 
shown for the beak ice threshold; icing threshold using the static Mach 
number/incidence equivalent to the mean incidence/Mach number of forward flight, 
the threshold with cyclic varying incidence/Mach number and the threshold for 
hover. The cyclic effects produce a shift in the threshold relative to the 
meaned values equivalent to about 1°C in outside air temperature (OAT). The 
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higher air density at the lower altitude used for the hover case, results in 
lower aerofoil incidences and less peak suction on the upper surface. Hence a 
colder OAT is needed to produce icing. In this particular case there is little 
difference between the thresholds for forward flight and hover. It is also 
interesting to note that the forward flight beak icing threshold represents a 
balance between melting on the advancing side of the disc and freezing on the 
retreating side. 

The stagnation line icing threshold is independent of aerofoil incidence 
(Fig 12). 80Kts forward flight produces a drop in threshold OAT of between 1 
and 2 °C depending on radial position. Also shown in Fig 12 are results from 
the analysis of inflight tail boom camera photographs, which recorded the 
spanwise extent of icing on the lower surface of a Wessex rotor for a number of 
natural icing flights. The comparison between flight and theory is remarkably 
good. 

The validation of the model has still to be completed. This has been 
severely delayed by the lack of experimental ice shapes with which to make the 
necessary comparisons. The model has been checked for mathematical errors and 
is now considered to give an accurate solution to the problem as modelled. Fig 
13 shows a comparison between theory and experiment for rime and glaze ice 
shapes formed in an icing tunnel with the aerofoil oscillated in pitch. The 
rime ice shape is satisfactory but the glaze ice shape only manages to predict 
the characteristic rounded horns. This is probably due to the simplistic 
approach taken for the convective heat transfer coefficient which, at present, 
is centred on the air stagnation point and moves with it as the incidence 
changes. 

2.6 Applications and limitations 

The model is acceptable for comparing the relative effects of atmospheric 
and rotor parameters in terms of the ice shape produced. It is probably also 
acceptable for providing input conditions to the modelling of heated rotor blade 
systems. However, before the model can really be used in the certification 
process, the minimum detail necessary to allow an acceptable performance 
degradation assesment to be made (either by subsequent wind tunnel-flight trial 
measurements using replica ice, or purely theoretical means) must be 
established, Further comparisons with ice shapes formed on helicopter rotors, 
rather than in icing wind tunnels, are considered necessary to complete the 
validation of the model. 

3 TEMPERATURE TRANSIENTS CALCULATIONS 

3.1 General 

The incorporation of electrical heating elements (typically five) into the 
leading edge of a helicopter rotor, is now well accepted as the most viable 
means of preventing excessive ice build up. In operation, individual elements 
are heated according to a given sequence and heat on-time in order to raise the 
rotor-ice interface temperature above 0°C, When a number of elements have been 
energised, achieving melting over a sufficiently wide surface area, a 
combination of aerodynamic and dynamic forces is able to complete the shedding 
process. A new ice layer is then allowed to grow before the heating sequence is 
repeated, 

One and two dimensional explicit, finite difference models have been 
written to predict the temperature history of points within an electrothermally 
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deiced rotor from a given set of starting conditions. The rotor construction is 
represented by a series of parallel flat plate layers, with heat input at a 
specified layer interface. 

3.2 1-D Model 

Model development started with a program having a convective heat transfer 
boundary at the internal (hollow D spar) and external (ice-air) surfaces. Heat 
input is switched off after a specified time to model structural temperatures on 
cool-down, and any ice layer present is 'shed' after the blade-ice interface has 
exceeded 0°C for an arbitrary period of time (typically 0.5 sec.). The 
concepts of this early model are described in Ref 16 and are based on the work 
by Stallabrass (Ref 17). 

Subsequent refinements now include the ability to: set the initial 
temperature of the structure to that of the equilibrium iced surface value, 
calculated using the heat balance approach described above; model the 
melting-refreezing of the ice using a simple moving interface technique; allow 
for the correct heat transfer from the external surface by evaluating the 
appropriate icing heat balance. 

In the latest model the ice layer will be shed if any of the following 
conditions are met 

(1) the water layer exceeds a preset maximum thickness, 

(2) the ice layer reduces to less than a preset thickness, 

(3) a specified number of heating cycles has been completed. 

Note that an ice layer will not be modelled if the unheated equilibrium 
1c1ng surface temperature is predicted to be above the freezing point. The 
model will also predict the formation of a new ice layer after the old has been 
shed. This feature is particularily us~ful for studying non-optimised deicing 
systems in which heat is applied before sufficient ice has grown and, which can 
result in excessive amounts of runback water being generated, 

Fig 14 shows a comparison between theory and laboratory experiment for a 
1-D heating case with ice phase change, Plotted is the temperature history for 
the blade - ice interface. Note the change in slope when the ice melts. 

Fig 15 shows results from a typical deicing run with the rotor surface 
temperature and ice I water thicknesses plotted as a function of time. Criteria 
1 (water layer greater than 0.5mm) and 3 (end of heating cycle two) have been 
used to shed the ice and water layers. 

To date, the model has been mainly used as a basic design tool. This 
includes a preliminary investigation of the maximum temperatures reached by glue 
and spar layers in composite blade constructions. Fig 16 shows an example of 
the program output for a spar temperature prediction run in which the failure 
case of no ice shedding is considered. This might occur if the flanks of the 
accretion were improperly heated, either due to an inadequate heating sequence 
or to a failure of the aft heating elements. Note that with the ice unremoved 
the spar temperature continues to rise. The height of the temperature peak has 
been found to be strongly related to the thickness of base coat material between 
the heating element and the main spar structure. 
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3.3 2-D Model 

The development of a 2-dimensional model is still at a relatively unrefined 
level, though once again it is useful for basic design studies. 

The edgewise limits of the model are represented by insulated/symmetric 
boundary conditions and convective heat transfer boundaries are again employed 
for the internal and external surfaces. Any size or combination of elements and 
element insulation gaps can be modelled, although the ice layer thickness and 
surface boundary conditions remain constant for all element and gap sections. 

A recent refinement has been the inclusion of ice phase change modelling 
using the equivalent specific heat method. This program has now been validated 
against other numerical solutions for problems with 1-D symmetry. 

Fig 17 shows blade-ice interface temperature distributions, for a small 
chordwise section of rotor blade, at 2 second intervals from heat on. The case 
considers the energisation of a single heating element of width 20mm (symmetry 
has been assumed and hence only half the element is modelled), in which heat is 
lost by chordwise conduction into a 10mm width of unheated section. An 
insulated boundary condition is applied to the right hand edge of the section, 
which approximates to a free conducting boundary, for this case, since the 
heater has a negligible effect on the structure temperatures in this region. 

At the end of the 10 second heating period only 70% of the heater width has 
achieved melting, indicating the significant heat sink an adjacent area poses. 
The temperatures above the centreline area of the heater are also sufficiently 
uniform for a 1-D model approximation to be made. 

Future refinements will include a more accurate, moving interface phase 
change routine which will use conformal transformation techniques to model more 
realistically shaped ice layers having non-uniform thickness. The modelling of 
the heat transfer from the iced surface will also be improved using the heat 
balance approach. 

At present only isotropic properties are modelled. For composites, 
particularily those with carbon fibre, it will be necessary to allow for 
anisotropic thermal conductivity. 

Future work will be aimed at validating the model by comparing predictions 
with both icing tunnel and flight results. Experience so far suggests that the 
accuracy of the model is limited not so much by the mathematics as by the 
quality of the input data. It is essential, though sometimes difficult, to have 
accurate values for layer thicknesses and material thermal properties. 

3.4 Applications and limitations 

The main limitation with both models, which restricts their use to design 
exercises at present, is the fact that the ice shedding criteria from a rotor in 
flight are not well known. It is unlikely that melting over the complete 
blade-ice interface is necessary to achieve shedding in practice, since the 
aerodynamic and dynamic loading on the ice is likely to assist the process. A 
1-D model is unlikely to ever model the ice shedding process accurately, 
although empirical criteria, based on either surface temperature or water layer 
thickness, may give a conservative approximation. 
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Other limitations, which are perhaps more easily overcome, are the fact 
that the 2-D model is incapable at present of modelling the non-uniform ice 
layer thickness found in practice, and is unable to model the formation of 
runback water, acknowledged as an unavoidable consequence of a thermal type 
deic~ng system. The modelling of runback water is however likely to be a lesser 
problem since it is intended to use good design to minimise its formation. The 
main application of the models at present is therefore in the basic design of 
heated rotor blade systems, in which prohibitively high internal temperatures 
can be avoided and selection of a heater blanket and additional covering layers 
with the best thermal properties made, 

4 AEROFOIL PERFORMANCE DEGRADATION 

4.1 Introduction 

As a first step towards understanding the relative sensitivity of different 
aerofoils to ice accretion, comparative experiments have been carried out using 
simple geometric spoilers. The two aerofoils used were NACA 0012, a traditional 
section, and an RAE cambered section which is representative of modern sections 
designed to achieve higher lift coefficients at the high incidence/low Mach 
number conditions appropriate to helicopter rotors. 

The icing simulation consisted of a reproducible protruberance on the upper 
surface of the aerofoil (see Fig 18). A metal strip 0.25 mm wide and either 0.2 
or 0.5% chord high, was positioned in a channel running parallel to the leading 
edge, and which in turn could be located at five chordwise stations: 0,2,5,15 
and 30% chord. (No boundary layer trip was used). The leading edge positions 
at 0,2 and 5% chord were chosen to investigate the effects of the initial build 
up of ice (including beak ice), whilst the aft chordwise positions were chosen 
to investigate the effect of refrozen runback water generated during deicing. 
Each aerofoil was equipped with eighteen pressure transducers on the upper 
surface and twelve on the lower surface, for calculating the lift and pitching 
moment coefficients. The tests were carried out in the ARA, 0.2m x 0.46m, 2-D 
blowdown wind tunnel using the pitch and heave rig with D.1m chord blades. 
Tests covered Mach numbers from 0.3 to 0.6 in quasi-steady, oscillatory and ramp 
(constant rate) pitch conditions. · 

4.2 Parameters considered 

In this paper, test results are examined for conditions that correspond to 
two regions of the rotor disc that are of particular interest in cruising 
flight. The first region is the fore and aft sector which generates most of the 
rotor lift. Here, the blade Mach number lies between 0.4 and 0.6, with 
CL typically in the region of 0.6. Any loss in lift due to ice accretion must 
be compensated for by an increase in collective pitch, which will then drive the 
retreating blade closer to its stalling incidence. Blade stall in the tip 
region of the retreating blade has severe consequences and this region of the 
disc is the second one to be considered. Here, blade Mach number is typically 
between 0.3 and 0.4 and CL approaching CL 

m~ 

4.3 Results 

When examining test results for the first set of conditions, it is 
convenient, because of differences in zero-lift angle for the two aerofoils, to 
present data in the form of loss of CN for a given value of CN for the 'clean' 
aerofoil, as in Fig 19. For this case the protruberance was positioned at 2% 
chord and a 1500 deg/sec pitch rate used, which for the reduced model scale 
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represents conditions at the front of the disc. 

Remembering that the cambered aerofoil would be expected to be operating at 
a somewhat higher value of CN than NACA 0012, we see both aerofoils suffer a 
similar loss in CN (about 0.05) in their operating range. The same conclusion 
was drawn from the test results for different protruberance positions close to 
the leading edge. 

The first assessment of the effects of the protruberance at low Mach number 
and high angles of attack has been made by considering the fractional loss in 
the maximum value of the normal force coefficient. Fig 20 shows this loss 
plotted against the chordwise position of the protruberance. The results show 
that NACA 0012 is most sensitive to the strip positioned between 0 and 2% chord, 
whereas the corresponding region is between 2 and 5% chord for the RAE section. 
Also, the RAE section was degraded more than NACA 0012 for positions aft of 5% 
chord. 

By plotting the pitching moment coefficient against the blade incidence, 
the incidence at pitching moment break C~cMB) can be determined, which has been 
defined as the angle corresponding to a drop in pitching moment coefficient of 
0.01 relative to the zero lift value. The effect of the protruberance on the 
fractional loss of~cMeis shown in Fig 21 for the 1500 deg/sec ramp motion. The 
results are very similar to those discribed above. 

4.4 Performance degradation conclusions 

The results of the tests indicate that there is little difference in the 
sensitivity of the two aerofoils, to the initial accretion of ice, over the 
front of the disc at their expected operating conditions. However, in terms of 
the effect of the initial ice accretion on the retreating blade, we see that the 
greatest loss in clmoxoccurs for a different position of the protruberance for 
the two aerofoils. Furthermore, the cambered aerofoil is seen to be more 
sensitive to the protruberance well back from the leading-edge, suggesting a 
greater sensitivity to runback ice. This type of information is of considerable 
value in deciding on deicer mat positions and the heating sequence. 

The exercise has been a very good first attempt at assessing the likely 
performance implications of icing. However, future work should use more 
representative ice shapes. Since the potential range of ice shapes is infinite 
some compromise on what constitutes a representative shape has to be made, and 
the work recommended in section 2.6 on establishing the minimum detail for 
acceptable performance assessment will undoubtedly be of great benefit to this 
exercise. 

5 Overall conclusions 

5.1 Considerable progress has been made in the development of theoretical 
models for predicting the icing and deicing of helicopter rotor blades. 
Specifically: 

(1) The water droplet trajectory and hover case ice accretion models have 
been demonstrated to predict both rime and glaze ice shapes to a reasonable 
accuracy, and can now find application, such as in the interpretation of 
flight observations and for parametric studies. 

(2} Ice shapes predicted by the forward flight ice accretion model show a 
general agreement with the limited number of experimental shapes available. 
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Further comparisons are needed, particularily with flight data, for cases were 
the velocity is varying cyclically. A s~~ll difference between the icing 
thresholds in hover and forward flight has been predicted. 

(3) The electrothermal deicing models are providing important insights into 
the functioning of deicing systems, and are already being applied to design 
problems. However, some refinements and further validation against experimental 
and particularily flight data is considered necessary if they are to be used 
in the certification process. 

5.4 The tunnel tests on aerofoil sections degraded by a protruberance 
intended to represent ice were extremely useful in assessing the likely 
sensitivity to icing. Future work should however consider more representative 
ice shapes. 

5.3 The work is considered to be an essential step towards the prediction of the 
performance of both unprotected and protected rotors in icing. 

List of symbols 

c Aerofoil chord (m) 

E Overall catch efficiency (%) 

h Convective heat transfer coefficient ('tl.m - 2 .K- 1) c 

K Droplet inertia parameter, (non-dimensional) 

V=free stream velocity (m/s) 
D:water droplet diameter (m) 
)J=air viscos ty (N.s/m~) 
f=droplet density ( kg/m>) 

K Modified inertia parameter, (non-dimensional) 
0 

1\s =Stoke's law droplet range (m) 
J\ =Actual droplet range in air (m) 

LWC Cloud liquid water concentration (g/m3) 

t1 l1ach number (-) 

nf surface water freezing fraction (-) 

OAT Static air temperature (°C) 

P., air pressure (kPa) 

P/H
0 

surface local pressure ratio (-) 

R Blade radius (m) 

s/c Surface distance to chord ratio (-) 

x/c chordwise position (-) 
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2} Convective heat transfer 

coefficient, he 

3) Water droplet catch efficiency, f3 

INPUT DATA 

Atmospheric: eg OAT, LWC, attitude 

Rotor: eg blade structure, station {speed), 

incidence(s), Nc. chordwise zones 

PART 1 !HOVER) 

Calculate ice growth rates &. surface temps. 

/ 

F 1 xed mcidence & speed 

Without blade heat conduct ion 

Fixed incidence &. speed 

\ 

W1th blade heat conduction 

PART 3 (FWD FL Tl 
Calculate ice growth rates & surface temps. 

Cyc\ic varying incidence & speed 

With blade heat conduction 

Fig l Block diagram of RAE ice accretion program 
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Fig 5.1 The effect of LWC on ice shape, 
with a = 0°, M = 0.4, 
OAT= -12.6oc and Time= 2 min 
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Fig 5.3 The effect of OAT on ice shape 
with a = oo, M = 0.4, 
LWC = 0.5 g;m3 and Time= 2 min 
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5.2 The effect of LWC on ice 
with a = 4°, M = 0.4, 
OAT= -12.6°C and Time= 

15 10 

a M = 0.1. 
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b M = 0.3 
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EXPERIMENTAL THEORETICAL 

5.4 The effect of Mach number 
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on Fig 
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and Time = 2 min 
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EXPERIMENTAL THEORETICAL 

Fig 5.5 The effect of incidence on ice shape with M = 0.4, OAT= -12.6°C, 
LWC = 0.5 g;m3 and Time= 2 min 
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Fig 6 Comparison of flight ice shapes with theory prediction. 
The helicopter was a US Army UH-lH, flown in the NRC icing spray 
rig, Ottawa 
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