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ABSTRACT 

Until recent years, the lack of true 
capability for helicopters to conduct 
routine operations in Instrument Meteor
ological Conditions (IMC) has resulted 
in a I ack of urgency to qua I i fy these 
he! !copters in icing conditions. When 
icing testing has been conducted, it has 
often been a somewhat protracted proce
dure, encompassing many winters of test
ing at a site (or sites) conducive to 
icing conditions. The reasons for the 
I ength of these programmes have, in gen
eral, been due to the following three 
factors: 

0 

0 

0 

Failure to consider ice protection 
during the initial aircraft' design 
and, subsequently, 11 piece meal 11 pro
tection system development. 

The difficulty in finding the re
quired range of icing conditions at a 
s"ingle test site and I imitations in 
the time the test he I icopter could 
operate in icing when these condi
tions occurred. 

The I ack of capabi I i ty to vary the 
control laws of heated rotor blade 
de-icing systems and obtain rapid 
feedback of the effects of these 
variations. 

With the introduction of the Royal Air 
Force HC-Mkl (Chinook) into operational 
service, a high priority requirement 
existed for all weather flight. Since 
the helicopter's mission equipment gave 
the aircraft true IMC capab iIi ty, the 
remaining obstacle was to ensure that 
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f I i gh t in 1 c 1 ng cou I d 
with minimal penalties 
envelope. 

be carried out 
in the flight 

This paper wi I I discuss how the test 
programme was structured in such a man
ner that the factors previously men
tioned were overcome and wi II describe 
how the testing was accomplished. A 
second paper {Part II) will discuss 
optimisation techniques, analysis meth
ods, the effects of atmospheric condi
tions and the status of the programme. 

INTRODUCTION 

The Royal Air Force HC-Mkl (Chinook) 
he I icopter bui It by the Boeing Company 1 s 
Vertol Division includes a full set of 
avionics equipment to enable the he! i
copter to operate in IMC conditions. 
This mission equipment consists of the 
elements noted in Table 1. 

COMMUNICATIONS NAVIGATION 

UHF/AM (PTR 1751) COMPASS (GM-T) 

VHF/AM (AD 120) ADF (AD 380) 

VHF/FM (ARC 340) VOR/ILS (DECCA 671) 

HF (718U/4/A) TACAN (AD 2770) 

IFF/SSR (COSSOR DECCA (MK 19) 
1520) DOPPLER (DECCA 

TYPE 71) 

TANS (9447 F09) 

TABLE 1 HC-Mk1 (CHli\IOOK) AVIONICS FOR FLIGHT IN INSTRUMENT 

METEOROLOGICAL CONDITIONS (IMC) 



The aircraft has mission roles which 
require alI weather operations during 
any part of the year. Due to lack of a 
clearance for flight in JMC conditions 
where 1c1ng may occur, at the time the 
aircraft was delivered, some restric
tions in this abi I i ty were present for 
certain operational theatres. To cor
rect this shortcoming, the United King
dom1s Ministry of Defense, Procurement 
Executive (MOD/PE) undertook two courses 
of action: 

(a) A request for proposa I (RFP)· was 
issued to the Boeing Company to 
design, fabricate and test a heat
ed rotor blade de-icing system 
capable of at lowing flight in con
tinuous icing conditions. 

{b) The Aeroplane and Armament Exper
imental Establishment (A&AEE), 
Bascombe Down, UK, were tasked 
with quantifying the aircraft 1s 
capability to operate in icing 
conditions without rotor protec
tion and to issue a flight clear
ance, albeit I imited, for opera
tions in icing. 

The icing conditions in which operation 
was required has been extracted from 
this RFP and is shown in Table 2. 

{a) Continuous operation in icing 
conditions of an intensity of 
Continuous Maximum down to 
-20°C outside air temperature. 

(b) Survive an icing intensity of 
Periodic Maximum down to -20°C 
outside air temperature. 

TABLE 2 

REQUIRED OPERATING CONDITIONS FOR HC-Mk1 

FLIGHT IN ICING CONDITIONS 

The genera 1 a tmo·spher i c conditions cor
responding to these requirements are 
contained in Reference 1 and are repro
duced in Table 3. 

Air Liquid 
Temperature Water 

Condition ( OC) • ( g 1m 3 ) 

+5 0.90 
Continuous 0 O.BO 
Maximum -10 0.60 
Icing -20 0. 3 0 

II +5 1 • 3 5 
Periodic 0 1 . 2 0 
Maximum -1 0 0.90 
lc ing · -20 0.45 

Associated with this requirement for 
flight in icing conditions were certain 
limits in terms of aircraft and systems 
performance degradation which could not 
be exceeded. Wh i I e the ac tua I va I ues 
are not germane to this paper, the 
parameters of interest were as follows: 

0 Range of Operation 
0 

0 

0 

0 

0 

0 

0 

Maximum Forward Speed 

Maneuvering Capabi I ity 

Rate of Climb Performance 

Dynamic and Fixed System 
Component Loads 

Engine Operation 

Aircraft Systems and Avionics 
System Operation 

Vibration Levels 

The RFP contained a target of system 
development in one season 1 s test fol
lowed by certification by the evaluation 
agency (A&AEE) during the second season 
and encouraged an innovative appro~ch to 
the system opt imi sat ion process. From 
the outset, Boeing 1 s design approach for 
the test vehicle was to maximise the 
ability to vary the system control Jaws 
in flight while being able to determine 
the effects of these changes in real 
time. As the system design evolved, it 
was decided to include A&AEE as joint 
partners in the Boeing-lead first 
season 1 s test and to make use wherever 
possible of test equipment already in 
existence (or planned to be in existence 
at a time consistent with the program 
schedule) at A&AEE, Bascombe Down and 
Boeing 1 s Wilmington Flight Test Faci I i
ty. It was considered that to fully 
uti I ise the on-board test equipment in 
natural icing, a large test area, with a 
high probability of obtaining the full 
range of atmospheric conditions was 
essential. The test helicopter•s range 
was therefore increased by the use pf an 
auxiliary fuel system. 

Droplet 
Horizontal Size Median Altitude 

Extent (Volumetric Range 
(KM) Dia-Microns) ( Ft) 

Continuous 20 4,000 to 
10,000 

6 KM every 
1 00 KM of 20 4,000 to 
Condition I 1 0. 000 

TABLE 3 

DESIGN ATMOSPHERIC CONDITIONS FOR FUGHT IN ICING 



Although the planned programme was ambi
tious and the schedule was tight to meet 
the 1983/1984 icing season, the goals 
were rea I i sed due to exce I I ent coopera
tion by all organisations and, at the 
end of the first season, we exceeded our 
initial expectations of what would be 
attained. 

The elements of the program structure 
involving de-icing system design, test 
equipment, data systems and test site 
selection and overall results attained 
are discussed in this paper. 

FIGURE l 

ICING TEST AIRCRAFT 

TEST VEHICLE 

General 

The test vehicle, a standard HC-Mkl (ZA-
708 shown on-site at CFB Shearwater in 
Figure 1) was withdrawn from normal squa
dron service and returned to the Boeing 
Flight Test Faci I ity in Wilmington, Dela
ware for modification during the spring 
of 1983. Instal \at ion of the required 
test equipment and an on-board data sys
tem was completed during the summer and 
a baseline programme to evaluate the ef
fects of added equipment on the flight 
envelope, obtain basic (clear air) refer
ence levels for the on-board computer 
using the Boeing Vertol Real Time Data 
System (Reference 2) and check out of 
the test equipment was completed prior 
to departure for the test site. 

As previously noted, the design and 
fabrication of the test equipment was 
accomp I i shed by a number of organ i sa
t ions in the United States and the 
United Kingdom. Table 4 I ists the total 
airborne and ground-based test equip~ent 
together with the responsible organisa
tion. Diagrams of the test vehicle show
ing the location of the equipment are 
contained in Figures 2 and 3. 
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JEST EQUIPMENT 
Blade De-Icing 

Electro-thermal de-icing of the fibre
glass rotor blades was provided by 
switching the power from the #2 a Iter
nator to heater mats on the forward and 
aft rotor blades. These etched foi I 
mats were bonded into the composite 
blade during blade fabrication. A 
microprocessor which wi I I be part of the 
production controller was used to opti
mise the various parameters associated 
with sWitching; specifically, the se
quence in which the blankets are heated, 
the length of time they are heated (ele
ment on-time) and the length of the 
pause between heating cycles (off-time). 

The components included an ice detector 
unit (IOU), the de-ice controller, two 
distributors, a pi lot control panel, a 
development test panel and an outside 
air temperature detector. A block 
diagram is shown in Figure 4. 

FIGURE 4 BLOCK DIAGRAM BtAOE DE·ICE SYSTEM 

Each- rotor blade contains six indepen
dent heating elements with each element 
connected to the cor responding e I ement s 
on the other two blades on the same 
rotor to form a set. The six sets thus 
formed connect to the generator via the 
distributor on each rotor, as required 
by the de--icing control fer. Electrical 
power is cycled between rotors, i.e. 
both rotors are not heated simultan
eously. 

Power was supplied by the #2 alternator 
at 200 volts, I ine to I ine, three phase, 
400 Hz. During de-icing, as previously 
noted, the alternator was connected to 
the distributor on one rotor by the 
de-ice controller and the alternator 1 s 
excitation was removed so that the 
distributor was switched at zero current 
on a I I three phases. Tot a I power 
required for the system was approxi
mately ~3 KVA. 

The ice detector units were mounted on 
the forward or aft pylon and, where 
necessary, engine bleed air was uti I ized 
to aspirate the IOU. A back-up or 
a I ternate ice detector was provided for 
development purposes and three outside 
air temperature sensors were a I so used 
for development. 

During the flight, the controller re
ceived control signals from the IOU, the 
OAT sensor, the pi lot control panel, the 
deve 1 opment test pane I (DTP) and the 
rotor distributors, and corrrnanded the 
distributors to heat the b~ades in an 
appropriate sequence with on and off 
times based on OAT and ice counts (or 
ice thickness) respectively. The con
troller stored up to eight preprograrrrned 
heating sequences of up to 64 steps each 
and used whichever of these was selected 
at the development test panel, Program
ming of the controller stored sequences 
could be accomplished on the ground or 
in flight from the DTP. During f.! ight 
in icing, it computed the proper heating 
time of each set of heater mats based on 
OAT as modified by the DTP setting. 

The controller also monitored system 
operation and displayed a fault warning 
if the system malfunctioned. Typical 
failure detection elements included: 

0 

0 

0 

0 

Distributor positioning error. 

Faults to ground. 

Short or open circuits which caused 
the I ine current in one phase to vary 
by more than 10% from the other two 
phases. 

Heater element failure. It should be 
noted that for all single and some 
dual element failures the heated 
rotor blade system would continue to 
operate, skipping the corresponding 
elements on the two rotor blades 
which had not experienced a failure. 

The development test panel provided the 
flight test engineers with the ability 
to vary parameters which affected system 
performance and displayed system perfor
mance and status in flight. A diagram 
of the panel is shown in Figure 5. 

FIGURE 5 

DEVELOPMENT TEST PANEl 



A modification was made during the pro
gramme to the multiplier selections 
based on in-flight results and rotor 
head camera photographs. This modifica
tion provided additional heat (known as 
11 differential heat 11

) to selected heating 
mats for severe icing conditions. While 
most of the controls and displays on the 
DTP are self-explanatory, Figure 6 shows 
how the control laws could be varied to 
operate the blade heating at the optimum 
value for different atmospheric ranges 
for a hypothetical situation. This 
would result in the control laws de
picted in Figure 7. 
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Rotor Head Cameras - Rotor head cameras 
were rnstalled on each rotor to photo
graph the top surface of a II three 
blades simultaneously to identify blade 
ice acretion characteristics and shed
ding patterns. The camera assemblies 
were modified airborne photo recon
naisance (F95) units employing 70 mm 
colour film, each providing 500 frames 

per flight. The camera units, shown 
in Figure 8 with the cover removed, em
ployed a three-way mirror system to 
transmit the image of all three blades 
to the camera I ens. The camera system 
could be initiated either manually or 
automatically (keyed by de-icing system 
operation). In the automatic mode, pho
tographs could be obtained at precise 
points in the blade de-icing cycle, 
either as a function of the entire cycle 
on the rotor or as a function of indi
vidual mat heating periods. A time 
counter was super imposed on each frame 
to provide correlation with other flight 
parameters and, in addition, a special 
blade paint scheme was employed to 
facilitate blade and heater mat position 
identification. 

In Figure 1, the installation can be 
seen mounted on the forward and aft hub 
of the test aircraft. The rotor head 
camera was mounted on the pedestal adap
ter and base plate which, in turn, 
mounted to the rotor hub. Instrumenta
tion signal conditioning and sliprings, 
which carried power and signals for both 
blade de-icing, instrumentation and the 
cameras, were located inside the pedes
tal and are not visible externally. A 
typical photograph obtained during a 
test flight is shown in Figure 9. 



FIGURE 9 

ROTOR HEAD CAMERA PIIOTOGRAPH 

Power and time code to the rotor head 
cameras were provided from the basic 
on-board data system. Camera controls 
were provided to vary the rate at which 
photographs were taken on the rotor be
ing de-iced while photographing the un
heated rotor at a much lower rate. The 
camera windows were heated to prevent 
fogging and icing over. 

As the test progressed, it was consider
ed highly desirable to examine the under
surface of the blade. This was accom
plished by using a 35 mm SLR camera with 
autowind mounted on a mirrored bracket 
held in the 11 bubble 11 observation window 
in the fuselage side. With the shutter 
speed at maximum (1/2000), the optimum F 
stop was obtained for the I ight level on 
each flight and the camera was then oper
at~d manually at these optimised set
tings. 

The photographs obtained from the rotor 
head cameras, supplemented by the under
surface photographs, were an essent i a 1 
component of the in-flight observed and 
recorded data used to determine de-ice 
system operation and, finally, to define 
the control taws. 

Rotor Blade Temperatures - One blade on 
each rotor was Instrumented with inter
nat and externa I temperature sensors at 
the blade 50% and 75% radius. These 
measured temperatures were instal Jed to 
ensure that blade internal temperatures 
were within acceptable limits, as part 
of an iterative process in developing 
computer model I ing of the blade thermo
dynamic mechanism and to identify the 
surface temperatures required for accept-

able de-icing characteristics to allow 
extrapolation to more severe conditions 
than those encountered. 

RAE/Piessy Thermal Probe -An electrical
ly heated dev1ce wh1ch protruded into 
the airstream was used to measure I iquid 
water content (LWC). The methodology of 
the unit is based on the difference in 
electrical power required to maintain a 
cylindrical probe at a constant tempera
ture in icing conditions and the power 
required in clear air. Operation of the 
probe is dependent on the electrical 
properties' of a semi-conducting ceramic 
material having a positive temperature 
coefficient of resistance. In order for 
the unit to operate correctly in 1C1ng 
conditions, it was necessary to deter
mine the convective power loss due to 
the non-dimensionless variables for the 
particular installation (Reynolds and 
Nusselt numbers). The LWC for the icing 
cloud was a function of: 

Total Power -Convective Power + 
Power to evaporate impinging water. 

Course LWC analysis was accomplished in 
real time usi.ng the on-board computer, a 
post flight analysis at a high sample 
rate was carried out using the ground 
station computer. The probe was mounted 
on the heated rotor blade test aircraft 
in the same position as used during 
A&AEE Chinook trials in Denmark (1983). 

Fibre Optic Camera Installation -Both 
eng1ne 1nlet 'D' r1ngs were monitored 
from the engineer's station using a sys
tem of fibre optic cables, cameras and 
an electronic control unit. This pro
vided the engineer with a real time moni
toring capability of each 'D' ring on 
two 5-inch video monitors in the instru
mentation rack. A TEAC video cassette 
recorder (VCR) was used to' record se
lected segments of the flight. The 
selected camera channel was displayed on 
·an 11-inch TV monitor for closer analy
sis. Flight number, time and flight 
information from the video number gener
ator were also displayed. It was also 
possible to dub voice events and commen
tary onto the tape from the engineer's 
station. 

Knol Jenburg -Two water droplet measure
ment sensors were mounted at the winch 
position over the righthand c.abin en
trance. The droplet sizes of interest 
required two 11 Knollenburg 11 probes. In 
one probe, droplets in the 3-45 urn range 
were counted by a 'Forward Scattering 
Spectrometer 1 (FSSP100) probe which mea
sured the I ight scattered by a droplet 
as it passed through a I inear laser 
beam. The resultant signal was a func-



tion of the droplet diameter and was 
used to generate a count in one of fif
teen 3\lm wide. •size channels•. Droplets 
from 30\lm to 300\-lm diameter were mea
sured by the other, PMS optical ar:ay 
probe (OAP200X). Droplets pass1ng 
through a I aser beam cast shadows on a 
I inear array of photodiodes. The number 
of diodes that were shadowed determined 
which of the 201-1m wide 1 stze channels• a 
droplet was counted into. These probes 
provided continuous real-time cloud drop
let size distribution on an on-board 
display unit; samples at 0.5 second in
tervals were also recorded on magnetic 
tape for post flight determination of 
volumetric median diameter (VMD). 

A hand-held ••soot gun•• was also used to 
measure droplet size (diameter) in the 
icing cloud (Reference 5). This device, 
developed by Aviation Research Labora
tories in Australia, consists of a 
treated slide which can be placed in the 
aperture of a rod- I ike device. This 
rod, when held out of a window in the 
aircraft, was exposed to the cloud by 
operating a trigger which momentarily 
opened a shutter which protected the 
slide. Analysis of the exposed slide 
was accomplished by creating a magnified 
polaroid photograph of a small area of 
the slide and measuring the diameter of 
each droplet using a digitizing tablet. 
The mean volumetric diameter (VMD) was 
calculated by the A&AEE computer in the 
ground station. The computer programme 
compensates the actual measured diameter 
by correcting to true diameter based on 
airspeed and a calibration of the splash 
effect. An average of ten slides were 
obtained on each flight. 

Bat last System- The ballast system used 
1n the test aircraft consisted of a set 
of support beams and roller rai Is 
anchored to the cargo floor. The system 
contained a water ba II ast tank and jet
tison system with a capacity of 652 
gallons. An electrically operated Jet
tison system allowed the pi lot to dump 
the entire contents (6,000 lb) of the 
tank in approximately six seconds in 
case of an emergency. 

Ferry Fuel System- One-half of a BV234 
aux1 [ iary fuel system was installed in 
the icing test aircraft to provide the 
capabi I i ty to increase the duration of 
testing during an icing encounter and 
reduce fueling requirements, resulting 
in a significant increase in produc
tivity. The ferry fuel system consisted 
of a 500-gal/on cylindrical tank, for
ward and aft fuel boost pumps (internal 
to the tank) and associated valves and 
plumbing. The entire tank assembly was 
mounted to the internal ballast rai 1 

system. The ferry fuel tank was plumbed 
to the normal aircraft ferry fuel 
connections. This at lowed normal single 
point pressure refue I i ng. A 1 ferry 
fuel • control panel with a contents gage 
and fuel pump control switches was 
located in the cockpit. 

Portable Video System -·Following each 
1c1ng f11ght, a portable colour video 
system was used to record all remaining 
rotor and airframe ice acret ions. The 
system was also occasionally used in 
flight. 

ON-BOARD DATA SYSTEMS 

General 

A general view of the test engineer•s 
station in the aircraft is shown in 
Figure 10. In addition to the control 
panels for the test equipment previously 
noted in this paper~ this station also 
contained the trend monitor (strip chart 
recorder), the alpha-numeric displays, 
the on-board computer and input/output 
terminal, the Pulse Code Modulation 
(PCM) Master Control Unit (MCU), the 
fixed system signal conditioners and the 
magnetic tape recorder. The data para
meters recorded consisted of the follow
ing general measurements: 

0 

fiGURE 10 

TEST ENGINEERS STATION 

Basic Aircraft Parameters -Used pri-
marily to document the aircraft 
flight condittons, although these 
parameters were accessed by the analy
sis routines and certain control func
tions to initiate data processing. 



0 

0 

0 

0 

Control positions, aircraft atti-
tudes, rates, stabi I ity actuator 
positions, load factor, OAT, air 
speed, altitude, rate of climb, time, 
event, rotor speed, fue I used and 
fuel temperature, were included in 
this package. 

Rotor System Rotor shaft torque, 
bending, actuator fixed I ink load, 
pitch link load, pitch shaft bending, 
rotor blade loads and rotor blade 
temperatures. 

Power Plant - Fuel flow, engine tor
que, gas generator speed, turbine 
inlet temperature, engine inle~ 
static and total pressure, •o• ring 
and transmission surface temperature. 

Electrical System- Current and volt
age to the rotor blade de-icing sys
tem, I iquid water content, icing 
rate, threshold signal, ice counts 
and control discretes, IOU bleed air 
pressure and temperature. 

Environmental OAT, liquid water 
content, water droplet size and dis
tribution, snow severity. 

The ground-based data station consisted 
of equipment to process flight tapes 
rapidly following each icing flight. 
This faci I ity was in continuous daily 
use throughout the testing and provided 
the following: 

0 

0 

0 

Production of secondary (computer
compatible) tapes whi l~t simul tan
eously generating •quick look• cal i
brated graphical time histories of up 
to 20 selectable parameters. This 
output was normally avai !able for 
Lnspection within one to two hours of 
I and i ng. 

The plotting or tabulation of cal i
brated and derived parameters as re
quired; typically called-for derived 
parameters included delta rotor 
powers, delta engine torques, Plessy/ 
RAE probe I iquid water content (LWC) 
and cloud droplet volumetric median 
diameter (VMD). · 

Writing of tertiary data files to a 
WincP~ster disc for data analysis 
using the trials officer's intet I i
gent terminal. 

A computer terminal in the A&AEE trials 
officer's office provided a multi-pur
pose interactive data analysis system 
(MIDAS). This software package con
sisted of a subset of analysis routines 

used oh A&AEE's mainframe computers 
which allows comprehensive manipulation 
and plotting of data. This intelligent 
terminal also allowed the use of speci
ally written software and permitted on
-site software development and modifi
cation. Such software provided the fol
lowing: 

0 

0 

0 

0 

0 

Analysis 
gathered 
employed 

of cloud droplet sizing 
using the ARL Soot Gun (this 
a digitizing tabl'et). 

Analysis of delta powers and torque 
(simi Jar software to that used on the 
ground station). 

Statistical analysis. 

Derivation of Plessy/RAE Probe LWC. 

Icing severity analysis. 

Data Systems Equipment, Airborne 

One alpha-numeric display panel was in
stalled at the pi lot•s station and two 
at the test engineer's station. The 
pi Jot display and one display at the 
test engineer's station were fixed for
mat, one display at the test· engineer's 
statior .•. as selectable. The display 
formats were generally in accordance 
with the following groupings: 

0 Control Position, Rates and 
AI t i tudes 

0 Referred Performance 
0 Flight Loads 
0 De-Ice System 
0 Blade Temperature 

The selectable formats were called up by 
11 press and lock 11 push buttons. A strip 
chart recorder was provided to display, 
in quasi analog format, time histories 
of up to eight pre-selected parameters 
at an up-date rate of 15 seconds. This 
update rate was designed to allow the 
test engineer to monitor trends over a 
long period of time (approximately 10 
minutes of flight time shown across the 
recorder face). The term ina I used to 
input pre-flight constants to the on
board computer was also used as a 
printer. The parameters processed by 
the computer (i.e., those avai I able in 
the five formats of the alpha-numeric 
display plus the strip chart recorder) 
were printed out approximately every 30 
seconds throughout the flight when the 
11 PRINT ENABLE 11 selection was made. A 
typical alpha-numeric panel, in this 
case the pilot 1 s fixed display, is shown 
in Figure 11. 



fiGURE "11 ALI'liA·NUMERlC DISPlAY 

The update rate for this display was one 
(1) second for the pi lot 1 s (and test 
engineer 1 s fixed display) and 15 seconds 
for the flight test engineer 1 s select
able display. This rate was determined 
by the total computational task which 
was required of the on-board computer. 

The parameters monitored on the trend 
recorder and the typical output from the 
on-board computer input/output terminals 
are i I lustrated in Figures 12 and 13 
respectively. 
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FIGURE 12 STI'IIP CHART RECORDER PARAMETERS 

ID~~m noo ~ mliiS ~ 1\ll \la<:<l mlll1\.m 
O!Tmm 11.1 IM RCl lMIIfiCIOI: 1.~ lllCYC 1.1 1.1 ltll!llll:(lj ~rll 
Plll'i n 001 ~ Mlllltli'l ,.l JJ!( 17:11:!4 lltS'l 11.1 CYJI 

llllr:tmr m 
MCYC ·1.2 1.1 
"1.1 

;.>.t/1 I c.\ I l!!OmC .I RSO<lllUI.l mllillliC .I 
L~ ·t.ll JCF.IIliil l!~ LRI 1.% nrnm m 111 -t.n 
IGI r.n m uc 1.11 WOl ~tt o-J.r m01 m 1.1 r.u mtt -t.r 
ro-01 :!ollll !mil» D i!JMI! 1.111 IIIKLM:E·U$ l!JIRS 111 

IOTR!'IIti :!4 
lMIII!:IU 1.1 
rat ~n u 
JWI!l~T <%! 

II m Plm ·11.5 I!IHT fW ll.l Jill[ !L't f ·I.ZZ IUJ( M A l.il 10. !'Ill r It 
rll!lntiHlt.l ~llJ'lHlJVO. 111DIHll .I HlllllUl .I HffiHU .I 
1:0. nJ ·.lll$ tn ru ·~ CIR C.l!!l !I um M:ll 1.1'9 

J(I.NI R ll 
rnntwm.l 
Sl'!!l[lll'" 

~ttfS~ Ill LJ:li:O.Pf ·.1 WLISJ In LHIDI'f 191 \!!l.ISt 11'1 
fl!fH l(!WU 1!1 Mf'SJ OOIIIJ.P 51.1 I!I?St 
Iiiii 1 11111 I f.:.!~ 0011 Fllll I f.r,; l Mil 
nJU I Ifill I A.i$ II'WII5 F(lll I r.111 

mrumtErm 
>'!( 1 rue 1 mr• um sJoor.ml nru 1.m1 ff£111 um miAir.rm 
toii!J: mr 1110 twA <m D»~ 1 w.n tsu m'•tl m1 
llftol:~: ilfl ZIU fii'R !1.!1 El!CO ..z77 ~ ;)l) 
rn!Rmn: r!l.'f l1 NA !I EII:Q ·II! rlf·T :1 
~iffil i'!!'.'!]: ~ Nil~ ft'il. n.J:~: f.f !lin TIT 2 IIS7 
t®WIW: W 1 1.1111 l':M 1 r.mt ~Ill I.IW f!l I I.II!S f1l! ·1$ Ml: 

!UXKT ·!.<.! Jl..<J(~~R ! .•• 
laM< :;: IHM~ Zi 
;c;!fii<W!iO.l J;!lfittC<tl. 
TPirMHO ,I Rflt~HU .I 
ilflnHII .I ff!XHL~Zll.l 
Jlli'!;J ·.m: tnttS ·!J 
Clll.t111 IIJ 1.rn1 
~ 1.11 ~mrw 11 

L£11£UR l5.1 
I')!IIIDI' -la 

Will I L:;) ; 
l'fTI! 1 mrs 

FIGURE 13 TYPICAL PRINTER OUTPUT 

All active parameters in the PCM multi
plexer were recorded on magnetic tape, 
plus Knol lenburg output and voice (all 
flight crew communications). The tape 
recorder on this aircraft was modified 
to be capable of recording either on 
forward play or reverse to enable the 
tape recorder to be run continuously 
throughout the flight without changing 
tape reels. Final processing of data 
during the baseline flights uti I ised the 
BVC Flight Test Real Time Data System 
(FTRTDS] and standard BVC/BCS software. 
Processing of the Knol lenburg output and 
on-site (Shearwater) processing of air
borne tapes was accomplished for day-to
day operations on the A&AEE ground sta
tion at the test site, using A&AEE devel
oped software. 

The on-board computer system which con
sisted of the computer, interface to the 
data system, input{output terminal, dis
plays and trend recorder was an exten
sion of a series of systems which Boeing 
Verto I has been deve I oping for off-site 
test programmess in recent years, Refer
ence 3. 

The basic objectives, in addition to 
presenting selected measurements in 
engineering units to the pi lots and test 
engineers, were to perform analyse·s to 
show the effects of aircraft performance 
degradation and increases in component 
I oads as ice was accreted on the rotor 
blades. The system block diagram is 
shown in Figure 14, Part I I of the paper 
wi II describe the analytical techniques 
in further detail. 

FIGURE 14 
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Data -Systems _Equipment, Ground Station 

The A&AEE portable computer ground sta
tion contained all hardware necessary 
for on-site retrieval of flight data 
calibrated in engineering units. The 
station contained two DEC PDP 11/24 mini
computers, one dedicated to flight tape 
processing and time history plotting, 
the other used for data analysis. Dia
grammatic representation of the equip
ment involved for flight data retrieva t, 
secondary processing and tertiary file 
generation is given at Figure 15. 

FIGURE 15 \A. &t AH. DATA SYSTEM) 

TEST SITE 

Selection 

The selection of a test site for an 
icing progranme is at best a 11 risky 
busi_ness 11 since most he! icopters do not 
fly in icing conditions and thus acquire 
a data bank of actual encounters and 
meteorological records of icing are un
avai table. Coupled with the above fac
tors are the variations from year-to
year of the severity of the conditions 
conducive to icing at a particular test 
site. The selectors are therefore left 
with three opt ions on which to base a 
decision: 

0 

0 

0 

Avai I able meteorological data 

Previous experience 
or 

Folklore (pi lot opinion) 

The test sites considered included 
venues in Europe, Canada and the United 
States. Work carried out by the United 
Kingdom (primarily A&AEE) had determined 
that the probabi I i ty of obtaining the 
extreme tow temperatures and high I iquid 
water content required at a test site in 

Europe was not high. Previous test pro
grammes conducted by Boeing in support 
of U. S. Army test agencies had shown 
that at some sites the probabi I ity of 
attaining the low temperatures was high 
but the probabi I ity of obtaining the 
ful t range of outside air temperatures 
and I iquid water content was low. An 
additional factor favoring a test site 
in North America was the better support, 
if required, from the Boeing Vertol 
plant. The test sites considered in 
North America were: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Ottawa (Ontario) 

Summerside (Prince Edward Island) 

Halifax (Nova Scotia) 

St. John {New Brunswick) 

Moncton (New Brunswick) 

Fredricton {New Brunswick) 

Gander (Newfoundland) 

Syracuse (New York) 

Minneapolis/St. Paul (Minnesota) 

Based on previous experience of Known 
operational restrictions and weather 
patterns, combined with an analysis of 
meteorological data obtained from Refer
ence 4, the choice was narrowed to 
Ottawa and various sites in the Mari
times. Data was then obtained, in iden
tical formats from the Canadian authori
ties for each of the rema1n1ng sites, 
this data is shown in Figure 16. 
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FIGURE 16 !COMPARISON OF TEST SITES) 



While each of the sites in the Maritimes 
had advantages in terms of some portion 
of the required range of icing condi
tions, all the sites with the exception 
of Sommerside and Shearwater had defici
encies with regard to hangar size and 
ground support. The data in Figure 16 
is based on ground recordings; to fur
ther evaluate the choice of sites, ac
tua r upper air temperatures for 1982/ 
1983 were obtained and a probability 
analysis of obtaining the extreme low 
temperatures made. This is i Jlustrated 
in Figure 17 and indicated that for the 
Maritimes as a whole, the low temper
ature probabi I ity was sf ightly. less than 
Ottawa. The area of Chatham/Moncton was 
shown to have a higher probability of 
possessing temperatures in the -10°C to 
-20°C range than Ottawa. It was evident 
that the fur I range of temperatures 
could be obtained in the Maritimes-- if 
a! I the sites were considered· and due to 
the large bodies of water, cloud liquid 
water content should be higher. Final
ly, CFB Shearwater was selected as the 
test site based on: 

0 
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FIGURE 17 STATISTICAL ANALYSIS Of TEST AREAS 

The abi 1 ity to fly to the airspace of 
all the considered sites in the Mari
times (with auxi 1 iary fuel) and thus 
obtain the fu II range of conditions 
required. 

Ease of access for personnel and 
logistics, and the level of support 
avai I able from the Canadian Forces. 

Figure 18 shows the test area for IMC 
flying to search for icing negotiated 
with the Canadian Department of Trans
port and the Canadian Forces. 

ATLANTIC OCEAN 

fiGURE 18 TEST AREA 

TEST APPROACH 

Prior to this heated rotor blade test, 
an unheated rotor 1c1ng test had been 
carried out on the HC-Mkl test aircraft 
assigned to Bascombe Down. The testing 
was conducted by A&AEE in Denmark during 
the winter of 1982/1983. While the test 
equipment and data system instal led on 
this aircraft were not as extensive as 
the eql!ipment installed on the heated 
rotor blade test, certain items were 
proven during this trial, namely: 

0 

0 

0 

Kno I I enbu rg Ins t a I I at ion 

RAE Probe 
Leigh and Rosemount IOU Locations 

Additionally, the droop stop covers, 
which had been added to preclude ice 
build-up on the droop stop interposer 
blocks, were evaluated. Icing flights 
were made during this trial to -10°C 
OAT, LWC's to 0.56 gm/m 3 (mean) at alti
tudes to 9,000 ft. On the basis of the 
results obtained, a limited release for 
flight in 1c1ng was recomnended to -6°C 
OAT with certain restrictions regarding 
minimum height above the ground of the 
icing cloud and a requirement for posi
tive ground air temperatures at the land
ing site. A primary reason for these 
restrictions was the inabi I ity of the 
modified droop stop covers to prevent 
ice build-up on the droop stop blocks; 
however, in certai·n conditions, high 
torque and Cruise.Guide Indicator read
ings wre encountered and, at times, the 
test aircraft had to terminate the en
counter and vacate the icing could. 

1 t was 
atures 
blades 
f I i ght 

apparent that at lower 
an icing system for 

was needed to meet the 
requirement. 

air temper
the rotor 
fu I I icing 



Results obtained by A&AEE during a 
series of ice, snow and water ingestion 
tests on the Lycoming TSS engine prior 
to the Denmark icing trial, coupled with 
the findings of that trial, confirmed 
that the intake screen/engine anti-icing 
configuration tested afforded satisfac
tory engine protection. This work re
moved the necessity to insta II the 
screen monitoring closed circuit televi
sion system used in Denmark for the HRB 
system trial. However, due to a require
ment to confirm that engine anti-icing 
was unnecessary, the heated rotor blade 
development test did retain closed cir
cuit television employing fibre optics 
to monitor the engine intake area. 

In planning the heated rotor blade test
ing, it became obvious that optimisation 
of system operation would require a care
ful balance of torque and CGI increases 
(which are a function of shedding charac
teristics) while maintaining desirable 
rotor blade internal temperatures. Fur
ther, with the controls available in 
flight to vary heater mat sequence, ele
ment on-time and ice thickness (thres
hold at which electrical power was 
applied), many combinations were avai f
able and discipline to vary these para
meters was essential. In optimising the 
heating characteristics· of composite 
rotor blades, it is essential that the 
balance of blade external to internal 
temperatures be carefully controlled so 
that ice shedding is correct while main
taining blade internal temperatures at 
levels which have no long term (un
limited life) effects. Part II of this 
paper discusses, in detai I, the 11 logic 
trees 11 used to control the variable para
meters and the blade temperature analy
sis compared to actual flight data. A 
general outline of the test approach 
adopted wi II be given here. 

Prior to flight testing, a math model 
was constructed to predict both internal 
ana external rotor blade temperatures 
for various element on-times and outside 
air temperatures. This analysis was 
supplemented (and updated) by panel test
ing, in it i a I ins ta I I at ion checks on the 
aircraft and, later, in-flight recorded 
data in icing conditions. To obtain the 
correct aircraft baseline levels, perfor
mance, flight loads and vibration levels 
throughout the flight envelope were ob
tained with all the additional equipment 
installed prior to departure for the 
test site. 

Once 1c1ng flying was started, the test 
team worked closely with the'meteorologi
cal sections in the Maritimes to define 

the area in which icing conditions were 
most probable. Flights of up to 3.5 
hours duration were then launched, initi
ally along airways routes, unti I tcJng 
was found. At this point, the waypoints 
from the TANS would be noted and the 
aircraft would depart the airways to fly 
in icing in the local area under posi
tive radar survei I lance. Initial vari
ables were maintained at the 11 design 
nominal values 11 until conditions were 
encountered which indicated that a 
change might be necess~ry. 

The 11 design nominal values 11 were deter
mined based on a BVC data bank of pre
vious icing development on both metal 
and fibreglass blades. 

The approach of maintaining the initial 
variables constanf compared with running 
many different combinations and compar
ing results may appear to be somewhat 
pedestrian and lenghty. However,. with 
the abi I ity to monitor the aircraft per
formance, loads and blade temperature 
effects on board combined with the excel
lent quality of blade photographs avai !
able very shortly after the aircraft 
landed, this was not the case. In fact, 
the modifications required to the DTP 
and de-icing controller to uti I ise the 
final control laws were identified prior 
to Christmas, the abi I ity to manually 
input the new control· laws was available 
by the beginning of February and the 
full capability by the end of February. 
The whole month of March, which was the 
most productive month in terms of icing 
encounters, was flown with variables 
fixed at close to the selected control 
laws for the production system. 

The test procedure during an icing en
counter was to inmerse the aircraft in 
the cloud and find and hold the maximum 
LWC for as long as possible, generally 
at approximately 120 KIAS. At selected 
points in the progranme, speed was in
creased to maximum attainable, a ful I 
range of maneuvers was conducted and, 
once the final constants had been se
lected, system, engine and electrical 
system simulated failures were accom
plished. 

Following each flight, the joint team 
had a ful I review of in-flight obtained 
results including examination of shed
ding pat terns from the rotor head 
cameras and arrived at a decision for 
the next test. This joint Contractor/ 
Test Agency effort was highly efficient 
and data which is applicable toward the 
A&AEE release was obtained with the 
final system constants. 



To remove the restrictions due to the 
droop stop icing problem, two new 
designs of droop stop covers were in
stal led on the aft rotor together with 
the same cover used in Denmark as a con
trol. Instrumentation was also added to 
show, by means of a warning I ight in the 
cockpit, that one of the droop stops had 
not engaged prior to shutdown. 

After each flight on which significant 
ice accretion had occurred, the droop 
stops were examined for evidence of ice 
bu i I d-up unt i I the droop stop with the 
original cover failed to engage. At 
this point, a modified cover was in
stalled in place of the control cover 
and all remaining flights were flown 
with modified covers, with satisfactory 
results. 

ACTUAL FLIGHT TIME IN ICING: 38,5 HOURS 

OUTSIDE AIR TEMPERATURE RANGE: -06QC to ·2qoc 

LIQUID WATER CONTENT RANGE: 0 to 0.6 gm/m(mean)l 
l'R.4J'.l"SIENTS TO: 1.0 gm/mJ 

TOTAL ICING ACCli.'.-IULATION: 2,027 mn 

ICING BY I>'QNTH: ~ 

(rrm) 92 

MAX FLIGHT DURATION IN ICING: 2 HOURS 17 MINUTES 

CONDITIONS ENCOUNTERED: 

fREEZING RAIN 

GLAZED ICE 
GLIME ICE 
RIME ICE 
MIXED CONDITIONS 
RECIRCULATING SNOW 
PRECIPITATING SNOW> NOTE 

Note: The primary objective was to develop the heated 
rotor de-Icing system: conditions conducive to 
snow flying w~r~ prl!-&el\t II\ the operating are.,, 
but were constdered a lower priority for the 
first season. 

TABLE 5 
RESULTS ATTAINED 

OVERALL RESULTS 

In practice, it was found that, as 
hoped, the large bodies of water; i.e., 

0 The Bay of Fundy 
0 The Gulf of St. Lawrence 
0 The Northumberland Strait 

and 
0 The Atlantic Ocean 

were extremely conducive to the build up 
of cloud I iquid water content regardless 
of the prevailing air flow direction. 
Actual tes-t point data is the subject of 
Part I I of this paper; however, the 
overal I results are shown in Table 5 and 
Figure 19. 

It is noteworthy to compare the icing 
conditions attained during this and one 
previous icing test. Figures 19 and 19A 
compare three variables {LWC, droplet 
size and total ice accreti0n for the 
Shearwater and Denmark test sites). 

Prior to drawing any conclusions regard
ing the relative merits of the test 
sites, it should be borne in mind that 
the comparison is of a heated rotor 
blade test versus an unheated rotor 
blade test. During the test in Denmark 
the aircraft was occasionally forced out 
of the icing conditions, particularly at 
the higher LWC 1 s due to unacceptable 
performance characteristics as ice was 
acreted on the rotor blades. If this 
had not been the case, tot a I ice accre
tion may have been higher. 

With this in mind, the following compari
sons can be made: 

(a) 

(b) 

(c) 

(d} 

In terms of the abll i ty to test 
across a ful I range of outside air 
temperatures in which icing may 
occur, Shearwater is clearly the 
best site of the two; and, in 
fact, in the author 1 s opinion, the 
best test site encountered during 
numerous icing tests. 

In terms of LWC for the range 0°C 
to -10°C, both sites are compar
able with the Denmark site being 
slightly better. The LWC's at 
both sites are approximately 60% 
of the Reference 1 maximum contin
uous criteria. This also coin
cides with the A&AEE, CA release 
criteria which recognises the dif
ficulty in actually testing in de
sign conditions. This may suggest 
that this is a practical value for 
test purposes. 

Examination of the ice acretion 
totals by month shows that icing 
conditions appear to be generally 
constant at Shearwater for Decem
ber, January and February and sig
nificantly greater in March, while 
Denmark was generally constant 
except for less icing in January. 
For any test organisation develop
ing icing protection, Shearwater 
offers (based on 1983/84) the op
portunity to optimise the system 
over a three-month period and then 
obtain a large mass of data in the 
final month with fixed control 
I aws. 

The plots of VMD for both sites 
have similar trends and indicate 
that droplet size decreases with 
temperature. 



" 

-

r---
" 0 

" 

SHEAfiWATEII-1983-84 

" 
OAT- ·c 

SHEAHWAH 

TOTAL 2027 

'" "" 

$\lEAAWATER 

" 
OAT- ·c 

MM 

,--

"' "" 

ICI~G EXP(fiiENC~ 

'" 

" 

ICE ACCIIHION nY MONTH 

' " 

'" 

, , 
• . 
0 

i 

DIIOPlH SIZE Vs OAT 

FIGURE 19 

" 

" 

I 
"'" 

DENMAIIK-199Z-9l 

" 
OAT- •c 

DENMARK 

TOTAL 763 MM 

'" 

I 
"" 

OENMAIIK 

" ·" 
OAT- •c 

LZ5 

'" 

~ 

'" 

"' . ., 

, , 
• ! 

I 

! 
' , 
' 0 

~ 



The actual weather conditions, there
fore, exceeded our expectations and 
while there is always the possibl ity 
that this was an unusual season, our 
test ·experience leads us to believe that 
the 1983/1984 season was close to nor
mal. The data also confirmed the folk
lore previously mentioned. 

While our decision was influenced to a 
large degree by the Chinook's range capa
bi I ity, in practice we found that the 
area along the Bay of Fundy shore! ine 
close to CFB Greenwood was extremely 
conducive to icing conditions. Any he! i
copter icing test program with a more 
restricted radius of action should ser.i
ously consider Shearwater (or CFB Green
wood) as a test site. 

Concluding Remarks 

At the end of the first season, suffi
cient experience of flight in natural 
icing throughout the required range of 
test conditions had been attained and 
data analysed to define the system can
t ro I I aws. 

Additionally, sufficient aircraft system 
operation with regard to dynamic compon
ents, airframe, avionics and systems 
operation had been acquired to indicate 
that no major problems wi II be evident 
during the subsequent evaluation phase. 

The duration of some of the 1c1ng en
counters during which the aircraft was 
continuously in icing conditions equai
'Jed (or exceeded) the aircraft's normal 
mission flight time. Si"nce this was 
true for a I I icing conditions, inc I ud i ng 
freezing rain, the heated rotor blade 
system should allow operations to be 
conducted routinely, regardless of icing 
conditions. 

Operation in icing with engine anti
icing deleted was found to be acceptable 
and affords savings in engine power of 
approximately 400 SHP at 0°C. 

A considerable body of data which could 
contribute to the United Kingdom's evalu-

,·ation requirements had been·obtained. 
Discussions with the FAA (USA) and CM 
(UK) are in progress which could lead to 
joint certification of the Chinook for 
flight in icing conditions. 

Part II of this paper wi II discuss the 
analysis of the data obtained and the 
plans to conclude the icing program. 

Appendix contains a surrmary of alI 
icing flights which serves as a basis 
for the Part I I paper. 
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APPENDIX A 

CHINOOK ZA 708 ICING TRIALS FLIGHT SI..M.'ARY - CMINJA -WINTER 1'18119~ 

FLIGHT 
~ Q£g 

FUGHT 

~ 

~ 

X-SO 13·11 2:05 

X-55 21·11 2:16 

X·S7 18-11 2:09 

X·59 29-11 1:15 

X-60 1•11 2:36 

X-61 1·12 1:41 

X-62 2•\1 2:05 

X-6& 10•12 1:~2 

X-69 q-12 I :50 

X-71 16·12 I: 20 

X-72 17·12 2:05 

X-73 18-12 1:39 

X-75 19-12 2:26 

X-76 11•11 2:45 

X-78 12•1 2;05 

X-81 U-1 

X-81 I 5-1 

X-83 16·1 

x-aq zo-1 

X-85 21·1 

X-86 H·1 

X-92 ~-2 

X·H 11-2 

X-96 11-1 

X•98 ll•Z 

X-1 01 l6·2 

X· I 02 !6·2 

X-IQq 1-l 

X·I06 l-3 

X-113 IO·l 

X·IIS Il-l 

J."-rN 14-3 

X-117 18-3 

X-118 18•3 

x-119 n-1 

X-120 2~-l 

X-111 2~·3 

X-122 17-l 

X-lll 18-l 

2:31 

I; 20 

I :45 

1:55 

l:U 

1:40 

l: 09 

I: 33 

l:H 

I: \0 

1; ]2 

1 ;00 

I: 5~ 

·" 
1:45 

1; qo 

2; 25 

1 ;~3 

2<Z6 

2:41 

2:30 

1: Sl 

1:37 

" 
2:03 

TAKE-OFF GROUND 

~~ 

45100 

.6450 

46600 
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