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FOREWORD

Icing of unprotected aircraft components is one of the major problems engineers are
faced with during the development phase of an aircra ft . Ice accretions , as well as their
shape , have to be predicted in order to investigate their effect on aerodynamic flight safety
and performance , and to decide on the need for provision of anti-o r de-icing systems.
Typical components where hazardous accretions may occur are wings , tails , engine inlets ,
hubs, antennas, propellers and rotor blades.

The Fluid Dynamics Panel of AGARD held a round-table discussion of the fluid
dynamic aspects of icing. This took place following the FDP Symposium on Unsteady
Aerodynamics in Ottawa , Canada , on the 30th September , 1977 .

Seven contributions -- two from Germany, two from Canada , and one each from
France , UK and USA — were presented , covering a broad spectru m of topics such as icing
parameters , icing of wings, tails, inlets , helicopter blades and icing test facilitie s within the
NATO countries of Europe, the USA and Canada. These papers have been collected in this
AGARD Advisory Report . It gives an excellent state-of-the-art survey of this subject . The
subject of engine and inlet icing has been treated separately in the Spring (978 Meeting of
the AGARD Propulsion and Energetics Panel , and is reported in AGARD Conference
Proceedings CP-236.

j t is hoped that by this report further investigations into the establishment of atmos-
pheric icing parameters will be initiated , that the full survey of icing test facilities will allow
a proper choice , and that the described procedures and data on wing icing will be helpful to
predict ice accretion on future aircraft.

8.LASCHKA
Chairman , Programme Committee
(AGARD Fluid Dynamics Panel)
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SOME RECENT RESULTS ON ICING PARAMETERS

W. lUeuters and C. Wolfer
MESSERSCHMITT-BOLKOW-BLOHM

2103 Hamburg 95
West Germany

SUMMARY

Meteorological icing data on forty—seven encounters in cumulus cloud over Western and
Central Europe are here analysed statistically, and compared with similar data quoted
in FAR 25 Appendix C.

The data for FAR 25 Appendix were obtained by the “Rotating Cylinder” method, a
measuring device with a capacity limited to relatively low liquid water content and/or
low temperatures. To overcome these limitations, the liquid water content was measured
in these tests by employing a liquid—nitrogen—cooled Test Rod , enabling measurements
of liquid water content of up to 3 g/m

It is thus evident that, in the temperature range above —15 0C, the MBB analysis yields
values of liquid water content considerably higher than quoted in FAR 25.

1. INTRODUCTION

The design of ice-protection equipment r~~iires some defining of the meteorologicalconditions in which the system is expected to operate. The conditions are governed by
liquid water content, mean effective droplet diameter, and ambient temperature.

The investigation of icing parameters began with the development of heating wings,
leading by 1948 to an accumulation of some 1000 individual measurements of water content
and effective droplet size, obtained in two hundred forty separate encounters with
icing conditions. After review and discussion by NASA scientists, the Technical Note
1855 1 llwas published, providing industry with tentative standards to fill an immediate
need. These recommended design conditions were adopted by the Civil Aeronautics
Administration and are still in effect today, embodied in FAR 25 Appendix C.

The design envelopes for 1) stratiform or layer clouds (the continuous maximum) and
2) cumulus clouds (the intermittent maximum) are shown in Figures 1 and 2 respectively,
in the form of curves drawn from combinations of liquid water content and effective
droplet diameter, for selected values of temperature.

Examination of the statistical distributions of the parameters indicated that the
probability of all three variables - as represented by a single3point in Figure 1
and 2 - being exceeded at any one time, was of the order of 10 (21 . Considering the
data were obtained from one hundred sixty—seven encounters in layer clouds, a~~ seventy-three in cumulus clouds, the statistical extrapolation to a probability of 10 was
indeed questionable.

2. THE ROTATING MULTI-CYLINDER METHOD

The majority of flight measurements of liquid water content and effective droplet
diameter , upon which the curves in Figures 1 and 2 depend, were made using the
“Rotating Cylinder” method . A set Of five cylinders (Figure 3) of different diameters
(0.125” : 0.5”: 1.25” : 3.0” and 4.5”) was exposed normal to the airetream while slowly
rotating. Theoretical relations involving droplet size, cylinder diameter, collection
efficiency, and airspeed, were used to derive average liquid water content and effective
droplet diameter (31.

The measurement of liquid water content and droplet diameter by this “Rotating Cylinder”
method is subject to the following sources of error: 1) blow—off, 2) run—off
3) evaporation, and 4) variation in water concentration in the vicinity of the cylinders,
due to disturbing influences from the aircraft. -

In a statistical analysis , however, reasonably reliable results may be obtained provided
that the errors are randomly distributed and small compared with thb quantity being
measured . But the problem of blow—off merits som, further consideration since it impose.
a systematic error, as with all instruments measuring rate of icing , the “Rotating
Cylinders” are absolutely limited by latent heat effects . The following equations show
Us. h.a~ balance at the surface of a cylinder assuming that the surface temperature
J~is 0 C and the total temperature d~&jis below zero. 

—--
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The various contributing factors affecting the heat balance at the stagnation point are:

a) The density of heat flux due to convection:

q1 d (iY~— t ~~ ) w ith ~~~~~~~~~~~~ ( 1 )

where: l..t ~ Static air temperature
r Recovery factor — 1
c~, — Specific heat of the air

— Heat transfer coefficient
- Air speed

b) The density of heat flux due to t~e temperature rise of the water. Since thetemperature at the surface ist 0 C, a fraction f of the supercooled water changes
into ice, and if L’ is the heat of fusion of ice, then:

q2 —m
~ (C~~~~

.fL’) with m~~—E~W~V~ (2)

where: C
w 

— Specific heat of water
f — Freezing fraction

— Collection efficiency
W — Liquid water content

C) The density of heat flux due to evaporation:

q3 — 0.62

where: P0 Vapour saturation pressure of water or ice at the
surface

— Partial water vapor pressure at the edge of the
boundary layer

— Heat of vaporization of both water and ice
B — Barometric pressure

d) The density of heat flux due to kinetic energy of the droplets:

q4 —~~~-m~ 
( 4 )

If the surface of the cylinder Is neither heated nor cooled:

q1 4q 24q 3 -q4 — O

or: 2
~~~~~~~~~~~~~~ 

.)_
~t_ r~& ,0.62 L . ~a.~fr - 0

For any combination (WV .,~fl~~) the freezing fraction f can be calculated by the equation
(5). The limit for given values of (W ,V~ 1,~?’1) corresponding to total freezing, I.e.f — 1, iø called the Ludlam—limit, whi~h ii o! major importance when employing devicesthat measure liquid water content of a cloud by means of the icing speed.

Thus the “Rotating Cylinders” cannot operate precisely when the Ludlam limit is
exceeded, i.e. when f < 1 , because part of the impinging water is blown of f, leading
to smaller measured values of liquid water content. This built-in error increases with
increasing temperature, airspeed, or liquid water content. Figure 4 shows the Ludlam
limits for three cylinder diameters as used in the “Rotating Cylinder” device.
The results indicate quite clearly that “Rotating Cylinders” should be used only for
conditions of small liquid water content and/or low temperatures.

Since the highest liquid water content occurs in cumulus clouds — about three times
greater than that in layer clouds - it was expected that the largest errors would show
up in the intermittent maximum curves of Figure 2. Thus efforts were concentrated on
measurements in cumulus cloud.

— —: - 
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I
3. MEASURING EQUIPMENT USED BY MBB

a) Liquid Water Content
To overcome the limitations associated with the “Rotating Cylinders” at high
liquid water content, MBB developed a special cooled Test Rod (4 1 , [5 1

This device consisted of a hollow steel cylinder 30 cm long, and only 1 cm in
diameter,to ensure a rate of catch nearly independent of droplet diameter
(Figure 5). The cylinder, with an internal flow of liquid nitrogen, was exposed
normal to the airstream . Three thermocouples were fisted axially at the surface
to provide continuous checking of the required -160 C surface temperature.
Thus, the l~tent heat of fusion was transferred and liquid water content ofup to 3 g/m could reafiuly be measured, except where thickness of ice at the
stagnation point exceeded 5 mm. The Test Rod was extensively calibrated in the
wind-tunnel at Artington (U.K.), under the test conditions given in Figure 6,
before any actual flight test measurements were made.

To check the reproducibility, more than a hundred conditions of (W , Vi,, ,~~~~ 
) were

tested . It was found that maximum error was in the order of 10 % over the test
range .

b) Droplet Size Measurement

To measure droplet size, the “Oil Slide” technique was employed. A slide was
prepared by smearing a strip of glass with a small amount of a special oil.
The slide was next inserted into a holder and retracted into a special sampling
pole. This pole was then extended into the airflow, with the slide surface
vertical and facing forward. The slide was now exposed for a short time in cloud.
removed, transferred to a microscope and photographed.
Figure 7 shows a typical photograph of a droplet sample.

c) Total Temperature Measurement

The total temperature was measured with a Rosemount temperature sensor,Model 102,
suitable for o8eration under icing conditions. The errpr due to dc—icing was
approx. ± 0,5 C, which could be considered acceptable.

d) Data Recording and Teat Procedure

Flight tests under natural icing conditions require a very high standard of
coordination in all relevant data acquisition instrumentation. Therefore, airspeed,
altitude, ambient air temperature, exposure time of the Test Rod, and a time code
- which was also registered on all photographs — were simultaneously recorded on a
tape zecorder.

The aircraft used was a TRANSALL C—160, with a maximum take—off weight of some
100.000 lbs. The tests took place over Western France and Southern Germany, at
altitudes ranging from 3.000 ft to 20.000 ft.

A factor which may have had an influence on the reliability of the data , was the
systematic bias introduced by obtaining measurements during flights in which icing
conditions were deliberately sought, instead of being accidently encountered. The
net effect, however, is expected to be negligible, because results have been compared
with those of NASA , obtained when faced with the same situation.

4. AMOUNT OF DATA AVAILABLE

Thirty-four flights under natural icing conditions have been made, during which a total
of 75 icing areas were encountered . An icing encounter, the basic unit of data, consists
of all measurements made during flight through a single area of icing conditions. An
icing area is defined as one that is separated by at least 40 miles of ice—free conditions
from the next observed area of icing, or by a least 6000 ft of altitude from another such
area.
The icing clouds have been classified as either cumulus or stratiform , icing encounters
having been in forty—seven of the former clouds, and twenty—eight of the latter. Because
of insufficient data, results from the stratiform cloud encounters are omitted in this
report.

5. ANALYSIS

For direct comparison with FAR 25 Appendix C, the analysis was carried out strictly in
accordance with TN 2738. For convenience, the main features of this analysis are cited
here:

Exceedance Probability
The three fundamental icing variables used to define any icing condition are the liquid
water content U, the mean effective droplet diameter Deff~ 

and the ambient temp.ratureiY~.

— _ _-_._, - I—
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Thus, any particular icing condition may be represented by selected values of these
variables, i.e. W , D 

~~ 
and t~~~~. The probability of any random icing encounter of standard

ex~~nt providing sim~Itaneous values of each of the icing variables equal to, or greaterthan, each of the selected values (i.e.W � W I~~DeFF �D ~~~~~~~~~ will be termed
exceedance 1robability 

~e’ 
related to the icing ~ôndi~iôñs Wl,Deffl , and

The exceedance probability represents the probability of a simultaneous occurrence of
three events which are not necessarily indepedent. In order to evaluate P , use is made
of the theorem of compound probability [6] which states that the probabil!ty of a
simultaneous occurrence of three events A , B, and C, is equal to the probability of the
occurrence “A” tiwes the conditioned propability of the occurrence “B” under the condition
that “A” will occur, times the conditioned probability of the occurrence “C” under the
condition that both “A” and “B” will occur.
This theorem may be expressed symbolically as follows:

= 

~A 
PB (A).PC(A,B ) (6 )

If it is considered that the probability of exceeding certain values of W , D , andk9~jis analogous to the probability of the occurrence of events A , B, and C, as ~x~ressed inequation (6), then the exceedance probability P may be represented by the product of three
probability factors Q, R, and S, according to tHe equation

— Q.R.S (7)
where
Q ((~~~ ) is a term that defines the probability Q as a function of’~~, and expresses theprobability for a given value of t5~ for a random icing encounter having a

temperature depression below freezing, equal to or greater than It’~ I
R)WJt~ I) is a term that defines the probability R as a function of W where ~~~~, is specified,

and expresses the probability for a given value of W for a random icing encounter
having a liquid water content equal to or greater than W, under the condition
that the temperature depression below freezing is equal to or greater than
selected values of It~~I.

S(D~ t , W h~~I)is a term that defines the probability S as a function of D ~~~~~
, when W and

are specified, and expresses the probability for a given vaThè of D Ff for arandom icing encounter having a value of droplet diameter equal to Sr greater
than D 

~~~~~ 
under the condition that the liquid water content is equal to or

greatef than W, and the temperature depression below freezing is equal to or
greater thanIt2~,l .

Figure 8 represents a graphical plot with the variables W, D ç ç ,  and h~~I , as axes. Any
given icing condition W1, De;ci~k~~ Ia , defined by selected ~&Iues of these variables,appears as a single point 01 ôh the plot.

Corresponding to the point 01, there is an exceedance probability that a random icing
encounter will provide simultaneous values of each of the icing variables, equal to or
greater than each of the selected values W1, D ff1’ and ~ ~ 

Referring to equation (7),
the value P~~ would be given by the equation: 

e

1’el Q1R1S1
Thus, when P regarded as a constant, 

~e 
equation (7) defines a surface passing through

01, represen!ed by all the combinations 2f W~
Deff S and t~~, which have the same probabilityof being simultaneously equalled or exceeded.

The preceed.tng theory was slightly modified by the authors of TN 2378,for that portion
of the equiprobability surface that represents low values of liquid water content and
large values of droplet diameter, resulting in two portions of the equiprobability surface.
No reason was found to modify the theory in such a manner in this report.

6. STATISTICAL CALCULATIONS AND RESULTS

Q - Q (h.~~I)
The “N” maximum values of It~~I measured within N icing areas were arranged in a decreasing
sequence of values of (’i) I, beginning with the largest values of k~~Iand the ordinal number
in — 1. If a certain temperature occured p times in p icing encounters , then only one value
~ was used with i ~~m (m+p—1 ), where m is the first and m+p—1 the last ordinal number.
From these in values , Q — Q (Iqtflwas determined by the equation

3 m - i0 3 N + 1  (8)

where m ii the ordinal numb r and N the number of icing encounters.

P — R(W ,Ii.~,I)
Based on the preceeding theory , twelve temperature st~~ between -7 °C and -17 ,5 

0C were
selected . For each temperature , the maximum liquid water contents were arranged with
decreasing W and R (W ,Ii~,J)deterinined by equation (8) above as follows:

— -——-  —~~~~~ -- ..-—-—-——- — - j---- .., — 
~~~~~~~~~~~~~~~~
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R (W ,I~Y2~) ) = ______

where N0 is the number of icing encounters with Ii.~~I �It~~I~~.

S = S (DetI~
W
~

I
~~ D

For selected values of W andI~~~I, the function S(D ,W,I~~~I)was determined in the sameway as Q(k~~I)and R ( W , Iq~~)) . However , it could be demoH~~ rated that S was independent of
R and Q. With these three functions — Q, R, S — the equiprobability surface for selected
exceedance probabilities 

~e 
could be calculated by the formula

= Q R S

Results

Figure 9 shows the fun8tion QOt ~,fl on normal probability paper. The curve intersects the
Ii~,Iaxis at approx. -6 C, due to aerodynamic heating at velocities between 100 rn/ s and
130 rn/s of the test aircraft. For purposes of design of ice protection systems in modern
aircraf t, however , temperatures above —6 C are generally of no importange, because this
aerodynamic heating, even during holding and descent, is greater than 6 C.

The functions R ) W , )i~~ )) for Ii~~)~~7 
0C,�1O 0C, and �17 0C are shown in Figures 10, 11 , and

12 respectivel y . The function S, which as already mentioned , is independent of W and ~~is shown in Figure 13.

For direct comparison with the plots used In FAR 25 Appendix C , a graphical representation
was chosen , with liquid water content and mean effective droplet diamet,r fo~ dif f e r e~ttemperatures , for three values of exceedance probability — viz.Pe — 10 ,1O ,and 10
(Ref.: Figures 14, 15 , and 16).

The limitations noted above for “Rotating Cylinders” show up very clearly at high liquid
water contents and high tempe~atures. From Figure 15 it appears evident that ,_~ or
temperatures higher than -15 C, the anticipated exceedance probability of 10 -according
to the data - iS  C f rom TN 1855 and TN 2738 - seems to be in fact consid~rably greater.Figures 14 and 15 indicate that an exceedance probability of between 10 and 10 nay
be assumed . Thus theresults obtained from these tests tend to be in general agreement
with the Ludlam theory.

For low temperatures and small liquid water content, where the “Rotating Cylinders”were
expected to measure more satisfactorily, test values obtained were even lower than those
of FAR 25 Appendix C. There may be several reasons for this:

a) Statistical error , due to extrapolating f rom limited sampling of icing encounters
b) Regional differences in meteorological conditions between US West Coast and Europe
a) Vatiations in liquid water content in the vicinity of the test aircraft fuselage

The statistical errors fo~ a confidence limit of 68 % have been estimated and are showr.
in Figu re 16 for 17 -7 C (dotted l ines).  However , the upper l imits thereof should be
regarded with considerable caution, because statistics are no respecters of cloud physics.

Variations in liquid water content in the vicinity of the aircraft fuselage have been
calculated , and account for an increase in the measured liquid water content of approx .20%.
This value has been taken into consideration in Figures 14, 15 ,and 16.

Finally , it may be noted that all the values of liquid water content have been corrected
to 2.6 nautical miles to agree with the distance factor in FAR 25 Appendix C.

7. CONCLUSIONS

In conclusion, when considering criteria from — say - the last twenty years , in relation
to the design and certification of any ice protection equipment for transport aircraft,
it is recommended that all available0current criteria on conditions of higher liquid watercontent , and temperatures above — 15 C , be taken into consideration in future projects.

Further worldwide oheervation and measurement of these meteorological conditions should
be urgently initiated, employing instrumentation and technique which are not limited to
measuring small liquid water content.

This would result in more solid foundations for future statistical analysis of the
phenomena .
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ROTATING MULTICYLINDER
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S13MMARY

Icing detection on a helicopter presents difficulties because of the wide relative speed rang. from
hover to maxinwu cruise. High detection sensitivity is necessary at any flight speed b cauae of the high
susceptibility of the rotor blades to the effects of even quite smal l ice accretions. An icing detector
is described that largel y overcomes the problem of speed dependence end thus permits the determination of
icing rate and cloud liquid water content with reasonable accuracy.

INTRODUCTION

Tb. susceptibility of fixed wing aircraft to cloud icing is well known, but perhaps it is not gener-
ally appreciated to what degree the flight safety of some helicopters ii affected in very short time
periods. This is particularly true for light helicopters (Ref. i) but Bradley in a recent paper (Ref. 2)
has shown that this can be true for larger helicopters as well, and be docusents a case where intolerable
rotor icing conditions were reached within a minute of the onset of icing. If helicopters are to fly 1111,
and that implies flying in icing conditions, then instr~~entation oap.bl. not only of qusntify~ng theicing environment but also of providing an almost instantaneous indication of having encountered an icing
condition is essential. The quantitative information provided by such instx~aeatation (i.e. the icing
severity) is essential not only to inform the pilot so that he may take the appropriate s.otion, but also
for the proper control of any icing protection systems that may be fitted to the helicopter.

~~at sort of information should such inatr~a.ntation provide? The critical components on the heli-
copter are the .,ngines and the rotor blades. Th. icing qualification requirements of the engine should
ensure that no icing problems will be encountered there -- other than the danger that could result from
the ingestion of shed ice or slush. Hopeful ly the more robust engines used in the new generation of
helicopters will largely obviate this danger. That leaves the rotor blades, and clearly the information
that is required in regard to them is the rat, at which the ice is building up at some representative
radius. The shape of the ice is siso important , but this is a funotion largely of air temperature, which
is readily measurable, a.. v.3.1 as of the liquid water content • The presence of snow or ice crystals in
the eupercooled icing cloud also aff.ots the icing rate and th. shape of the ice accretion, the implica-
tions of which have not been ful ly appreciated until recently. It seems probable that the rapid rate of
performance deterioration a.t high air temperatures a. reported by Bradley (Ref. 2) i. the result of auch
mixed icing conditions. The measurement of such mixed conditions is a formidable task for which at pres-
ent no means exists.

ICE ‘ECTION STh”fl2’1

An instroment has been developed to provide data on th. supercooled droplet cloud conditions which
represent by far the most ccemon ty pe of icing condition.. Becaus, of the wide relativ, operating speed
rang, of a helicopter compared to that of a fixed wing aircraft, the detection of icing conditions has
presented special problems. Tb. droplet catch zate and hence th. icing rate are a function of velocity,
sad thus the response of an ice detector probe mounted on th. fuselag, of a hovering helicopter is .esen—
tislIy nil, while at the sane time the essential components ror sustaining flight (i... the engines and
the rotor blade.) are experiencing substantially the sane icing rate as in cruising flight. To maintain
a constant response to a ~~vin set of icing oonditions regardless of flight vilocity , som, means of estab-
lishing a constant relative velocity between the ice s.using element end the droplet laden $~~~spbsr. is
needed.

In the instr~aent which is ref.rred to as the Dynamic Xc. D.t.otor, th. relative v.looity is obtained
by moving the drop let laden air over a stationary ice sensor, rather than moving the sensing mean, through
the ambient sir. This is achieved by placing an ic, collecting probe in th. secondary induced flow of an
air ejector. The air ejector forms th. body of the instrinent (Pig. i) and oo.prisea a ooth entry for
th. induced embient air and within this entry is the primary sir nozzl. in the form of an annular wall j.t.
A short cylindrical mixing length behind the annular jet acoomsodati. thi Los collecting probe and the
s.nsing means. The priasz-y and secondary air flows are .whausted to the ataospl re throu gh a diffuser.

The air required for operation of the ejector nozzle i. normally delivered from the engine ocmprea.or
bleed at an operating pressure of about 50 paig (%5 kPs), with an air maSs flow of about 0.5 lb/mm .
(0.23 kg/sin.). By duoting th. hot bleed air up thi l.sdisg edg. of the strut and into the ple~~~ in the
nose of the detector body, anti—icing of the strut end body is accomplished.

The induc.d secondary velocity experienced by the ice oolleot2ng probe is a function of airspeed end
is of the form .bown in Pig. 2. At low airspeed the effect of the ejeotor predominates and the induced
velocit7 is essentially constant , while the rem effect predominates a.t high airspeed., and the induced
velocity approaches proportionality with the airspeed . Tb. maxiums operating airspeed of a helioopt.r
normally corresponds to a point just above the knee of the ours. .
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For sensing the ice building up on the probe , a beam of near infrared (XE) radiation from a minia-
ture emitter mounted in the duct wall is directed acros, the leading edge of the probe to a sensor in the
opposite wall. As ice is secreted on the probe the XE beam is gradually occluded and once a given thick-
ness is acc~aulated, logic circuits within the unit turn on electric current to dc—ice the probe. The
cycle can then repeat . The probe consists of a thin-wail metal tube 2.8 am in diameter that has suffici-
ent electrical resistance to serve a. its own heater, thus no delicate internal filament is required.
An ice warning signal i. provi ded at the initiation of dc—icing and its duration may be preset to any
desired value.

Figure 3 shows the manner in which the voltage output of the infrared sensor varies during the
ice/de—ice cycle of the detector. As ice begins to form on the probe the signal output level begins to
rise at (a) from it~ quiescent level. When the output voltage reaches a reference value at (b) as
a result of between 0. 2~ and 0.14 am of ice having secreted on the probe , the probe heater and signal
lamp are activated. The probe ie heated for a period, t, sufficient to ensure dc—icing, and after a short
cooling period ice again begins to form on it.

MELsu R~~xN’r OF ICING SEV~~PI’Y

Of particular significance i. the linearity of the voltage rasp between points d and b in Pig. 3,
because this implies that the slope in this region nay be used as a measure of the rate of icing, or,
more significantly, since the velocity remains essentially constant within the operating airspeed range ,
this slope can be used to determine the liquid water content of the icing cloud. Advantage was taken of
this to develop two types of icing severity indicator.. In both , the time required for the sensor volt-
age to rise from a level corresponding to point d to the level 1ref corresponding to point b was measured
and used to determine the average concentration between points d and b. The value determin ed was di.-
played until updated at the completion of the next icing cycle, or until a certain “time—out” period had
elapsed after which the display reverted to zero if no further update. had been received.

The first type of severity indicator was a simple 3—level device in which one of the three lights,
corresponding to Light , Moderate or Heavy icing severi ty , was lit. If the measured rise time was lees
than a given time, t1, then the Heavy light was switched on; if the rise time was greater than t1, but
less than a second value t2, the Moderate light was lit; and if the rise time exceeded t 2, then the ind.t—
cation waa of Light icing. The reference times t1 end t2 could be adjusted to permit the desired sever ity
levels to be set, for instano~ , the transition from Light to Moderate sight be pet at 0.25 g .3 and from
Moderate to Heavy at 0.5 g m - ’.

The second type of indicator or Icing Severi ty Meter take. the rise time , t, and by mssns o~ a cal-
culator chip performs the operations

LWC — kit
where k is a constant that characterizes the slope of the voltage ramp. The resultant value of liquid
water content is displayed digitally by a I~ D display. The Icing Severity Meter together with the Ice
Detector unit are shown in Pig. 14. A. with the 3-light display, the digital LWC indi cation ii displayed
until updated or until a time—out period is exceeded.

It was thought that the 3-level system might be sore acceptable as a visual icing severity indica-
tion to the pilot and flight crew where regular military or cc ercial operations were conoerned, while
the digital Icing Severity Meter was considered more applicable to test, qualification and research
applications. For control of a rotor blade icing protection syste. it was originally thought that the
3—level system would suffice, but the digital system is so attractive and versatile that it has recently
been adapted to provi de this control function , as will be described later.

PROBL~ ’!S KNCO~JNTERED

It would not be fair to give the impression that no problems were encountered in the development of
this ice detector, for indeed there were problems .

Tb. major problem that had to be overcome was that due to oontamination of the optical oc.ponsnts of
the sensing .ystes by dirt . Contamination was present in to. ambient air and in the compressor bleed air.
Oftan particles in the air, i.e. smoke, etc., would have no effect in dry air conditions, but would be a
serious sourc, of contamination when water droplet. were also present in the air.

Many modi fications were made to the detector to try to solve this problem, and although it may not
be possible to complete ly eliminate it , the rat . of di rtying has been reduced to what is considered an
acc.ptable level by ventilating the optical surfaces with filtered air. The venturi suction effect in
the detector duct i• used to draw this air over the windows .

It was pointed out earlier that the induced velocity was essentially constant over a range of air-
speeds from the hover up. It was found that the rate of icing on the probe is not constant as might be
expected, but that at low airspeeds when the entr y conditions are less than isokinetic. droplet concentra-
tion enhancement occurs on the centre line of the duct where the ice is sensed, with the result that the
indicated liquid water content takes on the sort of char sct.ristica shown in Fig. 5. If the induced
velocity is too great , the concentration enhancement is excessive , while if the duct velocity is too low,
the indicated liquid water content is too airspeed-dependent . The optimum induced velocity is that which
provides an indication of liquid water content that lies within a reasonable toler ance range of the true
veins over the widest possible airspeed rang e.

Vari ability in the bleed air supply temperature in different helicopter installations , and the pos-
.ibility of inad.qnate heat to maintain the detector body anti—iced under all icing conditions , resulted
in a small electrical in—line air heater being installed in the detector strut . The pow.r to to. heater
i.~~~du1*t.d by a temperature controller using a sensor in the d.teotor body to maintain the body at about
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PIUCTICAL APPLICATION S

Prototype ice detectors and a~isooiated liquid water content systems have been used in a number of
practical applications.

One installation we. made on a fixed wing aircraft and not & helicopter. This was for the natural
icing flight stage of the qualification of the DeHaviliand Dash 7 STOL aircraft. In thiii case th, avail-
able bleed air pressure wa, low, only 18 psig, but becau se the flight speeds of interest were in the range
150 knots to 200 knots the low air pressure wan not a serious drawback. Before installation on the air-
cr aft, the detector was calibrated for this air pres sure and at the airspeeds of prime interest, i.e.
150 and 180 knots, and oorrection factors were determined for temperatures near zero where Ludlum effects
occur .

Fig. 6 shows a portion of the recorded data for an icing flight on 18 March 1976 . It shows the
d.teotor output voltage and the air temperatu re. Th. detector voltage in seen to climb as the probe
ices, to drop sharply when dc-icing occurs , and then to remain low for about a 6—second probe cooling
period before starting to rise again. (The grid lines are spaced at 20 seconds). The cloud variability-
may be judged by the varying slope of the voltage ramps. The mean shope of each ramp between the appro-
priate voltage levels was (in this case) measured manually and the liquid water content computed and
written on th. record . This valu, was further corrected for the air temperature of about -3. $ C  and the
corrected LWC also noted. A vernier hot rod was also installed on this aircraft and the thickness of ice
on it is noted on the reoord (i.e. 19 mm at time l3ilOzll and 20 mm 4 minutes later). This icing rate
on the hot rod implies a 1~qui d water content of 0.054 g ~~3, whereas the ice detector records give an
average value of 0.18 g m~~ over the sane period.

A 3-level icing severity indicator was installed, and its indication is shown at the top of the
recording. Light icing was indicated until the uncorrected LWC value of 0.31 g m 3, at which tine a
Moderate indication was given until updated to a Light indication at the end of the ensuing icing rasp .

For the oontimuation of these trials in the following winter (1976—77) an Icing Severity Meter was
installed in place of thi 3-level system, so that a direct read-out of liqui d water content was obtained.

A plot of the relevant tate for a 1-hour , 26-minute icing encounter is shown in Pig. 7. Air temper-
ature was about .6’c at an altitude of 5,200 f.,t. Airoraft speed was about 180 knots. Th. liquid water
oont~nt as given by the Ice Deteotor /Icing Severity Meter system ~,a seen to average about 0.2 or 0.25
g m - ~ for the encounter with peak values between 0.14 and 0.5 g m~~ • A climb to about 6000 feet to look
for more severe conditions resulted instead in less severe conditions , so the aircraft returned to its
original altitude . Th. less severe condit ions at increased altitude are also seen during the climb out
at the end of thu encounter. -

The next and final example is that of th~ ic. detector installation on a UE-lH helicopter equipped
with an experimental rotor blade dc—icing system. In this installation the ic, detector output ramp
voltage is fed into an Integrating Rate Unit (xRU ) . This unit computes the liquid water content from the
reap rise tie. and displays it digitally as in the Icing Severity Meter. In addition it computes from
this and the detector cycle tins the equivalent ice accretion increment scaled to represent that at some
location on the rotor blades (usually 50% radius). These increments are accumulated until a pre—set
thickness is reached or exceeded, at which point the blade dc—icing cycle i• initiated and the accumula-
tor is reset to zero.

Pigs. 8a and 8b, traced from the flight recorder film, show two portions of the same blade icing
cycle. Pig. Ba shows the 5th , 6th and 7th ice detector cycle, after initiation; the liquid water content
vain, displayed has been entered beside each. The trace b lov the detector output t race represents the
incremented blade ice thioknea. as computed by the Integra ting Rate Unit; the thickness valu, stored in
the lEO ha. been added beside each inorasent . Pig. Bb shows to, 143rd, 44th and 45th ic. detector cycles.
After to. 44th cycle the blade ice integrator has incremented to 0.403 inch; the pre—set ice thickness
for blade dc—icing was 0.415 inch, so on receipt of to. next increment (0.Ol 7 inch ) the integrator incre-
ments momentarily to 0.420 inch and then resets to zero, at the same tine providing an initiating pulse
to the rotor blade dc-icing controller.

It nay be wondered why on. does not simply sum the number of ice detector oyoles and initiate dc—icing -

after, say, 45 cycles. Figs. Ba and 8b demonstrate why this procedure is not always deairsble . It may
be noted that ice d~tuctor cycle number 6 (Pig. Ba) save an increment of 0.012 inch for a liquid water ~
con~ant of 0.34 g m~, while cycle number 144 (rig. Bb) gave an incre ment of 0.015 inch for a LWC of 0.33
g .~~, the reason being that although to. LWC vs. almost the same, the cycl, time had increased by 5 seo~
onds (a 28% increase) because of the longer prob. cooling ti.. at —2.S’C than at —4 C.

CONCLUDIMG k~~*BJCS

This paper baa attempted to demonstrate the latest advances in helicopter ice detection and liquid
water content measurements. It may be expected that, with th. advent of micro—processors, greater
advances will be seen in the not-too-distant future, particularly in the area of processin g the informa-
tion provided by the primary sensors to correct th final outputa for such vari ables as ambient tempera-
ture, airspeed, bleed air pressure and so forth.

‘~~ere mixed icing conditions are concerned, a vast amount of development work will be necessary to
evolve a relatively simpl, system to measure much oond.tt ionm on a routine basin.
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ICING TRIALS ON THE FRONT FUSELAGE AND ENGINE INTAK E S OF
HELICOPTERS AT CONDITIONS SIMU LATING FORWARi) FLIGHT

by
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Head , Engine Teat Department

S R. D. Swift
P rincipal  Sc ien t i f i c  O f f i c e r

Na t ional Gas Turbine Es tab l i shmen t
Pyestock , Farnborough , Ilants .
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SUMMARY

One of the large test chambers of the Altitude Test Facility at the NGTE has been successfully used
for full—scale trials on the front fuselage and engine intakes of the Westland Sea King and the Westland/
Aerospatiale Lynx helicopter s under simulated wet icing conditions.

The paper describes tests made to examine the effects of air temperature , air  speed , water concen—
t rat ion and aircraft attitude on the extent of ice accretion. The possibility of ice ingestion by the
eng ines during melt—off has also been studied using high—speed videotape recordings.

Data are also presented from non—rotating tests on full—scale sections of main rotor blade made to
examine the ef f e c ts on accre t ion of blade speed , p itch angle , air temperature and water concentration .
The eff ects of c y c l i c  p itch change have also been examined and typical resul ts are presented.

The paper includes general coemente on the use of an altitude cell for helicopter icing investiga-
tions and the accumulation of data leading to clearance for flight in icing conditions.

I. INTRODUCTION

Clearing a helicopter for flight in icing conditions requires the assessment of data from a variety
of sources ranging from small teat rigs to full—ecale flight trials. The final judgement on the limits of
safe operation naturally leans heavily on the flight trial results , but a considerable degree of confidence
can be gained and much time and expense saved by carefully designed experiments using ground—based test
rigs and facilities. These enable icing to be studied under closely controlled conditions and the influ-
ence of each major variable examined separately. Ground facilities can also be uaed for development test-
ing, for example the optimisation of the power input distribution to thermal anti—ice or dc—ice systems ,
and results obtained more quickly and precisely than is possible in flight .

This p.per describes the work done by the National Gas Turbine Establishment (NCTE) at Pyestock Co
study at full~scale ice build up on the forward fuselage and engine air intakes of Sea King and Lynxhelicopte rs an-I the poss ib i l i ty  that  ice shed during mel t—off  may be ingested by the engines. Ways in
which th i s  problem was overcome are described. Tests to examine ice accretion on rotor blade specimens
are also cove red.

2. TEST FACILITIES

NGTE has undertaken icing trials on aero—enginee for the past 15 yea rs. With the remarkable growth
of engine power that has taken place during this time and the corresponding increase in the size of the
supporting test facilities , in particular the increase of compressor/exhauster plant capacity and cold air
supply , the Establishment has acquired a unique capability for investigating helicopter icing problems.

Figure 1 shows the largest of the altitude test chambers at NGTE, Cell 3 West. The test chamber,
which has a diameter of 25 ft , can be seen on the left of the picture; the air cooler, refrigeration plant
and cold store are on the right. A detailed description of this Facility is given in Reference 1.

The Call ca n easil y accosmioda te th . fuselage of a Sea King or Lynx helicopter and by correctly
positioning it in a free—jet  air stream a large part of the forward—facing fuselage surfaces including the
windscreen , cabin roof and engine Intakes can be subjected to icing conditions . Figure 2 shows the test
arrangement . Air drawn from a tmosph ere passes through the cooler , the Inlet pressure control valve and
into the test chamber through the blowing nozzle. This produces a jet of air some 8 f t  in diameter which
simulates the flight velocity. The icing cloud is generated by injecting water f r om an array of 242 a ir—
ass ist ed atoal iser s which can be seen in Figure 3.

No attempt I s made to s imulat e  the effect s of rotor downwash. Teats made using a one—twentieth
scale model of the cell installation showed that the pressure distribution over the fuselage upper surface
was virtually identical to that measured In a conventional wind—tunnel. It was therefore concluded that
the free—jet  test arrangement gives a close representation of conditions encountered in forward flight.

The teat condition s most coilinonly used represent f l ight  at speeds f rom 90 to 160 kt with air temp-
eratures in the range —2 to —24°C. The liquid water content Li set to meet the requirements of AvP 970
(Reference 2) for either maximum continuous or periodic maximum condition..

To avoid possible damag, by Ingested ice most tests are run without engines f i t ted , air being drawn
int o the intakes by an ejector system operated by the p lant pressure air supply. Correct therma l 
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simulation of the heat inputs from the engine front frame and the gearboxes is obtained by electric
heating . Some teats are run with an engine and for these the power turbine is locked to obviate the need
for a d y ” ’t e r .

After completing an icing test the water sprays are turned off and the air temperature slowly
increased to above freezing point to establish whether ice ingestion occurs during melt—off. To do this
it is necessary to examine high speed videotape records frame by frame since the lumps of ice move too
fast to be followed by direct viewing of the TV monitors.

3. INTAKE ICING

~ 
Figure 4 shows typical results of icing tests after 16 and 30 minutes at temperatures of —5 and

—10 C on a Sea King fitted with pitot intakes. The forward speed was 120 knots and the liquid water
content was as specified in AvP 970, see Reference 2 for continuous maximum conditions. The engine and
intake flare anti—icing systems prevented dangerous ice accretion on the intakes but with this type of
intake the engines are vulnerable to the ingestion of ice shed from the front fuselage .

In an attempt to overcome this problem the so called “mushroom” intakes were fitted and Figure 5
shows these after icing tests at four temperatures. The front face of the port “mushroom” was unheated
while that of the starboard had 1.2 kW of electrical heating. It can be seen that ice formed on the
unheated “mushroom” at —4°C and on the heated “mushroom” at — 15°C. Although in forward flight these
intakes prevented ingestion of ice from the front fuselage, sometimes ice from the “mushroom” front face
was ingested. Large ice deposits formed on the unheated area behind the intake cowls caused by water run—
back from the heater mats and some of this ice was also ingested.

Tests with a Sikorsky Foreign Object Deflector (FOD) fitted to the cabin roof in front of the pitot
intakes, Figure 6, indicated that with light ice deposits no ice ingestion occurred. However considerable
ice accretion particularly around the edges occurred after 30 minutes icing , Figure 7A , and during melt—
off some of this ice was ingested through the cut aways at the top rear edges of the deflector. With a
dc—icing fluid exuded from porous strips inserted flush in the front face of the FOD a marked reduction
in ice accretion was achieved, Figure 7C. Some of the fluid was carried over in the air stream into and
around the engine intakes reducing ice accretion in these areas and obviating the need for the auxiliary
heater mats.

Sideways facing intakes, Figure 8, with electrically heated mats for anti—icing have given
encouraging results at temperatures below —15°C. The mats were divided into a number of separate sections
each with its own heating intensity control thus enabling thg optimum heat distribution to be determined.
Figure 9 shows the port intake after 30 minutes icing at —16 C. Run back ice built forward from the
unheated area behind the intake but this shed clear during melt—off and did not constitute an ingestion
problem. Ice shedding from the front of the fuselage also passed clear of the intakes.

Icing tests were also made on the smaller Lynx helicopter fuselage which has the engines and
intakes mounted on top of the fuselage behind the rotor gearbox, Figure 10. Ice accretion along the top
of the rotor gearbox cowling on the original design, Figure h A , resulted in a number of instances of
engine ice ingestion and one example can be seen in the high speed videotape recording reproduced in
Figure 12. Streamlining the gearbox cowling and smoothing the windscreen “eyebrows” reduced very consider-
ably the chance of ice ingestion from these areas.

Auxiliary air intakes, such as those required for oil cooling, are at risk in icing conditions as
well as the main engine intakes. Figure 13 shows the extent to which an auxiliary intake can become
blocked with ice.

4. ROTOR BLADE ICING

Cell 3 West is not large enough to accoemodste a complete main rotor, but full—scale tests on
complete tail rotors are feasible. No such tests have yet been made but some are planned to examine the
effects of inertia loading on ice accretion. It is thought that the rig could be used to clear specific
designs for operation in icing conditions.

NGTE has made non—rotating tests on sections of full—scale main rotor blade to determine the effects
on accretion of water concentration, droplet size , air t.mperatu re and velocity; the influence of pitch
angle and aerofoil shape have also been investigated . The test rig is shown in Figure 14. The blade
specimen is mounted in e gymbel—type suspension so that th. pitch and yaw angles can be varied cyclically.
The airspeed can be adjusted to rfpresent conditions at selected spanwiae stations.

The photograph shown at the top of Figure 15 shows the extensive ice accretion observed after a
7~ minute test at —8°C with a water content of 0.65 g/m’. The picture is of a chordvise section through
the ice .

Natural icing conditions are more complex than those represented by an air stream containing only
supercooted water droplets and NOTE has therefore examined ice deposition in a mixed envirooment, that is
one containing solid ice particles and suparcooled water droplets. Figure 15 compares the build up after
two 10 minute test., th. first at the mixed condition and the second with the sam. water content but with
no ice particles. A comparison of results from the two test. indicated that the presence of the solid ice
reduces the thickness of the accretion and produces a deposit having a much smoother contour.

5. CONCLUDING REMARKS

This paper has presented a brief outline of work don. at NOT! to investigate several aspects of
the helicopter icing problem, Th. test facilities available at the Eatablisimient allow experiment , to be
mad. at full scale. This has proved to be far more effective for development testing than either flight
teats or open air facilities which raly on prevailing weather conditions to provide the icing enviroemsnt.
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However whilst a test facility can provide a considerable degree of confidence in the ability of a
helicopter to operate in icing , the final judgemsnt on the limits of safe operation must be based on
flight trials.
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Fig. I Cell 3 west

INDUCED AIR FROM SEA KING HELICOPTER
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Fig.2 Arrang ement of Sea King helicopter fuselage in cell 3 west
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Fig.3 Installation of Sea King in cell 3 west
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Fig.6 Sea King with Sikorsky fore ign object deflector (FOD)
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Fig. 10 Lynx showing modification to the rotor gearbox cowling
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Fig. I I  Lynx — pre and post modification
to the rotor gearbox cowling

_  

_

_ L
- -- — — - - — — ,.. ~~~~~~~~~—.°~~~——~~~~~~~~~~~~~~~ —.---- —— - 

~~~~~~~_ -..-:—--- 

~~~~~~ .~~ 
-. --

-------—

.3



3— 1 .3

START OF EVENTS

+o.08g

— 

CE INGESTION FROM
STARBOARD SIDE OF LOWER
LEADING EDGE OF GEARBOX
COWLING AFTER l4mins 50s.c
OF MELT OFF AT ç= -5c c
AND WATER CONCENTRATION
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Fig. 12 Lynx — high speed television sequences ice ingestion
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Fig. 1 3 Lynx — ice accretion on oil cooler air intake
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SECTION OF ICE ON JETRANGER ROTOR BLAD E
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Fig. 15 Ice deposition on rotor blade test sections
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ICE ACCRETION AND ITS EFFECTS ON AERODYNAMICS OF UNPROTECTED

A iRCRAF t COMPONENTS

by

Boris Laschka and Rudolf E. Jesse
Messerschmitt-Bolkow-Blohm GmbH

Ottobrunn / Munich , Germany

SUMMARY

This paper gives a survey on theoretical and experimental methods applied to determine
the ice accretion and its effects on the respective aerodynamics on unprotected compo-
nents of a modern jet transport aircraft .
Together with an introductory outline of the mechanism and the basic mathematical equa-
tions and correlations ruling ice generation , the experience obtained for the European
Airbus A300 is used to describe these methods.
In addition , an example for the prediction of trajectories of shedding ice particles as
applied for the German jet transport aircraft VFW 6I~4 is given herein.

I NTRODUCTI ON

E a r l y  i n the  deve lopment  phase  of the A300, it was decided not to protect the tail
surfaces and the air intake system of the Auxiliary Power Unit (APU) by a de-icing or
anti-ic ing system in order to save weight at the rear of the aircraft , elect ric  and
hydraulic power , and to simplify system design (see fig. 1). * In order to ensure air-
worthiness under all possible extreme icing conditions , thorough investigation , to
guarantee fufl flight safety, sufficient flying qualities and Controllability and APU
system function have been performed. These studies covered the theoretical and experi-
mental determination of the amount of ice , ice build up, and shape and the resulting
aerodynamic implications , completed by flight tests under natural icing conditions

1. UNPROTECTED TAIL OF THE *300

Icing mechanism: looking into the flow field around an airfoil , as shown in fig. 2,
one may find , that the supercooled water dropletS due to their inertial forces deviate
from the curvature of the streamlines in the vicinity of the leading edge. The larger
droplets tend to deviate more from the streamlines having less curved trajectories and
then impinging on the airfoil. So, the water caption problem consists in determining
the droplet trajectories and , more particulary, the tangent , or limit trajectories as a
function of droplet size (d).

Basic equations ruling droplet trajectories: the governing differential equation
may easily be derived by the Newton law

= m •~~~ (i)

with m as mass of the droplet

;~~~~?:~ 0 : ;
t th oP

~~
t

From D~~PLET TNA*CTC5Y 
‘/~ / 

~~~~

‘ 
~~~~~

f 1~~~~
_ O  (4)

equa t i on (i) can be transferred to

Vector diagramm for droplet and
dv 

— ~ 
air 

~~ 
(~~ -~~) lu -v 1 (5) air velocity

dt ~l n D 2water

Si nce the droplet Reynolds Numbers are very a isall , the STOKE ’ s law (c~ — 24/Re) for drag
can be used with good approximation. The droplet Reynolds Number its~ lf is determined
from the relative velocity It-U I of the drop let with respect to the air.

Re d ~ - -r IV - UI . (6 )

Generally,  the differential  equation is solved by clasaical differ .nce methods in comb i-
nation with a panel flow field calculation.

• Not e :
~~~~~~~~~~~~~ not to protect the wing slat area betwe en the fuselage and the engine
py lon was not made at this time , this was decided later according to .xp .rimental
results.

C
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F l i ght regime of maximum icing : for most transport aircraft , the  severes t  i c i ng wi th i n
th, fl i ght envelope w i l l  be encountered during holding whore usually the airp l ane  by
tr a f f i c  control reasons is not allowed to change alti tude or location arbitrarily to
av o id i c i n g  r e g i m e s  and where app rec i ab l e  f l i g h t  times have to be expected. This applies
a lso to the *300 for which the severe special requirement of 45 minu t e s  f l i g h t  under
masimum continuous icing conditions had to be fulfilled. Using the statistical metereo-
1 . g i . s )  data an given in  FAR 25 and taking into account , that the average wat er captions

~~~ 
tim , unit is proportional to liquid water content LWC, the t r ue  f l i g h t  speed V and

a tnp tion factor K (depending on droplet diameter and tail flow)

dm
~~~ = K.V .LWC (7)

and that the ambient temperature in the stagnation region of the tail surfaces has to
e inc ,eaned by t~ I = 0,2 Ta • M 2 - cos2 iP (4’ being tail l.a. sweep), one ma y c o n c l u d e

that , foi th~ *300 tail , biggest ice accretion occurs for ambient temperature from
t o  —1 0 C and altitudes around i4 000 ft , as shown in f i g .  3 for a droplet size of

-I .
~~~ 

p (demonstration easel). Though cruise velocities are higher than at ho ld i n g, no
severe icing is to be e x p e c t ed , as because of the dynamic temperature increase only at
v e i v  I . .w  t e m p e r at u res at which LWC is small icing occurs.

In fluenc e of droplet sii~e on water caption: for different airfoil geometries , one
w i l l  obtain different droplet sizes for which maximum ice accretion occurs . Conse-
,jiip nt l y, the influence of droplet size on total water caption of the Airbu s tail sur-
fi u e s  wa s established by impingement analysis. Analysis [3 J , [4 ]  shows , see f i g .  4 , t hat
the biggest water caption will be with droplets diameter between 20 p and 28 p both for
the v e r t i c a l  as well as for the horizontal tail. Furthermore,the calculations give evi-
.lence that ice accretion will be more severe for the horizontal tail. This is due to
the fact that the horizontal tail haM an absolute smaller leading edge radius than the
vertical tail. It is i n t e r e s t i n g  to note that for the Boeing 747 also the horizontal
t a i l  showed to be the surface with the biggest water caption , but that the critical
drop le t size around 28 p was somewhat bigger than at the Airbus.

Types of ice shapes: of utmost importance for the alternation of the aerodynamic
qualities is not only. the amount of ice accretion but rather its shape , see fig, 5.
Chordwise ice shapes

Gen e r a l l y ,  two types of ice shapes may be observed on airfoils.

• Rime ice results from low surface temperatures and low LWC . The water droplets freeze
immed i a t e ly after impinging on the leading edge of the airfoil and form a soft mu-
kywbite smooth and streamline ice shage around the leading edge . It does not occur
when surface temperatures surpass -12 C, From the aerodynamic point of view , these
forms are not too bad , as they do not adversel y effect lift- and drag charac teris-
tics of the airfoil and , sometimes , even result in an increase of lift (enlargement
of airfoil-chord) ,

• Glaze ice (mushroom ice , double horn) forms at temperatures just below fregzing
poAnt and high LWC. . Gla ze ice is normally formed at temperatures between 0 C and
-8 C. At these temperatures, water droplets do not freeze immediately after impinge-
ment but run first on the profile upward or downward from the stagnation point 

~b efore freezing. In this case , the  tem p e r a t u r e  at the s t agna t ion  point is about  0 C
or above , i.e. the so-called Ludlam limit is exceeded (freezing factor < 1). The re-
suit is a deposit of ice with two horns like protrusions and normally is transparent

~nd harder than rime ice. Such an ice shape is aerodynamically very unfavourable
since the horn on the suction side spoils the flow and . reduces the lift whereas the
dra g is increased. Naturally that mainl y glaze ice need to be considered if aerody-
namically critical icing is to be investigated.

Spanwise ice shapes for swept wings -

On swept wings, in addition to the just discussed chordwise ice shapes accretions with
considerable segmented “notchings ” himilar to a ~~~~~~~~~~~~~ t a i l”  occu r .  The segments  are
curved in such a way, that their ends are bowed towards the wing tip.

Emperical method for determination of ice height: computations assuming that
• all droplets impinging the contour freeze immediately
• breaking-off of ice deposits is neglected
do not show the mushroom shape , but a shape similar to rime ice. Such a calculation
always predict ice heights considerable in excess of the real ones. This is a real gap
in knowledge! Nevertheless , empirical methods are available , from which mushroom ice
shapes may be derived. This method , see fig. 6, makes extensively use of measured  upper
horn lengths hue, lower horn length hLS and thickness at the stagnation point ~~~ fordifferent yet •T ilar profiles , which were plotted versus a quantity I with EM Ti thetotal droplet collection efficiency and h•/c is the rat io of p rof i l e  thickness [3) , [5] .
A thus determined ice height at the horizontal tail of the A300 is plotted versus span
in the figure for a selected case and then compared with B 747. In principle , ice
height decre~ aes with increasing prof i le  thickness or - what is tantamount - for con-
stant thickness ratio with increasing profile chord. Almost the same ice height is
found at the tip for both horizontal tails yet a different decrease of height towards the
fuselage due to differences in airfoil thickness,

Experimental determination of ice shapes: it is obvious that the highly three-dimen-
sional structure of the ice deposites as given by the mushroom and lobster-tail shape
is not theoretically predictable with sufficient reliability whereas prediction of the
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total captured ice can well be done , as shown before. Therefora ,for the Airbus , the cal-
cula t ion procedure was complemented by experiments in the icing tunnel of NASA , Lewi s
Cent e r , Clev eland , Ohio, Two horizontal tail-models of the *300 (modal I with constant
profile thickness , model 2 was a portion of the horizontal tail in the original design
configuration ) were investigated [6). Ice accretions have been d e t e r m i n ed by m a k i n g
plaster casts and photographs. In order to gain an insight into the significance of the
icing parameters ambient temperature Tm, flow speed V , droplet d i a m e t e r  d , l i q u id wa t er
content l.WC , icin g duration t and airfoil incidence , have been varie d during the tests
[6] [7]. Results show (see fig. 7):

~~~When varying LWC and time , whi le  d r o p l e t  di ameter , velocity and temperature are
kep t  cons t an t, one ob ta ins t he same ice shapes for all LWC-t = c o n s t .

® l f  time varied with the same conditions , ice height will be approximately propor-
tina l to the ti me period of icing, whil e impingement limits are independent of time .
A sli ght nonlinear increase with time could be observed for already bi g ice accre-
t i ons , which may be contribut ed to the increase of capture area with time .

(~~~If velocity and time are simultaneously V aried at constant LWC ,almost identical
i c e  h e i g h t s, yet different impingement limits and different horn conf i g u r a t i o ns
will be obtaine d on the condition V - t  = const.

® If  an gle of attack is varied , different ice shap es will be obtained; this condition
i m p l i e s  migra t ion  of the  s t agna t ion  p o i n t .

From steps I through 3 it follows :

ice height - LWC - t .V = const.
ice shape - LWC - t const .

Convers ion  of icing test results to real flight conditions: conformity with actua l
f l i g h t condi t ions  could not be achieved completel y during icing tests for some para-
mete rs like LWC and velocity. Moreover , since three-dimensional flow effect s could not
be exactly simulated , results had to be converted to actual flight conditions. There-
fore , a special procedure [7),[8] has been developed for the Airbus to deduce the ice
accretion making use of both calculation and teat results.

First maximum ice accretion has been calculated and substantiated by experiment. The
result was that the highest ice deposit occur near the tip of horizontal and vertical
tail , the higher one on the horizontal tail. Its overall height was slightly below
3 inches. Therefore , this value has been adapted as a maximum. This is in accordance
with observation of Boeing Company [5)  that within 26 million flight hours on diffe-
rent airplanes no bigger accretions have occured.
Spanwise variation of the amount of ice has been assumed to be according to impinge-
ment analysis (see fig. 8). This has been substantiated for several t a i l  su r f ace
sections by experimental results.
Chordwise and spanwise ice shapes have been fully taken according to the experimen-
tal shapes. Slight adjustments from test to flight conditions have been made using
s i m i l a r i t y  laws [9] .

With thi s procedure , the meet objectionable ice shapes for the A300 tail have been
evalua ted and se lec ted in order to be further investigated in wind tunnel and flight
test. Fig. 9 depicts these ice shapes over the span for the horizontal tail. The cor-
responding notches are the same as shown before.

Aerodynamic investigations: extensive wind tunne l testing with artificial ice accre-
tions of the just described shape was performed in order to establish its influence on
the most important aerodynamic data. These tests were done with Complete models as well
as pure tail models. The investigations included the determination of the influence, of
ice shapes , ice size , and notchings .
Res u lt s :  In fig. lOa, the horizontal tail lift (CL) versus angle of attack as deter-mined with a tail modal in the low speed wind tunnel of Braunachweig [103 shows that
the deterioration effect of ice accretion sensitively depends On elevator angle. For
high nose down moment elevator angles, the loss in tail power at high negative angles
of attack - what is equivalent to high negative settings - has shown to be not too
serious. Maneouvera of interest in that range , such as stall recovery or go around
where the pilot wants or has to increase the nose down moment remain nearly unaffected.
On the other hand , for high nose up moment elevator deflections , a loss in maximum nega-
tive tail lift can be observed which reduces the trimming and pulling capability at
low speeds. Lift slope was associated only by minor changes. This was different to re-
aults on the vertical tail where an increase zn lift slope according to the increase of
fin area by the accretion was found. Ice accretions with notchings showed to have a
favourable effect on stall onset as compared to results received without notchinga.
This is due to the effect that through the slots , high energy flow is transported into
the boundary layer or into the reattached bubbles , respectively, which exist immedi&te-
ly behind the ice protrusions . This may also be concluded from fig. lOb , where lift ver-
sus drag for the tail model has been plotted. Generally, the CDO_V alue is not effected
very much by the ice but rather the drag due to high tail lift ~a occurs at operation
wi th flaps and s lats  out.
Results of further aerodynamic invertigations :
• no influence of ice accretions on f lut ter  character is t ics  of the tail surfaces
• neglectible C.G.-shift (— 0,5 percent 1 p) du. to the additional weight of ice amount

(G 1.50 kN) at the tsil.
ice

Flight t.it with simulated ice : simulator studies with aerodynamic data taking
account for ice accretion showwd that no degredating effects of any importance should
be expected in fli ght . Nevertheless , before flight testing under natural icing condi-
tions was released , it was decided to have a flight program with simulated ice. The shapes
were chosen according to to fig. 9, but becauee of the aerodynamic results of the wind
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tunnel tests it was decided not to incorporate the lobster tail cutting (see fig. i i ) .
Consequently, these flight tests have been performed under more severe conditions than
would be exp ected under natural icing.
The scope of inv e s t i g a t i o n  comprised
• forwar d and aft C.G . locations

• low speed tests in the clean , take-off and landing configuration , the latter inclu-
ding one engine failure , down to V = V + 5-6 kts

• high speed tests up to VMA and M = O,8~ 5
At a l l  these  t es ts , no instability or loss in control ha s occured , no sensible degrada-
tion of flying qualities was observed.

Fli ght test under natural icing conditions: between March 26 and April 9, 1973 alto-
gether 9 flights (36 flight hours) under natural icing conditions (5 flight hours) were
performed with the prototype DO2 of the A300. One part of the tests was carried out over
the Mediterranean Sea between the Northcoaet of Tunesia , S a r d i n i a  and S o u t h e r n  l t a ly ,  t he
other part over the North Sea and the North-West of Germany ,~1I ] . The mean flight alti-
tude was 8.000 a H C 15.000 ft at ambient temperatures of -3 C a Ta 5 -16°C an d f l i g h t
sp eeds of 1~*0 kts a V1~ ~ 

a 270 kts. The liquid wate r  content as de t e r m i n ed dur i ng the
flights , fluctuated between o.4 g/m3 a LWC C 1.0 g/m3, the time periods of icing were
10 mm ., droplet diameter has not been recorded. Fig. 12 shows a photo of a specific
depos i t  on the vertical tail found during flight tests. In all cases, the ma x i m um
assumed ice accretion was below three inches, Flight qualities of the aircraft during
ic e accretion were rated as very satisfactory by the pilots.

2. UNPROTECTED APU-AIR-INTAXE SYSTEM OF THE *300

The demonstration of the operational a b i l i t y  of the APU-air-intake system under icing
conditions , postulating a save APU function and no hazardous performance degradation ,
also required thorough theoretical and experimental investigations [2], [12], s ince  the
APU was installed to cover various supply cases not only on ground but also in flight.

Critical intake components: as shown in fig. 13, the APU-air-intake system consists of
two separate intakes , the main intake supplying the APU and the second intake supplying
the pneumatic APU-cooling system equipped with a fan cooling the APU-oil cooler , -gene-
rator , compartments and -engine shroud . The components for which icing was expected are
the intake lip, guide vane , plenum splitters and spherical protection grid for the main
intake and the flat protection grid for the cooling fan intake.

Theoretical prediction of ice accretion during flight: the ice built-up during flight
operation of the APU was obtained on the basis of impingement analysis calculating the
trajectories of the droplets reaching the APU-intakes. This was examined for the same
flight cases and icing conditions used for the tail surfaces. Fig. 11 shows , how a
“LANGMUIR” -D-droplet distribution assumed in the flow infront of the A~O0 is changed by
the local curvature of the air flow on, the fuselage , i.e. on the forebody and the tail
sweep. The average water contend in the air ingested by the APU-intakes is three times
lower as for the free stream condition.
The resulting ice accretions , here shown in fig. 15 for the critical components of the
APU main intake , are negligible in amount and height , causing no aerodynamic implies-
tians. This has been substantiated by the flight tests under natural icing conditions
[113 mentioned before , where the essential intake component (spheric protection grid)
was c’,:itrolled by a movie camera. No ice accretion was fo-und at all.

cperimental determination of ice accret ion during ground operation: the demonstra-
of the save function of the APU-air-intakes under natural i~ ing conditions on

g- uuud (icing conditions : LWC = 0,66 g/n 3 , d = 30 pm and T a = -3 C)  was performed by
exj - r i .~ent , de terming the ice accre t ion  and i t s  inf luence  on in take  c h a r a c t e r i s t i c s .
For ..ts ,two icing tests series have been carried out at the icing facilities of
Bundesforachungeanstalt Arsenal at Vienna using ful,i scale air intakes in the original
design configuration [13] , [i43 . Correct inteke mass flows simulated by fans and e x a c t
simulation of the intake flow field were guaranteed. The ice depositions for the main
intake after 4o minutes are shown in fig. 16. The most interesting ice accret ion
was generated at the spheric grid , with a compact lump of glaze ice on the side facing
the intake hole , and with ice depositions on the rest of the sphere growing on the grid
wires up to maximum height of 20 mm without blocking the grid meshes and giving an in-
sight in the flow field infront of the grid.
For the cooling fan intake ice accretion was only found on the flat protection •rid , i.e.
nearly all the water was captured by the grid. The photo series in fig. 17 shows the
temporal ice built-up on the grid. The grid center was completely closed within a time
of 15 •inutes leaving an open ring of 30 percent of the grid area which then remained
constant until the end of icing period. The final glaze ice block reached a height of
about 70 mm with a deep excavation at the stagnation point .

Effec ts  of ice accretion on intake- and system-performance: the influence of the Just
described ice accretions on the two most important intake parameters as ram recovery and
flow distortion has been measured during the icing tests after each icing phase using
invertab le pitot-rakea. Fig. iS shows a comparison of ram recovery 11R and distortion
index DI without and with ice after 60 minutes ground icing for the main intake for
three APU supply cases , It is demonstrated that the loss in ram recovery and the increase
of distortion index due to icing is not critical , since for all cases the limits r~p M N
and DI a 5 % as required by the APU manufacturer are not exceeded , i.e. the minimum
allowable intake p.rfor mance is guaranteed (2] .

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Analysis for the cooling fan intake [2] shows (see fig. 19), that ,aft er 15 minutes
icing ,the intake pressure loss due to ice accretioh is stabilizing around 10 percent
without reaching the maximum allowable value of 15 percent . This additional pressure
losses cause only neglectible mesa flow reductions without any influ ence on the
cooling capacity of the system. The increase of  distortion index is unimportant .

Ground i c ing  t es t s  under natura l  icing condi t ions :  the demons t ra t ions  for the APU
intakes have been completed by extensive ground icing tests with the second prototype
of the A300 at ~elsinki in Finland [15]. The ambient temperature found was between
-1 C a Ta C -15 C and the time period of icing was several hours. Liquid water content
LWC and droplet  d iamete r  have not been measured .  The f i g .  20 shows two photos of ice
accretions found on the main intake and the cooling fan intake. No influence on APU-
and cooling system function have been ascertained during the tests. According to the
demon st r a t i o n  procedure , the APU system of the *300 was certificate d for one hour
ground operation under natural icing conditions and for a following in-flight opera-
tion with iced intake components.

3. VFW 614 ICE SHEDDING INVESTIGATIONS

Investigations of effects of ice accretion on aircraft components are not complet e
wi thou t  looking in to  the  “post icing phase ”. This is the phase where the ice-material
bond is melting due to heating effects (for example dynamic temperature rise) and ice
shedding starts , The possibility that larger ice particles which shed from an unpro-
tected aircraft component could be a hazard for the aircraft or any other components
has to be fully analysed , i.e. determination of shape and size of the particles and
its corresponding trajectories. Such investigations have been performed for the Ger-
man transport aircraft VPW 614 for which .due to the exceptional Cruise engine installa-
t i on , as shown in the fig. 21 , ice particles breaking-off from the unprotected radome
have been expected to be hazardous for the eng ine . The trajectories of the ice partic-
les • have been determined in a low speed wind tunnel at I3remen with a 1:16 scale model
ejecting the particles from the radome (dynamic similarity was present - “Froude-No. ”-
S c a l i ng)  [16] . The r e s u l t s, matched  by t h e o r y ,  show that , for all flight attitudes , the
ice particles do not mee t the engine intakes; an example is given on the photo in
fi g. 21.
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t = 60 minutes Final excavated ice-btock (t=90minutes )

Fi g. 17 TEMPORAL ICE-BUILD-UP AT THE FLAT PROTECTION GRID OF THE
APU-COOLING FAN INTAKE
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RAM RECOVERY J APU - SUPPLY CASE J FU)N DISTORTION INDEX

1. ECS.GENERATOR SUPPLY
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F ig. i8 MAIN INTAKE RAM RECOVERY AND DISTORTION INDEX AFTER 60 MINUTES
GROUND ICING FOR DIFFERENT APU SUPPLY CASES
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Fig. 19 ADDITIONAL PRESSURE LOSSES AND DISTORTION INDEX DUE TO ICE ACCRETION

ON THE PROTECTION GRID OF THE APU COOLING FAN INTAKE DURING 90
MINUTES GROUND ICING CONDITIONS
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ICE DEPOSIT ON
UNPROTECTE D RAOOME

HAZARDOUS PATH OF A• ICE PARTICLE BREAKING-OFF
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A THEORETICAL AND EXPER IMENTAL
MEANS TO PREDICT ICE ACCRETION SHAPES

FOR EVALUATING AIRCRAFT HANDLING AND
PERFORMANCE CHARACTERISTICS

By
Ramon W. Wilder

The Boeing Company
Seattle, Washington

SUMMARY

To det e rm ine the need for airfoil ice protection systems and the effects of large ice shapes on airplane performance, Boeing
ml ii.iied . m i  ~-~ej rcli IIro~r~mu to obluin basic ice accretion and ice shedding data on typical jet transport swept airfoils This program,
sponsored by t h e Federal Aviation Agency , was conducted in the NASA 6-foot by 9-foot icing tunnel at Cleveland, Ohio.

An empirical relationship derived from basic airfoil water catch parameters was used to correlate measured ice accretion rates
wit h tlwor~tical water impingement parameters. This correlation used glaze ice heights and angles measured from the plaster casts
o tlse actual ice shapes as taken from the two swept airfoil test models. Results oithis correlation show that ice accretion
characteristics are dependent on airfoil shape, particularly leading edge radius, camber and angle of attack.

Complex trends of the data obtained in this test program precluded a general ice accretion relationship with other airfoils.
Additional testing of other airfoil shapes and angle of attack would provide for broader application of the ice cap calculation procedures
developed herein.

Airplane performance penalties associated with icing in terms of landing weight penalties, and when these penalties are assessed,
are also discu ssed, Destination airport temperature s and Ice shedding characteristics are shown to be significant in determining the
frequency of aerodynamic penalties due to ICC.

NOMENCLATURE

SYMBOL UNITS DESCRIPTION

A Ft2 Ice Cap Cross Sectional Area
C Ft Airfoil Chord Length -

d111 Microns Drop Diameter
Dimensionless Total Water Catch Efficiency

I fljmeiiaioiuless Cloud Lxte nt Factor
• (I Feet Airfoil Projected Height

H0 Feet Airfoil Projected Height at 00 Angle of Attack
Fl~ Feet Airfoil Projected Height at Angle of Attack

— Icing Parameter Defined by Equation 7
K0 Dimensionless Modified Inertia Parameter Defined in References 2 and 5
LS Airfoil Airfoil Lower Surface
ST — Airfoil Stagnation Point
to °F Free Stream Air Temperature
US — Airfoil Upper Surface
V Knots Free Stream Velocity
V,~ — Air Velocity Perpendicular to the Airfoil Leading Edge
Wp Lb/Hr.F12 Local Water Catch Rate
W~ Lb/Hr-Ft Span Total Water Catch Rate
li Lb/Ft3 Ice Density
6i Feet Ice Thickness
‘I — Freezing Fraction
6 Hours or Minutes Icing ‘lime

Grams/Cubic Meter Cloud Liquid Water Content
A Degrees Airfoil Sweet Angle

Feet Surface Distance Between Upper and Lower Water Drop
Impingement Limits

0 — Local Water Collection Efficiency

INTRODUCTION

J.’l m’ii~’iiii ’ aircraft are kse susceptible to IcIng for several reuonu. The kinetic temperature rise, due to higher flight speeds, reduces
the icing teimipersture envelope and prevents Ice from forming In the higher, liquid water-content clouds occurrlngJuit below 320 P.
The aerodynamic characteristic, of swept airfoils, use of movable horizontal stabilizers from trim, rapid rite of climb and descent of
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jet iii ci ,ml I . .mIl contribute to m inimizing exposure to icing conditions and to reducing the effects of ice on airplane performance. In
addi tmoim , ti m e size of current jet transports and the large power reserve of jet engines reduce the drag effect s of airplane icing.

me-mI t oh ti me greater tolerance to icing of jet aircraft , there arises t Ime question of the miced for ice protection on certain areas
of time airplane. Inboard wings have not been protected on some piston engine aircraft , Military aircraft such as the 0-52 and KC-135
have had tail and wing ice protection systems removed as a result of adverse weather flight test programs.

It i’~ logical , then, to assess the need for airfoil ice protection in terms of airplane handling characteristics and performance.
To do t h is om m a consistent basis requires a wind tunnel and flight test program whereby the effects of ice can be simulated since
natural icm m mg is not consistent , is difficult and time consuming to obtain, and is subject to shedding before the testing can be
cOmmi lmICled . I lmis s imm mula t kmn oh icing effects has beemi accomplished on jet transports through tIm e use of artificial ice shapes attached
to unheated portions of the wing and tail surfaces. This paper summarizes some of the methods and procedures used to determine
these mce sh apes and presents a new method of obtaining ice shapes based on recent ice accretion test data correlated with theoretical
impingcmm.- m ml data.

AN/I I.YI It ‘Al. PREDICTION OF ICE SHAPES

Le ~Im.m I mes on airfoils are classified as “glaze” or “rime” although many ice shapes will be a mixture of tlse two. Rime ice is
lmmmmm md .11 eoam m imi mm a t io ims of low teimlpm.’ratumres amid how liquid water contents . ‘l ime wa&~r droplets hr~civ on immmpmac t resulting in a
mmm i lk y -wh mi te cc shape , as showms in figure I, dictated by the airfoil impingement characteristics in terms of water catch, distribution,
and mmup im mgem nent limits, The drag and other aerodynamic effects of rime ice are much less severe than glaze ice because of the
sireammi l i m me (01111. therefore , th is type of icing has not been considered in determining the airplane tolerance to icing.

_  

b A  _

‘~ <7~~~~~~~~~~~

Figure 7—TypIcal Rime ice Formation on Swept Airfoil

Glaze ice forms at combinations of high liquid water contents and surface temperatures near freezing, Not all of the water
droplets freeze on impact, but some run a short distance before freezing, resulting in a blunt or double horn ice shape as shown in
tigmlrm- 2. 1 h is  ice is usually clear since there I, little or no air entrained in the ice. The upper surface horn acts as a spoiler, increasing
drag amid rcdi mc immg lift. This ice shape, because of Its “spoIler” action, can affect imerodynmmnsic cIuarmmct~ris1iea in terms of increased
drag and decreased maximumn lift coefficient. The lower surface horn usually has little effect because of low local air velocities. On
high ly sW C I m l  .mir l ’oils, glaze ice tends to form usa series of discontinuous cup shup~s due to the spunwise velocity component.

Time sh apes and type of ice is dependent on the surface temperature, which is a complex function of airspeed, liquid water content,
ambient air temperature, local flow field around the object, and altitude, A correlation of ice shapes on a small 2-inch diameter
unswcpt cylinder , with these parameters , is shown in figure 3 where I1 is the freezing fraction defined in reference 3 as that part of

___________________________________________________________________________________________________ 
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tim e s s . I ,  i : , i , h m that Ireezcs w lmere ii mmpinges . In general terms, glaze ice is likely to occur at total air temperatures between 250 and
ltetm ~~eii 100 amid 250 F, a m n i x t ure of rime and glaze ice will occur with glaze predominant in the stapiation area and for high

hm ~;mi md 55 i i i  s ,oi mt em it conditm ons .

-J

Figure 2—Typical Glaze Ice Shape on Swept Airfoil

BASED: STAGNATION LINE—
2 I N  DmA CYLINDER .
IS MmCRON DROP SIZE. —

5000 FT ALTITUDE ,
Lb WATER CONTENT

o 0.2 GM/M3

mm • FREEZING FRACTION

I:
_ _

_ _
_ _ _ _  _ _ _ _  _ _ _ _  

\~Q’) \ /~-)0 •__ — _ _ _

20 

ICE

-30 —
100 200 400 500

TRUS AIR SPIED IKNOTS)

Figur. 3—br Ship. Types ate Function of Spied and Ambient T.nip.retu s’.
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CALCULATION PROCEDURES

Procedures prev iously developed for determining the ice cap size are based on calculating the airfoil water catch and adjusting
t h is w ale m ~.iIelm or ice thickems-ss iiitc, ml typical mushroom icc shape. For rime ice, the icc tlsickmico amid shape can be calculated
directly from the local water catch and ice density since the water freezes immediately on contact with the airfoil. The local ice
Ihichness, 

~ 
, is related to the local water catch rate, Wp, by the following equation where 0 is the time in icing and ‘

~
‘
~ 
is the ice density.

61 =~~~~~ -~ - (I)
‘h’j

Th us, a theoretical ice sh ape for rime ice can be estimated by calculating the local water catch rate for various positions in the
impingement area. The equation for the local water catch rate is given below where ~ is the local water collection efficiency, V the
free stream velocity, A the airfoil sweep angle and w the cloud liquid water content.

W~ 0.38~ (VXCOS A) (os) (2)

lids procedure, with some modifications, was used for calculating the ice shapes for the Boeing 707 and 727 series airplanes. To
accoum it for glaze icing and the effects of ice shape on water impingement, the maximum local collection efficiency, ~ max, was
assumed to be 1.0. This means all of the water in the cloud in the path of the airfoil would impinge on the airfoil, This assumption was
made to account for the effects of ice shape on water collection efficiencies, 11th assumption is approximately correct for small
airfoils where the maximum local collection efficiency is near 0.8, but becomes overly conservative for larger inboard wings and
stabilizers where the collection efficiencies are less than 0.5. The ice thickness calculated using ~ max equal to 1.0 was then adjusted to
give a typ ical mushroom or glaze ice shape using the known impingement limits.

1m m oblmer procedures, references 2 and 6, the ice shape is determined from the calculated total water catch rate (We) from bare airfoil
imupimigelllent data using the following equation:

W c 0.38 V (COS A) Em (11/C) (C) (0 (3)

In this equation, Em is the total water collection efficiency based on the airfoil projected height (H), and (C) is the airfoil chord
length. This water catch rate is in terms of pounds of ice per hour per foot of span. The cross sectional area of the ice cap is then
determined from:

144 W 0
A C (4)

A double-peaked glaze ice shape, as shown in figure 4 which contains the calculated theoretical cross sectional area , is then drawn by
trial am id error.

45 NIH HOLD AT 5000 FT ALTITUDE

CROU
~!fTIONA~__

V5~ TicA L FIN
(AT MID SPAN

4.550 IN

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

HORIZONTAL STAB ILIZER
(AT MID SCAN I

Figure 4—TypIcal Ice Shap.s for Unprotected Tail Surfaces from Ref 2
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J’Im ~, .mhov~ Lmm)culat ion procedures only approximate the actual ice shape since accurate ice accretion data for most airfoils is not
available. Al ,o , water drop sizes and resultant collection efficiencies must be checked for the maximum water catch. Figure 5 shows

typ ical 1)1(11 of the effect of drop size on collection efficiency and cloud liquid water content. This calculation will generally show
that tIme mmm ax mmm lum catch rate will occur with 20 to 25 micron droplets.

CLOUD LIOUID WATER CONTENT BASED ON ICING
LIMIT TEMPERATURE OF 21°F CORR ESPONDING TO
HOLDI S” SPEEDS.

0.07 — 

~~~~ 
— 0 7

0.06 — — —k- 7
L__ 0.6

0.06 — — 0.5
EM~~

t.WC

— ooa — — 0.3 C

0.0i 

_  

:1

MEDIAN DR OPLET DIA IMICRONSI

Figure 5—Effect of Drop Size on Water Catch Parameters Holding Flight Speeds

EXPLRIMLNTAL DETERMINATION OF ICE SIIAPES—NACA ICE SHAPE DATA

i’s correlation of measured ice shapes from Icing tunnel tests with theoretical Impingement parameters nas been reported in
rcIer e mmc ~’ 4 t NACA TN 4 15 1) for an unswept symmetrical 4 percent thick airfoil. The data in this report lor immuahroum ice ,
plotted imi a alighily differen t manner , is shown In figure 6. It indicates the measured maximum Ice height is less than the theoretical
lmci~liI I ’ m ,e,l on the maximum local water catch. This is not surprisIng since all of the impinging water doci not freeze at the point of
max inmummm ~oflection efficiency under these icing conditions, Unfortunately, there are no similar published data for highly ca m bered
swept m mmm bum i, . Therefore h oeing initiated a research program to obtain basic ice secretion data on two airfoils representative of the
imiboard wing and horizontal stabilizer configuration of typical current jet transport ilrcraft. This program was conducted In the NASA
6-foot by 9-foot icing tunnel at Cleveland, Ohio.
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BOEING ICE ACCRETION TEST SETUP AND PROCEDURE Si
Tlm~’ mmioilel s used in this test program were chosen to represent the type of airfoils used on present-day Boeing commercial jet

airerall. (ros~ sectionS of these amiloils are shown imi Iigure7. One model, designated IIAC 450, was typical of an Inboard wing section
with a 12 .5 percent thickness ratio and 27.5 degree sweep angle. The other model, designated BAC 470. represented outboard wing
amid Imori zom mlal stabilizer sect ions with an 8 percent thickness ratio and 40 degree sweep angle. These models, shown in figure 8, p
have a 6-foot streamwise span and chord length and were mounted vertically in the Lewis icing tunnel at Cleveland, Ohio. Each model
was fabricated from aluminum with six thermocouples and three electrical heater pads marked A, B, and C in figure 8, bonded to the
immner st m iI ’aee of thc leading edge. The tlsermoc. uplcs were used to monitor the leading edge simrface temperature during the icing runs
and lIme lmca tc r pads were used to assist in removing ice samples.

+10

•: 

_________

~ -5 5AC 470(L.E.SWEEP4O°I

~ -to
U
SQ

Ia
z
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O~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~~~
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SAC 450 IL.E. SWEEP 27,5°)
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Figure 7—AirfoIl Cross Section Streemwise Direction
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Agure 8—Ic. Accretion Test Models BAC 450 and 8AC 470

lcmnls conditions in the tunnel were obtained and measured according to previously established techniques and calibrations. Icing
cloud laclors coIsalderud in this study were doud liquid water content, icing time, airspeed, and temperature. Cloud droplet smIte usiulil
not be varied Independently due to the limitations in the design of the tunnel spray system. As a result, the cloud droplet sizes
Ismereased WIIII hs~rcim~ d Ik~u4d waler cuntuist and decreased wIlls an Increase In aIrspeed,

-
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.•\ i i  m~ lit! Sti l l  commsisted of a 7,5 or 15 minute exposure of the model to a particular set of icing conditions and airfoil angle of attack.
On compktiomi of the prescribed icing time, the tunnel was stopped and measurements taken of the final ice shape. One or more sections
ol mI me i. . m ’ .mpllrlmsunate ly (, imielmes in length , were removed using the heater pads and the ice scraper used in reference 4 tests. This
scraper i~, ste am heated and has an internal vacuum chamber to assist in drawing off the melted ice so as not to affect the sammiple weight
or slm .m pe . I lie remm iosed sections were then dipped repeatedly in liquid paraffin to create a mold of the ice shape. When the ice in the
m old nmclted , it  was poured into a beaker and weighed. The resultant cavity was then refilled with tap water which was then poured into
the beaker and weighed to determine the specific gravity of the ice. Representative values of the specific gravity of the ice cap measured in
this mam imler were from 0.75 to 0,91.

A replica of the ice sample was then made by pouring plaster of paris into the mold and later melting the wax in an oven. Photographs
of the elluipIllent used to obtain plaster Casts of the ice cap are shown in figures 9 and 10. Sample plaster ice cap photographs are shown
imi figures II and 12,

~~~~~~~ 
_

t _-

~~~~~~~~~~~ 

-
-~iI— /~ 

~t/k— T1

Figure 9—Test Equipment for Weighing and Obtaining Ice Shape Molds-

FIgure 1O-.M.ft/ng Paraffin From flatar Ic. Cat
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Agure 1 1—Coating Ice Cap With Melted Paraffin
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Figure 12—Sample Planar Ic. Cat

Alter Ihc ice sample was removed from the mold, the cross section of the ice cap was photographed against a one-quarter inch wire
imiesli grid held miuriniml to time airfoil leading edge. A typical ice cap cross section ii shown in figure 13. Due to the difficulty in discerning
the cross sectional outline from the photographs, all Ice cap measurements were made from the plaster casts as defined in figure 14. 
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- Figure 13—installation of Wire Grid Over the Ice Cap

OUS CHORD LINE

Figure 14-Ic. Ship. Dimensions -

The majority of the Ice samples were of the glaze type with typical double horn protuberances. A few rime Ice samples were obtained
and the remainder were mixtures of the two. Figure 15 shows representative ice shapes obtained during this test program. The effect of
the wins! sweepback was most noticeable in the discontinuous cup shapes formed in the spanwise direction as shown in figures 16 and 17.
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Figure 15—Plaster Ice Cap Replicas
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Figure 76—Glaze Ic. Sha,o. 8AC 470 AirfoIl Side View
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Figure 77—Glaze Ice Shape BAC 470 Airfoil Frontal View

The separations were most prominen t in the glaze ice formations and became larger as the ice thickness increased. In those samples
which tended toward rime ice, the distance between individual cups decreased and in some cases formed a continuous solid ice cap along
the span of the airfoil.

The leading edge temperatures for the glaze icing runs varied between 250 and 29° P. Due to the relatively high thermal conductivity
of tIme alumninum leading edge (typical of current aircraft configurations) the chordwise temperature gradient under the ice cap was negligible.
Had the leading edge been made of an insulating material, the Ice cap couid have had a significantly different shape since the impinging water
would see a warmer stagnation point surface temperature. This would allow the water to flow further along the surface before freezing. No
attempt was made in this study to determine the magnitude of this effect of leading edge material properties on ice shape.

TEST AIRFOIL IMPINGEMENT CHARACrERISTICS

The theoretical impingement characteristics in terms of water drop collection efficiency and impingement limits are shown in figure 18
I’or the two mmsg les of attack considered in this study. These data were obtained from a water droplet trajectory computer program and are
plotted as a t’unction of a modified inertia parameter 1(

~
. This parameter, described and defined in references 2 and 5, allows the

impingemimemmi data taken for one flight condition to be used for other flight conditions.

TOTAL COLLECTION EFFICIENCY IMPINGEMENT LIMITS
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TIIe~ uIIjected height of the airfoil as shown in figure 19 was used in this study as the characteristic dimension for overall water
drop coiieetiomm efficiency ~nd in the ice shape correlation parameters. This is in line with the impingement data as presented in reference 2.

50
SAC 470 (NORMAL PLANE)—
L.E. SWEEP 40°
BAC 450 (NORMAL PLANE)

— L.E. SWEEP 27.5° 
_______ ________

I 40I-.
t~

~~~~~
30___ _

_  

‘I

20

— — — F R E E  STREAM
~~~~~~~~~~~~~~ 3’ NORMAL TO LEADING EDGE

0•
0 5 10 15 20 25 30

(GEOMETRIC) ANGLE GF ATTACK , a (DEGREES )

Figure 79—Airfoil Pro/acted Height 8AC 450 and 470

ICE SHAPE CORRELATION

Correlation of the measured ice cap dimension~ was based on the water catch parameters which are indi ative of the ice thickness.
UIIIlcr ~ OIItIt1IOIIS of glaze icing, the ice thickness is more a func tion of total water catch or

6 f(!~~ \
(5)

where the total water catc h is calculated from

Wc 0.38 V (COS A) Em (*) (C) W (6)

And ~ S is the chordwise surface distance measured from the lower water drop Impingement limit to th. upper water drop
impingement limit. An icing parameter indicative of the ice thickness in terms of the water catch can be defined from the relationship in
equatiomi (5) as:

-~~-~ 
~~~~~~ V (COS A)-~~~— (_!!.\ (w) 8 (7)

7i~~S 
~i 

ASIC \ C /

The icc density under glaze icing-can be assumed rela tively constan t, and further, the term ~~~~~ is a single valued function for
a given l(~ value. Since ~~S is difficult to measure or obtain accurately and is a particular value for 5m’ only the total collection
efficiency was used in this correlation. Thus, the icing parameter indicative of a theroetical average ice thickness reduces to:

I - = V (COS A) C,i (8) Em (*)“ (8)

Where x is the exponential factor used to correlate angle of attack effects.

Measured ice thicknesses in terms of the stagnation, and upper and lower ice cap protuberances are plotted against the icing ,arameter

defined by equation (8) In figures 20 and 2 1 for both the BAC 470 and 450 airfoils. The effect of angle of attack was resolved for the BAC
450 airfoils by raising the projected height to the fifth power. No factor was found necessary for the MC 470 airfoil since the projected
height to chord ratio (H/C) provided sufficient angle of attack correction. These factors are emperical for the range of the test data or from
0 to 4.5 degrees. However, some extrapolation beyond these limits Is felt to be valid and within the accuracy of the test data.

- — _~~~~~~~~ __ -_ ——
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These curves define the ice thickness , but not their relative positions. The angles, which the upper and lower pinnacle dimensions
made witlm Ihe geometric chord line, were measured and correlated in a similar manner. This correlation is shown in figure 20 for the 470
airfoil. These data were not as orderly as the ice thickness data, but they provide a definite trend which is usefi” in defining the ice shapes.
Ii io mm ,I m m ~ um i mm ic m m ded t lmzm l IlIi~ ice angle data be extrapolated much beyond tIme airfoil angles of attack fro m which the data was obtained
wit hot mt correlating impingement data.

The frontal heights obtained through these ice angles are maximum dimensions since the test data was obtained at or near maximum
icing temperatures where the impinging water can run farther aft before freezing. The range of flight and icing conditions during holding or
approach are within the test icing conditions, so these dimensions will also be valid for flight conditions.

Some significant trends are readily apparent from the curves obtained by this correlation (figures 20 and 21). The most significant of
these is the distinct reduction in slope which occurs once the ice attains a thickness between 1—1/2 to 2 inches. This change in the slope is
indicative of a reduced rate of growth for the ice shapes. This can be explained by the physics of the ice accre tion. As the ice pinnacles
associated with the glaze ice shape builds to these heights, the droplets impinging near the stagnation area become trapped and, assisted by
the spanwise velocity component of the swept wing, freeze within the pinnacles instead of contributing to additional growth pinnades. This
is apparent in the more blunt ice shapes. For the larger ice shapes, th~ ratio of stagnation ice thickness to pinnacle heights approaches unity
as shown by the following tabulation:

Icing Parameter, I (6 ST)17 (6US),7 (6ST)17/(ÔUS)17

3 .54 .76 .710
8 1.5 1.75 .857

20 2.33 2.61 .893

A comparison of the curves for the two airfoils also illustrates the influence of camber and leading edge radius on the maximum ice
thickness. The BAC 450 airfoil, being blunter, has a larger actual ice accretion area. This resulted in a larger ice cap both in thickness and
area over th e less blunt , highly cambered BAC 470 airfoil.

APPLICATION OF ICE SHAPE CORRELATION CURVES

Knowing the ice thicknesses, angles and impingement limits, an ice shape can be constructed which more closely duplicates icing of
swept wimig aircraft. Knowledge of the water drop trajectories impingement limits and stagnation point will be illustrated for the 747

horizontal stabilizer (BAC 470 airfoil) shown in figure 22. Also shown on this figure is the 707 horizontal stabilizer. The fotiowing
flight design condition will be used, which is representative of that used on early 707 ice protection system deletion studies:

747

747 FUSELAG E

707-300

707-300 FUSELAGE-~
...,,,~

58L 107.5 1
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551310 1 “ ‘I
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FLIGHT
0 = 30 minute hold
ALT = 15 ,000 feet altitude
V = 377 mph True Airspeed (256 knot’ indicated airspeed)

iCING CONDITIONS (FAR PART 25 , APPENDIX C)
21°F Icing Limit temperature (ambient air temperature)

d mn 15 Micron drop diameter (“A” drop distribution)
F 150 Mile cloud

0.266 g/m3 cloud water content ( ISO mile cloud)

AIR FOIL AND IMPI NGEME NT DATA

Stab. Angle of Sweep Chord (II/C) (H/C) Em
Sta. Attack Angle Length (SAC 470) (Fig. 19) (Fig. 19) (Fig. 19)

l’)7.5 _2 . 380 43° 280 in. .005 .087 095 .020

4 10 ~2 380 43° 280 in. .0109 .087 .095 .05 1

Projected height for 0 degree angle of attack. -

Knowing tile impingement and flight conditions, the icing parameter , I, can now be calculated for the horizontal stabilizer station SBL
410 as:

‘5’ i(’OS A) (~ (“ >) t1—
~~~

) 
~~~

- 377 (cos 43°) (30) (0.266) (.051) (.095)

= 10.66

From figure 20, the ice pinnacle heights are:

Stab. Icing ice Thickness (Normal to L.E.) Ice Thickness Streamwisc
Sta UPPC~ Lower -

(bUS) 17 (bST )17 (6LS)17 (bUS)5 (6ST)5 (5LS)5
197.5 4.1 1.0 .75 .99 1.37 1.025 1.36
410. 10.66 2.03 1.84 2.10 2.78 2.52 2.78

The ice ammg lcs can now be calculated from the ratio of ice thicknesses and figure 20.

Upper Upper (I) Lower Lower (2)
Stab. Pr~jccted Ice Thickness Ice Angle Ice Angle Ice Angle Ice Angle
Sta. Hi. Ratio Ratio Par. (FIg. 20) Par. (Fig. 20)

/6 ST\  / 6ST\ (6ST\ /H~ \ 2 /6ST\ ~~~~~
11 cc/il (

~6 US)~ 
IS~ii/ ’17 \~i)17 ~~~~ “~~4

197.5 1.09 .75 .76 .89 460 .63 .44°
410 1.09 .908 .878 1.08 26° .74 -38.5°

(I ) Measured clockwise from geometric chord
(2) Measured counterclockwise from geometric chord.

0

From the above ice angles and pinnacle heights, the resultant ice shape is drawn as shown in figure 23. The corresponding nominal
3 inch 707 ice shape is also shown for reference baseü on the previous method whereby all of the impinging water was assumed to collect
on the airfoil. Reasonably good agreement between the two methods is shown at the tip.

However , due to the lower collection efficiency at the inboard end of the stabilizer, the latest calculation procedure gives a much
smaller ice thickness . This is in line with observations on natural icing flight tests. The difference in the location of the Ice caps is due
to the higher angle of attack of the less cambered 707 airfoil. This angle of attack is determined from airplane trim requirements.

l i m e mmm t I l m ot l  of deter m ining lee slmapcs developed from the Cleveland test date Is appllcmmblc to any airfoil. Extrapolation from this
data will generally be sat isfactory if the airfoils are similar. Consideration should be given to obtaining ice accretion data if the airfoil is
considerably different than that tested here, or the surface is considered particularly critical from a flight safety or performance standpoint.

No aIlem npt was made in this test program to obtain Ice shapes for extended leading edge devices such as flaps or slats since these are
nurmmu lly reiracted during wing conditions . Ice shapes on extended leading edge devices, If required, can be and hive been determined from
estimated watcf collection rates .

— .~~~—— —— ,.— — —7.-——-— —• —
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Figure 23—747/707 Horizontal Stabilizer Ice Shapes

SOME COMMENTS ON FLIGHT TESTING WITH SIMULATED ICE SHAPES

WIND TUNNEL TES’rING

A prelimnim~ary evaluation of the effects of ice on airplane performance and stability is usually obtained from wind tunnel testing with
ice slmap~-s .uilached to the unheated airfoil sections. Wind tunnel test results showing the effect on the lift coefficient and pitching moment
curves of a typical Boeing jet transport are shown in figure 24. At angles of attack associated with level flight, the ice has little effect other
than to increase drag. This effect on airplane drag, with flaps extended. is shown in figure 25. As indicated in this figure, the drag increase

- due to ice, increases sharply with landing flap settings. It is under these conditions where ice has the most effect on airplane performance.
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Figure 25—Effect oF Ice on Drag For a Typical Jet Transport (Flaps Extended)

FLIGHT TESTING

The final check of the airplane tolerance to icing is usually obtained through flight testing with simulated ice shapes unless previous
data is avamimble or sul’llcicnt to deterimmine aerudyimamnlc clmmmructerlstleim or pc,multiea. These simulated ice sh apes are made up rromii ii atyrotuasn
core attaclmed to a fiberglass glove which fastens over the airfoil leading edge. Epabond or body putty is applied over the styrofoam ice
shape to give a rough outside texture . A typical ice shape used on the 727 horizontal stabilizer is shown in figure 26. Exact simulation of the
cup-like protrusions, shown in figure Il , is not considered necessary since the horn or ice pinnacle acts as the spoiler which results in airflow
separation. in some conditions, the cup-like protrusions could act like vortex generators and promote reattachment of the airflow to the
airfoil. Therefore, only the external ice shape is duplicated, including the sharpness of the ice pinnacles.

The flight test evaluation by FAA pilots includes basic airplane performance data as well as flight characteristics for the following at the
most critical center of gravity:

I. Demonstration of stalls, sideslip, heading changes under engine-out conditions and windup turns.

2. Demonstration of elevator effectiveness through pushovers starting at 1.4 V1 to flap placard speeds and down to 1.1 V5.

3. Demonstration of high speed handling characteristics including lateral control evaluation, pushovers, and pullups.

4. Flap retraction and extension during simulated go-around.

5. Demonstration of approach and cruise stability through trimming the airplane and stabilizing on airspeed through elevator only.

~rt~~

~~~~~~r11
figure 26—727 ArtIficial Ic. Ship. For Horizontal Stabilizer

- —.~~~~~~~— —~~~~~~~~~
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TliI~ Litter condition usually is the moat difficult in that the aircraft must have sufficient elevator control available to attain speeds
between I .1 V~ and 1.7 V s for approach wit hout retrimming the aircraft . Using a movable horizontal stabilizer for trim usually means
mmiore cIev~mIor contro l available, especially for fully powered or directly controlled elevators. Aircraft with fixed stabilizers have exper-
ienced severe mose down pitching due to loss of elevator control from the cifecta of ice 0mm (lie stabilizer leading edges. TImis is usu ally
associated with a chammge in flap positions or speed, which requires the tail surfaces to work harder. These surfaces, already being at a
high lift coefficient condition, “stall out ” resulting in loss of elevator effectiveness.

PERFORMANCE PENALT I ES

1m m addition to eva luat ing flight characteristics , airplane performance must also be considered due to the ice effects on drag. Figure
27 shows a typical drag polar obtained from flight tests on a Boeing jet transport. These data , along with wind tunnel test data, are used
to evaluate time flaps-down approach and landing climb performance as required for use in the flight manual. Figure 28 shows the effect of
ice in terms of climb gradient and aircraft gross weight. The increment between the ice~on and ice-off curves must be subtracted from the
aircraft maxi m um allowable landing weight On short-haul aircraft, where the maximum landing weight is near the takeoff weight, this
weight decrease can come out of the payload. This performance penalty has been assessed any time icing conditions en route are
anticipated, and the destination airport temperature is below the temperature at which the ice will shed.

:: _____ _____
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Figure 27—Effect of Ice on Low Speed Drag PoIa,s—25° Flaps—A/ I Engines Operating
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ICE SHEL~L~lNG

Icc slmeildimmg characteristics can also be of interest in determining the need for airfoil ice protection since they determine the frequency
,It .1111111. 1 m I~ .mm III tI me . irpl~m imc (lcrk)rImIaIlc~. pe mm alty . [lila penalty. in terms of time airplane mmmix imnulmi laimdillg wciglmt , is pru$cI)ted In tIme
periormmm.m mcc sect ion of time FAA flight manual in terms of destination ambient air temperature . To determine this maximum allowable air
tci mmp eratu re requires a know ledge of the airplane descent flight conditions, the resultant airfoil surface temperature under the ice cap and the
surface tumliperature at whic lm tIme ice sheds.

lypic:ml jet transport timmme—t em nperature surface temperature relat ionships for a descent flight profile are illustrated in figure 29. As the
airplamme st. 1 time descent plmase from cruise conditions. the ambient air temperature starts to increase due to the temperature—altitude lapse
rate as s lmo wm m by the lower limm e in figure 29. The total temperature, upper line, follows directly se a  function of velocity. The surface
t enm pc ratmmme starts to follow time air temperatures but lags due to the thermal inertia of the ice and airplane leading edge. At some point in the
desc em mt . t I c  t rmctiona l heating (ram temperature rise) is sufficient to melt the ice—metal bond and the ice sheds. During this time, the surface
tem impcrat mre ci t lmer remnains constant or climbs slowly, due to the latent heat of fusion being supplied to the ice—metal interface. After
shedding, tlmere is an abrupt rise in surface temperature as insulation due to the ice Is lost and the airfoil is heated by aerodynamic heating
e ffects.

AIRPLANE
..—CRUISE— ~~ DESCENT ~~ APPROACH

AIRPORT

TEMP ,47 I
,1

7J

~~~~~~IEMP~~~~~~~~~~~~~~/ J
~~~CE GONE

—ICE STARTS TO MELT

TIME

Figure 29—TypIc.! Time-Tamperatur. Profile During Descent

The airfoil surface temperature under the ice cap must be known in order to determine the time at which the ice will shed during a
descent. This temperature differs from the total of recovery temperature during descent because of the ice cap thermal capacitance (thermal
lag). A metlmod of predicting the time the ice will shed has been developed by Boeing, using laboratory test data in conjunction with a
im~a( trailsic I .IIlalyEiS Th is mnutlmod , rui,’ruimce 2, lisa been verified using data from a 737 nmst mm ral Icing flight teat.

CONCLUSIONS

The determination of time need for airfoil ice protection require. the establishment of the effects of large Ice accretions on airplane
l1q.rI~ IIII.imI~~. flme ICC jcCrel ioml test lirogrim uondimctumd by Boeing provides a basis for accurately determining the size and shape of
these ice accretions. This has been accomplished by correlating the measured ice cap dimensions with theoretical Impingement parameters.
Use of this correlation will enable the calculation of artificial ice shapes representative of those which would accrete on the airplane during
a severe icing encounter.

_ _ _  — 
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1. EUROPEAN INQUIRY ON ICING FACILITIES AND TECHNIQUES

The European inquiry was conducted , as suggested by the R.T.D. chairman, by Marcel Pierre, previously Director
of the Modane Wind Tunnels Department and presently Senior Technical Advisor at ONE RA for new facility projects.
The inquiry results are presented in tabular form.

1.1. Organizations consulted

Table I gives the organizations consulted with their locations plotted on the map, Table II. Among them, some
flight test centers and the aircraft and helicopters constructors have not their own icing ground facilities. They use p

the existing ones, carry out flight tests for the certification of aircraft or helicopters and sometimes develop icing tech-
niques.

It is to be noticed that the atmospheric icing conditions are studied by LDMA at Clermont-Ferrand in France
with cloud characteristics measurements in flight.

Table I — European icing facilities and techniques

country Town Organization, acronym, spon sor Fai l. Flight Tschn.
n tilt

Austria Wian Fahrz.ugv.rsuchs.nlag. - Ar~~nal (ground v.hicli. t~~t station) 1 X

Fran c. Saint-Cloud Avlons Marca l Duasult - BrSgu.t Avmstion AMO- BA X

Toulouse Csntr. d’Euais Aoronautlqu.a di Touiouas - CEAT - 2 X

Saclay contra d Ess.ia di Propu ls.urs-CEPr angin, unIts tilt cantar) 3 X

BrCtlgny contra d’Ess.li in Vol - CEV (Flight Test C.ntar) X X
Bourgss Etabllsssmsnt Technique dii Arm aments Tarrastrss - ETBS 4

Cl.rmont-Fsrr.nd Labor.tolre di Dynamique us Microphysiqua di l’Atmo,phôr. -. X X

LDMA (dynamic & microphysIcs of atm. lab.)

Modan u Off lea NatIonal d Etudas it di Rach.rches Aêrolpatlai.s (ONE RA) 5 X

Toulousa Mrospatiala - SNIAS - Aircraft Div isIon x x
M.rignann. “ “ - Halicopt er DIvIsion X

Germany K61n Dautsc ni Forschunga-und v.rsuchs.nstatt für Luft-und R.umfahrt 6
DF V LA

Braman V.rainlgta Flugtiehnhschi Warka Fokker - VFW

Wo lf~~urg (urn. Wlndkanal Volksw.g.n (climatic W.T.) 7

Italy Orb a.ano Csntro RIcirciw Fiat (Fist test c.ntar) B

Norway KIaller Difenc. A aaearch Estabilshment x

Swiden Bromme Flygteknlaka F6r.6ksanstalt.n~FFA (.aronautlc.I res.arch institute) 9

Unit.d Artington
2 Lucas Airospaci Ltd 10 X

Kln dom Burnl.y

Boscornb. Down Mropl.n. Ii Armam.nt Exp.rlm.ntal Establmshment-A a AEE 11 X

Parnborough National Oast urbin. Establishment - NOTE 12 X

Parnb orough Royal AIrcraft Estsbmi shm.nt - RAE 13 X

Y.ov ll West land Hali cop te rs Ltd x

• ‘ 
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Table II — Locations of European facilities.

~~~~~~ 
,?~ ~

A IL~
I
~’ ;, __J~\ ,i equipment for icing testing,

~ .1! (!) /‘ — altitude cells or test chambers, where the

F 
0 ~

j_..~RG t* . ~~~ 
- 

flow is induced by the operation of the tested

‘ 
-- engine itself , or with a free jet, which are in fact

- -—~~ c~~ :~ 
- open.jet wind tunnels. For example, the cell n°3

( - --
~
,,

~ ~~~~~ west of NGTE has a chamber 7.6 m in diameter
2 

~,® I - - - - equipped with a free jet 2.4 m in diameter.

Table Ill — Characteristics of European icing testing facilities.

M m .
N. Max. spain Icing MVD Cloud LWCFacility Dim Cm) 3 Remarks
tion (,,~fsi c (~hn) 9/rn

AU Ground vehiclis test stet ion - Vlanna 4.9 a 4.9 32 —16 Snow I, icing tests

cEAT - Tou louse 0 0.25 260 —40 20 -. 30 • Two test sect Ions
0~~~I 80 Max. fiow rs te : l O g/s

CEPr - Secusy - R2 Cell 0 1.1 150 —60 15 -+ 30 0 -+ 6
R3 CeII 0 2  —60 IS -. 30 0 -, 10

F - - -

EtabIi.sem,nt Techn. Bourges I. 3.75 -+ 5.6 22 —P 44 —40 — — Steam mnject ion
(ace- to urea)

H-3- ,  4.1

ONERA Modins taut c,ntar 0B~~ 160 —5 to 10 -p 20 0.4 .p10 ‘ According to ambient cond.
—15~ Icing cloud are. :4 m2

- 
• 

s.turatad test section

Flat riae.rch cent.r a 4 46 —46 — — No icing taut until now

PRO Volkswagen climatic W.T. B— 37 m2 65 —35 — — No ici ng taut until now

U.K. A & ACE - Bo.co,aba Down 0 1.2 
- 140 —30 LN2 inject Ion

Ilowirtunnel & icing facIlity 0 i S  110 —30 30 • 3

AnIngIon ic Ing tunnhl 0.30 a 0.30 100 —40 7 7

Sumlay altltud, test f.clllty chambi r 0 4 7 7 7 7

NOTE — Call No 3 chembar 06.1 7 7 7 7
coil No 3 west 07 ,6 90’ —37 20 0.2 -a 2.5 ‘ Free lit 0 2.4 (197$)

$ PPA 5,0mm. wind nannoi 0 3.6 40 2 D : I nm width
No Icing test until now

- ~~~~~~ ___
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The FFA wind tunnel at Bromma is not really an icing test tunnel it is used to study the aerodynamics of
profiles including ice accretion simulated by moulding. In fact, all the conventional wind tunnels can be used simi-
larly.

The smallest tunnels, i.e. the tunnels of CEAT at Toulouse or Artington icing tunnel, whose testing area is less
than 1 m2 , are used to test small aeronautical equipments. Beside those listed, there are other very small section tunnels
w hich have limited application, mainly to instrumentation development, such as that of the Engineering Physics
Department at RAE Farnborough or at DFVLR.

For informat ion are mentioned the tunnels specialized for tests on automotive, cars, ground vehicles and so
forth. Among them, the Fiat and Volkswagen climatic tunnels are not actually used for other tests. The tunnels of
Vienna and Bourges offer the possibility to test aircraft parts but it is to be noticed that the speed is very low, i.e.
less than 45 m/s.

Some wind tunnels, or rather some cells or altitude chambers are used for tests on engines and thus are in the
scope of the PEP. Nevertheless, these facilities are also used for icing tests on air intakes and small part s of aircraft
or helicopters that is the case for the two cells of the CEPr at Saclay.

The A & AEE tunnel at Boscombe Down is an open jet blower tunnel. The two smaller nozzles that have been
recently modified for icing work are 4 ft and 6 ft in diameter. Liquid nitrogen is used to lower the temperature of the
airstream. A grid of water spray nozzles provides the icing cloud ; the area in front of the tunnel is large enough to
take any size of aircraft.

The Burnley altitude test facility has been used for icing tests since the late 1950 s. Initial anti-icing tests have
been carried out on engine intakes for single engines, but for more advanced tests a larger facility is needed .

The NGTE Engine Test Facility has two altitude chambers in which icing tests can be made. The majority of
tests simulate wet icing conditions, but some work has been done to investigate icing in mixed conditions, that is an
environment containing solid ice particles and supercooled water droplets. Equipment exists in cell 3 for the production
of solid ice particles and a similar equipment is under construction for use in ce ll 3 west and will become available
dur ing 1978. Both cells have been used to clear engines for operation in icing conditions. The two cells can also be
run in a free jet mode so that icing tests can be made on complete propulsion units (intake and engine) or on full
scale air frames, i.e. a complete helicopter fuselage (without rotor) with engine air intakes. To support the icing test
programme, NGTE is undertaking work on instrumentation so that the cell test conditions can be more closely defined
and controlled. The aim is to provide on-line output of droplet size and size distribution, liquid water content and ice/
water ratio.

The largest European tunnel for icing tests is the Si Modane tunnel. This wind tunnel offers a test section 8 m
in diameter in which the whole range of subsonic velocities can be obtained. Thanks to climatic conditions and cooling
by exchange of air with the outside atmosphere, the temperature goes down often in winter below —5. even —10
and sometimes —15°C. It is then possible to create in front of the models an artificial icing cloud corresponding to the
standard requirements. To this end, a 4 m2 pulverization grid, equipped with 444 compressed air injectors, distributes
an homogeneous cloud. The air and water supplies of that grid can be automatically controlled in order to obtain alter-
nate icings, while keeping the droplet diameter constant with periods from 3 to several tens of seconds. The gradual
implementation of the facility allowed a number of various icing tests. The first ones concerned actual aircraft elements
equipped with de-icers : elements of wings or tails (even complete tails), fuselage radomes. In some cases, and in parti-
cular for Concorde, Airbus or for helicopter rotors, test s on reduced scale models were mandatory. By associating the
correctly adapted spray grid and the system for testing rotors, icing on a model rotor up to 4 m in diameter is possible.
Up to the present, the Si Modane tunnel can be used for icing tests only during the winter , when adequate temperature
levels can be reached. To palliate these drawbacks , ONERA is studying means that would allow artificial cooling of the
test section. The realization of such a project would make it possible to reduce th~ air temperature in the test section
by 15°C. This would allow one to do away with local atmospheric conditions for a large number of tests and to carry
out the very low temperature tests necessary to qualify some materials , such as dc-Icing and anti-icing devices, in the
whole required range.

h
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1.3. Bibliography

Table IV gives the tested models in esch facility, the particular techniques developed by each organization and
the published bibliography.

Table (V — Information gathered on icing test techniques in Europe.

Facility Tested models/items Remarks Bibliography

GVTS - Vienna Full scale : automotive rallw. Very long test section Booklet : Probleme-Versuche-Fo rachung
(AU) cars ground vehicles - Aircraft

parts

A & AEE - - Aircraft wings - Eng i nas & Air Free air tunnel - LN2 injection Leaflets (A & AEE)
Boscombe (UK) intakes - Weapo n systems . - Canbarra WV 787 icing tanker
Blower tunnel & Helicopters. - - Environmental test centre
icing facility - Helicopter icing section

- Blower tunnel & icing facility
(I- Booklet : .. --

Artington icing Small aeronaut ical equipment Extension of engine test range Short description (Aug. 77) AIrcraft ice
tunnel (UK) under study protection conference 1962 - D. Napier

engineering report DEV/R/1596/942.
AprIl 1973 - Lucas.

Burnlay altitude Air intakes - Smell helicopter Short description (Aug. 77)
test facility (UK) engines - De-icers

NGTE - Cell 3 Air intakes - Aircraft & Helloop- Icing conditions : wet or mixed - Short descrIption (Aug. 771
F.rnborough (UK) tar engines (Ice . water) - Rotary wing icing symposiun% Edwards

AFB. June 1974.

FFA - 3.6 m W.T. 2 0 aerofolls, c~ 0.65 m Simulated ice accretion FFA Tech. Notes : AU 816 (1970) -

Bromma (SI shapes - Moulding technique AU 902 (1972) - AU 995 (1974) - AU
1169 (1977) - Memo 90 (1973).

CEAT Toulouse Small aeronautical equipment Maptal~i, TS 0.05 to 6 m2 Note Technique CEAT 15/N/77
(F)

CEPr Seclay (F) Full scale : engines - Air intakes Duplication of flight conditiora ‘ Fiches ,omm.lr.s” on R2 & R6 banch.
Naoelles

ETBS - Bourgas Larg, ground wit. & equipment Icing testing powibis (not yet Dascr Note “Chanmbrs et souffiarle cli-
(F) helicop ter angln.s & air intah.s performed) metlq us” .

ONERA Modsne Full scale aircraft parts : flap- Spr.y grid In large test section TP ONERA No 1054 (1972)
(F) 81-MA W.T. pad wings . Tail surfaces - Redo- Force mees. Ice accretion Rif. I to this report.

mes Reduced scale models : Moulding - Rid . scale testing- Appendix to this rsport .
half-modais (1/6 & 1/12). Hall. M m .  temp. according to am-
copter rotors (1/3) blent

LDMA - Aublère Flight cloud calibration - Icing Study of atmo spheric icIng klentlflc reports LDMA : No 8 (1974)
(F) spray grids ground callb. ~~ndltbng : droplet diam. 10 10 (1975). No 11 (1976).

(ONERA , CEAT, CEPr) spectr, a &wc (Knollenb rg rhesls (3d cycle) 1976.
& Rusk in s.nsors )
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2. PROBLEMS ENCOUNTERED

IN PERFORMING ARTIFICIAL ICING TESTS IN WIND TUNNELS

In this paragraph, the particulars of the artificial icing tests in wind tunnels are emphasized. The difficulties en-
countered, easily or hardly solved, and the problems which remain to master are pointed out, relying on examples taken
from Si Modane wind tunnel [1].

2.1. Facilities

The test section dimensions allow one to carry out tests on real elements, and especially to determine the zones
which are to be protected against the ice, and to study the efficiency of de-icing or anti-icing devices . Nevertheless ,

even with large dimensions, like Si Modane, one must resort to scaled down models for the helicopter rotors or trans-
port aircraft. For such test s, some par t icul a r similarity rules are to be applied (see Section 2.3).

The interest of favourable climatic conditions is obvious to reach sufficiently low temperatures so Si Modane
wind tunnel benefits of alpine conditions at medium altitude. Nevertheless, to extend the season and hours suitable for
icing tests and to reach lower temperatures, a supplement of cooling is necessary. Two techniques can be considered

cold fluid mixing or heat exchanger.

The cold fluid mixin9, with liquid nitrogen or airstream cooled by expansion, does not bring any pressure losses
but needs a storage. The disadvantage of this method resides in the ice formation at the cool points, which destroys
the droplet .supercooling and thus alters the icing phenomena.

This disadvantage disappears with cooling by exchanger with liquid ammonia or freon. Exchanger icing must be
avoided by dry airstream supply and an open circuit operating layout. The exchangers generate a pressure loss and
consequently require extra power. This method is rather expensive in investment cost and needs a cooling fluid storage
larger than the liquid nitrogen arrangement.

If the wind tunnel permits conventional tests, the icing tests will take advantage of the existing instrumentation.
That is the case of the Si Modane tunnel, used for icing tests but not primarily intended for them. All the test para-
meters and their variations can be recorded. The photographic motion picture, TV and magnetoscope apparatus are
conventional.

Trajectography of shedded ice parts and stroboscopy for rotor tests may be used without difficulties. The parti-
cular icing tests method consisting in the durlication of the ice accretion shape by casting (Fig. 1) is easy : this method
requires a quick access to the model after icing, to avoid alterations of the ice deposits.

- -- - 
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Fig. 1 — P/aster ice cap replicas (other presentation of fig. 9 of the appendix).

2.2. Artificial icing cloud generation 
t~

( c )
The generation of the artificial icing cloud

must satisf y all the specifications required by the continuous max.

~~~~~~~~~~~~~~~~ erm,ttent max

— the liquid water content (LWC) L WC (g ~m3)
— the mean volumetric diameter (MVD)
— the spectral distribution by diameter

around the MVO. Fig. 2 — Icing standard conditions.

Compressed air injectors, with fixed geometry, can be controlled with only two parameters : the water
and air flow rates fix the LWC and MVD. To obtain a spectral distribution as close as possible to the standard
specification over the whole range, from full scale to 1/ 12 scale , the injector geometry must be carefull y studied.
For this purpose, ONERA developed a new type of spray grid and atomizers. Nevertheless, some problems remain
critica l

— small MVD (—‘ 10 pm), associated with large LWC , need high air pressures, then high expansion rates,
fro m which follows a risk to freeze prematurely the droplets. This inconvenience can be overcome by heating
the air , sometimes up to 70°C

— small LWC , combined with low wind speed, lead to small water flow rates and eventually a poor pulve-
rization.

- ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Fig. 7 — Plaster ice cap replicas (other presentation of fig. 9 of the appendix) .

2.2. Artificial icing cloud generation
t, ( c )

The generation of the artificial icing cloud
must satisfy all the specifications required by the confinuws max.

0
standard regulations for aircraft certification in
icing flight conditions. These specifications, esta-
blished by the official services, define the icing
cloud standard characteristics from stat istical me- 20
teorological data (Fig. 2). The respect of these intermiUent max.
specifications implies to master separately three
parameters

— the liquid water content (LWC) 4° L.WC (g,’m 3)
— the mean volumetr c diameter (MVD)
— the spectral distribution by diameter

around the MVD. Fig. 2 — Icing standard conditions.

Compressed air injectors, with fixed geometry , can be controlled with only two parameters : the water
and air flow rates f ix the LWC and MVD. To obtain a spectral distribution as close as possible to the standard
specificat ion over the whole range, from full scale to 1/12 scale, the injector geometry must be carefully studied.
For this purpose, ONERA developed a new type of spray grid and atomizers. Nevertheless, some problems remain
critical :

— small MVD (— 10 pm), associated with large LWC, need high air pressures, then high expansion rates,
from which follows a risk to freeze prematurely the droplets. This inconvenience can be overcome by heating
the sir, sometimes up to 70°C

— small LWC, combined with low wind speed, lead to small water flow rates and eventually a poor pulve-
rizatlon.

H L
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A very difficult problem is to get a good uniformity of the distribution in the useful icing cloud section.
That involves

— a good atomization for each injector, avoiding the local segregation of the droplets in the injector field
this entails a thorough maintenance and repeated injector calibrations ;

— an accurate identity of the injectors, which requires a close fabrication tolerance N 10 pm) and an accu-
rate mounting of the injector pieces (at Si Modane the spray grid contains 444 injectors)

— the control of water supply, separately for each horizontal grid bar
— a good design of the grid bar which holds and supplies the injectors from both aerodynamic and mecha-

nical points of view, in order to reduce the grid drag and avoid the bar bending vibrations.

To avoid the droplet evaporation between grid and model or along the model, which is mainly due to fine
pulverization, an auxiliary installation makes it possible to reach saturation in the test section by increasing the
hygrometric facto r from 60 to nearly 100 %. At Si Modane, a warm water inject ion, downstream of the model,
ensures the constancy of icing cloud characteristics along the test section.

To cope with the various shapes and locations of the models in the test section, the spray grid, when it
does not cover the whole test section area, has to be adapted in location and configuration. At Modane, the
spray grid can cover a 4 m2 area with various arrangements of the grid bars : figure 4 of appendix shows an
example for a half model of Concorde mounted on the test section floor.

Another example (fig. 6 of appendix) shows the spray grid array for rotor models. The aerodynamic
field is surveyed by smbke visualizations. The references must be taken behind the grid to take into account
the injector air mass flow. Comparative tests, with and without grid, guarantee the validity of the results.

To obtain the alternance of the continuous and intermittent icing conditions, between them or with clear
sky, specified by certification icing standards, the liquid water content must vary by sharp steps (less than 1 sac),
while keeping constant the mean volumetric diameter. This problem has been solved by doubling the whole
array of water and compressed air supply, presetting the desired rate values for alternate conditions and switching
from one to the other condition and reversely by fully automatic control of quick acting valves, tak ing into
account the response time of the piping.

The calibration of the icing cloud is an uneasy problem for all the icing tests, because it should be made
“in situ” near the model.

The total water flow rate, divided by the airspeed and the icing cloud area , gives the liquid water content.
This assumes that no evaporation, no coalescence, small marginal effects and a good homogeneity are ensured.
Local measurements are often less reliable.

The mean volumetric diameter and the droplet spectra are determined by photometric analysis or mecha~
nical catching of samples.

The catching on oiled plate, developed by Nap/er , is a slow, cumbersome and questionable process because
of the low sampling rate and the variation of the specimens between sampling and analysis. Moreover, this
process underrates the smaller droplets, if no catching factor correction is made.

The catching on the softened surface of a film, along the Bertin method, gives a stable stamp ; the
difficult calibration of the stamp/droplet diameter ratio was overcome by an elegant method, using salty solution
of known concentration.

During the analysis in situ , it Is difficult to avoid alterations of the cloud, due to the probe Itself and parasitic
condensations. So far , the agreement between simultaneous calibration, by the several known methods, Is not quit.
satisfactory.

* ____ — 
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2.3. Scaled down model test s

As, in some cases, tests on reduced scale models are compulsory, similarity rules are then to be applied (see
appendix). In fact, one has to call upon a restricted similitude which had been established for those cases, by resear-
chers from Douglas, Lockheed, NAE, and later of BAC and ONERA. This similitude respects the catching rate and the
surface heat exchanges through the parameters : LWC, MVD, air speed and icing duration. Moreover, for helicopter
rotors, after a certain icing time, the importance of ice deposit stabilizes, due to the ice shedding under the effect of
centrifugal force. For test s on reduced scale rotors, it is necessary to simulate correctly this phenomenon, so that the
stresses on the ice accretion under the centrifugal force be the same as in flight : this entails the identity of tip speeds,
thus of forward speeds [2]. The respect of similitude rules is then obtained by acting on the droplet size, the liquid
water content and the rotor r.p.m. During all the time when the rotor is maintained in icing condition, the rotor r.p.m.
is kept constant by acting on the driving motors output.

Such a restricted similitude allows the overall study on models for the captat ion, accretion and ice shedding, and
for the determination of the zones which are to be protected against ice. The Reynolds number and sometimes the
Mach number are not respected. Nevertheless the similitude ensures reasonably well the thermodynamic exchanges go-
verning the formation of ice deposits, because the flight speeds are rather low and the main phenomena occur around
the leading edge where the flow pattern is less affected by viscosity effects , The altitude and the thermodynamics are
only approximately respected. For the rotor blades, the aeroelastic characteristics were not simulated until now.

-IT
$

with respect of
0 150 the simii,r,~y ru/es — ~~ 25

I fig. 3 — Accretion on cylinders
— — — — — — — — at full and 1/6 scale.

65 ó 75 70 (Combination of fig. 3 and 12
.. . - .- -. of the appendix).

full scale 10 
~~~~ 1/6

sim:/t;neous

According to these considerations, ONERA has assessed the validity of such icing tests on scaled down models
with an experimental control of the similarity ru/es by applying it in the wind tunnel to test pieces respectively at
full and reduced scales : as an example, figure 3 shows the shapes of accretion obtained on two cylinders at scales 1
and 1/6. The accretions are geometrically quite similar with respect to the similarity rules. Naturally, if the two cylin-
ders are subjected simultaneously to the same icing conditions, for instance full scale conditions, the results obtained
on the 1/6 model are quite inslgnifiant.

The assessment with delta wings with sharp leading edges at Incidence, and on conventional profIles, gives good
agreement on both th. extent and the shape of the accretIon.

~~ 
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The fl ight/wind tunnel comparisons offer an essential complement to validate this method. Unfortunately, few
f light results can be compared to wind tunnel tests carried out previously (naturally, it would be easier to reproduce
in tunnel the flight tests conditions).

According to wind tunnel tests on a 1/6 half model of Concorde at Si Modane, the deposits on the upper
surface were almost non existent , whereas on the leading edge the ice deposits were located at the lower surface with

stratified shape generating natural tear..offs of ice blocks. Such concretions were found again in flight, and the tra-
jectories of the naturally shedded ice parts were similar to those seen in wind tunnel.

Icing tests on a 1/12 model of Airbus led to the determination of the captation zones on the wing and tail
leading edges and on the nacelles lips. In both tunnel and flight, the stratified ice deposit shape, so-called “lobster
tail” 131,appears figure 4 : it is characteristic of the leading edge icing on a swept back wing.

1/12

Fig. 4 — Lobster tail ice shape of A300 in flight and in tunnel tests.
(other presentation of fig. 20 of the appendix).

In the particular case of rotor blades during an initial period lasting 5 to 6 minutes on the model of a 3-blade,
1/3 scale rotor , the rotor coefficients are rapidly and significantly altered by ice accretion (fig. 23 of appendix). After
that time, the ice starts breaking up locally under the action of the centrifugal force and as an average there is equality
between the ice volume deposition by accretion and that evacuated by centrifugation. Rotor coefficients then vary
slightly around mean values. The torque increase necessary to maintain the rotation rate constant is of the same order
of magnitude as that mentioned by Lake and Bradey [4] in flight.

As the tunnel test temperature was not very low (—4 °C), a fraction of water not congealed at impact runs along
the blade surface under the effect of centrifugal forces (fig. 22 of appendix). Beyond a relative radius of 0.5, the iur~
faces are clear of ice, probably due to kinetic heating. These observations agree with those made in flight by StaIlabraas
[5) for temperatures between — i and —4°C.

This set of comparisons, though made on non-similar rotors, shows agreements that augur well for the repruen-
tativity of phenomena studied in the wind tunnel on rotary wings over the whole flight domain.
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APPENDIX

TECHNIQUES AND FACILITIES USED AT THE ONERA MODANE CENTRE FOR ICING TESTS

by Claude ARMAND , Frangois CHARPIN, Guy FASSO and Guy LECLERE

Office National d’Etudes et de Recherches Adrospatiales (ONERA)
92320 CMtillon (France)

4

SUMMARY
Since 1962, the large Si wind tunnel at Modane has been used to perform icing tests on aircraft parts (wing, tail

surfaces, radome ...) at full scale.
During the last years, studies and experimental verificat ions have been done to promote a technique of icing tests

on down-scaled fixed wings. The equations defining the non dimensional ratios, which have to be satisfied to obtain an
acceptable similitude of water catching and development of ice accretion, are given.

Lately this down-scaled icing test technique has been extended to rotary wings. The evolutions of the rotor aero-
dynamic coefficients in icing conditions and the ice distribution on the blades are very similar to those observed in
actual flight .

,

TECHNIQUES El MOYENS D’ESSAIS DE GIVRAG E UTILISES A L’ONERA (CENTRE DE MODANE)

RESUME
Depuis 1962, I ’ONERA utilise Ia grand, souff lerie Si du Centre de Modane pour réaliser des essais de givrage Sti r

des Cléments d’avions a échelles grandeur (ailes, empennages, radômes).
Au cours des derniCres années, des etudes et des verifications expérimentales ont eté rCalisées dans Ic cadre de (a

miss au point d’une technique de givrage a échelle réduite sur des voilures fixes. Let equations dCfinissant es rapports a
respecter pour obtenir une similitude acceptable de Ia captation it du développement des concrCtions de glace sont rap-
pelées.

DerniIrement, cette technique de givrage é öchelle réduite a etC étendue aux voilures toumantes. Let résultats
obtenus dans cc domaine, tant du point de vue des evolutions des coefficients aCrodynamiques des rotors en condition
givrant. que de Ia répartlon de Ia glaoe stir lea pales, sent trés voisins des observations faites en vol reel.

VEREISUNGSTECHNIK UND — VER$UCH$EINRICHTUNG DER ONERA

ZUSAMMENFASSUNO
Sift 1962 benutzt die ONERA den grossen Windkanal Si des Modaner Versuchszentrums zur Durchführung von

Vereisungsversuchen an Flugzeugbautell.n wahrer Gross. (AUgel , Leitwerk, Radom).
Im Rahmen der Entwlcklung am er Verelsungstechnlk Im vsrklslnerten Mass-stab wurden Im Verlauf der vergang.nen

Jahre experim.ntell. Versuche und NachprUfungen am TragflGgel durchgsf(àhtt.
Es werden die Gleichungen angsgsb.n, welch. die zu bsachtsndsn Gr6,senverMftnisse definieren, urn ems ann.hrnbare

Ahnlichkelt bel der Entstehung und Ausbildung dir Elsanlagmung zu gswIhrlelst.n.
In letzt.r Zeft wurde dies. V.r.lsungst.chnik auf Or.hflüg.l stweft.rt. Dl. hlerb& erzi&ten Ergsbniu. sowohl

hlnslchtllch des Verlaufs dir aerodynamlsch.n Rotorbslwerte als auth bezügllch dsr Elsentwicklung entlang dot Blittar
stimmen mit din Im Flug gamachten Bsobachtungen gut (therein.
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NOTATIONS

a Median volume diameter of droplets (pm)

b Heat relative factor [3)

c Blade chord

C0 Autual drag coefficient of a droplet
Rotor torque coefficient, also rotor power coefficient. If C7 is the torque and W the shaft power

C7 = 700 C,/ IpNcR2 U2 100 W1J_pNcR~~ (fl
2 2

k Model scale

LWC Liquid water content in clouds (g/m3 )

M
~b Mach number at advancing blade tip : = (V+ (fl/sound velocity in the test section

n Icing fraction [3J
N Number of blades. Here N- 3

Pa Ambient atmospheric pressure (Pa )

P0 Static pressure in the test section (Pa )

PP~ Partial water vapour in the atmosphere (Pa)

R Rotor radius (m)

R Relative radius (distance to axis, relative to rotor radius)

R
~ 

Reynolds number relative to droplet diameter and droplet velocity
t, T8 Air static temp erature at infinity upst ream (°C, K)

U Rotor tip velocity. U- ,.,R (m/s)

V Roto r forward velocity (mis)

V0,, Velocity at infinity upstream (mis)

~~ Rotor propulsive force coefficient (parallel to wind). If F is the propulsive force : .~‘ = 700 X/i.pNcRU2
— - 2
Z Rotor lift coe ficient (ve rtical). If Zis the lift : Z = 700 Zf_ f_ pNcRU2

2
Pitch angle, or inclination of the plane described by the blade tips on the horizontal plane ; positive for pitch

up (degrees).
Inclination of the rotor shaft on the vertical ; positive for pitch up (degrees)

0~ Cyclic pitch (degrees)

Collective pitch (degrees)
A Advance ratio. A = V/U

p Air density (kg/rn3 )

o Shear stress in ice (Pa)

s Icing time (s)

w Rotor angular velocity (r.d/s)

Subscripts
I Autual aircraft or full scale model
k Ratio u) the values of a parameter for scale k and full sca le (ix . : P = P 4 -ak m 1
m Model

___________________________-



INTRODUCT ION

There exist different means for defining the shapes and extents of ice deposits on aircraft frames and on heli-
copter blades, and for qualifying de-icing and anti-icing device s

— fli ght tests in natural icing conditions
— fli ght tests in artificial icing conditions

• of actual parts mounted on a carrier aircraft , behind a water pulverizing grid ,

• of the aircraft itself , f l y ing in an artificial cloud behind a tanker aircraft
— ground tests in stationary operation (helicopters)
— wind tunnel test s

• of actual parts or at full scale,
• of full or half models at reduced scale.

The study in art ificial cloud implying the creation of clouds of the same nature as those encountered in flight ,
it is mandatory to knov~ the character ,stics of the latter.

Statistical meteorological data enabled the Official Services to define the dimensional characteristics of icing

clouds liable to be encountered by aircraft in flight, as well as the technical conditions for granting the icing item its
airworthiness certification.

In artificial icing test procedures, among them wind tunnel tests, two cases should be considered : maximum
continuous icing, and maximum intermittent icing.

The atmospheric conditions corresponding to maximum icing are defined for water droplets of 20 ~m median
volume diameter in the following condit~oris

Liquid water content (g/m3)
Atmospheric temperature (°C)

Continuous Intermittent

0 0.8 2.5
— 10 0.6 2.2
— 20 0.3 1.7
—30 0.2 1.0
—40 0.2

The temperature and pressure-altitude ranges where these types of cloud may be encountered are defined on
figure 1. .Atmospheric temperature

Atmospheric temperature

_ _

i

~ 

H\
~~~~~30 Ressure altitude Pressure altitude

0 4 8 12 16 20 000 ft 0 4 8 12 16 20 24 28 000 ft

Fig. I — Max/mum Ic/ag condItion , a) Continuous b) Intermittent.
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The extent of these types of cloud is considered as unlimited ; however, for demonstration tests it is taken

equal to 30 minutes for cruise or stand-by flight configurations, and to the actual flight time for climb or descent
I light configurations.

For intermittent icing, the extent of the cloud is supposed to be 5 km however, for demonstration tests the
corresponding cloud formations are made of 5-km-wide clouds, separated either by clear sky intervals or by clouds of
maximum continuous type, defined as above.

1 — STUDY OF SIMILITUDE LAW S

The theoretical study of the laws governing icing in similitude conditions requires the analysis of various physical
phenomena. The f irst one is that of the mechanics of water droplet pick-up, which involves the investigation of the
trajectories of these droplets in the aerodynamic field of the flow around the icing obstacle. A study of this problem
has been made by Langmuir and Blodgett , of General Electric Company [3].

The second of these phenomena is that of the distribution of water , then of ice, on the profiles ; it involves the
water content of the cloud, the icing time, and also the convection heat transfer coefficient, defined by Gelder and
Low/s in ref. [ 2J.

The third phenomenon, perhaps the most difficult to treat , is that of the thermal balance of a wall in icing condi-
tions. A very detailed study of this problem has been performed by Messinger, of Lockheed Aircraft Corp. [3], in

which he brings to light the concepts of “heat relative factor , b” and of “icing fraction, n”.

This various studies were put together , with a view to define the relations between the parameters governing wind
tunnel similitude tests, by Mauger, Englar and Reasesr, of D uglas Aircraft Comp. [4] and by Brun , of Paris University
[51.

For industrial tests in similitude conditions, and for similitude icing tests on simple models intended to check
the theory, the parameters defining icing clouds have been calculated from the works by Googan, Jackson and
Hubbold, of British Aircraft Corp. [6 , 7]. These works made it possible to carry out the transposition from the air-
craft f l i ght range to that simulated in the wind tunnel , within the framework of icing restricted similitude. This simi-
litude is restrict ed, as it is not possible to respect together the Mach and Reynolds number conditions for the aerody-
namic flow around the obstacle and the Reynolds number condition for the droplets. But it happens that, in the
flight conditions where icing might the dangerous, the aerodynamic field in the ice pick-up zones is little sensit ive to
these two parameters , as the compressibility and viscosity phenomena in the boundary layer remain inimportant
around the leading edges at low or moderate speed.

The analysis of the aerodynamic and inertial forces acting on the water droplets close to the obstacle leads to
eq. (1) relating the various parameters of the droplet trajectory similitude

2 - x  
~, 

I - x
(1) k =  

ak rock

e
~ak 

T8 3 / x  [(Tem
+ l ll) / (Ta + 1 17)] 

-

In eq. (1) , xis  chosen so as the approximate formula

C0 .R
~

/ 2 4  K (R v )
x

represents at best the evolution of the actual droplet drag as a function of the Reynolds number R
~ 

related to its velo-
city relative to the flow, within the range of values of Rv where this relative velocity intervenes determinantly on the

_ _ _ _ _ _ _ _  
L. k
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trajectory deflexion from the streamlines, at full scale and at reduced scale in wind tunnel tests• Figure 2 shows that
for a droplet Reynolds number range between 6 and 120, covering both the flight domain and the 1/6 and 1/12
scale domain, the value of x represented by the slope of the straight line passing at best through the points, can be

taken as 0.39,

C0. R~,

so
24 

— -  I I I  —

_____ — — Icing at full scale 
~
—;-—

6 _____ — — — or in flight 
—

______ — Icing at 1/6 rcale —

Icing at

2 ~~ 2 sc&e 
_ _

‘~
j
~ 

Slope 0.39
_________ __ 

I 
__I - - . I ‘ . • _____________ ...— ~~

4 6 8 10 20 40 60 80 W ZI) 3(X)

Fig. 2— Ratio between the actual dr~ of a droplet and that given by the Stokes law
a a function of Reynolds numbo,-.

In most cases , the ratio Ta /Ta is close to 1, and the practical formula to be used for the calculations becomes
m I

1.01 v 0.01
(2) • k k

0.39

The analysis of the various parameters acting on the volume and distribution of ice on the profiles leads to for-
mulas (3) and (4), defining respectively the ratio of liquid water content in the mist and the ratio of icing times

~ak
(3) LWC,. = ________________

,.0.2 0.2 ,~ 1.6
S~ V~~~~ ‘a,~

Li.2 r 1.6
‘~ ‘a(4) — ____________

i 0.8 ~ 0.8Voak rak

Equations (3) and (4) are only valid if the parameters relative heat factor b and icing fraction n, introduced by
Mess/tiger [3),are equal in flight and on the model. We then should establish the relation between the variables that
ensure the balance between the convective, evaporative and kinetic heat quantities. The formulas obtained in [3] give
the equation that relates air temperature, velocity and pressure to the two parameters b and n in the case of an un-
heated wall :

1.06 . 70’ PP
(5) = ta( 7 + b)  + 7730 ° + 79.lnb + (3.65ib)

P, 8370

The whole set of the above formulas is then applied to the transposition of the actual flight case to its corres-
ponding one in the wind tunnel. The laws are already established in the case of fixed wings, then their field of appli-
cation is extended to the case of rotary wings.

—. _________  ___________________________________________  
C
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1.1. Icing similitude on aircraft parts

Icing similitude between aircraft and model is ensured if a number of conditions is respected, concerning the aero-
dynamic field, the thermodynamic exchanges between air , water and ice, the droplet trajectories , the water content in
icing clouds and the crossing duration of these clouds.

For an aircraft flying in given conditions, the flight is characterized by the velocity (V~~), the angle of attack
(a f ) and the flight altitude (H 1). At this altitude corresponds a static pressure (P51) and an ambient temperature (t a ) .
The icing cloud is characterized by its w ’~ter content (L WC) f, the droplet median volume diameter (a1) and the water
vapor partial pressure (PPQQ1J. The ice deposit on the wing depends on the above parameters and the cloud crossing
duration (r1)-

For a model of this aircraft at scale k , tested in the wind tunnel , the equivalent data (subscript m) have to be
determined in relation to those if the aircraft in flight or at full scale (subscript 1).

1. 1. 1. Aerodynamic similitude

The aerodynamic similitude is first ensured by the similitude of shapes and the equality of angles of attack

~m ~f

The flig ht velocities in icing conditions being usually low, the aerodynamic field does not imply transonic phe-
nomena, and is not modified by a velocity variation. The Reynolds number effect being usually negligible, there is
not necessarily an equality between flight and wind tunnel velocities. On the other hand, the aerodynamic coeff i-
cients are the same in both cases.

1. 1.2 Thermodynamic similitude

The parameters characterizing thermodynamic exchanges between air , water and ice satisfy the relation (5). The
four parameters P~, t~, PP ,, and V~ determine the conditions in which thermodynamic exchanges take place, so that
eq. (5) is reduced to a homographic relation between n and b

A +8  b(6) 
~~ = “

b

This relation fixes the nature of the thermodynamic exchanges. For the similarity to be ensured, the set of
values for parameters P~, t8, PP~, and V,,, should lead to the same relation (6), for the flight and the wind tunnel, so
that

A1+ 8 1b Am + B m b
( 7)

b b

(8) or Am = Af 8m =

The values of the four parameters are known in flight, so that A1 and B1 are determined . In the wind tunnel,
the stagnation pressure and temperature are known, and there exists a relation between V

~m. t8 and 1*a Lastly,
there is a relation between the water vapour partial pressure (P P oom) and the static temperature (ta

m ). So th~~e exist
four relations between P9,,~. tam, ~~~~~~ 

and these are all determined if the thermodynar- c sim~~tude has to be
achieved.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- I‘~1 
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1.1.3. Similitude of droplet trajectories

Aircraft and model being geometrically similar , at scale k, we must make sure that the droplet trajectories are
also similar in flight and in the wind tunnel. he aerodynamic field being the same, the trajectories depend only on
the droplet size. The trajectory similitude is ensured if the median volume diameters in flight (a7J and in the wind
tunnel (am ) satisfy eq. ( 2 L

n 0.39aj ~(2’) ak
’61 =

V~~ 
0.61

In this relation, all the terms on the right hand side are fixed by the previous conditions and, af being known,
am is determined. In fact , the experimenter will choose the parameters so as the similitudes be respected and am
might be actually obtained with the existing pulverization device.

Equation (2) must be respected for the droplet trajectories to be correct and the ice pick-up on the wing be
realistic.

1. 1.4. Similitude of ice deposits

The importance of the ice deposits depends on the quantity of liquid water in the icing clouds (LWC I and the
cloud crossing duration (~ ,The analysis of the various parameters acting on the volume and distribution of ice on the
profiles leads to the relations of similitude defined in eq. (3) and (4).

The set of relations (5). (2), (3) and (4) allows the solution of icing problems at reduced scale on models of
fixed wing vehicles.

1.2. Icing similitude for rotary wing aircraft

Their laws are defined from these valid for fixed wing aircraft

1.2.1. Aerodynamic similitude

It is ensured of the aerodynamic field for each blade section is the same during a revolution in flight and in
wind tunnel, on both the full scale and the scaled-down model. To this end, the shaft inclination (Q~~) . the collective
pitch (Os ) and the cyclic pitch 

~~~ 
are adjusted so that the disc inclination (aD) be that of the flight and that the

geometric incidences be realistic. The rotation speed (c,.,), tip speed (U) and advancing speed (V) are adjusted so that
the velocity composition be the same in flight and wind tunnel on any point of the disc for this, the advance ratio
(A = V/U) must be the same. The Mach number of the advancing blade tip (M~~)has to be maintained equal only if

compressibility phenomena are significant. This was not the case for the tests at S1MA, but as equality of speeds was
required for respecting equality of stresses in ice (see section 1.2.4), equality was respected for V, U, Mab and A.
Consequently, the angular velocities were in the inverse ratio of k

Um =W m Rm =Uf =W f Rf
(9)

= “-‘rn/ ”f = i/A k = i/k.

The corre ct adjustement of these various parameters is verified globally if the lift and torque rotor coefficients
are the same in the wind tunnel as in flight.

- ,~,..-- -~ - — ‘  ..~~~~,-,--- - - - -~ —~—-—- -—--— — 
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1,2 2. Thermodynamic similitude

Equation (5), valid for fixed wings , applies here in the same way, the parameters , P~, ç, PP,,. n and b having
the same definition , and V~ being the instantaneous velocity on the profile section considered, resulting from the
composition of the rotating and advancing linear velocities.

Thus, the thermodynamic similitude consists in making to every flight velocity V0,,1 correspond a wind tunnel
model velocity V,,,

~m which is a priori different. There is there a contradiction with the aerodynamic similitude , which

had been chosen so as to impose equal local velocities in wind tunnel and in flight. Practically, this difficulty was

solved by keeping to a velocity calculated to satisfy the aerodynamic similitude. The error resulting in the thermody-

namic similitude in the tests at Si-MA is about 0.5°C, a value of the same order of magnitude as that of the measu-

ring precision of temperature (ta) during the tests for that reaso n, it has been considered as negligible.

1.23. Water droplet trajectory similitude

The aerodynamic similitude ensuring the equality of the aerodynamic fields on similar profiles, the trajectory

similitude is ensured in the same condition as for fixed wings, and the same eq. (2) applies. The values of velocities
V0,, vary with the profile section and the blade position during a turn ; but the equality of the advance ratio implies
that the velocity ratio Vc,,k is the same at every point. In the particular case of the Si -MA tests , the velocities being
equal, the ratio is 1.

1.24. Ice deposit similitude

In the same way, the same laws apply as regards liquid water contents and cloud crossing duration. But moreover ,
in the case of rotary wi ngs account must be taken of the centrifugal forces due to blade revolution, that provokes shedd-
ing of ice deposits. For these sheddings to be the same in flight and in the wind tunnel, it is necessary first that shear
st resses in ice be the same in both cases. But, aD the parameters being fixed , the ratio existing between these
stresses is an established fact. Assuming the ice density to be the same in flight and in the wind tunnel

(10) m~~2 f l
0 =

S

(11) = ,
~k ~~~ 

R,/sk = k 3 k ’2 k~
’2 ‘ k = 1.

So the shear stresses in ice, in flight and in the wind tunnel and the same in similar sections.

This allows one to hope that natural ice sheddings due to centrifugal forces, as obtained in the wind
tunnel, are well representative of those in flight. In fact , the natural sheddings of ice are certainly under the
strong influence of the blade flexibility . In the case of the helicopter model used in the tests presented below,
the model blades were stiffe r than those of the real rotor. The wind tunnel test results are thus pessimistic, as

ice will tend to shed more easily in flight.

— - - ---.____ —. __ I___ — —



2 — TESTING MEANS AND TECHNIQUES

The specifications of the standards concerning icing conditions in flight required the fabrication of a set-up
providing a wall defined icing cloud in test section n° 1 of the Si-MA wind tunnel.

The pulverization grid can comprise 444 air fractioning injectors distributing an homogeneous cloud of droplets
whose median volume diameter can be adjusted between 10 and 20 pm over a 4-rn2 surface. The liquid water content
can be adjusted between 0.4 and 10 g/m3 for velocities reaching 100 rn/s.

The air and water supplies to that grid can be automatically controlled so as to ensure alternate icings (condi’
tions of maximum continuous, maximum intermittent and clear sky , according to offic ial specifications) while keeping
the droplet diameter practically constant, with periods varying from 3 seconds to several tens of seconds.

Preliminary tests had shown that the droplets evaporated if the air of the main flow was not saturated. This
evaporation modified the droplet diameter and the liquid water content of the artificial cloud, which thus caused ice
deposits not representative of the set conditions. To palliate this difficulty, the Si-MA wind tunnel was equipped with
a saturating device made of 8 pulverizat ion nozzles providing up to 900 dm3 /h each, and thus ensuring saturation in
the test section by raising the hygrometric degree from 60 to nearly 100%. The permanent monitoring of the hygro-
metric degree is ensured by an automatic dew-point hygrometer operating by continuous pick-up in the test section
(fig. 3).
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The pulverization grid can be placed in various points of the test section according to the shape and position
of the model (figs. 4. 5. 6).

• Fig. 4 - Grid and model
ins tall.d on the wind tunnel
floor.

F19. 5 — Grid end model
installed in the centre of

the test section.

Fig. 6 — Grid end helicopter
rotor.
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The position of the pulverizing grid relative to the model is determined after a preliminary test, during which the
fluid filets surrounding the model are visualized by smoke streaks this positioning is later checked with the water dro-

plets.

Tests made it possible to determine the positive or negative pressure drop in the wind tunnel, behind the grid,
as a fun ction of air flow , and to take it into account for the determination of the velocity at infinit y upstream.

The study of the aerodynamic flow behind the grid was carried out by combing and by comparing wall visua-
lizations, pressure distributions and aerodynamic weighings on the profiles with and without the grid. The perturbating
effect of the grid is very low ; an example of this effect is given, in the case of a rotor, on figure 7. The curves on the
left present the results obtained, in the same operating conditions, with and without grid in the test section. The curves
on the right present another experiment, where the rotor has been weighed behind the grid with and without air injec-

tion. The differences are small, of the same order of magnitude as the precision of the measuring instruments used for
this experiment. We must then conclude that the presence of the icing grid, in front of the rotor, does not cause any
appreciable perturbation in the operation of the latter.

Z (l ift)
.—

injection 
1st test case

• Measurements Without injection
dispersion jm.___._ With air injection 2nd test case

r

1 0 \

5 Resolving power in lift

Resolving power in torque

~j Torque
0 Q

1
5

Fi~ 7 —  Effects of th gild and air Injection on rotor coefficIent,.
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The 8-m-dia. Si-MA test section permits the experimentation of large models with a low blockage factor these
models can easily be reached five minutes after the test, which makes possible the recording of ice deposit extent and
shape for photography and by direct measurements. Interpretation of the photographs is made easier by the use of

cross-lined patterns or of very precise marks painted on the models, identifying chord percentages or angles (fig. 8).
In case of important ice deposits, their castings. can be performed (fig. 9). The tunnel floor comprises a balance allowing

an angular setting and the measurement of aerodynamic forces on the model before and after icing, as well as a com-
pressed air supply to feed with primary air the ejectors simulating the engine air intakes in some models.

4.8
/ -. 
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Fig 8 — ~~of,k of an ice deposit measured
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The test section sidewalls can be equipped with floodlights and high-speed cameras (1200 frames per second)
necessary for studying the trajectory of ice chunks shed, either naturally or artifically, from the forward parts of the
model.

The particular test rig for helicopter rotors is described in detail in ref. [8, 9, 10] . This set is put into operation
under the control of a monitoring system ensuring the safety of personnel and installations. This monitoring and safety
system comprises :

- ~~~~~~~~~~ 
_ _ _  
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— the visualization in two large multitrace screens of the s ignals provided by strain gages mounted cn the blades
and the signals from the balance and the torquem.ter ; the main parameters are permanently recorded on an analogue

• magnetic tape

— an independent electric supply ensuring the operation of some essential functions (lubrication, pitch control)
in case of breakdown of the main electric network

— a closed television circuit, with stroboscopic lighting and magnetic recording for the permanent monitoring of
the rotor ;

— a particular interphone between the rotor control room and the monitoring room ; order transmission and
exchang. of essential safety informations are thus ensured without any risk of interference with the routine test com-
munications.

Let us add that the test section and its windows are reinforced and that, before each test, a thorough study of
the dynamic characteristics of the test rig and the blades is carried out , this stud y being liable to lead to modifications
of the natural fr equencies of par’ts of the rig .

The acquisition unit allows on-line calculations, for the setti ng of the test parameters as well as of the results
on aerodynamic weighings ; these can be presented on a cathod e ray tube as a curve,

The recording on magnetoscope and by photography of the observations made under stroboscopic lighting
allows the restitution of ice accretions.

3 —  VALIDITY OF ICING AT REDUCED SCALE

Having yet no e ement for comparing icings in flight and at reduced scale in the wind tunnel, it has been consi-
dered necessary to check the calculations concerning icing in similitude by comparative wind tunnel tests at full and
reduced scale. So ONERA undertook, in parallel with industrial tests, similitude icing tests either on simple shapes

such as cylinders or on wing shapes similar to those concerned with industrial tests. These tests were performed first
at 1/6 scale, then extended to 1/12 scale. In this case, the calculations are the same as for flight-wind tunnel similitude,

but as it is not possible in the wind tunnel to adjust the pressure and temperature, the theoretical thermodynamic
icing similitude can not be strictly obtained.

In the cases where the icing similitude laws were not respected, the ice deposits appearing on the models are very

dissimilar as regards both extent and shape. Figure 10 presents a set of photographs in which the left hand ones (a)

represent icings obtained on models associated with correct clo uds, and the right hand ones (b) models associated with
clouds not respecti ng the similitude laws . Icings on cylinders (fig. 10-1-a and b) show very different glaciation angles

(80 and 140°). As for ice thicknesses, brought back to ~h• sam, scale (full scale) , they are also widel y different : 30
and 180 mm. On delta wings (fig. 10-2-a and b), the icing on the leading edge that appears In normal test Is practically

non existent on the large model. In the case of icing on segments of thick profiles (fIg. 10-3-a end b), th. differences

are still more dramatic : the correct icing exte nds up to 2.5% of the chord while on the small model It extends up to
15%, with very different shapes of accretions.

• -—— - —.——~~~—-———-—.—.——~~~~~~~~~~-. - —.---- - — ,—
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Fig. 10 — Scale influence on icing — Tests with the same cloud and n,odels at scales I and 1/6.
a) Larg, model — Similitude respected
b) Smell model — Similit ude not respected.

1. Cylinder 2. Delta wing 3. Swept leading edge

Figures ii and 12 show, as photographs and scaled sketches, results of tests on cylindrical models in 1/6 and 1/12

scale similitude. The glaciation angles are very similar, and the thicknesses, brought back to the some scale, are not
very different, as shown on Table I

Table I — Results of similitude tests

Scale ratio Position Cf em em/k Relative difference
k (mm) (mm) (mm) %

1/6 Centre 10 1.5 9 10

Sides 30 4.5 27 10

1/12 Centre 15 1 12 15

Sides 40-45 3 - 3.5 36 -42  10

Icinge at ~~all scale are more regular than those at large scale, when lateral protuberances appear ; on the other

hand, the zone localised around the stagnation line of the flow is made of transparent ice in both cases.
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Figure 13 shows the shapes and extents of ice deposits at full and 1/6 scale on two half delta wings of 750

sweep and at 15° angle of attack. On these wings, the ice appears only on the leading edge lower surface , as a corru-
gated deposit whose section perpendicular to the leading edge has the shape of an isosceles triangle attached by one
of its apexes. This shape is observed at both scales.

Other comparisons have been made on thick profiles at incidence 1111.

The whole set of experiments made in conditions respecting the similitude laws shows a good agreement as
regards both deposit shapes and extents ; however, a slightly smaller deposit is generally observed at small scale, which

may be explained by the formation of a small percentage of ice crystals at the grid outlet. This percentage could be
higher in tests at small scale, which requires smaller droplets and a higher injection air pressure.

More recently, comparisons between similitude tests in the wind tunnel with full scale tests of an SST air
intake, and with actual icing in flight (Concorde, Airbus), provide an essential complement to the validity of the
method. Moreover, it must be noted that the natural shedding of ice chunks, due to the stratified nature of the
deposits, has been also observed on Concorde in flight.

C

—

— t ,• _ _ _

a) Scale 1 b~ Scale 1/6

Fig. 13 — Comparison of ice deposits on delta wings In sin,ilirude conditions.

4 — TESTS PERFORMED

Industrial tests performed to-date in the Si-MA wind tunnel concern aircraft parts at full scale and aircraft
complete models at reduced scale. 

-

4.1. Tests it full scale

Th. case of icing at full scale can be considered as similitude scale, with k. 1. This it is only a part icular case
of similitude tests.

The tests are usually performed on actual aircraft parts, either to test dc-icing devices or to define the zones
and shapes of accretions for non de-iced parts.
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Figure 14 shows, at the end of a test, the leading edge of an aircraft fin equipped with a pneumatic de-icing
rievice. A non do-iced reference zone carries the ice accumulated during the whole test the rest of the leading edge,
completely free of ice, demonstrates the efficacy of the de-icing device .

Fi gure 15 shows the evolution of ice deposition in the central part of non de-iced fins of an aircraft during tests

~it Mach 0.3 lasting 10, 20 and 30 minutes. During these tests , the drag rise has been measured .

Figure 16 shows the effect of the actuation of the horizontal control surface of a fin after a 30-mn icing test.
During the movement , the effort required to break the ice has been measured .

Other tests have been performed with thermal de-icing devices.

~

_
_

F~. 14 — lc,,,g ,,faj’a,,ce on a pneumatically de ,ced leading i Ij~e.

Fig. 15 — Ew,lutlon of ice deposits on a tall fin during an Icing tier.
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Fig. 16 — Actuation of. horizontal fin control su,1.ce.

a) before actuation b) after actuation

4.2. Tests at redu ced scale

These tests concern wings and fins, as well as rotors.

4.2.1. Wing models

The study of icing on Concorde has been performed in cooperation with the British and French Official
Services, on a 1/6 scale half model built by the British Aircraft Corporation. These tests aimed at the study of the
volume and extent of ice deposits likely to occur on the upper surface and the lead’ing edges of the wing and air
intakes during stand-by and approach flights. The tests revealed that upper surface deposits were practically non exis-
tent, while the deposits on the wing leading edge were limited to the leading edge lower surface, with a stratified
shape promoting natural sheddings by rupture (fig. 17, 18). These very brittle deposits, as well as the natural sheddings
whose trajectories had been filmed in the w ind tunnel, have been observed during Concorde flight tests. Figure 18
also shows the influence of ice deposits on the longitudinal aerodynamic coefficients.

Similitude icing tests have been performed on a 1/12 scale model of Airbus ; these tests revealed the positions
of accretion zones on the wing and fin Ieadin9 edges and on the engine pod lips (fig. 19). A flight-wind tunnel comp~i-
rison on the shape of wing leading edge deposits is given on figure 20 : the photo9raph of the flight tests is taken in
the Laschka and Jesse paper [12J. Both in flight and in the wind tunnel there appears a stratified ice shape, called
“lobster tail”, that characteri zes icing on a swept leading edge.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Fig. 17—Ice deposit on a 1/6 scale
h.lf model of Concorde.
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Fig. 18 — Influence of icing on the 1/6 scale half model of Concorde.

FIg~ 19 — Similitud, icing on a 1/12 scal, model of Airbus.
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4.22. Rotor models

Durir~ the 1973-74 winter , ONERA performed, in cooperation with the French official services and the
Aérospatiale Company, the first similitude icing tests on a helicopter rotor (13]. These tests were performed on a
4-m-dia. 3-blade rotor, supplied by Aérospatiale ; the blade chord was 210 mm and the root profile a NACA 0012.

The hub allowed a collective pitch adjustable from 0.9 to 26.5°, as well as a cyclic pitch setting. The rotor blades
were made of a glass fiber reinforced resin, with a metallic longeron.

The test technique consists in adjusting to their nominal values the rotor and the wind tunnel before icing
injection of icing cloud. As soon as these settings are obtained , the cloud in injected and the rotor rotation speed is
maintained constant by action on the driving motors. During the whole icing test , aerodynamic weighings and magne-
toscope recordings are performed . At the end of the test, photographs of ice deposits are take n in the test section.

An example of these photographs is presented on figure 21. The four parallel white lines are located at 5, 10,
20 and 30% of the chord respectively. The two white lines numbered 3 and 5 are respectively at 0.3 and 0.5 A. The
photographs of fi gure 21 show that ice deposits appear in the central zone of the rotor , close to the hub, and that
the blades are free of ice for any relative radius above 0.5 A. This absence of ice may be explained by the increase

in kinetic heating along the span, due to that of the local aerodynamic velocity (
~~+ j j  flj , and/or by the increase of

centrifugal force along the span.
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Fig. 21 — Ice deposits on the hub and blade upper surface.

The photographs of figure 22 show the three views defining the extents of ice deposits near the root of one of
the blades. The views of the lower and upper surfaces show that the ice deposit on the leading edge is localized in the
first 5% of the chord. In this zone, the maximum thickness is about 5 mm, corresponding to 8.5 mm at the full scale
of a 6.7-m-dia. rotor (k. 0.6). There is, especially on the upper surface, a rather thin deposit of transparent ice provo~
ked by the residue of water picked up at the leading edge, not transformed into ice at impact and flowing under the
effect of aerodynamic and centrifugal forces (“run-back” phenomenon). The test temperatule was not very low
(—4° C), and the fraction of water transformed into ice at impact is relatively small , so there is an important percen-
tage of water able to run along the surfaces.

1 — 4~ ~~~~~~~~ ~M
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The leading edge deposit is not very smooth ; there appear on the photographs of figure 22 some dents (marked
by arrows) corresponding to ice sheddings that occurred during actual icing. Visual stroboscopic observations, as well
as restitutions from the magnetoscope , revealed that afte r an icing duration of some five minutes during which ice
settles regularly on the blade leading edge, cycles take place during which ice settles, grows and is torn off. The period
of such cycles is difficult to determine , but is somewhere between 10 and 20 seconds, corresponding to 20 and 40
seconds at full scale. The icing test could last a very long time without the cumulated amount of ice becoming more
important than during a single cycle as an average, there is as much ice deposited as evacuated by centrifugation.

- I
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Fig. 22 — Ice deposits on a rotor blade.
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Fig. 23 — Variations i, time of rotor coefficients.

The cycle phenomenon appears, as regards aerodynamic weighings of the rotor , as constant values after 5 to 8
minutes of icing (see fig. 23) : on the three main parameters, i.e. lift, propulsive thrust and torque, there is a rather

—, 
—-— — —
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rapid evolution from the icing onset, then a tendency to stabilize, when the above cycling phenomenon takes place.
This stabilization is obtained, in the test case mentioned here, with a lift drop of 2.5%, a rise in the torque required

from the constant speed motor of 25%, and a decrease in propulsive thrust of 65%. During the whole icing duration ,

the monitoring of the strain gages, and also of the dynamic values of the signals provided by the dynamometric unit ,
did not show any significant increase as regards vibrations.

No flight test resu’ts are yet available that are strictly comparable to these performed in the wind tunnel, but it is

possible, as regards the comparison on the shape and extent of ice deposits and on the evolutions of aerodynamic

parameters during flight in icing conditions, to confer to documents ref [14 through 19]. In [14], Stallabrass shows

that there is a limit to ice extension on the blade leading edge, which depends on external static temperature and is
due to kinetic heating. Still in (14], the author shows that there is another limit of ice thickness, due to centrifugal
shedding of ice chunks. These theoretical considerations on the spanwise limitations are confirmed by some flight

tests presented in [15 through 18]. Icing behind the leading edge zone, due to the “run-back” phenomenon (see fig.

22), is also found in flight [14, 15]. The results obtained in flight, as described in ref. [14, 15, 17 , 19j,show increases

in the torque and power required from the engine during flights in icing conditions quite comparable to those mea-
sured in the wind tunnel (30% increase in torque), as well as the appearance of a stabilization of the torque when the
cyclic phenomenon of centrifugal ice shedding is reached. Lake and Bradey [19] mention the great sensitivity of the
rotors to small ice deposits, which may be explained by the very fast increase of the torque required from the driving
motor in the wind tunnel from the very onset of icing conditions.

This set of comparisons, though performed on rotors different from that tested in the wind tunnel, show such
similarities that there is no doubt that similitude icing tests in the wind tunnel give a very close representation of tests

in actual flight.

5 — EXTENSION POSSIBILITIES OF THE TESTS

The large Si wind tunnel of Modane used for icing test s is cooled by air exchange with the atmosphere, and can

be used to this end only during cold weather in the winter months. This time limitation in the general planning of the
wind tunnel operation is thus complemented by a random limitation due to meteorology. To palliate these difficulties ,
ONERA is studying means for artificially cooling the test section. A project combining a low temperature exchanger
and expansion of air at high pressure should provide the frigor ies necessary to reduce the air temperature in the wind
tunnel by 15°C. The realization of that project should permit us to ignore, for a larqe number of tests , the local atrnos-

pheric conditions, and to perform tests at very low temperature necessary to qualify some devices such as de-icing and
anti-icing systems.

6 — CONCLUSION

The development of artificial icing-cloud-producing devices in large wind tunnels on the one hand, and that of
theoretical laws of smilitude applicable to icing problems on the other hand made it possible to perform in wind

tunnels, and in particular in the ONERA Si tunnel of Modane, icing tests that provided quite significant results.

These results concerned the qualitative pile-up of ice deposits on aircraft parts at full scale and of complete air-
craft models at reduced scale , down to 1/12 ; similar results were obtained on much more complicated structures such
as helicopter rotors. Measurements taken during these tests provided quantitative results quite comparable to those
obtained in flight.

It is thus possible to use in a practical way the wind tunnel to predict the performance of new fixed or rotary

wing aircraft from wind tunnel tests. Future technological developments should Increase the yearly amount of suc h
tests.

- - -~~~~~~~~~ - -  - - -—--- - -  __
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ICING TEST FACILITIES IN flLIL?sà

by
T. H. Ringer

Section Head, Low Temperatur. laboratory
Division of N.ohanioal ~~~~neering
National Research Council of Canada

Ottawa, Canada
flA 016

StRIfARY

Th. icing aiseslation facilitiea for research, development and testing at th. National Research Counci l
of Canada ar, described. The major facilities include a low speed icing wind tunnel, a hits spied variable
density t~~~.1, a refrigerated jet engin. t..t cell and a helicopter icing spray rig. An Appendix 1.
included that list. reporta and papers published on icing since 1935.

flI’rROWCTICN

Icing r.eearch end teat facilities were in use in Canada during the early ItO., although at that time
moat of the work was conducted during flight testing and only limited ground teat facilitie, were availa-
ble. The ccnetruction of an open circuit, naturally refrigerated, icing wind t~~~el to be powered by an
aircraft engine and propeller was carried out between l9It2 and 19I~5, although it was never placed in serv-
ice. Ultimately the building contat”4ng this open circuit tunnel becene the nucl.ua of a much larger
building designed for icing and cold weather research .

The NRC Low Temperature Laboratory of the Mechanical ~~gineering Division waa opened in 19l~8
(1). The

physical plant of this laboratory consisted of a large refrigeration syste. in addition to three cold
ohembers and an icing wind tunnel. The facility that subsequently baa become known as the Low Speed Icing
Wind Tunnel was orsgi.~&Ily placed in operation in 1950. In the early 60s a high speed icing tunnel was
installed in an extension to the Low Temperature Laboratory building.

In the late 10s the ~ sgine laboratory of the NRC Mechanical ~ sgin.ering Division operated a field
station at ~nzrcbil1, Manitoba, in which jet engine, could be tested under natural low temperature oondi-
tions. Icing of j.t engines was first carried out at the Fort C~turchill location. Ultimately icing test.
were transferred to Ottawa in one or more of the engine tist cells at the Begin. laboratory.

In the early 50. following work on propeller and wing protection for fixed wing aircraft, the Low
Temperature Laboratory undertook o~natraotion of an Icing research facility in which a helicopter could be
hovered. ~~i1e the original design waa not satisfactory the redesigned helicopter spray rig ha. now been
operated for over twenty years on two sites.

In addition to the icing facilities of the Low T..perature Laboratory sad the Begin. laboratory, the
Fuels a$ oanta laboratory has conducted teats on aircraft engine carburetor icing with a specialised
faoi1ity~2 3 • Outside of the National Research Council there mists one other icing vi.nd tunnel in 

()~)Canada~~ the University of Alberta that has been used prianrily for non-aeronautical icing investigations

104 SP~~~ ICING WIND TUNNEL

This is a closed reture circuit t~~~.l vented to a~~osphere at the working secticn(SX6) . me is,ysut
of the tismel with a nunber of representative cross esotiosis is shown in Figure 1. The tunnel shell ii of
steel plate reinforced with steel ribs and supported on concrete piers. The fan section is th. only fixed
portion while the r~~aA nA er of the tunnel slides on the supports to allow for expansion and contraction.
Figure 2 shows the tunnel shell construction.

A 1000 ~~ .ynchronou. speed electric motor driving through a variable speed electro-usgeetic coupling
provide. paver to an eight-blade fan. The drive assembly is shown in Figure 3.

‘Me. air stre is cooled by direct evaporation of ~~~ nia in the bank of cooling coils located in the
lowest velocity acne of the tuinsel. The refrigeration system is a three-stage ~~~ nis ocmpreeeion plant
of 1000 ~~ ellp~eity. At ~~~is’— air speed and- under st~~~r oo~A~~~4ilg te.perati~ es, a .ini~~~ temperature
of -20 0 can be obtained. At lower speeds temperatures of -ItO C can be obtained.

Lir—atosising water sprays located upetreem of the working eeotion produce the aloud water droplet..
A liquid water content up to 3 ga/rn.3 can be obtained. Median droplet di eters down to 15 microns can be
obtained. Tap water is steed to supply the sprays of this tunnel. Th. cloud liquid water contest is con-
trolled by th. supply of water to the nosalos which is monitored by visual indicating floemeters.

The Low Speed Ioing Tunnel was desi~~~d with a masber of feature, to allow for icing that reduce the
aero4~uemic effectiveness and result in a low .ner~~ ratio. Between the diffuser d the fan a large low
velocity settling obember wsa provided so that icing of the fan would not result. The di,.ngsM section
between th. fan end the 000ling coil section has a greater engl. than deeirable beomese of space limitations.

Th4g t~~~sl ha. bies used for a wide variety of icing research and test prcgs~~~ for the pest quarter
e.ntuqcr) . In the earLy SOs the research and tiit work on the e1ectro—the~~~l 4.—icing system for the
wings sad ~~~r ’ag, of the CF 100 we. e~lla~.ot.d. Th. icing of enz~n. inlets of various types has been
investigated as i, indicated by Figure s. The icing of swept wings and delta wing shag.. v.a investigated. 

~~ - . - - - - -  -- _ _ ‘_~~~
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The performance of hot gas leading edge protection has been investigated in this tunnel since auxiliary
compressed air is available at the test seotion from sources in other laboratories.

Non—aeronautical icing research on electrical transmission lines , cosmunications equipment and ship
component. has been carried out . Provision has been made to simulate freezing rain in the working section
of the tunnel for some of the non—aeronautical ioing work.

H101 SPEED ICING WIND TUNNEL

This wind tunnel i. a closed circuit variable density icing tunnel. Th. vertica l cross—section of
the tunnel i. shown in Figure 5. It is powered by a 600 EP D.C. motor driving a two—stage coapre.sor
through a speed increaser. The original design provided maxinun velocities up to Mach 0.9 in a 1—ft .
square by 18-in, long working section. Recently a semi-permanent insert ahead of the working section has
been installed that limits speeds to approximately 300 knots while improving the low speed icing sinula-
tion.

The tunnel shell is a sealed and reinforced steel structure, thus permitting a variation in the static
pressure at the working section from sea level to the equivalent of 30,000 ft.  altitude by application of
a 150 cfm vscuun punp. This tunnel i. refrigerated by the sea. three-stage sunoni a plant as the low speed
tunnel , thua simultaneous operation of the two tunnels is not possible . The high speed tunnel i. cooled
using a secondary refrigerant , triohloroethylene, punped through a finned tube heat exchanger. Tempera-
tures as low as -I~0 C  can be attained in the tunnel with temperature control in the range of ±0.5 C.

Icing is produced in the working section by pneumatic atomized water droplet, introduced into the
sir stream by nozzles upstream of the working section. The icing simulation can be varied over concen-
trations up to 2 ge/is3 with a droplet siz, of 20 microns.

Due to the small size of the working .ection of this tunnel, it has been employed primarily for icing
instrumentation research, calibration and development teats. It has been uied to test high speed aircraft
components subject to icing only to a limited extent.

HELICOPI’EE ICING SPRAY RIG

In 1953 interact in helicopter icing arose as a result of a ~~quest f rom the Canadian naval servioes.
A prototype spray rig described in detail in NRC publication 1e530’°) was operated in the 1953—SIt winter.
£ second spray rig wa~ 4eeigned and constructed during l95Z~ that subsequently has omen modified and moved
to a second test sit.’.9) . This spray rig has been operated since the winter of l95l~—55 with a somewhat
variable utilization each winter.

The test site of thi. icing facility is at the northwest extremity of Upland. International Airport
in Ottawa. As shown in Figure 6, it has access to one runway and thus s~~~ fixed wing aircraft have been
able to taxi onto the test site for icing teats , although the road was provided to tow out un.ervic.able
helicopters.

The spray rig provide, a cloud 75 f..t wide by 15 feet deep from a nozzle array of 161 steam atomiz-
ing water nozzle. mounted on a steel fr~~~. Th. steel frame can be positioned either at th. bottom of
the supporting mast or in the uppermo.t position so that the cloud is approxisately 50 feet above ground
level. A wind velocity of approximately 10 mph is required to move the cloud away from the array and
provide an adequate streaming ~,1oud for a helicopter to hover in and have good coverage of the main and
tail rotor.

The mazinum L.W.C. that can be obtai ned in the upray rig is approximately 0.8 gm/s3. The L..oplet
aine is normally 30 microns median volume diameter. Th. ambient temperatures available in Ottawa permit
testing to —25’C, although lower t imperatures ar. usually experienced, The icing season in Ottawa is
restricted to the tj ae interval between 15 November and 15 March.

Details on the helicopter spray rig are given in NRC report lR-l86A~~~. Although this publication
d.soribe s the spray rig as installed on its initial site, the major change that resulted v.a an increase
in the area of the test .ite end greater safety for both the flight crews and the rig operator ..

ENGINE ICING TEST CELL

Since the late ItOs the Begin. Laboratory of the National Research Council has been engaged in jet
engine icing research, development and testi ng to assist manufacturers and operators. Orig inally an icing
test facility was built at Fort Churchill, Manitoba. It consisted of a single strai ght—throug h test osli
of 15 x 15-foot cross-section . The facility was operated duri ng th. winter monthe utilising the natural
refrig eration available at this location . For icing, a mobile water spray rig waa poeition.d in front of
the engine inlet.

In the early 50. the icing test work was transferred to the main Begin. Laboratory in 0fl~~a. Curr-
ently, number 1* t~.t cell is equipped for icing tests of turbopropeller and turbojet eaØ.ne*”~ ’. me
test cell has a 25-foot diameter working section .M will accept engines up to 500 lbe/s airflow and
50,000 lbf thrust. This test call has an air-trichloroethylene heat .xcha.ger to 0001 the inlet air.
The refri geration olpaoity is such that a 15’? depresaion can be obtained with a mass flow of 100 lbtfs.
This cell ii operated from approximately 1 December to 31 March when tamperaturee are suitable.

A 36—nozzle spray rig, b oated in the intake duct , simulates th. icing cloud . To sieslate ice cr71—
tel., two banks of stacked oiroular saw blades cut ice in blocks into particles that are blown into the
intake duct by centrifugal fans.

An Appendix i~ included listing the unclaseified report. and papers on icing prepared by four labor—
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aton es of the NRC Mechanical Begineering Mvision during the past four decades.
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FIG. 4: EXPERIMENTAL ENGINE INLET WITH ICING
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A1P~ IDIX A
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P0-51 Methods for the Alleviation of Ship Icing.

J .  H. StaIlabrsss. August 1970.
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LTR-LT-I~2 Preliminary Measurements of Snow Conoentration.
J. R. Stallabras.. September 1972.

LTR—LT-69 Supercooled Fog and Rime Icing Conditions at Ottawa on 25 and 26 February 1976 .
J. H. Stallabrs.ss. August 1976.

TR—32 Comparative Tests of Two Icing Detectors.
D. Fraser. June 1952.

Papers and Leoturee,

The Characteristics of Super000led Clouds During canadian Icing Experiments 1950—1953.
K. C. Pettit • Published in the Proceedings of the Toronto Meteorological Conference, 1953, pp .269-275.

Criteria for the Design, Assessment end Control of Icing Protection Systems. D. Fraser, K. G. Pettit
and H. H. Bowler. Published in Aeronautical Engineering Review, Vol. 11, No. 7, July 1952.

Note on the Plight Testing and Assessment of Icing Protection Systems. D. Fraser. Presented at the
Airplane Icing Information Course, University of Michigan, Ann Arbor, 30 lIar.- 3 Apr. 1953.

The Design of Eleotro-thermal De—icing Systems . J . L. Orr . Presented at the Airplane Icing Infoxaa—
tion Symposium - Engineering Research Institute, Univ. of Michigan. Ann Arbor, April 1, 1953.

Aircraft De—icing by Thermal Methods . J. L. Orr , D. Fraser, J. H. Milsum. Presented at Fourth
Anglo-American Aeronautical Conference, London, England, August 1953.

Aircraft Gas Turbine Ice Prevention - The Design and Development of Hot Air Surface Heated Systems.
D. Quan and C. K. Rush. Presented at the Canadian Aeronautical Institute Annual General Meeting,
28 May 1957.

Some Aspects of Helicopter Icing. J .  H .  Stallabrass. Reprinted from the Canadian Aeronautical
Journal, Vol. 3, No. 8, Oct. 1957. Presented at the C.A.I . Annual General Meeting, 28 May 1957.

Canadian Research in the Field of Helicopter Icing. J. R. Stallabrass. Presented to the Helicopter
Association of Great Britain, May 9, 1958. Published in Journal of the Helicopter Association of
Great Britain, Vol. 12, No. 14, August 1958.

Icing Problem. of High Speed Aircraft. C. K. Rush. Presented at the Napier Aircraft Ice Protection
Conference, May 1960.

On the Adhesion of Ice to Various Materials. J . H. Stallabraa. and H. D. Price. Published in the
Canadian Aeronautics and Space Institute Journal, September 1963.

Icing and the Rescue Re1ioopter~ T. H. Ringer, 3. R. Stallabraee end H. 1). Price. Presented at the
AGARD Helicopter Symposium , Paris, France. 22-214 May 1967.

Icing and the Helicopter Powerplant . J. R. Stallabress and R. D. Price. Pre.ented at the Propulsion
and Esergetics Panel , 31st Meeting, Ottawa , Jim. 1968.

The tharacteristios and Effects of E.liooptez Icing. J. R. Stallabras.. Presented to the Department
of Transport , Aircraft Accident Investigation Seminar, Ottawa, 13 April 1970.

Icing Induced Structural Problems. 3. R. Stallabrs.s and N. D. Price. Presented at the Joint ABS-
A IAA—t?I’A Symposium on Reviroimental Effects on VTOL Designs, Univ. of Texas , Arlington, Texas ,
17 November 1970 .

General Review of Helicopter Icing. J. N. Stallabrass. Presented at the International Helicopter
Icing Conference, Ottawa, 23—25 May 1972.

Ther.al Aspects of De-icer Design. 3. B. Stallabra se. Presen ted at the Inter national Helicopter
Icing Conference, Ottawa , 23—25 Hey 1972.

Icing Instr..sntation - The Ice Detection Problem. 3. N. Stallebrass and P. F. Hearty. Presented at
the Gas Turbine Operations and Maintenance Symposium, Edsonton, 21-23 October 19714.

The D.velopmsnt of lleotro—Therosl Propeller De-icing. 3. L. Orr. NRC ~ IE-NAX Quarterly Delletin
artiol•, 19147(14), Oot .—Deo. 19147.

L.asming More About Aircraft Icing. P. Fraser. NRC 110-Nil ~iarter1y Ex1l.tin 1951(3), July-Sept.
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On the Measurement of the Prope rt ies of Super000l.d Clouds. K. C. P,ttit . NRC 11~E-NAJ Quarterly
Bulletin 19514(2), Apr.—Jvne 19514.

Helicopter Icing Research . J. B. Stallabrase. NRC 11~I—NA2 Quarterly Balletin 1957(2), Apr. —Ju ne 1957.

The Airborne Concentration of Falling Snow. J. H. Stallabras.. NRC IP~~-X*J Quarterly Bulletin 1976(3),
Ju ly-S.pt . 1976.

Measur ements of the Concentration of Palling Snow. J. B. Stallebreas. Presented to the Eleventh
Annuai Congress of the Canadian Meteorological Soci.ty, Jun. 1, 2 & 3, 1977, Winnipeg, Man.
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Reports
PAI—l9 Investigation of the Possibility of Pr.~~nting Ice Formation on Wings end Propellers
(also of Aircraft by the Utilization of ~~~~ust Gas.
PIP-i ) II. S. Kubring . Nay 1935.

PAI-27 Further Investigation of the Possibilit y of Preventi ng Ice Formation on the Propellers
of Aircraft by Utilization of bhenat Heat .

N. S. Kubri ng. Jun. 1938 .

XE—l59 First Interim Report on Icing Investigation of Turbo—Jet Engines.
J. .7. Smaolevicz and C. A. Naosulay. Sept. 19147.

ME—1 86 Spray Nozzles for the Simulation of Cloud Conditions in Icing Tests of Jet Engines.
N. Galitsine, C. R. ~ iar p end L. C. Badhla. August 1950 .

LR-60 A Method for Calculating the Bra porat ion from Water Sprays in an Icing Tunnel.
B. L. Snith end 0. H. Ballard. May 1953.

Ia-l214 Lasesement of a Proposed Jet Engine Icing Test Bed for Simulating High Speed flight.
D.A.J. Miller. February 1955.

I~ -3O5 A Resia. of Simulation Techniques and Icing Activities at the Engine Laboratory of the
National Research Council (Canada).

N. S. Chappell. May 1961.

1I1’R-ENG—17 Some Icing Tests on Selected Screen Samples.
II. S. Chappell and W. Grabs. December 1972.

LTh -UG-30 Stationary Gas Turbine Icings Some Design Ocidelin.s for Blowing Snow Environments.
V. Grabe and M. S. Chappel l. October 19Th.

Papers,
Icing Tests on the JT1SD Turbofan Engine. V. Grab. and G. K. Vansl3’ke°.
Presented at the 10th National Conference on Environmental Effects on Aircraft and Propulsion Systems,
Trenton, N. .7., 18—20 May 1971.

Icing Te.t. on a Snail Gsa Turbine with Inertial Separation Anti-Icing System. V. Grabs and P. Ted-
stone5. Presented at the PEP 51st (A) Specialists ’ Meeting on Icing Testing for Aircraft Engines,
Westminster, London, England.

Aircraft Engine Anti-Icing. II. S. Chapp.1l and V. Grabs. NRC 1MB Newsletter, Vol. 1, No. 14, Mar . 1972.

Stationary Ga. Turbine Icing Problesss The Icing Environment . K. S. Chappell. NRC ISIEftAE Quarterly
Bulletin No. 1972(14).

Icing Problems on Stationary Gsa Turbine Poverplants. K. S. Chappell and V. Grab.. Presented at the
11th Naticnal Conference on Environmental Effects on Aircraft and Propulsion Systems, Trenton, N. J.,
21—214 May 19714.

* Pratt and Weitney Aircraft of Canada Limited.
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Rsvo tss
LR-536 Airoxaft Carburettor Icing Studies.

L. Gardner end 0. Moon. July 1970.

Carburetor Icing Studies. L. Gardner, C. Moon and B. B. %byte. BAN Paper 710371.

Aircraft Carburetor Icing. I.. Gard~~r. NRC 1111 Newsletter, Standards Series, Vol. 2, No. 1, April 1973.
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14. GAS DTNAI(ICS LABORATORY

Report s,
MT— 3 The Use of Alcoho l for Ice Prevention and its Effect on the Performance of Axial Flo. -

Gee Turbines.
D. G. Samaras end A. J. Bachne ier. April l~148.

Perfo rmance of an Axial Plow Turbo-Jet with Alcohol Deicing.
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