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FOREWORD

Work accomplished in the performance of the ten tasks ot NASA Contract
NAS3- 22186, "Light Transport and General Aviation Aircraft [cing Research
Requirements Program,” is presented in this document. The resultant research
requirements program plan is intended to contribute teo an overall research
progrant for the NASA Lewls Research Center {(LeRC) in the field of icing
rechnelogy.  The obiectives of the study proyram were accomplished bv
addressing ten specific tasks (the tenth being a reporting task) through a
very comprehensive literature search and industrywide survev/questionnaire.

This research studv was conducted bv the Thermodvnamics Group ot the
vorth American Aircraft Division of Rockwell International Corporation. Mr.
R. K. Breeze ot the Rockwell Thermodvmamics Group served as the Rockwell
Program Manager.  Ms. Peggy Evanich of the sSafety Technology Sectinm, NASA
Lewls Research lenter served as the NASA Technical Monivor., The authors ot
this report wish to acknowledge the sxcellent support given by Ms. Fvanich
and also by Mr. Jack Reinmann, Section Head, NASA LeRC Satety Technology
Section, Mr. Roger Luidens, Branch Chief, NASA LeRC 'Low Speed Aerodvnunics
| SBranch, amd all of those industrs, dovemnment acency, and university
‘ representatives who =0 generouslv offered their contributions throuch the

Jquest jonnaire.
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ABSTRACT

A short term and a long term icing research and technology program plan
was drafted for NASA LeRC based on 35 separate research items. The specific
items listed in the report resulted from a comprehensive literature search,
organized and assisted by a computer management file and an industry/
Government agency survey. Assessment of the current facilities and icing
technology was accomplished by presenting sumnaries of ice sensitive
components and protection methods: and assessments of penalty evaluation, the
experimental data base, ice accretion prediction methods, research facilities,
new protection methods, ice protection reguirements, and icing instnmentation.
The intent of the research plan was to determine what icing research NASA LeRC
must do or sponsor to ultimately provide for increased utilization and safety
of Light transport and general aviation aircraft.

REY WORDS

Tcing Research Tequirements

Nata Base Assessment

[ce Sensitilve domponents

Icing Technology Bibliography

[ce Protection Svstems

[ciny Instnmentation

[cing Weather Prediction

General Aviation and Light Transport Adrcrats
Aiveratt Meteorology Research

ii




TABLE CF CONTENTS

Secton Title
[ S MARY
I INTRODUCTION
Background
Objective

Scope and Appreach
Program Payoff

Iir RESEARCH DATA AQQUISITION

Literature Search
Data Management File
Industry/Government/University Survey Questionnaire

IV TEGQINTCAL DISCUSSION OF TASKS

[ce Sensitive Component Categorization (Task 1)

fce Protection Methods Cateyorization {Task J)

Component and [ce Protection Method Penalty
Assessment and Fvaluation (Task 3

(eneral

Relative Penalties Due to Effects of Icing'loe
Protection Svstems

[ce Protection Svstem Weight Penalty

Maintenance

Safetv

Assessment ot the Experimental Data Rase (Tash +°

Droplet Collection Efficiencies

Ice accretion 3Size and Shape

Ice Shedding

Effects of [ce Accretion on the Aerodyvnamic
Characteristics of the domponents

Aszessment of the Ice Accrerion Prediction
Metheds (Task 5

Analvtical Pradiction Metheds
Experimental Prediction Methods

Assessment of New [ce Protection Methods: (Task o)
Electroimpulse e Protection svstem
Microwave Toe Drortection doncept
Icephobic Yaterials

[
r

Page

b

[V 2 T S #1 ]

11
17

bkl
-

il

25

ob

L
-

12
32
48

-

35

ol

oo



Section Tirle Page

IV TECHNTICAL DISCUSSION OF TASKS {continued)
Reduced Ice Protection Requirement and [cing
Instrumentation Assessment (Task ) 86
General 86
Reduced Ice Protection Requirement 89
Assessment of Aircraft Icing Instrumentation -
Existing and Under Development 98
Assessment and Recommendations for Icing
Facilities (Task 8) 102
NASA Altitude Wind Tumnel {AWT) 102
NASA Icing Research Tunnel (IRT) 109
Instrumentation Requirements for Icing Research 112
Testing Techniques 113
Recommended Usage of NASA Icing wind
Tuhnel Facilities 113
v RECOMMENDED NASA ICINC RESEARGH PROGRAM {TASK 9) 115
General 115
[ce Protection Svstems _ 115
Icing Forecasting and Icing Definitions 113
Icing Intensity Definitions 18
Ferecasting and Icing Envircnment Models 119
[Instrumentatien ' : 120
Analvtical Methods . 120
[cing Wind Tunnel Testing 122
NASA Short and lLong Term [cing Research Plan 122
Research [tems 22
Ranking and Scheduling 123
Funding Requirements 135
VI CONCLUDING REMARKS 139
VII APPENDINES 142
A-1 List of References A--1
A-1 Bibliographv - Sorted hv Subject A-18
B Lookup Tables of Codes Used in [ ing Research Daty File 3--1
L Icing Research Data Tile Interrogations Cc--1
0 Summary of [ndustrv/Covernment Survey Questionnaire D--1
E o Survev of Aircraft [eing Simulation Facilities in
North America and turope E--1

v




LIST OF ILLUSTRATIONS

Figure Title Page
1 Task Flow Description 6
2 Sample Page From NASA Search 8
3 Sample Page From DDC Search 10
4 How to Create A File Using Mark IV System 13
5 A Sample Mark IV Icing File 14
5 Sample Input Sheet 16
7 Use of Data Management to Accomplish Tasks 18
8 Effect of Simulated Hoar Frost on the Maximm Lift

for NACA 65 A 215 Wing Section, From Reference 53 29
9 Effects on Maximm Lift and Cruise Drag of Simulated

Large Leading Edge Ic: Shapes Considered of Importance

for Light A/C, Ref. 53 30
10 the Effect on CL(a) and CL max of Ice Shapes From the

[cing Tunnel Corresponding to [cing in Cruise for the

No Flap Configuration, Ref. 53 31
11 “he Effect on Cp(2) and CL pax of Ice Shapes From the

{cing Tunnel Corresponding to Icing in Cruise but With

Trailing Edge Flap Extended, Ref. 53 32
12 [ce Protection System Weight Penalty 38
13 Definition of Analysis Parameters, Ref. 105 53
14 Electroimpulse Svstem Details, Ref. 192 7S
15 Guidance of Microwave Enmerg: bv Composite Ice-Dielectric

Surface Waveguide, Ref. 1135 78
1o Microwave Deicer Rotor Blade Concent 30
- Average Shear Force per Ablation Test, Ref. 10~ 3"
13 [cephobic Cocting Fiight Tests 3
14 [FR Departures of Single Zngines Aircrafr, Ref. 1 33
20 LFR Departures of Multi-engine Aircraft, Ref. 1 38
21 [ving Encounter Frequency Vs Altitude, Ref. ! 33
-2 water Conterit as a Function of Ambient Temperature af

Different water Content Quantities (Stratus Clouds) Ry




Figure

Title
Outside Air Temperature Exceedance Probability Below
10,000 Ft, Ref. 102

Liquid Water Content txceedance Probability Below
10,000 Ft, Ref. 102

Continuous Maximaumn (Stratiform Clouds) - Atmospheric
Icing Conditions, FAA FAR Part 25

Intermittent Maximum (Cumuliform Clouds) - Atmospheric
Icing Conditions, FAA FAR Part 25

Recomnended Continuous Maximm (Stratiform Clouds)
Atmospheric Ic¢ing Conditions, Liquid Water Content Vs
Mean Effective Drop Diameter, Ref. 102 and 134

Intermittent  Maximm {(Cumuliform Clouds]} Atmospheric
Icing Conditions, Liquid Water Content Vs Mean Effective
Drop Diameter, Ref. 102 and 134

AWT Flow Circuit
AWT Characteristics

Comparison of a Typical General Aviation Adircraft
Operational Envelope With the AWT Capabilities .

AWT Flow Circuit (Cption)

Overlay of General Aviation Operation Envelcpe
(34,000 HP Drive)

Fiow Chart of Integrated Icing Research Technical Areas
Short Term and Long Term Research Plan

“stimated Funding Requirements in Thousands of 1380
Dollars

vi

Page

92

93

94

95

86

97
133
105

106
197



LIST OF TABLES

Table Title Page
I Search Terms for the CDC Search 9
11 Log of Questionraire Responses 21
III Matrix of Components Vs Ice Protection Methods 23
v Penalties of Icing Effects cn Aircraft by Model 33
vV Penalties of Icing Effects on Aircraft by Components 34
V1 Penaity Assessment of the Protection Systems 35
VIl Aircraft Type (Typical Examples of Weight (lass) 39
VIII Adlrcraft Ice Protection Syvstem Codes 40
| X Windshield Defog/Anti-icing Reliability 43
X Wing/Empennage Bleed Air Anti-icing Reliability: 44
: yI Electrical Empennage Deicing Reliability 45
| XII Bleed Air Engine Inlet Anti-icing Reliability 45
XIIZ Electrical Propeller Deicing Reliability 46
XIV Ice Detection Svstem Reliability 46
‘ ALY Pneumatic Radome Anti-icing Reliability 47
Wi Bleed Air on Engine Components - Reliability : 47
i XTI Matrix of Components Vs Data Base/Facility Type 19
i XVIII Matrix of Components Vs Data Base/Facility Tvpe 50
| XIX Matrix of Components Vs Data Base/Tacility Tvpe 51
X Assessment of the Icing Facilities by Relative Ranking 73
| XXI Assessment of Icing Instrumentation 99
| XII Suggested Research Programs 124
|
|
|
|
vil




Section I

SUMMARY

A study was conducted to define for the NASA Lewis Research Center, both
a long term and a short term icing research and tecnnology program which is
responsive to the needs and desires of members of the light transport and
general aviation industry. Included were assessments of the current state-
of-the-art in prediction and test tecnniques and facilities, as well as the
adequacy of the existing data base and aircraft instrumentation under icing
conditions.

In order to facilitate the overall objectives, the program was divided
into ten separate but related tasks as follows:

1. Identify ice sensitivé components.

2. List existing ice protection systems for components.
3. Assess ice protection system penalties.

4. Assess experimental data base.

3. Assess ice accretion prediction methods.

0. Assess new ice protection methods.

". Define a reduced ice protecticn svstem requirement.

8. Assess NASA LeRC icing research facilities and recommend
improvements.

3. Summarize results and recommend research program.
10. Reporting effort.

The study was accomplished utilizing a comprehensive literature search
to obtain the current published information and an industrvwide survev to
solicit highly specific opinions and answers to questions directly related to
the program tasks.

In order to aid the implementaticn of the specific program tasks and tc
organize the material cbtained from the literature search, a computerized
data management file was used for both the storing and retrieving of
information. The bibliography of references assembled from the literature
search, the lists of ice sensitive components and current methods of ice
protecticn, and tables of codes used for Jata storage and interrogation were
directlv used in the report,




The results of the study program revealed that the techniquas ani
methods developed in the 1940 and 1950's are still being used today through-
out the general aviation industrv. The major improvement has been in the use
of computer codes (mostly individually company developed) for calculating
flow fields about wings and body shapes, droplet trajecteries, ice accretion
guantities, and subsequent heat transfer characteristics involved with ice
protection system design and certification. Further research is required to
develop codes beyond the 2-D programs and also codes for ice shedding, ice
shapes, accretion with ice buildup, and aircraft penaltiss.

Ice protection systems currently used are the same conventional svstems
that have been used over the past 20 to 30 vears, with perhaps some improve-
ments in design and utilization. New systems such as icephobics, electro-
impulse, microwave, and acoustic are only in the conceptual and research
phases.

A very great concern has been shown throughout the general aviation
industry for improvements in instrumentation, icing forecasting, quantita-
tive icing definitions that can be related to G/A aircraft, standard

certification required for all FAA regions, and a reevaluation of the FAR
<3 Anpendix C envelopes.

An assessment of the NASA (LeRC) icing faciiities i  nade including a
list of fourteen suggested improvements summarized from the industry survey.

From the results of the study, a list of thirtv three research items
were assembled for laying out a short term and long term research program.
For purpcses of the program, the short term is three tc five vears and the
long term five to ten vears. The starting times and program costs were
coordinated with probable facilities refurbishing dates and estimated
reasonable budgets. Research and technclogy areas are ranked in accordance
with the most needed listed first.
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Section I1I

INTRODUCTION

BACKGRCOUND

The nature of icing problems and advances in technology related to icing
and ice protection methods have changed considerably since the 1550's, when
the last major thrust in icing research by NACA (now NASA) was terminated.
Although industry has accomplished some work in applied RED, most of the
effort ha, been directed tc specific designs for certification of large
transport aircraft. More recently, expansion in the use of private business
and commuter aircraft has emphasized the problems that result from applying
the icing requirements of large commercial aircraft to the smaller, light
transport segment of the industry. General aviation and light transport air-
craft have opmerational and utilization problems resulting in relacively
higher exposure to icing conditions ard greater penalties for ice protection
svstems. These are due to: (1 the smaller physical dimensions, which
produce relatively heavier ice accretions and, thus, aercdynamic performarce
degradation, {2) weight and cest penalties of icing systems relative to thelr
pavload and cost baselines, and (3) the perceived inappropriateness of
weather forecasting methods, and (40 lack of partial/limited tvpe certifica-
tion requirements to this calss of aircrarst.

Current icing problems resulr from increased air traffic volume, nore
extensive worldwide and seasonal operations, prelirferation of low-altitude
shuttle operations where icing is more likelv for both <ivil anc industrial
use, and an increased threat to general populace from accidents that occur in
highly populated areas.

In the meantime, advances in technologv have been extensive in man;
areas and particularly in electrenics and optics with the proliferation of
microprocessors, computers, new tvpes of sensors, radar, lasers, holographv,
and microwave. .\ major effort is needed to resolve the icing problems with
the aid of these new technologies. Recognition of these factors has resulted
in NASA reestablishing an icing research function dedicated to both short and
1ong term research programs, including updating of icing turnel and
instrumentation capabilities.

The research problem is not ertirelv rew, since many techniques evolved
in the 1950's, refined since that time, and applied primarily to large
transports, are accurate. In particular, the correlaticn of ice ccllection
equations, as well as heat and mass “ranster equations over airtoils and
windshields, has been quite good. Since these quantities are also required
for light transport and general aviation, some cormonality exists. This
commonality lies in the areas of the following. '



1. The same ice sensitive components, such as flight surface leading
edges, engine inlets, pitots, etc. The similarity exists in the
areas of function, shapes, and certain ice protection methods.

-

[cing physics associated with ice accumulation and heat and mass
transfer are identical and can be related by common scaling
parameters.

(V2]

Operational exposure in those regions of operational space which
are common, i.e., during transitional flight and at lower altitudes.

Most of the differences result from size, performance, mission, and payload
differences, where the general aviation and light transport aircraft are
penalized in all these respects.

It is seen that the major problems which need to be resolved are: (1)
reduction in cperational (certif.cation requirements) constraints in order
tc improve the use of the existing and growing body of general aviation and
light transport aircraft, (20 Lmprovement in safety while operating in icing
conditions, and {3} reduction in manufacturing and maintenance costs of ice
protection svstams as a basis for improving the operational opportunities of
short distance shuttle services. It is evident that to solve these problems
a new, concerted effort must be initiated to combine the advancements in
instrumentation, ice protection capabilities and methods, wsather forecasting
techniques, etc., so as to provide a sound and current technological basis
for the design and certification of light transport and general aviation
airerafz.

1

OBJECTIVE

The objectives of this program were to define for NASA both a long and
a short term icing research and technology program responsive to the peeds
and desires of members of the light transport and general aviation industry.
Included are assessments of the current state-of-the-art in prediction and
test techniques and facilities, as well as the adequacy of the existing data
base and aircraft instrumentation under icing operation.

SCOPE AND APPRCACH

The program was accomplished by laving out a detailed and relevant
foundation for accumulation of data which detfines the current and future
luing predictiern, tesring, protection metheds, and instrumentation that are
appiicable to the probiems af light transport and general aviation aircrafr,
“his foundation establ:ished a bhasis for determining the reguirements for
future icing research ani technologv efforts,

L e s
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As shown in figure 1, the program consisted of ten separate, but related
tasks. The first six of these are related, in tlat the results of each task
correspond on a one-tc-one basis with the list of ice sensitive components
defined in task I. The outputs of these tasks are similar in format, each
generating parameter lists which apply tc the task I components. The results
of the first six tasks were used with the additional assessments of tasks VII
and VIII to provide the conclusions and recommendations of task IX. Task X
is a reporting task.

The general approach consisted of the division of each task into an
initial definition phase and a final assessment phase, including conclusions
and recommendations for each task. The intermediate effort, which involved
data gathering, data relating, sorting, and interim evaluation was
accomplished concurrently by means of a computerized data management system.
This step permitted a major increase in program analysis efficiency hy: (1)
data search and recording of all parameters concurrently, and {2) data
combinations, scrting, relating, etc., by computer, based on the use of
specialized parameters der-ived from the objectives of each task. Additional
data were obtained from the results of a survey of Government and industry
relating to the objectives of this program.

For the purposes of the study program, light transport is defined as
fixed wing aircraft of up to 30 passengers, having an annual utilization of
about 2500 hours in scheduled operations, and operating primariiyv at
altitudes below 10,000 feet. Ceneral aviation refers to fixed wing aircraft
utilized in non-militarvy and unscheduled airline operations. Adrcraft with
the following types of engines are being considered: jet and fan engines,
turboprops, and piston engines.

PROGRAM PAYCFF

The intent of this program is to provide guidance regarding areas for
icing research and technology which have the greatest potential for advance-
ment of the ice protection state-of-the-art as applicable to light transport
and general aviation aircraft. The short term and long term icing research
programs developed from the result. »f the literature search, questionnaire
returns, and task studies of this prog-am, along with discussions with other
lcing authorities will help define a lar e scale effort for NASA facility
improvement and for NASA in-house and/or contracted research and technology
activity. These efforts should culminate .n an increased utilization of
zeneral aviation and light transport aircraft with attendant improvements in
safety and economv of operation.
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Section III

RESEARCH DATA ACQUISITION

LITERATURE SEARCH

From the very beginning of this study, it was recognized that a fairly
extensive search of the literature would be required to provide a basis for
assessing the current state of icing technology and future icing research
requirements. As noted in the introduction, the last major efforts in this
field were spearheaded by NACA in the earlv 1950's. Most of the literature
resulting trom those efforts has been in circulation for some time, and
reviewing such documents would not result in information of which we are not
already well aware. (For example, Rockwell alreadv has an in-house file of
about 100 icing related documents published circa this period, mostly bv
NACA.? On the other hand, a search of the more recent literature would
provide an indication of the problems and solutions which currently exist in
the general aviation and light transport industrv. As a result, the search
was limited to documents published since 1968, and to subjects concerning
aircraft related tcing only. Helicopters were explicitly omitted since it
was felt that this area would be studied under a similar but separate NASA
sponsored contract.

The scope and effort of the search was quite large, since it was
intended that the literature would provide the support reauired for the
research program reccamendations. Thr2e search sources were utilized -
NASA, National Technical Information Service (NTIS), and the Defense
Doaumentation Center (DDC). Abstracts were requested of all Jocuments in
these files which addressed aircraft icing and anti-icing.

Figure - presents a sample page from the NASA literature soarch. A
total or 221 references were cited by NASA as pertinent to aircraft icing and
anti-icing methods. Note that abstracts wevre not available for all of the
reterences, although in many cases, at least a partial description of the
contents was included. Documents published in a foreign language (excluding
translations) were not considered for the purposes of this contract, due to
time und man rower constraints. However, it was noted that eight of these
would pertain to the cbjectives of this pregram and might be included in
future studies.  3ased on the abstracts, "9 refersnces were Jdetermined to be
of further interest to this progranm, and were ordered.

The DC search turned up onlv 37 Jocuments which met the search
cznstraints.  Table I presents the "first” and "second level search terms"
used by UDC to extract Jdocuments cof interest from its files. In assence, the

earch requires that at least one term from each level appear in the Jeserip-
ars tor each Jeaument.  This mav he seen to be the case in the DIC search
sample of figure 3. Thirteen Jocuments were ordered from the DIC for further
examination,
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The NTIS cited 122 documents. Thirty seven were considered of interest
to the program. Seven were found to be duplicates, so thirty decuments were
ordered.

In all, 380 documents were cited by the three services, and 122 were
ordered. However, the number actually reviewed totalled 141, since: (1)
some of the documents which were received contain a number of separately
referenceable articles of interest to the program, and (2) there were
documents not listed in any of the searches which were already in Rockwell s
possession.

A computerized bibliography of the references which have been reviewed
as part of this program was developed. This file stores the reference
titles in standard bibliography format, but also keeps track of the vear of
publication, the source of the document (e.g., USAF, USN, company, country,
etc.), a subject (assigned by the user), and the Government accession number
(NASA, DDC, NTIS, or other). The most current ocutput of the bibliography is
presented in Appendix A.

A manipulation of this reference file was made to sort the above reports
by subject. This was done in order to identify those areas where icing work
and studies are currently being conducted which have application to NASA
research objectives. It would also point to areas where such work is lacking.
The results of this file search are presented in Appendix A. It was found
that in general, there was good balance among the separate subjects. As
expected, the bulk of the references could be classified as pertaining to
general aircrart icing. There were also quite a few concerning anti-icing
and Jeicing svstems. Only three accident reports relating to icing were
reviewed, plus three on fuel additives, and three on carburetor icing. Only
five out ot the 141 reports dealt entirely with an analvtical model for air-
cratt icing. The literature searches turned up a number of documents on
helicopter icing, but these were not ordered wunless they appeared to have
application to the general aviation segment of the industrv as well. As a
result, only six Jocuments are listed under "helicopter icing" in Appendix B.
Some reports such as the accident reports which were not specifically sought,
turned wp in the literature search due to the kev code words used in the
search.  Thev were reviewed for their possible contribution to the program
and recorded. It is suspected, from the review of many Jdecuments, that much
foocd Jdata mav remain hidden due to: 1) the use of nondescript titles, or
.= the fact that a report may contain icing data which is not properiv
identified via either the title or kev search terms.

DATA MANAGEMENT FI

Review of the literature has to be accomplished in a consistent, repeat -
able manner, with certain questions being asked of each Jocument which
related explicitly to the objectives of the program. In the process, the
reviewer cbtains a feel for the content of the literature and its application




potential for the various tasks of the program. However, after reviewing
more than 100 documents, it becomes difficult to efficiently remember or sort
out which of the documents was applicable to what purpose. Also, this
procedure almost requires that the reviewer alsco be the primary lnvestigator
for the effort, if he is to know what is ccntained in each document.

In order to get arcund this problem, a computerized data management
svstem was used in this program. The idea behind this system is to provide
a means of storing the information found in the literature into an easily
retrievable file. In this way, the reviewer quickly scans and reviews each
document, answering a number of pertinent questions in code form on Computer
data sheets. The data sheet information is then punched into cards and
entered into the icing research data file.

For this study, the MARK IV File Management System was used. This is a
svstem proprietarv to Informatics, Inc., but which is on line as part of the
Rockwell computer svstem. As the name implies, the primarv concept of MARK
[V is the ability to manipulate files of data. Basically, what the user
must Jo when starting cut, 1s to decide what information he wants to store
from each record (or reference), how he wants to store it, and in what format
he wants to input the data into the syvstem. Thils "flle creatlon' process 13
depicted in figure 4, and can be broken down into "'file definition,"
"transaction definition’ (input format), and '"file creation’ phases. It is
important to chouse the categories of information to be stored carefully when
first developing the file because it becomes increasinglv difficult to go
back and restructure the fils as the number of records (or references)
inserted into the file grows.

Cnce the files and their transactions have been defined, the user has
the abilitv to scolve his information management requirements. In MARK [V,
this is done through the use of "requests.” In general, reguests are the
meaits bv which a user selects records from a file, selects specified data
trom “he records for computatlon and logical orocessing, and specifies the
Jdesired output. This output normallv takes the form of reports, intermediate
result files, subsets of the original file, or combinations of all of these.

A very simplified scheme for a MARK IV file is shown in figure 5. In

this example, the total rile length allocated for data storace is 27
locations per record, or referenc:. The first three are allocatad te the
reference number, and the next fifteen to the aircraft tvpe Jdiscussed in that
reference.  The last three sets of three locations are for filing the ice
irive corponent, if anv, addressed in the retference, the anti-ice svst
ussed, and the lata tase i.e., wind tunnel testing, analwtizal, etc.h.
Note that for the latter three, a code number is stored, instead of a word
Jescription. This is Jone to reduce the file size requirements. For exarple,
.7 oeach of those three parameters were allecated 20 lecations each in the

file, then the file length weuld he 78 per retrerence, instead ot the 27




_ (NOLLINI:9d NOI

_ 14
ONIOI
| SHAVIRID
Al MIVW

_ NOLIVERILD 114

WaISAS Al LB FUIS)) D11 ¥ 91BIL) 01 MOy

- SRIO: WCREL “"TVN TR L

INdNT]  HD STV VIO LLVERID

— =] - = - — - - — - =
LOVSNVIL] _
VLV _
VIV dNT QL I

.1 SO CTTIM 0K IVINIOT R
AL AT ORIV TELL }
|
VIVA RIOLS OL L1 1NVM _

- - e e P e iy
NOLLINIATG r1ia ] MOA MO AT ORIV TIHL |

RIVANGOH. WLLSAS AT WHVHW

WAMATAT MO SO
JEANT il NV

g AU B

SIS INANT UK TTHA
HHILEVAELLET MHTAA

WVHORIE AT-N QINI

VIV MNT Gl LNV
FOA MOH HONLTR

11 NI HROLS Gl TRVM
HOA IVEM CNTERS




1 gE

ANTI-ICE SYSTEM

1 DATA BASE

I~ REFERENCE

NUMBER
AIRCRAFT
| COMPONENT

;};Léi.é.-?.’.!ﬁ““ R SRR TR F N e
l/ Lt 0T o seo :;Lor 2
152' SABRE./ mER  [300| /0|
| ponE 300 3oy I/
lL I P , . . [ . . .
B ER Sl k
. P i i \r . s . I . .
1 | | E
I | | i

Table of Components

100 NONE

200 WINDSHIELDS

300  AIRFOILS

100 RADGMES

300 MANY

Table of Anti-ice Svstems

10 HCT AIR

20 THERMO-ELECTRIC

30 NONE

10 MANY

Table for Data Base

1 WIND TUNNEL

2 FLIGHT TEST

3 ANALYTICAL

4 NCNE

Figure 5.

A Sarple Mark IV Tcing File
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locations shown in the figure. The code numbers are chosen from tables of
components, anti-ice systems, and data base which the analyst constructs at
task initiation.

The file used to actually accomplish this effort was much larger than
the sample file in figure 5, but the basic principles are the same. A
number of questions were developed for classifying and storing the informa-
tion found in the references. These questions were based on the investiga-
tor's interpretations of the task objectives, and deal with a mumber of items
required by these tasks.

Figure 6 presents a tvpical werk sheet usec during the review of the
literature. The work sheet breaks down into four different parts. The first
part deals with the reference in general, and includes codes for a reference
number, the component types, anti-ice methods, and the availability of the
reference. The tables of codes which were used are presented in Appendix B.
The "data base" describes the type of data in the report, such as commentary,
statistical, operational experience reporting, type of test facility,
computer program, etc. The "method of expression” describes or classifies
any specific equaticns, or notes whether there are computer programs/data or
experimental measurements included, The "research status' allows the
Teviewer to note whether the reference suggests that research is either
needed or not needed, as well as how badlv it is needed. A code is included
for the "icing conditions' discussed in the reference, such as liguid water
content, altitude, drep size, flight test under natural or tanker icing,
combinations, rlight profiles, certification data, and many others. The
"state-of-the-art” code really applies to the method of anti-icing or
instruments which measure icing. Using this code, the reviewer assesses
where the state-of-the-art lies; i.e., off the shelf, new coneept, etc.
Provision is made rfor indicating the aircraft discussed in each reference, if
applicable. Finally, up to four lines of comments are allowed regarding the
overall reference. Here the reviewer can rate the source, or simply provide
a mini-abstract, if he wishes.

The second part of the work sheet Jeals with the icing phenomena in the
reference, such as heat transfer analvses, water drop trajectorv/collection
efficlencies, ice shedding, aircraft effects, etc. Once the phenomencn has
been coded, questions reyarding its Jata base, methad of expression, research
starus, and icing conditions are considered. If icing phenomena are not
discussed, all the attendant codes and comments which follow may he lert
blank.

The third part of the work sheet addresses the penalties discussed in
the reference. These are coded to signify whether thev address corponents,
Or are aircrart assoclated (weight, speed, drag, range, €té.). A ratiny of
the penalty is also coded: no erffect, small effect, moderate effect, severe
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The same questions are asked in the penalty section as were askad in
previous ones. The data base, method of expression, research status and
icing conditions are noted. Up to four lines of comment regarding the
penalty information in the reference are allowed, Again, if penalty informa-
tion is not discussed, all the attendant codes and comments are omitted.

The fourth part of the work sheet, which was an addition made after a
considerable number of references had been reviewed, addresses the instrumen-
tation associated with icing which are discussed in each reference. Again,
the same questions are asked in the instrumentation section as were asked in
the previcus ones. Allowances are made for additional instrumentation when
"more than one'' code is used. The principle of operation and utilization of
the instruments are also indicated by code number. Again, up to four lines
of comments regarding the instrument information are allowed. A component
code number in the first part of the work sheet immediately indicates to the
computer and reviewer when the main subject of the reference is
instrumentation.

The questicns and codes used are meant to reflect the task requirements.
Some additions or changes were made, such as the addition of a section
regarding instrumentation. However, as more and more of the literature was
reviewed, it became more difficult te make changes, since one would then have
to go back and rereview the documents already incorporated into the files.

All 141 references were reviewed from the standpoint of these questions,
and the resulting information was input into the MARK IV system to create a
file of data pertaining to icing research requirements. The entire process,
including the literature search, file creation, and file manipulation is
schematically depicted in figure 7. As expected, the file was an efficient
tool for manipulating the findings of the literature so as te address the
requirements of the various program tasks.

During the course of this effort, the computer file was interrogated in
a mumber of difrerent ways, and the results vere used in the fulfillmen:t of
each task, as required. The corputer outputs trom these interrogations are
included in this report as Appendix C.

INDUSTRY/GCVERNMENT/UNIVERSITY SURVEY QUESTICANALRE

Early in the program, it was decided by the NASA that a ver worthwhile
additien to the program would be a survev of the gemeral aviation industrv
and these concemned Government agencies involved in aircraft icing technology,
to solicit their views with regard to a number of the program tasks.
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The major objectives of the survey/questionnaire were threefold, as
follows:

1. To solicit the latest up-to-the-minute information on many different
aspects of icing technology including ice protection system design
and operaticnal techniques used by the general aviation aircraft
industry and related Govermment agencies.

2. To solicit the views, comments and recommendations from the experts
in industry and Government, concerned with icing problems and their
resclution,

3. To give the icing technology experts in industry and Government an
oppertunity to voice their concerns relating to icing and icing
protection and to influence the direction of future NASA research.
These inputs would allow the reflection of the broader view of the
general aviation industrv in the recommendations glven to NASA for
short and long term research plans.

A copy of the survey/questicnnaire and the letter of transmittal sent to
industry and Government agencies is contained within the report in Appendix
D. The survev/questionnaire was sent to eight Government agencies and fifty-
two general aviation aircraft companies and universities.

The questions in the survevy were grouped into eight basic sections
Jealing with:

1. Ice "rotection Svstems

[ 3]

Ice Protection Penalties
5. Propulsion Svstem Icing
1. Alrframe Icing
5. Testing Techniques
6. Calculation Techniques
weather Data
3. Final Recommendations
These eight sections went right to the heart of the important material
of the study program in an effort, not onlv to obtain the most current infor-
mation available frem those experts from industry and Government ayencies

working in the aircratft icing field, but in the case of penalties data, to
obtamn data not readily available in the ceneral literature. An initial




review of the literature obtained in the study program indicated that there
was only a limited amount of icing, icing component, or anti-icing svstem
penalty dara available in usable form. Anti-icing protection svstem penalty
data is usually aircraft model oriented and svstem oriented rather than anti-
iced component oriented,

Also noted in the general literature was a lack of specific data base
information regarding specific computer codes used for analvsis. This may,
of course, be due to the proprietary nature of many COmputer programs
developed in the private industry sector. Specific information on datz base
was requested, not onlv to obtain direct and current information on the
subject, but also due to the fact that in much of the literature reviewed
the Jdata base was poorlv defined or merely inferred.

Each questionnaire was sent out with a ietter of transmittal. Two basic
letters were used, differing onlv in one or two sentences depending upon
thether the letter was being sent to a representative of the aviation
industrv or to a Covernment agenCy. In general, the questionnaires were not
necessarily sent directlv to the 1cing expert, but to a company official who
would be in a position to see that dny information presented was in accord-
ance with the individual company policies,

Approximately 35 percent of the companies, universities, and Goverrment
AgeNciss recetving the questionnaire responded. A list of the respondents is
shown in table IT, which indicates that a good cross section of both
industxv and Government contributed generously to the pregram.

Penalty Jata presented in the respunses were in the form of tabulations
On ice nrotection svstems and vomponents.  Most of the Jdata were relitive
ranking of penalties with respect to the various aircraft models listed. ALl
ot the other data presented were primarily in the form of written answers to
the specific questions. \Most organizaticns were extremelwv helptul bwv
presenting their answers directly in the same format as they were asked,

The information frem the survey was caretully evaluated and then folded
ity tae applicable sections of the feport.  Since many ot the respondents
presented stnilar answers and ideas to many ot the same question |, no attempt
WS TIGe T osingle out an individual in the bodv of the report for credi-s.
Rather, 4 swmare of the Jata and information from an evaluation of the
FUREY wis assembled and s presented in \prendix T oof the report.




DATE
RECEIVED
06/11/80
07/28/80
08/01/80
08/01/80
08/07/80
08/11/80
08/14/80
U8/14/30
08/15/80
08/15/80
08/15/30
08/12,380
8722780
08, 22/80
U8/29/80
09/02/80
09/03/30
49.703/30
J9/11/780
0u/16/30

/20780

L2480

TABLE II

LOG OF QUESTIONNAIRE RESPONSES

FIRM

Rockwell, General Aviation Division
Key Industries Corporation
Teledyne-Ryan Aeronautical

General Dvnamics, Convair Division
Cessna Aircraft

Crew Syvstems Consultants

Gulfstream American

AiResearch Mfg. Co. of Ari-ona

Bendix Avienics Division

Beech Adrcraft Corporation

University of Kansas

Dept. of Transportaticn, Fia

3. F. Coodrich

A. F. Wright Aeronautical Labs
Lockheed-Gecrgia Companyv

AVCC-Lyvecoming Division

Plper Adrcrart Corp., Lakeland Division
Detroit Diesel Allison

NASA, Marshal Space Flight Center (\Ei(C)
Douglas Aircrarr Company

Pirer Aircra-: Corp., Santa ‘Maria, Calif,

doeing Jommercial Airplane, (o.,
Seattle, Washington

Tre De Havilland Alrcraft of ~anada,
ntario, Canada

TYPE

—r

Aircraft

Systems, Operations
Systems, Operations
Alrcraft

Adreraft

Systmes, Cperations
Adrcraft

Engines

Systems, Operations
Aircrafe '
University
Govermment

Svstems, Cperations
Government

Aircrafr

Engines

Alrcrafe

Engines

Government

Alrcraft

Alrcrare
Mrcra‘e

Adrcraft



Section IV

TECGHNICAL DISCUSSION CF TASKS

In the following technical discussions, are the assessments ard evalua-
tions of the many facets of icing technology referred to in the specific
program study rasks. It was the considered opinion of both NASA and
Rockwell that these assessments and evaluations would play a very necessary

part in the development of the requirements for a short term and long term
icing research program.

ICE SENSITIVE COMPONENT CATECCRIZATION (TASK 1)

The logical first task requirement in this program was to identify and
list all light transport and general aviation aircraft components which are
ice sensitive, particularly those which need to be considered with respect to
ice protection. Ice sensitive refers to those components which:

1. Accumulate ice in the presence of an icing conducive atmosphere.
-. Are "problem oriented" with respect tc aircraft performance, safetrv,
maintenance, design cost, life cvcle cost, or other tvpe of penalty.

The ice sensitive component list developed for the study program is one
of the primar codes Zor the data file and is shown in its entirety in
Appendix 3 as the first table in the series of 15 'lookup' tables. This code
1ist not onlv lists the ice sensitive ¢ompenent but also gives answers to the
following questions for each component.

L. where and,/or how Joes the ice form?
2. Wwhen Jdoes the ice form?

3. Ts it a preblem?  whe?

The list is considered quite lefinitive and was updated several times
during the program. The component list ts the basis for all of the other

tasks of the program.  Fach succeeding tasx concerns all,or at least several

ot the compenents on the list, Jdepending upon the technology subject and the
avarlabiticy of the Jdata.

_,
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.
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i
W
)
+

Tahie 1T Cormonents versug ive nrotection methods.  The
components are Listed under several general titles which Jdivide them nto
narural Jategories as follows: jet engines, fan e
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T orengines’t, turbopror
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TABLE III
MATRIX OF COMPONENTS VS ICE PROTECTION METHODS

CODE: 1 Continuous

2 Cyclic

3 Intermittent
4

"Cne-Shot"

CE-PROTECTION

METHOD

HOT AIR[ ELEC.

FLUID

OTHER

COMPONENT

INTERNAL

POROUS

EXTERNAL - BNDRY LAYER

ENTERNAL
EXTERNAL

ALCOHOLS, GYLCERIN

'TES'

SYSTEM

OIL {HOT EMGINE)
FUEL ADDITIVE

PNEUMATIC

ACOUSTIL

MICROWAVE

ICEPHOBICS

VIBRATORY

JET ENGINES

Main Injet

. Blow In Docrs

Inlet Moise Suppressian
. Nose Caps

. Screens

{nlet Guide Vanes

tor 3lades
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Ta 3 From
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Full #ropeliers
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trgine Zowling
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TABLE TII

MATRIX OF COMPONENTS VS ICE PROTECTION METHODS

CCDE: Continuous
Cyclic
Intermittent

IlGna-Shotll

BT OV A R

{cantinued)

[CE-PROTECTION

METHOD

HOT AIR{ EL

£C.

FLUID

f
f
b
1

COMPONENT

L
INTERNAL

EXTERNAL - BNDRY LAYER

POROUS

INTERNAL
EXTERNAL

|
+
|
|
|

ALCOHOLS, GYLERINM

SYSTEM
OIL {HOT ENGINE)
FUEL ADDITIVE

*TES!

PHEUMATIC
ACOUSTIC
MICROWAVE

I1CEPHOBICS

VIBRATORY

. A/C INSTRUMENTS

Pitot Static Tube

Alt. Rata-af-Climp Orifice
faw ‘Yanes

Total Head Probe

Total Temp 2robe

— b ek —d

1,2

b
|
|
|

. FUSELAGE

Wingsh:eld

wingy Fusalage Junature
Static Vents

Scacps

Trains

Cther Junchyres

intennas

Radomes

Electrp-Cotical Transoar.

(V]

(a

TATL SURFACES

Horizontil, Elevator
Jertical., Rudce
T.Ta3il

Y-Taid

1.2
1,2

Lad

{ad Lad

WINGS

Swant, St-y gy

I Yartax Jen.,
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c
[
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FaT I
3
[
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The ice protection method or methods used with each of the ice sensitive
components is shown on the matrix and is discussed in the next section of the
report. The effects of ice on the unheated components and the penalties
associated with the ice protection svstems are the subjects of discussion in
subsequent sections of the report.

ICE PROTECTION METHODS CATEGORIZATION (TASK 2)

Ice protection methods for the ice sensitive components identified for
Task I were itemized and utilized for the matrix of combinations shown in
table ITI. A list of all of the various ice protecticn methods currently
used or in research and development stages have been included in the second
table of Appendix B. There is a computer file code number for each method
and there is a column parameter established for the code in the data tile.

The ice protection methods shown in the matrix of table III have been
further detailed in that thev have been coded to indicate the type of system
such as contimuous, <vclic, intermittent, or 'one shot,' that are normally
used for a specific coemponent.

In general, ice protection systems fall into the following
categories:

1. Hot Ailr
2. Electrical
3. Fluid

4. Pneumatic

(¥ 3

. Other {Acoustic, Microwave, Vibratorv, Icephobics)

The first four categories are in common use today and have been for some time
in the past. The svstems under the heading 'other” are still in the concep-
tual and’or research and Jdevelopment stages.

All of these categories of svstems fall into one or hoth of two possible
tvpes of protection svstems: (1) deicing svstems, or 12 anti-icing svstems.
Deicing refers to the removal of ice aceretion after it has bullt up.

Deicing can be accomplished by anv of the categories of svstems listed,
Anti-icing refers to the prevention of ice formaticn betore 1t can start te
Zuild up.  In general, anti-icing <an only be accomplished by the tirst three
categories of svstems, hastcaliv Jluid or thermal means. [t mav be noted
here that 1ll of the new concertual and research and Jdevelopment svitems arve
detcing svetem tvres.  This 13 not considered umusual since one of the nain
concerns is to reduce the power requirements of these new svstems.  Delcing
avstems, by the nature of thetr operational characteristics, which are alwavs
internittent, use less power than nti-loing svstems.




Descriptions and discussions of the conventional methods of ice
protection and of ice protection systems may be found in many of the
documents listed in the bibliography of references herein. In particular,

references 75, 105, and 108 contain design data, descriptions and
discussions of both deicing and anti-icing systems.

COMPONENT AND ICE PROTECTION METHOD PENALTY ASSESSMENT
AND EVAIUATION (TASK 3)

GENERAL

The objectives of this section are to identify ice protection svstems
and related factors whizh have the greatest pavoff for improving the icing

condition operational capability of general aviation and light transport
alrcraft.

In order to achieve the objectives that are desired, an assessment of
the penalties associated with the ice sensitive aircrafr components and the
ice protecticn systems utilized or contemplated for these Components was
made insofar as data were available. A literature search was conducted to
obtain data with respect to penalty data associated with the ice sensitive
components or ice protection svstems. Five lines (12 through 16) were
allowed for peralty asscciated data on the computerized master file computer
code form. Questions and fill-in charts were included with the industrv/
hovernment survev questiomnaire in order to solicit the desired information

from general aviation aircraft manutacturers, universities, and experts in
LOVErTmen:t agencies associated with aircrat: icing problems and technology.

The literature search was conducted for penalty factors which concerned
both unprotected aircracr ice sensitive components and ice protection svstems
=uch as the following:

1. Power Requirements
. Initial Cost

Maintenance ['ime and Costs

Irpact on Alrcraft Performance

a. Aeredvnamics, n, A0p. Stall Speed, ete.
n. Weight

<. Range, Pavload

sreeds, Maximm, Jrmiise, ete.
Reliabilioy

sarety




The literature search was disappointing in that very little informaticn
on penalties is published in the general literature, particularly under the
general title of component penalties. Certain types of information, such as
electrical power requirements and heat requirements can be extracted from
published analyses made on specific systems for specific aircraft. However,
specific penalties such as electrical power required or heat required {which
'is sometimes translated into an engine bleed air flow available) are
difficult to assign a relative ranking because they are intimately involved
with the tvpe, size, and capabilities of the specific aircraft/engine type
involved. The ice protection system requirement for a particular ice
sensitive component which may impose a severe penalty to one type of aircraft
may impose only a minor penalty to another type of aircraft.

It is logical, then, to make penalty assessments on a basis of ice
protection svstem{s) for a specific aircraft and/or type of aircraft where
ice protection svstems are provided and data are available. Different kinds
of ice protecrion svstems for the same ice sensitive component are evaluated
with respect to each other. The same logic holds true with respect to ice

ccretion on unprotected components regarding the impact on aircraft aero-
dvnamic performance. The impact of 1cing on aircraft performance due to
icing of unheated surfaces such as the leading edges of the wings, horizontal
and vertical stabilizers, wing struts, engine cowl propeller, etc. is in the
form of increased drag, reduced 1ift and rate of climb, and increased stall
speed. Flight tests have indicated that only 1/4 inch of glaze ice on the
leading edges of the wing can reduce climb speed bv 300 fpm (reference 1}.
This same reference indicates that wing icing can contribute 40 to 60 percent
of the total icing drag on an airplane. FPropeller efficiency on a typical
G/ aircraft <an be reduced bv as much as 10 to 19 percent (reference 1 and
NACA TN 1398) bv ice buildups. For business jet type aircraft with new wing
(approximating supercritical) cross sections, less than 1/4 inch of ice on
the leading edge "hi-lite" or stagnation point can increase the stall spead
by 10-15 knots. Propeller driven G/A aircrart also exhibit the same 10-15
smot stall speed increase for 1/8 to 1/4 inch ice buildup on the wing leading
edge. Icing accretions on the engine cowl, aircraft nose, miscellaneous
antenna, and other rrotuberances can contribute as much as 210-I5 percent ot
the total increased drag due to aircraft icing.

Recent tests with simulated ice representing 10 minutes of moderate
03 wmssm) icing on the leading edges ¢ the Sabreliner 65 wing, increased
the stall speed bv 15 knots. Although handling qualities of rhe aircraft
were vers satistfactery, some buffeting was oxperienced with the ice shapes.

Tata on a JU-210 airg
NOAS, an ice acourulation

taken from reference 41 indicate that at 17C
J3ota 10 inches moderate icing® on the rflizht
cading edoes will resul

i
Towery setiing.

[

surtace In a 20-30 Mot loss in speed at the same
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A very excellent study of the effects of simulated hoar frost and jce
on three basic wing configurations of the NACA 65A215 wing section is
contained in reference 53 by Sundberg and Trunov. Figure 8, taken from
reference 53, shows the effect of similated hoar frost on maximm 1lift. The
loss ir Clpax can be greatly reduced by cleaning the first 18 percent of the
chord. The effects on maximm 1ift and cruise drag of simulated large
leading edge ice shapes considered of importance for light aircraft are shown
in figure 9, taken from reference 53. The effects on CL{a) and CLpga. of ice
shapes simulating cruise conditions for no flap and for trailing edge flaps
extended are shown in figures 10 and 11, taken from reference 53. A third
configuration with leading edge slats was tested, but is not shown here since
most all general aviation aircraft and most light transports do not use
leading edge slats, whereas, many use flaps of one type or another. Of key
interest in these figures, is the fact that the big reduction in CL(a) or
Clpmax at the higher angles of attack occurs with 2 minimum accretion (hoar
frost simulation) and increase somewhat from that point. At low angles of
attack for the no flap configuration and at negative angles of attack for
the flaps extended configuration, verv little change occurs ‘in Cp(a) or Clggy
for any of the simulated ice shapes. For sustained exposure to icing
conditions, an aircraft loitering with a relatively high angle of attack must
have an ice protection system that keeps the flight surfaces relatively clean
in order for the svstem to be effective,

RELATIVE PENALTIES DUE TO EFFECTS OF ICING/ICE PRCTECTICN SYSTEMS

Data from the results of the questionnaire were reviewed and selected
penalty data on the icing effects on aircraft or components or perialties due to
ice protection svstems were tabulated. Table IV lists the aircraft penalties and
tohle V the components, bv the manutacturer's name, aircraft model, and by
component name. The penalties are given a relative ranking as: (1) severe
penalty, (1) moderate penalty, and (3) small penalty. The majority of the
rankings for both total aircraft and components were either moderate or

small. The onlv severe penalties were related to the effects of icing of
wing leading edge suraces.

Table VI is a penalty assessment of the protection systems based on
data from the results of the survev/questionnaire, Penalty rankings are
given for both aircraft and CCMpOnents in terms of power, cost, weight, range
reduction, etc. The table lists the data by the manufacturer’'s name and
aircraft name and/or model number.  In some Instancas, actual values for the
FOWET or engine bleed data are given

a
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TABLE TV
I1.1 PENALTIES OF ICING EFFECTS ON AIRCRAFT BY MCODEL

PENALTIES DUE T0 ICING B
Use Actual Values or Relative Penalties:
1=Severe Penalty; 2='oderate; 3=Small
AIRCRAFT OR .
CCMPONENT A A
MAX A - STALL A :
WT | SPEED | LIFT | URAG | SPEED | RANGE | SAFETY
ROCKWELL ; !
Model 700 2 1 2001 1 1 2
Model 990 Series 3 2 1 2 1 2 2
CESSNA |
(E-441 21 2 2 2 4 I
CE-500 2 2 2 2 02 1 2
CE-530 22 2 R R S B
Engine Pvlons, Wing In general detailed research on these

Fillet, Wing Tip, Radome

isense § locp) UHF, VLF/

Antennas: VOR/LOC S, ADF}
CMEGA

Cassna 421
ving & Frpennage Boots
Prop Deice Boots
Heated W/S
Heated Pitot
Heated Stall Vane
All unprotected surfaces ]

including nose 2aps
nacelles, wing tips
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TABLE V
IT.1 PENALTIES OF ICING EFFECTS ON AIRCRAFT BY COMPONENTS

PENALTIES DUE TO ICING
ASSUME NO ICE PRCTECTION

Use Actual Values or Relative Penalries:
ATRCRAFT OR 1=Severe Penalty; 2=Moderate; 3=Small

COMPONENT A A

Max A A | STALL A
SFEED SPEED | RANGE | SAFETY
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15T AiTcrert and Check Components Protected Frem lcing
Note Actual or Relative Penalties of Individusl Camponents or for Total Adrcraft

1.z

TABLE VI

PENALTY ASSESSMENT OF THE ?PROTECTION SYSTEMS

ANTL-ICING SYSTEM PEMALTIES OF INDIVIDUAL COMPOMENTS

ARE ANTI- ICELYDEICED FOR TOTAL AIRCRAFT
[P T ! ] | Use Acrual Values or Relative Ranking: 1* Severe
tgim I I Pealty to ALTCTAft; I+ Moderate; 3= Sesll
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- . - | v -
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TABLE V1 [ cont inued)
11,2 PCMLTY ASSISSMENT OF THE PROTECTION SYSTRMS
Wt ALFCTAFT and Chevh Camponents Protexted From Tcang ]
Note Actual or Relative Penalties of [ndividuai Components or for Total Adrcraft
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ICE PROTECTION SYSTEM WEIGHT PENALTY

Ice protection svstem weight depends upon the type of svstem used, the
ice sensitive components protected, the extent or area of each component
protected and the design of each protective system that is provided.

It has been found that in general the ice protection system weight of
all aircraft except large wide body transports ranges from 0.2 to 1.5 percent
of the vehicle emptv weight. This ice protection system weight for piston
engine aircraft ranges from 0.6 to 1.0 percent of the aircraft takeoff
weight. Also, it has been calculated that in general, ice protection systems
weigh in the order of 0.4 to 1.6 pounds per sguare foot of protected area
iretference 1027,

Because of the discrepancies in the "bookkeeping' used to assign ice
protection svstem welghts and those associated svstems weilght that mav have a
portion attributed to ice protection, exact weights are sometimes Jiftficult
to come bv.

In percentage ratios of ive protection svstem weight to aircraft weight
from heaviest to lightest, the sequence is as tollows:

-

Ceneral Aviation (Piston or Turboprop Engines)

3. ASW Patrols and Trainers

e

Commercial Transports and Helicopters

wi

«

Fighters and Bombers
o, Junboiets

A survey was made of general aviation and licht transport aircrafc to
Jetermine the weight of the standard or optional ice r~rotection svetoms used
o edlh aircraft.  fach aircraft chosen was representative of a particular
class ot arrcrart. 1o tfigure 12, the e protection sviaten weights are
mwtted awanst the altrematt total gross weicht for ecach tvre of alvorat’s dov
which Jata were avarlable.  Table VT rresents 1n code torm, the protection
svalons which woeve wsed to detemine Chese werghts, ad table VI defines

L O T Y R .« *h -y SN R N - - . - i
These Jodes, vy the Bvpe ot o svsten anid Somroenent protected.
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 TABLE

VII

AIRCRAFT TYPE (TYPICAL EXAMPLES OF WEIGHT CLASS)

| NO. | SYMBOL | MANUFACTURER - NAME ICE P}Eggc%g?es&égﬁi CODES Hﬁbg

& 1 A |piper - Aztec F BW,EW/S, EP 43.8

’l 2 O | Piper - Navajo HDF, EW/S,WW ,BW BV, BH,EP 62.0

} 5. O Piper - Chevenne 1 BW,BH,BV,Lights 39.4

' 4| % IPiper - 600A Aerostar | HDF,BW,BH,BV,EP,ZW/S,EPT, 73.9

E Lights

. s | ¢ !Rockwell - Commander 700 | EW/S,EPT,EP,WW,BW,BH,BV, "8.3

!. l | Lights

s O iRockwell - Sabreliner 65 FW/S,HW,HE,EPT,WH/S 86.0

! - A lBeech - L-I3F | BW,BH,BV,EW/S,EP 123.0
L8 1 B | Beech - L-23D BW,BH, BV, EW/S,EP 144.0
2 e iBeech L-23F EW,EH,EV,EW/S,EP | 1070
10+ ®  Cates - Learjet l4F !;I-W,EH,E\',FR,EPT,HE,H\’/S,HDF! $0. 0
L1 & ECa.nadai'r - (hallenger CW/S,HW HV ,HH, HE ,EPT L 83.1 |
1. = %Ca.nadair - (hallenger £ }E‘.M'/'S,h’i\I,H‘.',I-&-I,}*IE.EPT L 93.1 .
B% £ | Grumman - Culfstream 3 EEV/S,hW,EPT (Est.} 108.0 E
S $  AS-d - MHYP AC D BN,DHLBV,IW/S,EP L5 l
|15 A il.ms-i - MDT AC B ‘iss\r,aﬁ,sv,:“w,fs,'ﬁp 0.0
‘1o 0 O 1apS-4 - P A/C © | BW,BH,BV,EW/S,HE 80,0

*thoothetical aircratt for ice protection svstem

penalty assessment, ret.

Fad Aans-d



TABLE VIII
AIRCRAFT ICE PROTECTION SYSTEM CCDES

TYPE SYST2M COMPONENT CCDE
Pneuratic 3oots Wing BW
Horizontal Stabili:zer BH

Vertical Stabilizer BV

Hot Air Wing HW
) Horizontal Stabilizer HH
Vertical Stabili:zer HY

Wingshield A/I HW/S

W/S Defrost HDE

Engine Inlet HE

Electrothermal Wing EN
Horizontal Stabilizer EH

Vertical Stabilicer BV

Windshield EW/S

Propeller EP

Pitot EPT

Ice Detector EID

Carburetor EC

Fngine Inlet =1

Fluid IPS Wing FW
Windshield Fv/ 5

Horizontal sStabilizer FH

Vertical stabilizer B

Radome FR

Propeller Fp

wipers windshield Ww/S

Saferences: X, 77, 3%, 388, 133

Mini-sunrvey, Janadair Telecon

Sabreliner Weilohts drap




It can be noted in figure 11 that the ice protecticn system weight for
jet aircraft does not change appreciably with aircraft size/weight in the
range of aircraft of interest in this studv. The biggest scatter in ice
protection svstem weight is for the smaller aircraft. This is due to the
fact that there is a variation in types of ice protection systems used, there
15 a variation in which components are provided with protection between types
of aircraft, and variations due to the state-of-the art changes.

For new ice protecticn systems, considerable weight savings are
anticipated as well as great savings in power penalties. Reference 134 shows
the following advantages of a microwave ice protection concept relative to
an electrothermal concept for the same component:

1. Power, 8C percent less.

2. Weight, 17 to 36 percent lesc.

3. Ice detection is inherent in the microwave svstem.
4. Reduced complexity.

5. Cost, I percent less.

The latter Two items require the procf that stems from a complere
research and Jdevelopment program estimated to require about T to 8 vears
time. Maintainabilitv, durabilitv, and adaptabiliov all need to be nroven as
vet, with this svstem.

Another new ice protection svstem, the electroimpulse
3vstem, has also been shown to have considerable advantage over the electro-
thermal svstem relative to weight and power penalties and other aspects as
follows:

I. Yower, 90 percent less.

2. Weight, 3 to 28 percent less.

1 - -
LBSS .

3. VCost, 289 nercent
4. Less complex.

5. Simple modification Rits can be wused for many applicatiens.

This svsten will reguire from three to four vears to Jdevelop in this
Jountrv,  So tar, only the Russians have actually used these svsrtems on air-

craft. A tpical svsten creterence I8 Ccompares an electrothermal svstem
Wwlth an electroimpulse svstem tfor leicing power requirements. The 2lectro-
thermal svstem uses 3073 o 13,0 watss 'in.- compared to J.J0le to 0,032

11



watts/in.< for the electroimpulse svstem. The payoffs for the Jevelopment of
svstems with this sort of power savings are obviously very good provided that
the concepts are proven to be feasibly sound for fixed wing general aviation
aircraft.

MAINTENANCE

In assessing the overall penalties associated with ice protection
svstems, the probability of failure and complexity of the systems must be
considered. The probability of hot air thermal systems failing is very
small. Malfunctioning of the valves and associated controls are about the
onlv pessibility. 1he electrothermal svstems are much more complex with all
of their contactors and controls, therefore, their failure is more probable.
Flectrothermal svstems are more efficient generally, thus causing less power
loss to the engine than the aerothermal systems. Maintenance 1s less on
aerothermal svstems, therefore, maintenance costs are less. However, the
possibility of burnout and damage to the electrical heating elements has not
been completely eliminated by design as vet. An excellent iisting of ice
nrotection svstem corponents showing mean time between fzilures (MIBF), mean
time between unscheduled replacements (MIUR), and corrective maintenance man
hours (CA) that are at 20 percent confidence level (C} for windshield
defogging/anti-icing, wing and empennage anti-icing, empennage deicing,
sropeller deicing, and engine inlet anti-icing are contained in reference
102. Examples of these data, shown here in tables IX through XVI, point
out problem areas and places where improvements should be made with ice
protection subsvstem components.

SAFETY

Carburetor icing caused 300 general aviation accidents in a five vear
reriod (reference 2} with 40 fatalities, 16¢ injured, and 47 aircraft
destroved. Some 013 perscns were exposed to Jeath and injury and 313
alrcrart werve damaged. Carburetor icing caused 34 accidents in 1900-07 time
neriod {reference 41. These statistics indicate the seriousness of carbure-
ror icing pronlems and their effects on aircraft sarety. [t also helps to
emphasize the requirement for continued research into the carburetor icing
~rchlen. At present, research is continuing on the use <f fuel additives
such as ethviene slveeol monemethvlether 'DOREY for ice protection.  The

Jocarturetar heat can cause a 13 rercent loss in neower In light air-
cract, so omethods and techniques which Jo net extract from the already

=inimum o ~ewer availlabilicy of small alrcrart ave mich needed.

v

g

NSk

The windshield of an aircrarft mav held a charge of several thousand
volts relative to its mowmting structure refererce ~21. The electrostatic
charge can he induced onto the surface of the windshield by certain types of
srecipitation inciuding ice crvstals. [t the windshield is provided with an
elecericallv heated anti-icing svstem jconductive coatiny or wires) 1t 1s
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WINDSHIELD DEFOG/ANTI-ICINC RELIABILITY

TABLE

IX

SUBSTSTEM

.
Lall
—

NINDSHIEID DEFOGGING/ANTI-ICING (ELECTRICAL}

——

MMH/CA

MTEM MTUR @ MIBF
Component Description | (Hr) {#r) 90% Cy | (Hr)
Relay 85,538 {256,916 | 16.5 513,832
Rheostar 128,458 - 1.0 128 LsB
Thermistor LoL2g - 2.5 L,429
Transformer 10,704 | 32,114 | 12.0 Bl ,329
Control 3ox 1,735 | 51,383 3.1 55,000
Heating Element 1,187 - 3.1 100,000
Cther 14,273 - 3.6 1k,273
Sunsystem Complete 343 ¢ 18,518 6.0 55,500
Relay, High/Nerm o6,280 | 320,536 3.3 Infin
Control Sex 5,842 | 26,163 2.8 60,175
Transforder 35,397 | 200,565 | 6.3 | 601,755
Wiring 6,656 | 18,3691 5.5 19,569
Heating Slement 1,163 | 7L ,468 4.7 Infir
Subsystem Complete 2,785 1 1C,418 k.5 >1h,492
Switeh £,556 - 132.8 Infin
Con=rcl Bex (3ide] 15,36¢ | 35,338 7.6 Infin
Contrcl Bex 59,907 - 2.5 Infin
Windsnield)
Yozr. (Side) 13,313 | 35,8380 11.7 36,338
{Sor. (Windshield! 18,365 | 3%,338( 12.1 Infin
Selay 1S, 265 - 5.3 Infin
Wiring & lonnectars 1,368 - g4 Infin
Ctrer 12,383 0 13,363 18.C | Infin
Suk 3ystem Cemplezs 1,058 3,X0 2.4 33,433

MR - mean time hetween malintenance

MR - mean fime hetween unscheduied

MTRE - mean time Setween fallure

S & SRAURNEE

contfidence level

renlacements

A4 0 - oman-heurs mer corrective action at Ot




TABLE X
WING/EMPENNAGE BLEED AIR ANTI-ICING RELIABILITY

SUBSYSTEM:

ANTI-ICING AND EMPENNAGE ANTI-ICLLG

BLETD ATR DISTRIBCTICH - WIKG

MMH /CA%
MIEM* MIUR® @ MTBF*
Cemponent Description {ur) (Hr) SC% Cp (5r)
vyalve-Isolaticn 1,173 7,556 8.2 25,691
Valve-Ansi-Icing, Wing| 4,71k 10,332 8.3 22,340
Valve-Check 17,718 32,11k | 12.4 128,558
Yalve Anti-Izing, 3,425 n,mm ! 7.7 22,114
Impennage -
Zxpansion Bellow: 19,351 128,458 | 3.1 Infin
Insulation Blanket 3,471 36,5251 3.9 Infin
fucting 340 1,076t 11.0 25,661
Tub ing L, 757 64,229 .9 Infin
Ccrpensator 45,877 21h,26h | 8.2 Infin
Subsystem Complete ece 1,07 8.5 &,L73
Valve, Chack 137, Sk t&l,kok ] 4.1 %;fin
yalve, Wing Isolatic 2,507 5,47C | 7.5 17,193
valve, Mcdulating L, 680 1,668 | 5.5 42,476
Senscr. Temp. Centrol | 80,234 103,158 Y 5.5 361,053
Duet, Diffuser 112,327 ' 1,584,511 3.3 Infin

|‘4
(@)

s h

L)

O

Tmgula=icn 3lanke* =,01- 12,038
Jucking el 7o 220,985
3ubsystam Jomplate 1,1c2 2,70
S S
M ———
*See tahle TX for Jdefinitieons.
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TABLE XI ELECTRICAL SMPENNAGE DEICING RELIABILITY

|

SUBSYST=M: EMPENNAGE DEICING (ELECTRICAL)

Component Description

T 1 |

MM /CAN

@
(¥r) (1) | oot oy | (ar)

MTBEF*

Controller
Heater, Leading Edge
Relay

Indicator Light Assy
& Wiring

Subsystem Complete

6,334 60,175 7-

Loy 1,77 S.

530 ,9720 2.8
a,347 26,7hk ] 8.4
962,308 | 1.7

{

2

o

3,596
962,808
52%,81¢€

Infin

8,L75

% See table IX for definitions.

TABLE XIT BLEED AIR ENGINE INLET ANTT-TCING RELIABILITY

SUBSYSTEM: EINGINE INIET ANTI-ICING (BLEZD AIR)

[ Compenens Description

MTTEM* MTR® &

MME /CAR

MTB
() {4 90% Cp | (¥r

Yalve
Probe /Ize Detector

- . ’ -
Snut-0fs Valve (Motor

Cper)

Duct

[ o LY
28,840 ol,226 1 .2
12 23k 27,043 h.2
e [ L
be 228 171,277 G.7

Cther 5,225 - L.y
Subsystem Complete 5,081 16,2031 2.3
Valve, Ansi-Ics 3,302 13,5361 =.7
| duce, Nazelle dose lowly 15.277 1 FSRNCS B B el
Relay 127,800 i Infin | 1.3
Qentifiaw, Engine A, I 13223,s32 | Infin .2
Actuator Valve Ing 3,78 ! 10,184 | =.7
Inlet
Actua=cr, waselles AT 25,787 238 os1
uct ing T,412 I 223,408 2.7
Sutsystan Zomplete 1,387 [ L,378 2.2




TABLE XIII

ELECTRICAL PRCPELLER DEICING RELTABILITY

SUBSYSTEM:

SYSTEM (ELECTRICAL}

FROPELIER, ANTI-TCRQUE AND DEICING

Component Description

MTEM *
(Er)

MTUR *
{Fr)

MME /CA*
@
9C% Cp,

MIBE *
(#r)

Zlement Assy., Jose
Heater Assy., Cuff

Zlement -Heater,
Spinrer

Zontrol Pansl
Transformer
Relay

Timer

300t - 3lade

Subsystam Ccmplete

18,352

&l , 226
128,458
856,386

64,229

S,677
3,584

* See table IX for definitioms.

TCE DETECTION SYSTEM RELIABILITY

TABLE XIV

128,458

293,518
50,500

A% T L S T R % B L6
P o, O O a O

L
W N0

| Infin

infin
Iafin

Infin

140,638

Infin

35,164
Infin
28,131

]

; SUBSYSTEM: ICE DETECTICN 3Y5T=EM
|
= — —_——
MME /Cat
MTEM * MTUR # 3 MIRE 2
Cemponant Description | {Hr) (=r) 0% C. {Hr)
. .
| Relay 21L,076 | 221,155 2.2
| .
| Interzraeser 3zZ,11L B, 223 2.5 35,638
. - - - - .
Rectifiar 256,310 70,7 4.3 Infin
Taraaem 13,275 T AnG u.A TR SLA
Detactor 13,27 31,455 5 23,500
Cther 24,229 - 3.3 -
. B i .
setactor 213 1234 372
Swiean, Jen=rol 21,313 | Lii,7cz £23,-25
Subsyenan Iotal 278 1573 i3 2203
- Denazter 9 ERNAg .32
-~ U - - A ams - -
Switzn, Taszt 12,3350 3L,17= -
= - )
—4 Suzsystam Tzual <5 T=ia -z sl5¢
-

mTata From Reference 192

16
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TABLE XV DPNELRMATIC RADVME ANTT- ICING RELIABILITY

TUSSYSTEM:  RADCMT ANTI-ICDIS (ENEUMATIC!

MME /CA*
MTaM* MTUR* a MTSF*
Compenent Description | (4r) {Hr) A% Cy, (Hr)

- . 1,
Valve, Prassurs Relief]| 21,+0

Q
Valve Modulating 2,214

O
.
8
[p o]
=
=N
[§ 7]
fa
U
y—
I3
[V T 4 7]
—
(¥ ]
4 7]

a
23
%.
A JE
N

-3
)
Q
T
F3
O
.
l.JJ
=
1
s
-
s}

Ragulasoer o,
5

Thermestat 15,010 0 55,032 2.1 Infin
Clactor 133 13 Las 1A vt

Laeclaor SL3I0L A0, Rl D inin
Subsystem Complete 1,133 5,208 .3 21,27e

* See table IX tfor Jdefinitions.
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possible that the windshield will act as a two plate cupacitor connectad 1o
the power supplv. [f there is sufficient static charge, the resistance to
current flow may breakdown and the charge will be Jdischarged into the air-
craft electrical svstem by way of the windshield heating element connectors,
causing 4 tailure. It 1s possible to reproduce this complete electrical
phenomena in the laboratory icing research tunnel at modest costs. Research
in this area is recommended in order to learn more about the "mechanics™ ot
windshield electrification by ice crystals.

Current solutions to the problem have been through the use ot anti-
tatic coatings, which are metal oxides, and the use of suppression Jevices
el as air cored chokes, capacitors, and resistors. The chokes are not easy

to install and are otten omitted which shortens windshield service life,
theavetically,

[cing of the flight control surfaces exposed to Jdivect impingement ot
water Jdroplets ar to Amback ice can impose a4 severe satety problem i1 caretul
Jdestom consideration has not been given to such possibilities Juring the
conceptual Jdesiyn stages ot the qircraft. one example 1 in the Jesign ot
elevaror halance horns. o acoretion on the leading edyes of the horns may
rrevent turther ap ot Jown movement of che elevators, with rosstble drsaster-
s results.  Cormen desion practice has been to leave . substantial cap
Setweott the rhawd and moveable parts ot the horizontal stabilizer in the
crleinity of the batance homms. Heated and nonheatod shields hunve alzo been
atiliced with <uccess, Rowever, the problem has not been completely solved o
Gate, A rescaroh s stillorogquired 1t sompletely satisfaclory s is

T D¢ Lo,

TOHE OATTRIME
The eaperimentai Jdata base was assessed for the foe sensifive Jomponents
Censivied in tash 1and listed o tables XNVITOAVITL ad NNt ppendia
frsorar s dant were avatlable trem the Diterature seatchoand from the
results of the industrv survev,  nrormation, with revand to the oxtent of
subiished data, was recorded in she computer file program through the
ntilication of a table of source Jata categarics - Lata base taculiy
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1. Effects of ice accretion on the aerodynamic characteristics of the
components.

The last item (1) is also discussed in the previous section which
agsesses the available information on aircraft penalties due tec ice accretion
on unheated surfaces or aircraft penalties due to the energy and weight
requirements of the ice protection systems provided.

The data base associated primarily with ice accretion is also the sub-
ject of the section on ice accretion size and shape.

DROPLET CCLLECTION EFFICIENCIES

The collection efficiency, Em, 13 defined (from reference 105) as the
ratio of the actual water impingement stream tube thickness to the maximum
value that could occur (straight line trajectories). The actual water
impingement stream tube thickness (Y) is determined from the difference
besween the starting Y-values (YIy and YI{) of the particie trajectories that
are tangent to the upper (Syl and lower (31) bedy surtace, respectively (see
figure 13V, The straight line traiectories (very heavv drops) stream tube
shickness is merelv the projected height of the body .

Very little quantitative experimental data, with recard to droplet
collection officiency, has ever been acquired withany facility ather than an
ing tesearch tumnel. The majerity of this Jata, as far as the data that
are rublished is concerned. were obtained bv work accomplished in the o £t X
T a4t NASA Lewis Research Jenter. Juantitative Jata on collection

oncy have heen obtained with multicvliader instrumentation during rlights
in natural icing which have been used many rines to confirm the theoretical
collection e
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et

ficiencies for ovlinders., In a similarv fashion, collection
fficiencies on other conventional bodv shapes :spheres, ellipsoids, 1.2.,
hodies of revolution’ have been Jetemined, but net to the same extent as
with the oviinder. Juantitative Jata on collection efficiency for arrtolls
‘rom Elight in natural ice 1s extremely Jitficult to ¢brain, so conseguently,
irtle is 1 extstence.

rt,

-

Colloction efficiency is a function of tlight speed, Jroplet size, bodv
jeometry, amblent temperature, and pressure.  [n the literature,

Iz I
o

Lresentod vorsus various limensionless parameters, Fut sost generally ot s
correlated wizh the dimensionless mdified inertia paramersr Ky, Dhie use ot

vhis rarametor results in essonTially a4 single valued curve of fg versus Xy

Sar hodios of the same geemetrical shape. The ervor imvolved in theuseor the

Ny parameter for correlation Sf Fmo i less than =l percent Do most artTionis
m :

r

nd hodies, for fhe nermal tange of flijht conditions Srederence 103
A excellens Jiscussion of @ JOTIMTIAON Detheen rhecret Lol ad exper:-
~ental data et
Al 1
s

P

L&
cictency of cateh v be found in the bibliograrhy
Al

rovaTences

L.
3. and 124, These references srmirize overimental Jdata
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largely obtained in icing tests conducted by the NACA during the 1950's in
the 6 £t x 9 £t I[RT at NASA LeRC.

Many investigaters solved the water drop trajectorv equations and
determined the impingement limits and the collection efficiencies for a
variety of airfoil shapes. It was found that the accuracy of their solutions
was very much dependent on how accurately they could predict the flow field.
For Joukowskj airfoils, cylinders, ellipses, and spheres, exact potential
flow sclutions exist and the agreement between analvtical and experimental
data is good. However, a great majority of practical airfoils do not have
exact potential t7ow solutions, and the agreement between analvtical and
experimental data was not as good, indicating that water catch calculations
are verv sensitive to the airflow field.

Computerized techniques are utilized for solving the water drop
trajectories equations for reasonably shaped, 2-D and swept airfoils, and
axisyrmetric engine inlets at angles of attack. Thev solve the water droplet
trajectory equations by a numerical technique and then use the water drop
trajector” results to calculate the water catch data; i.e., local effici ency
Jistributions, local water catch distribution, impingement limits, total
<ollection efficiency, and the total water catch. These methods output all
of the water catch data Jdiscussed above, given the body coordinates, angle of

Q

attack, fre ream velocity, altitude, free-stream temperature, chord length,
B
—

thicknes aodyv, Jroplet size, and liguid water content.

Manyv respondents to the survev gquestionnair: indicated that thev use
corputer tachnigues to solve the droplet traiect rv eguations and for
subsequent caleulations including collection efficiency. The commuter
frograns, although similar in function, are generallv provrietar to the
individual companies.  In other imstances, some respondents indicate that
thev use the techniques of ADS-3 with charts and curves of data o simplircy
nand calculations, Manv indicated that ADS-4 should be updated to include
Ty few alrdoils Jesi i in recent rears The collection efficiency versus
Ro tor the new airfeils calculated by computer amalvsis and hacked b icing
Lanel test Jdata soa omuch needed irmrovement to o the data base

Tochnigques are als gquirad for the experimental Jetermir
drorlet collection Lolenoy chanee A% e aciretes on an aireoi
§ i ATTemrTs At Jorrelating actual

Acccnpxzrhed noNACA TN 3131, but
CThis wWork wasd on o Just one airsfoil at
Work was on oan 1n~wc"r Jirsoil. Very

e dar2 avaiiable oroswert airfoll confrmirations in




ICE ACCRETICN 5IZE AND SHAPE

Ice accretion will occur on any object (ice sensitive component) moving
through a cloud when the tremperature is below freezing.

The tate of ice buildup will vary with the following:
1. The water density of the cloud, i.e., liquid water content (LWC).

2. The velocity of the object with respect to the air.

i

The size and shape of the cbject (component).

4. The temperature of the air and the temperature of the cbject/
component.

S. Duration of the encounter.

The shape and consistency of the ice buildup will vary with the
following:

1. Temperature of the cbject {component), the cloud, and the water drop
size.

The velocity of the object, as 1t affects the surtace temperature
{adiabatic temperature rise’l.

tad

Thichkness ratio of the object [collection efficiency) and 'sweep'
wilth respect to the tree-stream,

4. Angle of attack of the object. -

Ice shapes are generally classitied as glaze (mushroom), intermediate,
and rime. A correlation of ice shape in terms of liguid water content,
ambient *ﬂﬂp“r t““e. and flight speed was Jeveloped by Tom Dickev using the
"freezing fraction’” concept Jdeveloped bv Messinger. A general discussion of
the corre lltlﬁn for 1ce shape 1s found 1n reference 105. In general terms,
1t can be stated that rime ice is likely to occur at total air temperatures
of about 10°F and below, while glaze ice usually occurs at total temperatures

ot 21377 to 3I°F. Zetween 10°F and 15°F, a glaze-vime formation will usuallw
acour, with clear glate ice at the stagnation region and milky white rime ice
in the aft regions.

correlation of

100 dcgretion size
mentallyv veridied * 2

orothe Tull runge :
Alza, even though a large aumber of photographs of ice shares on unheated

bodies have feen taken and are available in the Literature, verv fow Cross

sections of the oo are shown, or oritival Jdimensicns siven. Rime e forms




{n a manner that 1s more easilv predicable than glaze ice. The drops free:ze
on impact and the rate of growth 1s gererally linear hecause the ice shape
does not alter the flow field significantly. The glaze ice exhibits the
tvrical ""double horn'" shape that results from water flow in the stagnation
region. The exact shape of glaze ice ig difficult o predict and the growth
is nonlinear because the jice affects the flow field (NACA TN 1151).

On highly swept airfoils, glaze ice tends to form as a series of
discontinued cusps {cup shapes), sometimes referred to as ''lobster tails."
These shapes are repeatable for tests using the same conditions all around,
wut there is no empirical equaticn OT theoretical prediction method for
determining the size and shape of this type of ice configuration.

The ice accretion information available from published data for deter-
mining the ice shapes 1is applicable to unswept airfoils at limited angles of
attack, for the most part. However, reference 121 does contain a discussion
of the Boeing Aircraft Company progran (sponsored by the FAA and conducted in
the \ASA 6 €t x 9 ft IRT) to obtain basic ice accretlon and ice shedding data
on typical jet transport swept airfoils.

Tee accretion Lests weTe conducted on two swept airfoll seCtions
representative ot the inboard and outboard wing OF horizontal stabilizer
qirfoil sections of typical fet transports. The size and shape of these 1ce
accretions were measured rhrough photographs and actual plaster casts of the
jce cap.  L9ST3 Were ~onducted over a range of simulated flights and icing
conditiens Jesigned to give the rough ot glaze shape, which results in the
highest Jrag penalty. The test results were satisfactorily correlated with
theoretical water irpingement parameters obtained from a digital computer
arogram. iog sccretion characteristics and test data were found
conmarable to limired published data which include NACA TN 4151 and NASA
™ D-Zlpo.

Although this work was conducted for large transport aircratt wing
sections, the technolowy 1s applicable td general aviation and light trans-
nort aireratt. The empirical relationships Jeveloved which correlate
measured ice accretion rates with theoretical impingement parameters are ot
restrictad to anv particular size of airfoil, although the complex t—ends ot
the Jdata preclude a general ice aceretion relationship with other airtoil

shapes . imvolving camber, angle of atsack, etc.d.

Future tesearch is required to ahtain the same tvpe of Jdata on many

other airfoils and bady shapes to update the limited Jdata basze which exists

at the present Tine.
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Fhotographs and qualitative data have been obtained over the years for
ice accretion Tests utilizing aircraft flying in natural icing conditions,
aircraft flving behind tanker aircraft, and for full scale anu subscale
models in icing wind tunnels. Quantitative data,to a limited extent, were
obtained bv specially equipped ajteraft with instrumented airfoil shapes
extending vertically from the fuselage section of the aircraft (i.e.,
Canadian ''ice wagon' and USAF B-Z4 test aircraft). These aircraft were flown
in natural icing conditions. Considerable data in natural icing conditions
related to ice accretion were cbtained with multiple cylinders in order to
relate the airfoil catch characteristics with the multiple cylinder accretion
characteristics. However, the bulk of the published quantitative data on
ice aceretion on airfoils and all other body shapes tested have been
obtained from icing wind tunnel tests.

ICE SHEDDING

Ice shedding from aircraft components on which ice has been accreted 1s
1 function of many, many variables and sometimes occurs in a totally random
fashion. [ce shedding is some function of the shape ot configuration of the
bodv or airfoil to which the ice has adhered. It is a function of the tvpe
and shape of ice, which in turn, is a function of temperature, LW, droplet
size, airstream velocity, and duration of exposure. The angte of attack and
the sweep angle plav an extensive role in both the shape and si - of the lice
accretion. Any discussion of ice shedding must necessarily address ice shed
‘rom unprotected surtfaces, passively srotected surfaces, and surfaces
nroteczed with active ice protection svstems.

) Tar those surfaces which are unprotected, the accrered ice or some
portion of it will shed for the following reasons:

1. Some nortion of the ice buildup is weaker than the aerodynamic
forces acting upon it.

>, Natural flexing and/or vibration of the ice accreted surface is
sufficient *o break the hond with the ice.

3. The aircraft, due to acceleration, altitude change, or meteorologi-
cal changes, flies into an area where the air temperature and
subsequent JOWpONent surtace tamperature reach 32°F or above.

For those surfaces which are passiveiv protected by having a surface
which either has an icephobic material covering it, of itself is icephobic
in nature, the ice will shed for the same Teasons ziven in the previcus
~avagraph.  The main Jifference is that the ice will probably shed betfore it
huilds to the same sice, because the adkesive forces are such less, thus
requiring less aerodvnamic tforce for ice removal.




For the ice accreted surfaces which are protected by active ice
protection svstems, only deicing systems are of concern. For these surfaces,
some portion of the ice will shed for the followlng reasons:

1. T . bond between the ice and the surface is disturbed by mechanically
changing the surface by vibrating it or expanding it, as with

pneumatic boots. Aerodynamic forces azsist in the final removal of
the ice.

Z. The layer of ice being brittle, fractures due to vibration or change
in surface area.

3. The temperature of the interface between the ice and the body
surface is made to exceed 32°F by a heating svstem, thus eliminsting
the ice adhesion. Aerodynamic forces then Tenove the ice.

The experimental data that has been published on ice shedding is
extremely limited, particularly that which is related to fragment sizes. The
majority of the data or information is related to qualitative assessments as
to what component the ice sheds from, and how soon did it shed after leaving
the icing cloud which was penetrated. Testing for ice shedding has been
accomplished during flight in natural icing conditions, flight behind
canker aiveraft, and in icing wind tunnels. The majority of the testing
for which quantitative data have been obtained has been bv tanker tests
and from icing wind tunmel tests.

Reference .21 contains a discussion 2f a 3oeing Alrcraft Company method
of calculating the airfoil/ice interface terperature and predicTing the time
at which the ice will shed. This method was developed using icing tunnel
test data in conjunction with a heat transfer analvsis. The ice sheddiny
calculation progedure was demenstrated and shown to be conservative frem
natural icing flight test data. Subsequently, a <omputer program was
developed bv the Boeing Aircract Corpany to compute the leading edge skin
temperature cemeath 102 scereted on unheated airfcil surfaces. This progran
also Jdetermined from the calculated transient tenmy “rature profiles (reference
173) the altitudes at which shedding would occur during a descent.

Ice shediéing characteristics are of interest in determining toe required
Srequency of applicaticn of the deicing system. Also, ice shedding
prediceions can be used to Jetermine the need for ice ~rotection due to the
harard to Jownstream structure and/or att-nowunted englnes. Shed ice from
wings, eto. may strike the tail section or be ingested bv aft-mounted jet

engines. Theresfore a nowledge of the size and traiectories of shed ice from
the forwarl secticns of the aircrart are required. Reference 128 Jliscusses

af shed ice tra‘ectories frem the unprotected rademe
1. 3

s matched theoretical calculations.  IMIARLC

- >
of a \Fw old. The re L
similarity and scallng ractors were used in the scale model tests.
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Ice shed ‘rom the leading edges of the wings or tail in an unsymmetrical
manner may cause aircraft control problems which could be hazardous if it
occurred during landing. Testing of such a situation is extremely difficult
or impossible in natural ice, but can be simulated with tanker tests, dry air
tests with simulatec ice shapes, or in large icing wind tunnels such as the
NASA Altitude Wind Tunnel {AWT), after the planned rehabilitation is
completed.

There is very little published data on ice shedding including the
conditicns Sor shedding, ice fragment sizes, and the trajectories of the
fragments. Although the effects of ice shedding can be different for each
aircraft, depending on its design configuration, there is a requirement for
more research te build up the experimental data base of gemeral information
on these factors. There is a need for expanding methods for determining ice
shedding characteristics for straight and swept airfoils and other pody
shapes based on the variocus tvpes of accreted ice, including the maximum and
average size of the ice fragments. Theoretical methods for determining
srajectories ancd impact velocities of shed ice are required which can accoumt
for the shape and size of the ice fragments.

[#4]

FFECTS OF ICE ACCRETICN CN THE AFRODYNAMIC CHARACTERISTICS
F THE COMPONENTS

_d

¢

The experimental data base for the effects of ice accretion on the zero-

Ivmamic characreristics of components comes largely from wind tumnel tests.

Simulated ice shapes determined from ice accreted during icing wind tunnel

rests are used in drv air wind tunnel tests for measuring changes in lift,

drag, and pitching moments on the airfolil or body configuration.‘ In this

manner quantitative data mav be obtained readilvy without the difficulties

involved with below freezing temperatures for the experimenters and other

such problems as wmexpected ice shedding or melting, etc. : -

Guantitative data from flight tests in natural icing conditions or
tanker tests other than increased angle of attack, increased power to main-
tain altitude, and mach number, are relatively impossible to obtain.
Qualitative data on handling and control characteristics are obtained with
flight tests in ratural icing conditions or tanker tests. This type of data
could be obtained for small aircraft in a large wind tunnel such as the AWT
under simulated conditions.

The effects of ilge accretion cn an aircraft is to increase Jdrayg, reduce
wing stalling angle and maximun lift ccefficient, and create adverse pirtching
moments.  The upper horn of a glaze ice acts as a spoiler to Jestrov the
smooth flow over the upmer surface of the wing, causing premature stall. T
lower horn serves to increase tie drag.

MR




A recent survey (1979) of the state-of-the-art in aerodynamic penalty
nrediction was made by the Air Force Flight Dynamics Laboratory and referred
to in a technical memorandum {reference 125) on Air Force aircratt icing
needs. The following conclusions were made:

1. At present, there are no theoretical methods available that can be
used to provide mmerical 1lift and drag increment values. There has
never been any attempt made in the past 1o develop the capability
from a purely theoretical standpoint.

3 \ost of the existing methods aive empirical and arv based on very
limited test data. Drag estimates for other airfoils are
extrapolated from these data and the accuracy of the results are
URPTOVEN.

3. There are numerous references available on the subiect of the
methods of calculating water <¢roplet trajectories relative to aero-
ivmanic bodies and to determine impingement limits and distribution.
There are onlv very limited attempts to directly relate meteoro-
logical data to drag or lift increment numoers. N0 attempts were
made to understand the exact manner in which the lce grows and to
develop a decailed geometry description. The canability exists to
estimare the rate of water catch (ibs/hr/ft cf span} on a given
exposed surface.

ASSESSMENT OF THE [CE ACCRETION PRETICTION METHODS (TASK 3)

ANALYTICAL PREDICTION METHODS

The vast majoritv of work on icing statistics and ice accretion predic-
tion was cenductad during the late 1940's and 1950's by the NACA. lest of
this material has already been reviewed ond summarized as a result of a
Federal Aviation Agency study and published in their report ADS-1 {refevence
1057 in March 1964,

Only a limited amount of work has been done since the publication of
ADS-4 that °s availabie to the public. A substantial portion of this most
recent work is contained within the reperts called ocut in the bibliography
and reference list of Aprendix A

The analvsis methods in use todav are chierly nased on the above-
mentiored NAUA icing research conducted under natural icing conditions over a
neriod of manv vears «late 1940's and early 1950's) as summarized in section
*af ADG-1. Mure recemtiv 1273 the work was updated by wemmer reference
112 w9 inclade corsari. ons with ruch more recent Jata taken Lo furope and
25314,
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The early work was performed by specially equipped research aircraft
ers to measure icing intensity. later data were
~ate merers on commercial and military aircrafe,
lated to routine flight operaticns. These Jata
statistical data that are still in use today .

using rotating multicvlind
cbtained by mounting icing
thus obtaining icing data re
form the major part of icing

The validity of these statistical data, having been recorded more than
30 vears ago, have been questioned many times in recent vears. Ctxcept for a
few instances, the NAC: data have stood the test of time and are still
considered valid. Alsc, the European and Russian data Jiscussed in reference
102 verify the NACA statistical Jata. However, the true test awaits the time
when new instrumentation is developed and utilized in real time with
continuous readout, thus providing a much more complete picture ot e
icing penetration made for statistical model verification.

ach

The size and shape of an ice accretlon are funct tons of the airtoil or
comperient shape, flight speed, angle of attack, altitude, comporent surtace
temperature, and properties of the icing cloud in terms ot liguid water
content (LWCY, Jdrop size, remperature of the air, and horizontal apd/or

vertical extent.

Section 11 of ADG-4 presents a sumary ot Jdropiet impingement Jdata.
These data and the icing clowd data of sectien I of the report <an be used to
ot water catch and impingement limits ror specific flight

Jeternine rates
ata are presented in

conditions and airfoil or compunent geometm. The
correlated torm in a series of graphs. Anowing rhe airfoil, flight speed,
altitude, temperature, Jdroplet size, LW, and angle of attack, the water
cateh and Dopingement limits can be approximated from the various graphs.
The dita ire cliired to be generally acourate within L4 percent Lreterence

1033,

The method is limited to those airfoils ar body shapes for which Jdata
have been dccimtliated and pletted.  For anv other case, the contour of the
1irfoil or hodv must pe Umatched” Tooan aivtoil of known characteristics, at
Toast in the forwurd (leading edoe? portion. A zocond methad ts to mtch the
aressure ot velocitv) distribution of the airfoil of interest with the
sressure or veloclty? Jistribution of an airforl having known

i ey a e
ST teriatids.

{n the case of encine nlets or oov

Jontour matching fonot deguate

chly swelt airioiis. Methods have heen Jdeveloped for convertin stnaient

1
Vi

-

wing Jata $o swent wing Jata, hut with limited usetulness.
fnwine onlet oo acvretion and rroteviion reguirerents have the denti
Cai o neablems of the otaer airirame compenents. Heluable Jatioon water JaTah

A irincement i oeo mhat which have been verified Bw

Brovious tosting.



any direrart compaties and vovernnent ageneies have Jeveloped computer
cades to vredict water catch and impingenent limits tor airfoils and other
hodv shapes.  The advantage of these programs is that once developed, they
can input anv -Jdimensional bedv shape (alrtoil}) into the program through
given set of X, Y ceordinates. Then through the use of a potential tlow
field proyram and the resultant phvsical flow Jata, an input to a Jdropl»t
trajectory program is made. Ultimately, the program ourputs witer catch
characteristics, the upper and lower (airfoil) impingement linits, efficiency
of catch by whatever Jdetinition 1s used), and sometimes the modified
parameter, Mg

Some of the known corputer programs related to ive acoretion and icing
rochnology in general are as tollows:

1. Ruckwell proprictary program Jdoo mentod inoa three yolume veport,
NA-TI-840,

Vol., I A computer program that sets up on-bady ahid otr-body
points tor iving analvsis.

Vol 11 prlication of the Deuglas-deunn compater program to
deternine the flow fleld around a two-dimensional bady tor woing

A lvsis.

vol. 101 A computer program that calailates rhe thoeoretical nitial

[
carch Jhuaractori=tics of g two-dimens tonal body,
Do0NARA procurad or olannad conputer cades.

Water Jrenlot Traroctorics 0T owdter catch rates and ompingerent

™

o0 latting Rodies Jwinas, Tatls, Inlets)
L0 pirfring fedies Jwings, Tatls, tuse Liaged
Toovonlirting edies (e Lage?

Axisvninet fie Peine Dnletsoat Angles atf Attach
Sy wtate edd tTEARSTor for antioWiny andiveid,

Teo eoretien todebing onowines, nletsoand rotors.,
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'3, Kev Industries Corporation proprietarv programs "PCT." Jetfines this
flow field ahead of and around two-dimensional or axisymmetric
models.

"DKOF,'* utilizes the flow field generated by program "POT" to
compute model impingement limits and water loading.

{. Air Force Flight Dynamics Laboratory progrdm, AERCICE (AFFDL-TM-79-
91-WE). A computer program which evaluates the derodynamic penalty
due to icing.

3. A two Jdimensional particle trajectory computer program written by
Joeing Military Alrplane Co., Kansas for the Bureau of Naval
Weapons, 9 March 1903.

reference 125 Jiscusses many of the gereral needs for tcing research as
well as the specicic needs of the U. 5. Air Force. The need for extending
the existing methods of calculating the impingement distribution on aero-
dnamic bodies and the problems with theoretical methods are given as
follows:

1. CSxact gecmetric shapes are Jifticult o Jefine for some components.

1. Full potential flow eguatlons are nonlinear and cannot vet be solved.

frd

“yisting linearized @quations are not applicable to the leading
edges.

1. The solution is accurate for only one instant at time.

Existing aerodvnamic prediction codes recuire u knowledge of the body
contaur in order to apply the proper boundary conditions. In additien, the
aeametry surface coordinates, cacber shape, leadlng edge radius) rust renain
fixed during the Juration of the flow. Thus, 4 theoretical approach 1s
corplicated by the fact that the geometry of an iced airfeil continuously
Shanyes with the duration otf the exposure and the calculated 1Tt or Jdrag
values ire “rie for only one lnstant of time.
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velocity to the free-stream velocity is considerably less than cne. Examina-
tion of this boundarv condition shows that it does not apply in the region
close to the airfoil leading edge, where we are primarily interested in an
icing investigat:ion,

EXPERIMENTAL PREDICTICN METHODS

There are basically four methods of testing aircraft and aircraft
components for ice accretion and icing effects. These are icing tests in
natural icing conditions, icing tests behind a tanker aircraft, ilcing tests
in icing wind tunnels, and tests using ground spray systems. Two kinds of
rests accomplished in icing wind tunnels are full scale model tests and sub-
scale medel tests.

Current prediction methods for ice accretion are limited due to the
Jifficulties caused bv a limited data base, uncertain accuracy, two-
Jimensional amalvsis, and uncertain effect of the fuselage nacelles and
finite spun of the airfoils. All of these difficulties limit the choice to .
experimental empirical methods. This approach seems to provide the only
ncssible answer te the prediction problem at the present time. In order to
enhance the leve. of confidence, the current Jata base must be expanded. A
svstematic investigation of airfoils of Jifferent thicknesses must be made
to improve the accuracy of the resulting empirical equations and to avoid
generalized extrapolations,

The experimental methods also have their own problems that mst be
-esolved hefore anv meaningtul tunnel and flight test Jata correlation 1is

nossible.  Among the irmediate requirements .reference 125) are the
tollowing:

.

1. Fullv instrumented tunnel capable of controlling the icing param-
eters and closely simulating the flight ilcing conditions. It is
often Jifficult to estimate aerodvnamic penalties in ieing
conditions Jdifferent from those specifically investipated tor 4
narticular airfoil. An accurate contrel of the parameters in the
tunnel mav orovide greater flexibility in simulating Jditrferent

lignt conditions,

t,

mderstanding of the efrfects of scaling., Manv of the current avail-
able data are based on full scale airfoll tests. Though this
approach simplifies the problem, tfull scale testing 1s not alwavs
~ossible, particularly for complete aireraft configurations. if 4
smaller scale medel is to be tested, the ilcing parameters mayv also
fave to Mo scaled iR osome sanmer.  An important guestion is whether
the ice geomett obtatned in the tunnei will Le tdentical ta the
Jecmetry in Slight 1Y the meteerclogical parameters are the sane

ar as close as possible. This aeain point: out the necessity ot
imderatanding the manner :n which ice builds up onoa surfawe.
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[cing tests in natural icing conditions are limited in
possible to find actual design icing
with modern weather sateilite pictures, weather radar, etc. A typical icing
search will involve 30-§0 hours of flight to obtain one to two hours of
actual icing experience, resulting in high costs. Thus, because of the high
Cost and the fact that design conditic.s are hard to find, the usual proce-
dure is to find icing conditions of whatever severity is available and to use
previous analytical and test data to éxtrapolate the natural icing test data
to the design extremes. Also, determination of the characteristics of the
icing conditions encountered (LWC, drop size, etc.) is extremely difficult
and subject to error. Thus, natural icing tests are of dubious value when

welghed against the cost of conducting these tests {McDonnell-Douglas paper
"Flight Testing in Drv Air and Icing Cloud,' reference 121).

that it is rarely
cenditions for adequate testing, even

Two methods of tanker icing tests have been

first, which is nct used very, often, is to mount a water spray rig ahead of
the aircraft wing, engine, or other component to be tested. The aircraft is
then flown at an altitude with the desired temperature, and water from the
Spray rig is spraved over the compenent to cause icing., This method has many

problems associared with 1t including size, weight, and aero turbulence
effects caused bv the sprav rig.

emploved in the past. The

In the second method, a tanker aircraft equipped with sprayv noz:les
Teates an artifical cloud into which the test aircraft is flown to expose
CTLIONS or the entire aircrafs te icing conditions. In most cises the clowd
s not large enough to envelop the entire aircraft. This methed is limited
in its usefulness and accuracy, in that it is diffiagle to simulate actual
desion conditions :iand ro accurately measure the conditions that are produced
L1 a spray ria, In manyv cases the Jdrop sizes rroduced are excessive and not
representative of those encountered in natural conditions. The cloud behind
the tinker is turbulen* due to the tanker aircraft and the sprav rig itself,

tests have been conducted in the last few vears to

N
P

Research \ trv to bring the
dropler size <rom tanker SpTay rigs more in line with desired design limits,
tut without complete success ireference 617,

[¢ing wind tunne! testing has been, and stiil is the best method for
determining ice accretion rates and shapes. The icing environment and flizsht
cAraneters can be carerullv controlled and varied as Jesired to Pernit Jata
to be obtained at as mANY Conditions as required. In this way, complete data
can te obtained for am airfo1l, bodv shape, or orher <orponent that will fi-
into the rarticular racility, The major limitatien, therefore, is the size of
the tunnel and the site of the model or COTRORent to be tested. Manv ing

tmnels are atmespheric ©Te meaning that thev cannot dwplicate alvirude

conditions, altheugh this is NOT an extrerelv important faceor in much 7 the
IOLnE testing that iz Jcne. Ltitide would have 3 more fignificant effoct for
FUIteltion svaten ner<ormance Zost

.
:
s where heat sransfer coetricients are
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Trnere are several tYpes of ground spray systems that are used in icing
tests with jet engines, fixed wing aircraft, and helicopters. The spray
svstems are either right at ground level (for tests with jet engines) or
mounted in a tower for creating an icing cloud for low hovering helicopters.
Also, these clouds can be used to simulate groond fog type conditions for
fixed wing aircraft. In any case, the systems rely on the seasonal low
temperatures to produce below freezing conditlons necessary for icing tests.
The desired spray cloud conditions are difficult to produce and are often
used in conjunction with a large fan or blower to move the cloud over the
vehicle being tested. Measurements of the icing parameters is particularly
difficult with this type of sprav system due to the minimm velocity
conditions.

The general literature contains verv little data with regard to scaling
parameters relating the similarity between a scale model and full scale
prototype (aircratt or component) with respect ta icing.

Reference 94 introduces the fundamental relationships for dynamic
similarity between model and prototype which must be satisfied in order to
measure ice catch distridbution, airflew, and heat load requirements for an
anti-icing systenm. The report, however, imposes certain limitations as
follows:

The model is tested at the same pressure altitude and ambient
temperature as the alrplane flight altitude. This limits investixa-
tions to flight alzitudes equal to tunnel altitudes.

[

>, The heat transfer rate on the model is the same as oOn the protomype.

3. The model is tested at the same water catch per unit area and
acquires the same 1ce accretion thickness on an unheated surface as
the prototype. However, oven if the above conditions are met, the
qerodvnamic effects of ice buildup cannet € Jetermined due to the
relative lifference in s1z¢ of the formation of prototype versus
scale model.

geterence 93 13
and elinminates the T
APDroacies:

@ 8

extensicn of the work accomplished in reference a4
1T+

1 testing limitations v two Jevelopmental

3

© . The adiustment of variables o test anti-icing models under condl
s ions which account for nearly all alritude effects and allow for
anv ratic between hent transfer rate on the model to that on the
rrotonTe.
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<. The adjustment of variables to test unheated models under conditions
which allow ice accretion in the proper amount to produce a
geometric distortion of the model proportional to that of the
prototype.

Reference 13C describes the scale model testing at the French SI Modane
Tunnel. The French have had excellent resuits with scale models down to 1/12
scale when Icing similitude laws were respected. 3Since it is not possitle to
vary the tunnel altitude or temperature at this wind tunnel, the prototvpe
flight conditions of altitude and temperature have to match the tunnel
available conditicns. The SI Medane Tunnel uses the winter season low
temperature conditions for lcing tests. Also, it is an atmospheric type
tunnel.

The operating parameters of the experimental facilities are given in the
survey of aircraft icing simulation facilities in North America and Europe,
found in Appendix E. The tables of data on the facilities contain not onlwv
the range of operating parameters, but the size and location of the facili-
ties as well. The types of tacilities are defined in sketches accompanying
the lists of facilities,

Seme of the characteristics of the various test facilities selected from
the lists, including icine parameter measuring instrmentation, ranges and

accuracy, dnd general test proerams are discussed helow.

AFDC Fneine Vest Facility

In reference 137, Jdata are presented concerning the Armold Ensineering
Cevelopment Jenter (ARDC) with regard to aircraft engine testing in icing
conditiens., ALL instrmmentation and Jdata acgulsition svstems used bv AFDC to
Jocument engine performance are described in the AETC test facilities land-
beek. ALl transducer and svstem calibrations are traceable to the National
Bureau of Standards. Specialized instrumentation svstems are used to teasure
the state of the icing cloud at the engine inlet. fleated total Tengerature
dnd total pressure probes are installed upstream of the enine inlets,
Lurbine tlowmeters measure demineralized water flow rate ir Spray water
svstems which deterines water loading of the icine clewd. An in-line
aolography svstem 13 used to deternine three-dimensional water drorlet lita,
marticie size, parricle distribution and with double laser pulse, particle
velocity, AZDC reels holograrhy metheds are superieor to all athers usod for
Tedasuriny Jdropler and D0 Jdata.
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+he inlet duct. Multiprobe preasure rake calibrates heated total pressure
probes. Electrically heated temperature prcbes are calibrated to measure
inlet total temperature. Special portholes are provided for use in photo-
graphing the inaccessible areas. willbanks and Schul:z of AEDC developed a
math model of the inlet flow {themmo and kinetic properties) to the engine
test article.

Engine icing reserach at AEIX has the following objectives: (1) to
develop improved measuring techniques for defining water droplet mumber, size,
and velocity, and (2) to use the measuring techniques to cbtain a data base
for improving the analvtical model. The AEDC program as of 1978 was divided
into four phases:

1. Development of an icing research test cell.

1. A survev of available particle size instrumentation systems.

(Y]

Selection of the devices which might meet the measurement
requirements.

1. Evaluation of the selected particle measurenent devices in the
icing research test cell.

onlv work on the fourth phase continued afrer 1978, The first three phases
were completed eariier.

The icing instmmentalion survey leoked for a particle diagnostic systen
which provided the means to measure particle diameters in the range of 5u to
100w at concentrations up to 600 particles/cc. Alsc, the svstem would meet
the fellowing requ.rements:

1. Acquisitionm of data in real time, nearly.

2. Continuous, in situ oreration.

Lok

Nonperturbing to the flow field.
The four svsiens chosen were:

1. Fiber-optics particle-sizing svsien L FOFSST

article-<izing interferometer (P81 Jevelored at AE
3. pParticle-sizing interferoreter CPSIT, cormercially Jevelored,

1. Rackscattering particle-siziny svstem (357350,

nd




In-line holocamera was selected as the baseline device for the experimental
portion of the vvaluation.

Icing test measurement uncertainties typical of icing tests at AFDC test
cells are:

PARAMETER UNCERTAINTY, PERCENT
Liquid Water Content, gms/m3 15
Mean Effective Droplet Diameter, U 36
Engine Face Temperature, °X 1.2

General Flecrric Engine Test Facilities

Also from reference 137, the instrumentation used at the General
Electric, Peebles, Chic test facilities and comparative accuracies experi-
enced with that instrumentation are discussed below.

Real time measurement of hoth cloud LWC and drop size/distribution
characteristics at the General Flectric Peebles, Chio Test Center Free Jet
tngine Ground Test Facility was obtained from two laser driven spectrometers
(Knollenberg probes) which were direct-ccrnnected to on-line computaers for
Jata reduction and displav. Water droplet sizes are also determined from
LUCX photographs of an oil ¢oated slide which is mounted to a retractable
bocm. Retating cvlinder svstems are used to measure LWC (twe ¢vlinders -
> in. diameter and 0.125 in. diameter). With 85 dara points, the spread in
laser grobe, il slide, and rotating ovlinder measurements of drop size and
LWC was as follows:

Liquid water Content 0.1 gms/m?
Droplet Size 3-4 Micrens
Temperature 0.2 °C

d oil slide data are large by 1 factor of
est Jata’. The causes of oil slide error are evarera-
. les e errors, and Lmpact errors (€ attening).
ers exiublit nun off at high (I7°F) temperature and are 1imited
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are used with little or no choice of the conditions of the test. 1In
simulatad icing, LWC, droplet size, eCc., cail be changed or controlled as can
the temperature and air velocity. In both cases measurement of the icing
paraneters is difficult and inconvenient and are more expensive when done in
an aircraft. Tests in tunnels have not as yet been able to reproduce the
higher speed, low turbulence levels, and natural humidity conditions. In

the wind tunnel, due to turbulence or a degree of supersaturation (either
true supersaturation or semisaturation caused by presence of large numbers of
very minute dreplets), frost is usually deposited aft of the true ice
formation. The tunnel tests give the impression that the ice formaticn is of
greater extent than would be observed in flight. Intermittent icing from
broken clouds cannot be satisfactorily reproduced in a wind tunnel as it
involves transitions from saturated to drier air. This is why a pressure type
ice detector mav function in a wind tunnel and give no signal in natural
icing, since the holes may not plug in intermittent (broken cloud) icing. Total
aerc drag effects cannot be satisfactorily measured in icing tunnels, due to
disturbances of sprav rigs and interterences of full scale models, etc., plus
major drag effects are often on unprotected parts of the fuselage, wing tips,
antennas, etc. Good practice dictates prudent use of both wind tunnel and
natural ice flight tests and good engineering judgement.

\aval Air Propulsion Test Center (NAPTC) Facilities

Referenc 13 discusses the facilities, instrumentation, and ice tunnel
testing at NAP.Z, Trenton, New Jersey. The facilitv at Trenton is capable of
supplving complete environmental simulation fcr experimental and production
turboiet and turboran engines. The test wing houses six major test areas.
Thera are three altitude chanmhers, two sea level cells, and a ten toot
diameter subscnic induction wind tunnel.

Control of water Jroplet size in the icing system 1s considered to be
probably the most critical factor required. The ilcing systems are calibrated
in the test cells prior to each engine evaluation. It has been found that
droplet sizes vary Jue to variations in the zell geometry. Consequently,
—arameters such as noz:tle water/alr pressure ratio for various droplet sizes
are letermined for each new installation.

The following icing paraseter inst aumentation is provided at the NAFIC

1. Retaring cvlinders (5 ovlinder!
2. Oil 3lides with Silicon srease

Shotomicroorapn Jamera

3. oW LWC Meter




5. C(losed Circuit TV upstream of spray rig
6. 16 mm High Speed Camera
7. 33 mm Robot Camera

The most ef{fective way of determining LWC was by calculation, knowing the
total water and air mass flow in the spray rig. This was because the attempts
made to use the Johnson-williams LWC meter in the cells resulted in
inaccurate data.

Duct airflow is measured utilizing a steam heated total pressure probe
and four heated wall statics. Duct air temperature is read on an electrically

heated Fosemount probe,

Aircraft Tanker Facilities

Eeference 121 contains discussions of the advantages and disadvantages
(shortcomings) cof aircraft tanker testing, It is the opinion of some Air
Force experts that [after observing mumerous evaluaticns of ice sensitive
comporent ic2 protection subsvstems) tanker, natural, and wind tunnel tests
conducted on similar planforms do correlate where similarity in temperature,
airflow. average LWC and drop sizes exist. FHowever, with tanker tests the
models are alwavs full scale, and the aircraft, in combination with the spray
tanker, has the capabilitv to move different sections or the aircrart in and
out of the sprav cone, providing a degree of safety not found under natural
icing condlticns.

Tanker tests are reliable but metecrological conditions dav-to-day
cannot be controlled., Variations in huniditv and ambient temperature,
effects of cloud cover, and freering level altitude are a few factors which
have to be rechoned with when conducting tests with a tanker. With present
svstens, adequate control is maintained over the tlow, both in rate ané
volume, orf air and water to produce consistent clecuds having an average LWC
of anv chosen value tfrom 0 te 1,75 grams/cubic meter of air. However, only
verv limited control over Jroplet size distribution is attained, This is due
to the t that the sprav nozzles are usually desigmed to cperate mest

T voover 4 Fixed distributlien having a mean droplet size or a tixed
flow rats, Also, the cloud bekind anv tanker is turbulent, as opnosed to the
table conditions in natural weather. There is a Jefinite distance trom the
tanker in which to preoperly conduct in-tlight icing tests. Fiving too close

to the nozzles produces liguid water instead of ice, and toa far trom the
nozzles produces equally unusable ice crvstals. Rime ice througn clear ice
1
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In recent years, the Air Force ‘has attempted to impreve the spray system
(reference 61)}. Limited calibration of a modified icing nozzle configuration
was jointly performed by the AFCL and the 4950 test wing, WPAFB, Chio. The
basic modification consisted of blocking 50 of the 100 nozzle eiements in the
icing manifold. The resulting calibration of the nozzle configuration showed
that the system provided droplet diameters in the range of 25 teo 212 microns;
an improverment in the 18 to 944 micron range of the ummodified manifold
configuration. Since natural environment droplets are from 20 to 50 micrens,
the problem remains.

Facilicies Rankings

Table XX is an assessment of the icing facilities by relative ranking.
The "Facilities"” colum also contains some subdivision by including methods
with the facilities. The various factors are ranked with each facility in an
order from 1 to 6 beginning with the top "Undisputed Best" rank of 1 to a
"Fair" ranking, number 6. In the places where nc rankings are given, the
assessment factor is not applicable to that particular method or facility.
Therefore, no overall ranking of one facilitv against another is given or is
it thought to be necessarily appropriate.

ASSESSMENT OF NEW ICE PROTECTICN METHODS (TASK &)

The majerity of modern light transport aircraft and some gereral aviation
aircraft will flv in icing conditions, either in the course of regular routes
or during inadvertent/unavoidable encounters., Conventicnal ice protection
svstems |electrical, hot air, chemical, and pneumatic) have been developed to
Umemmm:ﬂmtt&mnqﬂiMNMHMMstmtocMEGMyinsmulamamwe
steps., Consequently, there exists a requirement for new innovative, low
power, and inexpensive ice protection svstems. The major technical need
(reference 19) is a svstem characterized by a small required specific power.
Bv this, is meant the smallest amownt of pOWeT ner square inch of the
projected surface. Such svstems are discussed in detail in the succeeding
paragraphs.

ELECTRCIMPULSE [CE PROTECTION SYSTEM

Electroimpulse deicing is bhased upon the technology of exerting an
irpactless mechanical shock to the aircrafh skin in such a wav that the
elastic deformations of the skin result in a mechanical shedding of the ice.
According to reference 102 in a more discrete definition, it is said rhat a
high acceleration is irparted to the skin bv a bigh pulse of energv in such a
way that the ice is shed or rrecipitated in an inertial fashion.

The electreinpulse ice Jrotection svster is 3 mechanical svstem
characterized Hv low Fower requirements as compared with thermal-electeic
systems. worth vonsideration as a new concept ror ice protection. The
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electroimpulse system is based on the principle that an impulse, coming in a
precise time sequence, causes deformation in the skin and ice laver. The
resultant mechanical stresses in the skin are of smaller values than the
fatigue limit or the limit of cyclic strength, while those stresses arising
in the ice layer are sufficient to effectively destroy the bond, resuiting
in ice shedding.

In order to avoid large deformations, the electroimpulse method uses a
noncentact remote action such as electronic induction. To decrease power
required, the system uses short power impulses followed by prolenged time
intervals to recharge electric capacitors. Optimizing the shape of the
impulse also decreases the power consurption. For optimum efficiency the
capacitor discharge time is controlled as a function of the natural
frequency of the skin and is usually set to be less than one-fourth of the

tural time period., Bv establishing a sharp wave-front pulse of energy in
the electromagnetic (inductor) coil, the skin is rapidly displaced and
caused to vibrate at its own frequency. Maximm displacement occurs at one-
fourth of the period; also, the ice must be shed while the skin is accelera-
ting to its maximum rate during this period. The power requirement for the
electroimpulse svstem is about 1/10 of that required for conventional ice
protection svstems, and is discussed in this sectlon under "Ice Protection
System Penalties.”

The electroimpulse deicing system in an aircraft consists of one or
several standard sets of units; the actual number depending on the size of
the aircraft area to ke protected against icing. A standard ser comprises an
electric unit, a programming switch, several dozen inductors, and the
corresponding number of semiconductor switches - thyriscors. The electric
unit consists of a voltage transformer, a rectifier, and capacitors., The
slectric units mayv be standardized, and therefore used on practically any
tvpe of ailrcraft. Figure 13 shows a tvpical electrical schematic and leading
2Gge arTangement.

The design and locatien of the inductors is extremely important. The
aumber of inductors should be Kept to a minimm and thev should he used with
maximm efficiency. Efficiency is governed hv the gap between the skin and
wire turns in the inductor. The inductor itself is mounted to a nonmetallic
wor insulated} rigid bracket such that the bracket deformation iz much much
smaller than the skin Jdeformation. The 3rea of skin protected (vibratad) bv
the inductor must he carefilly determined and there should he some overlap of
The areas.

Inducters can be made in varieus shares and sizes, although ~os® arc

Dot Jesign convenienca. The nusber of wire tums is a functicn or the

1310y and rizidisy of the stucture, 30 several tvoes of inductors

mav be required on cne aircrart or corpenent thereo?,  Sometime: two inductors

7 oseries connectad to one thvristor unit will prove o be more effective and
>

will allow an [ncregse in the nmber of Inductsrs in a standard

'y
. a
raorey

Al
IS
shin v

e

4




PULSE
GENETAT SRS 2
/JHLATHING 1
ELECTRICAL A
SUPPLY
CIRCUIT 4 ‘

ELECTRICAL PULSE

_SOEK_.“_?_\_ _— = I !

DISCHARGER 7

Erumsmame}s P_l_’__ﬂ r

: s - \.S!-_A"HING !
.

Electroimoulse Deicing-Flecrrical Schemartic

SHEATMING |

FousE
SINIFATEA 2

YIEW A-A'

Electraimpalen Deicing-lueasing-Ed3¢ Airzagenenr

3 -

Figure i1, EZlectroimpulse Svatem Detalis, RAer 170




1

The chordwise and spanwise spacing location of the inductors is extremely
important. The inductors should be mounted along the span of wing or
stabilizer at intervals of 20 to 40 inches (300 to 1000 mn). If the Tibs are
closer together than this interval range, then an inductor should be mounted
at every rib spacing. The shorter the span or the closer the ribs the more
sharply the rigidity of the structure increases. As a result, the require-
ments for effectiveness of the inductor increase; also, a thicker skin is
required because the stresses increase accordingly. The inductors should
preferably be mo nted between the ribs. However, it is convenient to use the
ribs for mounting the inductor bracket. A loss in efficiency occurs when the
ribs absorb a pertion of the induced vibration amplitude which is measured in
fractions of a millimeter.

The electroimpulse deicing system concept ‘s still in the research and
development stages in this country with very little information to form a
data base.

Laboratory tests have been conducted (see reference 33) to check the
efficiency, versatility, and possibility of future applicaticn of the electro-
impulse deicing system. In tiils test prcgram, 4 cantilever thorizontal) beam
was set up, part of which was ccvered by ice or a specific mixture of mortar
whose properties simulated those of ice. Subsequently dynamic loadings were
applied at various distances from the beam end and the pattern in which the
ice or mortar failed was observed. Parameters affecting the ice or mertar
failure, such as beam length, Jistance fron impact {inductor), laver thick-
ness, and temperature ¢f ice were measured and recoerded. A simple theorv for
static beam leoading was developed.

The tests performed were principally concerned with the mechanics of
crack formation and failure of ice or mortar Jdeposit. Since the principai
concern was not the operation of the impulsive delclng svstem, impact
(dhymamic) loading was emploved for deicing instead of inductor devices. A
mixture of mortar was used rather than ice in most cases, because it was a
more convenient material to use during the tests, not requiring refrigeration
with properties which Jo not depend upon ambient terperature.

The main purpese of the impulsive loading of the bean (or on an aircraft
outer skin) is to induce 2 flesural wave which will transmit seme sort ou
enersy capanle of removing or breaking the ice on the surrace. The flexural

wave iz believed to be made up of two other wave Lvpes: 1} a shear wive
transmittad Bv shear Jdeformations, and 120 a Jilatatien wave nrepogated by
qeans of rotation of cross-section about the beam’ neutral axis. he shear

and Jilatation waves are purelv transient phenomena and at least 10 retlec-
tions of the two rropagated waves occur hefore the first mode of vibration 13
astapiished. oo will usually bHrean Juring the transient

when vinrations on fhe hesn are fet up, 30 that the vibrations are »ot
invaived in che initial failure of the icc, although the inertial oriects ~an

masten the Jltimate removal of the Lee.
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The tests indicated that where there were cracks in the mortar caused
bv static loading, significantly higher impulses were required for initial
removal of the mortar (ice). The mortar would absorb some of the wave
energy by not letting it fully transmit through the empty spaces of the
cracks. [t must be remembered, then, that the tvpe of ice accumlated on a
wing at higher speed, particularly a highly swept wing, also has highly
irregular shapes (lobster tail effect) with gaps which can absorb a signifi-
cant proporticn of the wave propogated through the skins.

The principles of the electroimpulse svstem are basically sound, and
thev are not new since some sheet-metal-forming processes have used the same
orinciples for many vears (reference 102). [owever, the main attraction is
that the electroimpulse system affords an electromechanical method of
shedding ice, which means the skin surface does not have to be heated above
freezing - as is the case for electrical or bleed air systems. As a result,
the electroimpulse svstem operates almost independently of ocutside air
temperature (CAT] and LWC. However, there is some purpose (in different LaC
conditions) in changing the ¢vcle time so as to allow some ice mass to torm
on the surface before it is shed. [t is implicit in this type of system that
thev Jo not have the mmback or insufficient heat problems which plugue many
present Jleicing svstems.

Because of the potential merit of the electroimpulse type svstem and thoe
interest shown bv various organizatidns, it 15 recommended that tfurther
research and Jevelopment activity be cenducted to explore, in more Jetail,
the techneloyy f this svstem. Practical test medels representing current
and planned 2irfoil configurations and fabricated with the proper materials
and desiyn technigues should be tested in an icing tunnel to validate the
nerformance o7 the svstem. These research and development tests should be
Jesimed to concurrentiy provide parametric data as a toundation for an
organized Jata hase which will support the requirements of the general
aviation industrv in the Jesign of swch an Lce protection syvsteom for existing
and furture aircratr.

MICROWAVT U PROTECTTON JONERT

The hasic concept studivd i the feasibidity analvsis of retecence 115
Lo the use Orf a4 surface waveguide, ceorposed of a thin laver of a stable
Jielectric material that has arproximately the adne dielectric constant as
' sor Jdeilcing the surface to which it s aprplied (flaure 156,

in the ico-froe condidion, microwive power injfected into the surtace
wiveeuide will propagite Jown the dieleciric sllb, with relativelvy litsle
Loss of vower, Dvogulfsiive revloctions ard it boumdaries onowhat huas heéen
terned a Ttrapped medel”t This o roguives that the angle of ncldenee of the

i
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Atcrowaves on the air-dielectric antertace excend The oriticac ngle, 2., tor
L

Total orerlection.  As lavers ot oo hegin to form on the Jdieloctric surtaee,

thov witi o have the erfoct o Thiickening She surdace wavemitde so o othat
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microwave energy will be able to penetrate the ice laver and be totally
reflected at the ice-air intertace (fFigure 15). The ice lavers containing
the microwave energy will be subject to dielectric heating by dissipation of
the microwave energy and will experience a temperature rise. Only the ice
will experience appreciab.e heating, the ice itself providing the mechanism
for converting microwave energy to heat. In the conventicnal thermal deicing
system, electrical energy is converted to heat in resistive heater pads that
line the entire leading edge of the airfoil; scmetimes the entire leading
edge of the airfoil is heated, including portions where there may not be any
ice.

The high efficiency of the microwave deicer depends upon the
following considerations:

1. The microwave technique provides a means of efficiently directing
energy cnly to the existing jce. The airfoil itself is not heated.
If there is no ice, there will te only minor heating of the airfoil
leading edge.

>. ‘Tre use of hard, smooth, eraosion-resistant dielectric coatings, such
as alumina, significantly reduces the strength of the ice achesion
hond, resuiting in lower microwave DOWET requirements.

3 AMicrowave heoting is vervy rapid and 1s localized to the vicirity ot
the adhesion laver. The rate ai which the ice is heated can be
controlled bv pulsing. The loss of heat conduction is a relatively
slow process so that there 1s a very rapid net gain in heat.

The'major benefits required of a microwave deicing svstem that are
helieved to he feasible are as follows:

1. low Power Consurptlon
2. Low Welght
3, Low lost

rtability

——

4. High Re

3.0 Hizi Maantainability

Ax shown in fisure 16, a tvpical nicrowave deicing svstem preliminary
Jesim confisuration mav Jonsist of the “ollowing components:
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3. Distributor/Power Divider
4. TFeeder

5. Microwave Tube

6. Power Supply

. Pilot's Control Panel

§. Ice Detectors

9. Temperature Probe (CAT)

The estimate of prime power requirements to shed ice on an airfoil
leading edge is an order of magnitude less than that required by an equiva-
ient electrothermal deicing svstem.

The microwave deicer svstem requires that the deicer boot be fabricated
from highlv erosion resistant dielectric materials to protect the surface
from sand, Just, and rain. Some of the materials which have received the
greatest attention so far are alumina, lennite, polvurethane, and nickel.

The most popular combination of materials is alumina and polvurethane, which
arovides ercsion shields eguivalent to »r better than nickel it considerably
lower weight penalty.

The feasidbility of a microwave deicer depends upon the dielectric
constant and the loss <tangent of the lce app ear1n5 on the airfoil {or ic
sensitive component®. A literature search made duriag the feasibility
studies of reference 115 revealed that this specific information was not
esentlv directly available. -

vy

Tre loss tangen: of the ice which accumdates on the leading edges of an
airfoil is differeit than that of stotically grown, pure, single crvstal
c d Jor scientific purposes. Some of the significant dirferences are
‘ 1
i. Unfrozen water (ontent  Super-cooled Water Jontent:

2. Air Jontent

R T .
5. Tmpurities
- .
4 NIt oor Lrowtil
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The most significant parameter affecting the loss tangent of the ice is
the percent of unfrozen water content. The loss tangent is defined as
1ollows for any dielectric material:

tan 4 = ; = Loss Tangent of Material Heated
g'" = Imaginary part of dielectric constant
£' = Real part of dielectric constant

The dielectric constant is made up of the imaginary and real parts.

Depending upon the type of ice and the frequency considered, the loss tangent
can vary several crders of magnitude. Since the power required to heat any
dielectric material (usually expressed in watts per unit volume) is directly
proportional to the loss tangent, it is extremely important to know the loss
tangent associated with the characteristics of ice accumulated on a protec-ed
component .

Loss tangent tests have been ceonducted in the laboratory (reference 870
with various types of composition of ice which were supposed to represent
natural 1cing and cover the full range of tan & expected. Although these ice
compositions may represent some of the expected types for heliccpter hlade
icing, thev are probablv not the types best suited to rerresent the tvpe(s)
ot ice collected by Lce sensitive components on light transport and general
aviation aircrart, particularly those net in close proximity to large bodies
ot salt water. Salt was used in the high-loss ice samples of the tests cited
in reference 837, The ice collected on fixed wing G/A type aircraft would be
more tyvpified by the so called low-loss samples which take longer and require
more power to shed.  One possibility of improving the shed time and power
requirements for low-loss ice, is through the use of a third laver in the
dieiectric composite which is called a “lossier" laver. The third laver is a
thin, low loss erosion strip used for controlling the surface wave suide
atZenuation constant, ‘

A comprehensive ongeing program should be conducted to explore microwave
detcing technpology for use with general aviation and light transcort e
lreratt. Much vrontse has already been shown for its possible use in

11 vstems ror helicopter blades. The svstems research programs mav make
research work Jone Ior helicopters. The research which shoul
Lgh cower, high efficiencs, low welght microwave tuhes, low-los
LIoConstant matorials, and optimized wave launchers would b
notentlal users of aicrowave leicing svstems.  Feasi
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ICEPHOBIC MATERIALS

[cephobic coatings have been a subject of investigaticn for the past 20
vears, Manv attempts have been made to find a lightweight, inexpensive
substance that can easily be applied to aerodynamic surfaces which would
elther prevent the formation of ice or reduce the surface adhesion force to
the extent that aerodynamic and/or dynamic forces would remove the ice
(reference €0). A fundamental requirement in any research program to find an
optimun icephobic coating material, is the knowledge of what causes ice
adhesion and how to minimize it. Factors that play a part in the adhesion of
ice to a surface are as follows:

1. Van Der Waals Forces

Hvdiegen Bonding

[ ]
.

Wetting

(Y]

4. Roughness

(¥ ]

Contaminarts {Including Air)
6. Interface Chemistry
Contact Angle

Reducing the adhesicn of ice requires reducing substrate wettability
making it mere hvdrophobic. This is accomplished bv reducing its reactivity
and surtace forces, making it more inert and mere incompatible with water.
Also, the resulting higher contact angle makes it more likely to occlude air
at the 1aterface. Alr at the interface reduces the bonding and produces -
stress concentrations which reduce adhesion.

water is prone to hyvdrogen bonding, which is the basis of the ice
structure, and thus, water and ice are attracted to a substrate (surtace)
having H-bendable conpenents, i.e., oxvgen atoms. A low ice adhesion surface
should then be tree of oxrgen atoms.

vhemical bending strength or energy varies with different atom ;iirs and
contributes to the relative activity or inertness of a substrate. A high
energy surruce, exhibiting high interfacial energy, has hich attraction <or a
contacting tluld and 3 low energy surface the opposite, A low eneryy surface
then s desirable. Pelvmeric flucrocartons and hvdrocarhons have low energy

-4
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Although fluorocarbeons have low ice adhesion (much lower than metals?,
teflon (PTFE) for example, under repeated freeczing cvcles or high droplet
impact velocities, produces stronger ice adhesion than expected. This occurs
because: (1) high impact of droplet penetrates into the material pores to
anchor ice, ({2} the soaking changes the contact angle, and (3) during
repeated freezings, the micro air bubbles are removed, thus adding bonding
strength.

Another difficulty with low ice adhesion materials like polyethylene,
teflon, or silicones is their softness or creep. Poor abrasion resistance
may preclude their use on aircraft where there is high impact and wear
exposure.,

In order to obtain low ice adhesion and induce ice release, certain
conditions must exist which include the following:

1. Low energy surtaces of solid substrate (or applied coatings).

2. nbsence of high energy contamination of the surface.

il

Presence of low energy contanination to Lmpair bonding.
4. ‘cclusion of air to impair bonding and promote stress concentrations.,
5. Uptimum Jegree of surface roughness to encourage alr entrapment.

0. Substrate construction or properties that promote generation of
stress and subsequent adhesive failure of the ice.

Appropriate stresses.

The appropriate stresses for initiating and propagating adhesive failure
‘as given in reference 001 include the following:

1. Single shocks from direct mechanical impact.
-. Flexing of rhe member’compenent in noymal use.

3. 3onic or ultrasonic vibration at optimum frequency iTposed
electromechanically,

1. Heating (or cooling) intermittently to create terperature sradients
and Jifferential therm. expansion to stress interface.

(Wh}
q
3
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6. Utilize bimetallic elements to magnify displacement upon thermal
change. when heated by radiation, electrical resistance, or hot
fluid, these bimetallic elements would induce local stresses in a
flexible skin.

The implication is that some external stress is needed to initiate
cracking, etc., for ice shedding to occur. This requires that the ice
sensitive member or component be designed for natural flexing or be provided
with an ice protection system which is a combination of an icephcbic
material and a mechanical, electrical, or thermal svstem. The best use of
icephohic materials in combination with other ice protection svstems is a
subject for an icing research program.

Icephobic materials should be investignted to determine which candidate
materials exhibit the characteristics most desivable for application to fixed
wing light transport and general aviatien aircraft, such as:

1. Low cost.

2. Ease of installation in new aircraft or retrofit in older aircrart.
5. Dermanent or semipermanent coatings.

- 4. <Compatibility with other aircraft matorials.

5. Lase 2f maintenance.

8. Reliability.

Compined use with other ice protection/s-ress inducing svstems.

Icephobic materials possess the potential advantages of low cost and
light weight. According to reference 98, a savings of over 200 pounds miv be
realized in the use of icephebics over an electrothermol equivalent svstem
for large aircrart. The use of icephobics, as with the microwave and
electroimpulse svitems, Joes not involve the problem ot rumback ice which is
aften a characteristic of the thermal svstems.

The maiority of the Jdocuments obtailned Juring the lit=rature search and
listed in the compurer tile on icephoblics concern research and development
testing ot L oerhebic materials for ice protection of helicopter rotor blades.
The obvious adiantage of the helicopter rotor blade over the tixed airfoil i3
the Jdvnanic force of the retating blade tfor shedding the ice, even through
Thls force 13 variable Sver the length orf the dlade. The fixed wing ardralt
Mt atta .y consideranle velocioy Tight speed to approach the aercdvmamic

1

or
2S935 avatllarie T2 the rotor In order Lo induce shedding.
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Figures 17 and 18 shew the results ¢f some tests conducted by the U, S.
Army Cold Regions Research and Engineering Laboratory, Hanover, New
Hampshire. In figure 17, the average shear force required to dislcdge the
ice from the test sample is plotted against successive or repeated ablative
tests. The resulits are very erratic. Two coatings showed very low adhesion
force repeatedly umtil the test samples were subjected to simulated rain
tests, after which the adhesion forces increased to the baseline value.
Figure 18 shows the life of a Dow Chemical Company substance under the flight
test conditions.

The NASA research program must investigate the following factors
considered in the use of icephobics for ice protection systems for fixed
wing aircraft:

1. The candidate materials which must exhibit the optimm low energy
characteristics, utilized with or without a soft (i.e., sponge)
substrate.

|

The aerodynamic forces required to remove fractured ice - minimm
required with the candidate materials for various sizes and shapes
o7 ice accretions.

3. The methods by which the required initiating cracks or fractures
will be made in the ice accumilation.

4. ALl of the rirst three considerations above for both straight and
swept airfeoils.

REQUCED ICE PROTECTION RECUIREMENT AND I[CING INSTRIMENTATION
ASSESSMENT (TASK ™

GENERAL

A comparison of a tvpical general aviation aircraft flight profile to a
modern jet transpert protile shows that in manv wavs the light aircraft is
faced with a more difficult ice protection design problem (reference 1).

Statistical Jata compiled by the FAA over an eleven vear period it
.9 through Il; show that the most commonly assigned crulsing altitude ¢
ceneral aviation is around 5,000 feet where the largest number of icing
encounters oclur. Therefore, general aviation and light transport aircract
loperating up to 10,000 feet” have a mere demanding enroute ice pvrotection
requirement tnan iet transports flving at tvpical altitudes of 30,000-40, 000
feet, well above mest of the icing conditions. Also, the TRt LTansperts

Climp to altitude very juicxlv, thus minimizing their exposure.

1qures
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Data on the characteristics of icing clouds with regard to icing
severity have been votained from a variety of locations iround the world,
mostly in the northern hemisphere. They cover diverse time periods, flight
conditions, and sensing equipment. A very excellent summary of the icing
severity data from various sources including the NASA Perkins Report, the

972 Briggs and Crawford British Data, and the V. S. Savin, et al Russian
data, is contained in reference 102, a study of ice protection for advanced
helicopter designs.

No new icing severity measurements have been reported in the United
States since 1952 (reference 10I). However, foreiem icing severity data
collected more recently (1972) confirmed the validity of the older U. S.
data, as shown in figure l. The figure is an overlav of a liquid water
centent probability curve derived by Lewis in 195” from 1940's data super-
imposed on the probability curves from V. S. Savin's data, which was based on

five times more data gathered over a twenty vear period.
REDUCED [CE PRCTECTION REQUIREMENT

In setting up a hypothetical ice protection svstem requirement that is
than the severest icing condition required by FAR 25 (Appendix (), one

CES
ust censider the following:

.
[

what are the actual cloud icing severity data measured woridwide
from all sources?

-t

)

-. What is the accuracy of the measured data (i.e., do the Jata frem
various sources verify each other)? .

trt

What are the present design requirements for full ice protection as
established by the Faar

1. Uonsidering the given flight envelope or profile for light transport
and 5eneral aviation aircrart, how can the design requirements (Fal
FAR I5 icing envelopes) be logically or plausibliy reduced without
cempromising phyvsical realities in a hazardous manner:

5. What other factors mav be alddressed te reduce the ice protecrion
requirement from the severest icing conditien”

The operativnal implicartions of limited, t.e.. less than full FAA © FAR 25
lve protection certification, requires that the tollowing areas he studiad
for possible Loprovements:

L. Dispatch Rules

Vrew ptions

R

I
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3. Airborne Instrumentation Requirements

4. Forecasting Improvements

5. Air Tratfic Control Restraints

6. Icing Intensity Definitions

. Levels of Icing Severity
Appropriate for the various G/a aircraft in terms of:
(2) altitude, (b) temperature Llimits, (c) icing
intensity, and (d) geographical ‘imits.

Also to be considered for less than the full FAR 15 certification
requirements, would be the consideration of matching limited protection
svstems to limited icing conditions. This would require definition ot allow-
able ice accretion rates and knowledye of the penalties associated with the
ice accretions for each individual aircraft. The decision as to what
components sheuld be protected in the designated limited icing condition,
would necessarilv he based on as much analvsis and testing of the atreraft
and its protective svstems as presently required for the full FAR IS5
certirication.

An alternate wav of showing tcing severity nrobability is shown in
figures 23 and 24 as caloulated during the atudv for refersnce 102, These
curves show independent probability of loing temperature and ligquid water
content helow 10,000 feet.

The present standard ioing conditions used tor the Jesign ot all 1ce
protection svstens are the icing envelopes of FAA FAR Part 25, Appemdix C.
These envelopes of conditions are shown in figures 25 and ob and are the
hasis for certification for all aircraft ice protection svstems 1 the
airplane is to f1v in hnown icing conditions. These sive lopes Jo nor
represent phvetcal relationships between the viariables, but represent combin-
ations of the parameters considered to have sutticient probapility of
accurrence to make it oappropriate that transport category atreratt be
destymed to cope with them (reference 170,

Since the probability of encountering natural icing conditions et
S17L8T0 00T hgx been shown o be eatremely remete creference L0 indicated
rhat Canadian eaperimenters Jid oot dind one encountet el ST LT
in three sours of natural e testingt, the fivst estimate Yor oreducad vaing
corditions for light transport and general aviation aircradt operating below

1,000 fest altitide weuld e the same as the vonditions croposed tor

helicoprers | Jigures 217 and 29%.0 0 The urves are the same as the onisting
EAR 25 curves ewcopt fhat the low terperiture Limit is -17.370 (271, Some
cosedrohers ve considerad 220%0 4T geothe lower Limit because ot fhe
AVECOM speciioatian lover TITiToSor onoanes | reterence L These

1




fACtEDAIICE PROBABILITY - %

100

F0-

80~

-

a0 -

iV

-

e \ | f ' \ | !
J - -4 -5 -t -1 -12 -1 -1o -1

SUTSIDE &1R TEMPERATURE - e
Figqure 3. ~nutside Alr Terperaturs Exceedance
prapahility Below 10,000 Fr, Ret 102

LHEIGT,
' |?‘ f" ;‘ ;-:'{.(‘j;)‘\\;:-\ i-"

\) :




EACEEDATICE PROUBABILITY - %

Figure

2

. . -
t : :
- . 4
s
. H
. T
.
- .

fe

ro102

e
¢ t
H
! i
. - V-
. 1
; ol :
- — e e e gimmdam am e a
: i
. \ -
i :
e . - : -

H . . N
.3 4 5 )

LIQUID WATER CONTENT - 4°n

Liquid Water Jontent Dxceedance Probabiliny Relow

3 v

10,00 Fr,




IANCAIUNY VERT

e ACRIZONTAC EXTINT 0 Wik

QD RATER ITYTENT

Q.3

I

‘ ‘/f(’,af «32°F AMBIENT

1
r\<r/ ~12%F AMBIENT

3.4

LIGUID WATE Fs CONTENT GRAMS /o>
(=]
&

|

3

3¢ 38

MEDIAN DRQPLET CIAMETER — MICRQNS

ENVELDPE JF 1I'NG TE
[

+20 ;

N

'
WASAATURE
I
!

AMBILNT TEMPERATURE — °F

oo |

+«14

[+

q H] 2 '

PRESSURE ALTITLUDE X *9° 2227

Figure I5.

10 NACA TN No. 133% and o




ALTITURZ: 2000 7O 22,800 FEET

HORIZONTAL EXTENT: 3 MILES

LIQUIDWATER CONTENT

)
+32% snt3iENT {
— ’

—_—

ta
(=]

-
o

[=]
[

LIGUID WATER CONTENT - GRAME/m>
o

_ ;
o—f’ l L

o Y o 15 20 30 ) 55
MEDIAN DROPLET DIAMETER - MICRCNS

40 T M [
ENVELGPE OF 1CiAG TEVPSAAT LRE !
..... POSS QLI EXTENT 2F JsuTS T |
N\ |
a I
- |
z l
2 |
vt 1
< ! -
c |
ki
S b '
= N i
il
[
i : AN
w \
g AN '
-
< L, - .
e i o see—— ) | i
> | N |
\ . AN | : ‘
\ \ , i
\ | i
\ N : 1
AY \ ! | :
40 h N ‘
2 19 i 0 12
PRESSURE ALTIVUCE X 107 £22
Figure 2o, ‘atermittent Maximm o Qgmliforn Clouds”

Atmospheric [oing Conditions
FAN FaR Part 2%
Source of Mata: sACA TN Ne. 1357 and No. Isedd

a5




3 DURATION , UNLIMITED

W N

T T 1
1 PRESSURE ALTITUDE RAMNGE, §,L.-22,000 FT
2 MAXIMUM VERTICAL EXTENT, 6,500 FT i
Moderate

LIQUID WATER COMTENT - GRAMS PER CUBIC METER

7, / i |> Light
i ;
0.2
| / :
| “loF N / ! \
i ‘ ! w7,
| PROPOSED | |
) - - { I ‘Pr"nc.;
| AVRADCOM ENVELOPE ! | ; | [racs
J i i i J
th! 15 20 25 30 s 40
MEAN EFFECTIVE DROP DIAMETER ~ MICRONS
Figure 27. Recommended Continuous Maximum (Stratiform Clouds)

Atmospheric Icing Conditions, Liguid Water Content Vs
Mean Etfective Drop Diameter, Ref 10l for Helicopters,
With Ref 134 Cverlav




ARIDAQ $ET I Y3ILM “SI53dODTIAH 1N 201 j3y “J4RIET
dolj anrT359)54 uBaW SA 1udUC) J8inM pinbry ‘suvtlipuo)
Juroj orasydsouny (SPNOT;) VLIOFT[OUN))} URMENEl 1UIII THLIDFUS

SHOYNW - ¥ILIWYIG dOdad IATLITIIT NVIW

*g7 aand iy

omm G - o cE Qﬂm.| 174 Jm 5 _a
LR
4 .-_.aaub " 4/ //77f ﬂ_
; oy v ” A , =
2T
LN\
& oWlt
BRI T03ne
_ o.m&. ~ t‘ﬁ\‘v
| | ‘ .ﬁq\\\\%
! ; S et
W
?E..Tso ATIAN _ ,
i WAOT AV 9%&8& N
_
@_ I
M TOSIINMIN w—- T.OZ(&D& wWiol 7
_ 1334 000°ZZ - 000 ¥ 13OrVYE ICNLILTY IHNSEIHd |
1 S D RPN [NDUORIPRUY [ I L

WYYD - IN

Lvw ZINDS

-
a3

NCD

3
E9Y

<

303wy 2I80D Y3




riteria represent the 99th percentile of exceedance probability for
altitudes up to 10,000 feect, the normal altitude range of light transport and
general aviation aircraft of this study program.

€1

ASSESSMENT OF AIRCRAFT ICING INSTRUMENTATION - EXISTING AND
UNDER CEVELOPMENT

Aircraft structural icing is one of the major weather related hazards to
general aviation. This hazard can he greatly reduced if the aircraft are
nrovided with devices that will do the following:

| 1. Warn the pilot of icing conditions or give an indication of initial
| icing before the pilot wo'.ld otherwise be able to detect it.

1. Give the pilot an accurate indicatien of the icing rate or intensity,
if he chooses to remain in the icing conditions.

Ancther requirement is for the quantitative measurement of the various
icing parameters which stems fium the FAA certification requirement tor
demonstration of the aircraft to operate safely in icing conditions. To
fulfill this requirement, it is necessary to obtain guantitative data on
f1ight parameters such as airspeed, altitude, (AT, etc., and om icing
conditions such as liquid water content, droplet size and distribution, and
{ce accumdation (size and-shape). Alse, qualitative data on aircraft hand-
ling, such as stability and contrnl are required.

A\n assessment of the icing instrumentaticn presently used or under
Jevelopment by various industries and Government agencies, both .. home and
abroad, has been accomplished through a review or the literature. The
docurents containing icing instrurentation information were selected by
interrogatisn of the computer file for such data (see Appendix C - (omments
Table on Instmments). The extracted information has been surmarized in
table XXI. The table contains a list of icing instrumentation by name,
agency source, and/or inventor. The thype of principle of operation 15 shown
For each instrument as data have been found in the literature. The instru-
ment utilization, the measured icing parameter(s}, and the problem areas
associated with the instrument which may limit its accuracy or its utiliza-
tion are given where known. The lack of a check mark in the problem area
colurm Joes not necessarilv mean there are no problems with an instrument,
it can mean ne Jdata were available.

There are two hasic methods of Jetecting and assessing icing in tlight
and all icing instmments fall into these twe categories (reference 3>V,
The first method is to allow ice to accumulate cn a suitable probe and then
detect its presence |ice accretlon instruments). The second methad 1s to
sense the atmespheric conditions conducive to icing and then to continuously
evaluate ics likely severity (inferential or thermal detectorsi.

'O
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Ice accretion instruments include rotating c¢ylinders and discs,
stationary and vibrating rods, pressure orifices, beta radiation probes, etc.
The accretion method is the simplest but it does have the limitatlen that at
high LWC and high subzero temperatures the latent heat that is released as
the water freezes raises the temperature sufficiently to prevent all the
water from freezing. If the instrument operates above this "Ludlam Limit"
(freezing fraction less than one), it will underestimate the LWC. The
accretion probe must be deiced, usually thermally when a predetermined amount
of ice has formed. This is followed by a "'dead time' for the deice and
subsequent cooldown periods before the next reading can be taken.

At first glance, it would appear that the accretion meter 1s the most
direct detection and warning device, but there is a wide .ange of icing
conditirns where there is no simple correlation between the impingement rate
and *he potential accretion rate and the form of the ice. Considering all of
the variables of catch efficiency, ambient temperature, LWC, and airspeed,
etc., the accretion type instrurent will give fairly accurate readings in low
water content air at te ratures below -10°C (14°F).

The thermal or inferential ice detection and LWC instruments utilize a
heated probe or wire, expesed tc the airflow, that is either maintained at
constan: temperature ¢r has a constant heating power applied. The power
required or the temperature attained can be used to determine the LWC, whzn
the convection coeling is accownted for. Inferential imstruments have the
advantage, in that thev depend solely on the evapcration of water and
temperature measurerent and do not suffer from the limitations imposed on
accrerion instruments due to accumulaticn of strav deposits. However,
instruments such as the Johnsen-wWilliams instrument, used widelv over the
vears, underestimate LWC when droplets ruch larger than 100 microns are
present. Inaccuracies occur in turbulent “low in ascertaining the amount of
convective cooling.

A third method of Jetecting and assessing icing in flight and in icing
wind tunnels for airframe structure or engine tests, uses cloud particle
sizing instruments such as the Knollenberg svstem. These instruments
measure the lighu scattered bv u particle as it passes through a laser beanm.
The resultant signal is a function of the particle diameter and i¢ used to
cenerate 4 cownt in one of the fifteen 3 micron-wide size channels in the
axially scattering spectrometer probe. This instmument measnres Jroplets in
the 3 to 45 micren range. Farticles in the 20 te 300 micror diameter range
are measursd 95v cne of the Particle Measuring dvstems, Inc. optical arrav
nropes (reference 361. This instrument uses fifreen 10 micron-wlde size
channels for cownting the particies. 3 electrenically integrating
aumber of particles and the si~es of particles, an estimate of the 1wl
nmade with the Xnollenberg tvse of instrmmentation.

Rty
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The majority of the ice detector and particle measuring/counting
instruments that fall into this third category are usad in icing wind tunnels
or engine icing test cells. However, scme of the laser (ASP) systems such
as used by Meterorology Research, Inc. (MRI) are small enough to be adapted
to aircraft for use in certification or in meteorology research data
gathering. These systems are connected to a complete system which may
include altitude and temperature measuring instrumentation as well as the
data recording system, While this kind of instrumentation is excellent for
aircraft certificatica progrars to qualify them for tlight into known ilcing
conditions, it is much toc large anc expensive for standard aircraft
equipment for ice detection and intensity determination for pilot warning
PUTPOSES.

Assessment of icing instrumentation is complicated by the fact that
different groups or different researchers cite such different opinions on
effectively the same kind of instrumentation. In reference 137, experience
with oil slide data for measuring droplet sizes in the 10-50 micron range
resulted in data too large by a factor of 1.8. Errors were due to
evaporation of small drops, coalescence of drops (small ones into big ones),
and mmpact or flattening errors. Ir reference 33, oil slide droplet sampling
gave repeatable, stable samples such that there was no reason to doubt the
accuracy of the vil slide system. It was stated that *he reason that none of
the normal problems attached to 0il slide measurements were encountered, was
due to the choice of oil and the method of operation. The oil used was a
Shell Dentax 25C or a straight mineral oil SAE 250. The procedure was to
axtend the slide for only 20 seconds, expose it for 1/10 to 1/20 of a second
and then rerain the slide in the cenditioned cabin of the airplane.

Considerable research remains to be done with respect to icing instru-
mentation technologv. This research includes the following:

1. For existing instrumentation, determine the practical or optimum
range of conditiens for the instrument, its percentage of
wcertainity, and the prcper operaticnal procedures.

2. Develop new icing parameter instrumentation such as the laser
hologram two and three-dimensional svstems with the associated
electronics +that mav be used in icing wind tunnels. For this use,
size and complexity are neot limiting factors and the intent is the
development of equipment that can be used as a standard for
calibration of smaller and less expensive instrumentation. There i3
no standard at present.

Lrd

Develop small accretion and inferential icing instruments that can
be calibrated in icing tunnels against the standard equipment with
the desired high level of confidence. The inexpensive small
instnument s can he the suitable instraments needed by general
aviation aircratt.
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1. The instrumentation required for airborne utilization should include
instrunents for measuring liquid water content, outside air
temperature and possibly mean water droplet size. However, in the
case of the latter parameter, it is not necsssary to Imow the
droplet distribution for aircraft icing effects evaluation. Also
required for the airborme instrumentation which will be used for
supplying data for forecasting, is the recording and transmitting
equipment. Development of this equipment is required right along
with the sensing equipment if weather stations are to be provided
with the required data base for current up-to-the-minute
quantitative forecasts.

ASSESSMENT AND RECOMMENDATICNS FOR ICING FACILITIES (TASK &)

NASA Tecently completed a survey of aircraft icing simulation facilities
in North America, providing for each faciiicy 1ts operational parameter
ranges and size restrict.ons. (The results of this survey and a similar
summary from reference 130 for the Eurcpean facilities are provided in
Appendix E.) Each North American facility was classified by NASA as one of
four possible tvpes: (a) wind tumnel, (b) engine test facility, (c) low
velocity facility, or (d) tanker facility. The advantuig~s and disadvantages
of each of these categories were previously discussed in the section on
“Experimental Prediction Methods."

The wind tunnel capabilities presented in the above survey indicate that
test chamber sizes varv from 6 inches te only 4.5 feet, when NASA rfacilities
are excluded; These size restrictions limit testing ir these turnels to instru-
nents, small components, or scale models of larger airuraft conponents. Larger
components and full scale aircraft will have to be tested in the NASA Icing
Research Tunnel (IRT) or the rehabilitated Altitude Wind Tunnel (AWD). Only
six wind twmnels other than the IRT and AWT are listed. and of these, only
three ({Lockheed, 3ceing, and NRC-Canada) appear appropriate for testing oc
small comonents or scale models of aircraft. As a result, in addition to size
restrictions. availability of these tunnels to industry becomes a preblem.

[t becomes increasinglv appare.t that in order to obtain the wind tunnel
data base required to solve general a.iation aircratt problems, the NASA
icing wind tumnels will have to be util zed to a greater Jdegree, and improve-
wents will have to be made to expand the applicability of these tunnels,
increase the accuracy of test measurements, and reduce the turnaround time
hetween tes

ts. These facilities are Jiscussed in more detail below,
neluding needed instrnmentation, and recommendations for usage.

NASA ALTITUDE WIND TUNGNEL L AWTS

“etails g¢ the oxisting LA Lewis Altitude wind Tunnel are STOWTL 0
Sionre 29, Dronosed renhabilitation medifications indicate that the W0
1 1

111 have Twe Large Shanbers for testing cormlere or large =ecTions ot
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aircrafs. Cne test chamber is 43 feet in diameter and the other is 20 feet
in diameter. The altitude versus velecity envelopes of the two different
test sections are shown in figure 30. The altitude capabilities of the
facility are sea level to 55,000 feet. This capability is applicable to
both test sections since they are in the same loop. The velocity of the 20
ft diameter section is mach 0.8 maximm and the velocity of the 45 ft diameter
section approaches 60 knots maximm. An overlay of the general aviation
operational envelope on the AWT characteristics envelope is shown in figure
31. The characteristics of the 20 ftr diameter section completely contain the
general aviation envelope. The 45 ft diameter section characteristics are
shown to be outside of the flight envelope of general aviatiom, but are
applicable to ground cperation and certain aspects of landing and takeoff
operations.

A future option to the rehabilitation design of the AWT is to provide
a 90,000 horsepower drive motor unit for the 26 ft diameter fan which in
effect triples the power of the smaller drive motor. The "back leg" of the
tunnel will have a simple rotor whirl rig for testing large scale rotors at
speeds of approximately 60 knots. An overlay of these characteristics on
the general aviation envelope [figure 33) shows that most of the envelope
below 0,000 feet is included in the envelope if the provisions of this
option are added.

It is understood from a recent conversation with NaSA Lewis Tcing
Research Center staff members, that the 90,000 horsepower drive motor unit
will be a future proposed medification to the facility. The velocity in the
20 ft diameter section will be sonic fer the maximum power condition.

In an effort to realize maximum efficiency with rcgard to the energy
requirements of the AWT operation, it is reccrnmended that simultanecus
testing in che 43 ft section and in the 20 ft test section b~ considered
whenever it is possible and practical to schedule them in that way. This
will regquire considerable planning and coordination under the directicn of
NASA personnel, so that tunnel conditions will be suitable to the require-
ments af beoth icing test programs.

The AWT 20 ft Jdiameter test section with it broad range of aititude and
velocity conditions will have the capabilities required for icing tests ot a
seneral aviation alrcratt ice sensitive structure and compeonents

ed general research. The ftollowing are representative ot the
53 envisioned for the two test sections.
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5. Wing and engine combirations.

4. Propeller, engine, fuselage combinations.

5. Empennage pod-mounted engines and fuselage (ice shedding problem) .
6. large wing sections.

. Empernage sections {complete vertical and horizontal stabilizers;
T-tails or V-tails; fuselage interaction).

3. Nacelle inlets.

9. Full scale verification tests of scale model test techniques used in
smail icing wind tunnels such as the IRT or smaller industry/
university icing tumnels, to verifv accuracy of mathematical scaling

factors used for scale model testing.

10. Research and initial calibration of water spray systems designed for
use on icing tanker aircraft.

NASA ICING RESEARCH TUNNEL (IRT)
The NASA Lewis Icing Résearch Tumel, which 1s the largest icing tunnel
(6 feet bv 9 feet) in the United States, has been used for testing sections of
full scale aircraft structure, full scale small components, and scale models
of manv ice sensitive components such as the following:
1. Straight and Séept Wing Sections
2. Engine Inlets
3. Radeomes
4. Missile Cemponents
3. Tail Surfaces, Horizontal and Vertical
n.  Fuel Vents
teilcopter Retor Blades
3. Elevator Homns
3, FEngine Sulict Noses

10. Helicepter TARS Farticle Jerarator’




11. Pneumatic Beots

12. Fngine Cowlings

13. Inlet Screens

i4. Antennas

15. Slatted Wing Secticns
16. Slotted Wing Sections

In addition to the ice sensitive components that have been tested by
various aircraft companies in cenjuction with NASA, many other basic research
programs on icephobics, icing instrumentation, ice protection systems, and
other aspects of general icing technclogy have been conducted by NASA over
the past vears in the IRT.

The IRT is a closed-return atmespheric type tumnel with rectangular
cross-sections except at the 20 ft diameter drive fan in the return leg. The
four corners have turning vanes and the contraction section has a 14 to 1
area ratio. The test section is & feet high, 9 feet wide, and 20 feet leong.
Maximm speed for the empty test section is 300 miles per hour, creating a
test secticn pressure equivalent to about 3,000 feet altitude. The floor of
the tumnel contains a mounting plate located on a turn-table which is nearly
3 feet in diameter. The tunnel airflow mav be rerfrigerated ta -13°F or
lower, if necessary. Calibrated icing clouds may be generated with liquid
water contents from about 1/ to 2 grams/cubic meter with volume mean droplet
diameters from roughly 10 to 20 microns. The drop size distribution is
approximately a Langmuir "D tvpe. The icing cloud is uniform in intensity
tn the center of the test section over a region about 3 feet high bv 5 feet
wide,

The IRT is operated by NASA personnel, but the cormpany testing in the
facility must build the model and supplv a test crew to install it, run the
tests, record the data, and remcve the test equipment at the conclusion of
the tests, The company must provide its own data recording and Jdata
processing svetenms,

An Loprevement in these conditions would be to have NASA provide th
Jdata recerding 3nd proce<sing equipment. This would include standavdized
temperature recording eguirment for the standard thermoccuple materials
nermally used 1In Lue temperature range Of icing and ice protecticn svstems.
rressure measuring equipment and the data recording equipment for reasonable
ranges and magnbers of parameters could be provided which would simplify the
logistics “TODLG”\ and help the preplanning ot nany of the test programs.
Anv specialized instmumentation should still be supplied bv the company doing
Test, the same as vefore. By providing Jdata recording and automated Jata
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reduction systems, test efficiency would be greatly improved. The resulr
would be to simplifv test planning, reduce setup time, and increase
convenience in operation during the actual testing periods.

The liquid water content and droplet size of the atmospheric icing
clouds provided in the IRT are controlled by the water and air pressures in
the spray nozzles and the air velocity in the wind tunnel. The tumnel and
spray rig have been calibrated for combinations of LWC, mean droplet
diameter, and airspeed, and graphs have been drawn so that other conditions
can be determined. Whenever a test is conducted, the required pressures and
water flow rates of the spray system are calculated from equations and graphs
based on the desired icing parameters and the calibration of the turmel.
Individual measurement of the icing parameters using any of the commonly
accepted instrumentsation, for every test run, is generally considered
unnecessary for these facilities.

[mprovements to the NASA IRT was one of the subjects addressed bv the
industry/Government questionnaire. An evaiuation of the suggested
modifications and needs of the IRT to improve its utilization and efficiency
are specifically as follows:

L. A large test section approximately 15 ft x 15 ft is required.
(This could he the 20 £t Jiameter AWT section.) )

<. Increased range of liquid water content (at least the complete
range of continuous icing as defined in FAR 25, Appendix C).

(oL |
.

Improved instrumentation {see Discussions).

4. Higher speed capability (400 knets has been suggested].

[¥g]

Altitudes up to 20,000 feet.

6. Improved accuracy in method of setting air and water pressure in
sprav svstem,

A uniform cloud at the test section.
3. Lower temperature range .-21°F),

%, An automated control svstem which would assist in faster stabiliza-
tion of tunnel condition to save tirme and STeYTgY.

1J. Complete recalibration of liquid water content and droplet size

VEeTsus rotometer, air and water pressure (after other improvements .
In sprav svstem, etc. are madel.
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11. Refurbish vanes, blades, etc.

12, Improved wake drag system.

13. Blowing/falling snow and ground fog capability.

14. More tumnels (facilities) to reduce iead times (improve availability).

15. Provide IRT force balance system.
INSTRUMENTATION REQUIREMENTS FOR ICING RESEARCH

The kinds of test techniques and instrumentation that should be avail-
able for icing research are the kinds that are oriented towards gathering the
information necessary to resolve problems. The icing tunnels should have the
condition control, instrumentation, test sample capacity, and other sophisti-
cation to meet this purpose. Sufficient variation in instrumentation should
be utilized such that the complete required range of parameter values will be
covered. Since no instrumentaticn exists today which can be considered as
an industry standard to measure all ranges of liquid water content and
dreplet size/distribution more than one tvpe of instrument for measuring
these parameters will be required in an icing tunnel to increase its
efficiency and flexibility.

Conventiconal instrumentaticn is required to measure temperatures,
pressures, and drag anc 11ft forces. Specialized instrumentation is required
to measure tctal pressure and temperature in the icing environment. Heated
calibrated probes are required for measuring total temperature and pressure.

Different methods of photography should be provided for good visual
coverage of the test model in the icing turnel test section. Motion
pictures, television, and still photography provisions are recuired to record
all ice Jepesits of interest on model mounted in position in the sunnel.
Special portholes should be provided for protographic coverage of inaccessi-
ble areas. Telephoto lens and wide angle lens should be available for those
photos and situations requiring such equipment,

Along with comventional equipment such as multiple ovlinders and dreplet
o1l slides, an inline laser helographv svstem should be available ror
measuring iiquid water content and droplet size for both calibration purTOses
and actual icing tests.

A large amount of test data will result frem all the measurements
discussed above. In order to assimilate the lata sucgesstully, it is
mportant that Jdata reduction be accemplished quickly and efficientiv, to
serve as a toel for test direction during the course of any yiven test =eries,
Al automated data reduction svstem should be considered for this purnose,
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TESTING TECHNIQUES

Testing technigues in an icing wind tunnel should ensure that the air
and water supplies be automatically controlled so as to provide the desired
icing conditions (i.e., maximum continuous or maximum intermittent) while
keeping the droplet diameters nearly constant {droplet size distribution) for
varying periods of time. Techniques should also ensure that the main flow of
the tunnel is saturated soO that evapeoration will not modify the droplet
diameters which could in turn cause jce accumulations not representative of

~ the set conditicns. Continuous monitering of the tunnel air humidity during
icing tests may be accomplished through the use of automatic dew point
hygrometers in the test section. This has been accomplished in the ST-MA
\podarie Wind Tunnel (reference 23). Humidity affects the heat and mass
transfer from droplets in the spray as well as the heat and mass transfer
from the surfaces subjected to ice accurulation.

RECOMMENDED USAGE OF NASA ICING WIND TUNNEL FACILITIES

The NASA icing research tumnels should be used to provide whatever test
data are needed to solve the problems of Jeneral aviation and light transport
aircrart. High priority problems should be attacked €irst, but may have 10
e postponad wntil the AWT is rehabilitated {about 13871 if large scale

testing is reguired.

identified about eleven 3r=as of needed research which directly require
resting in the icing wind twmels. Additional testing would also be required
to support other research areas tor verification of newly developed ice
protection svstems and analytical prediction methods. FPowerplant icing tests
could be pursued at the engine test facilities.

) i
; _ |
- The literature search and Teview, and the Government/industry Survey 1
i
1
|
1

Some of the high priority items identified include generation of icing
lata for the newer airfoils in existence today, and the aircraft penalties
which accrue from this ice buildup. The NASA LeRC facilities can he used to
provide such meazured ice huildup and the resulting performance Jegradations.
Alternativelv, testing at \ASA LeRC could be used to define the ice accretion
and shape. Then simulated ice, based cn the icing tunnel results, could be |
used to test airfoil performance offects in any one of a variety of the Jdrv
2ir wind tunnels throughout the country. This might be a preferatle approach,
since the instruments for me.surement of aerodvnamic Jdrag, 1ift, pitching
noments, eta., are readily available at the latter facilities. '

another approach would be te use the NASA LeRC facilities to obtain
seasured perrormance Jata on airfoils with real or simulated Lo acoretions,
Flight tests of qircraft utilizing the sane airfoil and simulated ice
qecretion will orovide qualitative performance Jata from pilot results for
comparisen and verification of overall affects of ice accretion. These
comparisens will nrovide the lesirable levels of confldence for aircrart

perfommange characteristics and certification purposes.
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To study the effects of airframe and nacelle ice shedding on engine
performance, a combined use of NASA LeRC and existing large engine test
facilities might be appropriate. The large engine test facilities in the
U. $§. (mainlv the AFDC test facilities in Tennessee) have not only increased
in size but have modernized their state of operation, including instrumenta-
tion for measuring LWC and droplet size/distribution. These facilities are
used primarily for engine icing tests for full scale engines. NASA LeRC's
AWT facilities would be used to define the nacelle inlet ice accretion
characteristics and the amount of ice shed from the airframe which would be
ingested bv the engines. The AEDC test cells would be used to define
engine ingestion characteristics, inlet anti-icing/deicing system operation,
etc. Integration of icing test programs with more than one facility could
ultimately lead to more standardized icing instrumentation for measuring
the sinulated cloud icing parameters.

As part of anv program to develop ice accretion analysis models, it
would be necessary to provide actual icing data for support and verification
of the models. [t would be advantageous to use the NASA icing wind tunnels
for this purpose due to the capabilities and controlilability of wind tunnel
conditions. Controlled testing of subscale and full scale components in
conjunczion with model development will assure consistency and accuracy of
the results.

Scaling effects should alsc be addressed in the NASA icing tunnels,
especially after rehabilitation of the AWT. Scale model testing in the IRT
would be verified bv full scale tests in the AWT. The data would then be
used to determine appropriate scaling parameters to improve icing predictions
based on scale-model testing or analvrical models.

Horizental tail stall, wing-tail interaction, and ice shedding from full
scale structural components are research areas for which a large, '
rehabilitated AWT would be ideal. Due te safety considerations, it would de
wnwise to test for these effects in natural ice. It would also be
uneconomical, for reasons previouslv discussed, and contrcl of the degree of
icing would be up to nature.

These and a number of other icing wind tunnel test programs are discussed
in more detail in the subsequent section. It 1s important that NASA utllize
its facilities to provide ice accretion data for new airfoils, to verifv the
development of new or improved prediction models, and * - assess the aero-
Jynamic and safetv penalties due to icing on wing, empennage, combinations,
or due to ice shedding into engine inlets.
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Section V

RECOMMENDED NASA [CING RESEARCH PROGRAM (TASK 9)

GENERAL

Discussed in this section of the report are summaries of the payof<s ind
potential benefits of research into new or advanced ice protection systems,
required advancements in icing forecasting and icing definitions, requirements,
for irmproved sccurate new instrumentation, and new and/or improved analytical
ice prediction methods. This summary is a prelude to the specific research
program iisted in detail later in this sectioen,

Figure 34 it a flow chart of integrated icing research technical areas.
The primarv elements of each are listed, and the integration and/or relation-
ship of each area is shown by the connecting lines and arrvows to aircraft
design and certification. The design and certification tasks are shown with
many of the other elements to be directly connected with the main goal of safe
cpetation of general aviation aircraft in the icing environment.

This goal of safe operation and improved utilization of present and
future light transpocrt and general aviation aircraft can only be achieved bv
new and continuing research programs directed towards improvement of the
technology Jara hase.

TCE PROTECTION SYSTEMS

In order to summarize the areas cf maximum pavoff and potential benefits
of new research programs on ice protection systems, many facters which have
been addressed in the earlier sections mus: be considered. One of these
factors has to Jo with the desirable goals of anyv new or improved ice
protection svstem Jdesign. Listed in rank order with the most important goal
first, are the following:

1. ?Provide the Required Protection.
2. Low Manuracturing, Installatien, and Maintenance Costs

3. Low wmeight

1 low Power Reguirement
3.0 HMigh Reliabilin
. simplicity of wperation

Minimon Eofect on Aercdyvnanic Perforance
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3. Geals of equal importance include:
a. Ease of Maintenance
h.  Quick Response
€. Minimal Effect on Pilot Work Load
d. Ease of Mathematical Analysis for Aid in Certification
The results of the literature search and survev questionnaire indicated
that the tvpes of ice protection svstems considered the most promising for
tuture Jevelopment are the following:
1. Icephobics
<. Electroimpulse
3. Microwave
4. Acoustic
5. Combination Methods (One is primarily icephobic material,)
©. Engine Waste !leat (Exhaust gases, cooling svstems and hot 0il svstems.)
. Antifreeze Fluids

3. Lightweight Pneuratic Joots

il

J. More
et

4B

=

tricient Electrical Svstems {Heating pads, surface coatings,

0. More Efficient Application of Hot Bleed Air

The first five svstems are tew svstens which have been investigated ro
sone Jdegree by various organizations in hoth Covernment and industrv but as
vet have not been Jdevelopad to a prototire level wn this country. The lasrt
Tive hasic svstems have been used with many variations.  Thev have met with

SOSS OveT many vears, hut it is the censidered opinicn of Ny

2ld that much can still be Jone to irmrove the desimm and
AeRe Lipes of svstens. Therefore, the rescarch rovulrenents
DLan contains suggested research related to provenents of what would he

; Thor Ven sUstems as well as the new concepts.

censlderable su
Cxperis in the

arplication of




The nremising lower weight and lower power features of new ice protection
svstem concepts (such as the electroimpulse or microwave svstems) may be
attained only after a considerable dollar investment into the feasibility
studies and developmental tests required to produce protctype systems. This
investment should be compared with the investment required to reduce weight
and power of conventional/proven systems or to reduce their installation,
reliability, and maintenance costs. However, this comparison cannot be made
with confidence until enough research work has been accomplished on the new
concepts, and con old system improvements, to obtain the data necessary to
make the required trade studies. To this end, research effort is suggested in
the research program plan for conducting tradeoff studies to evaluate the ice
protection systems best suited to light transport and general aviation type
aircrate,

It should be noted that in scme cases, considerable savings could be
produced by demonstrating that an ice protection system is not required. For
exampie, if research on the aerodvnamic penalties associated with ice
accretion on the unprotected leading edges of the wing and empennage of an
aircraft, coupled with the operational characteristics of the aircraft, showed
that the need for ice protection of these components is not required, then
considerable savings could be realized.

[CING FCRECASTING AND ICING DEFINTITICNS

Research in icing climatology, meteorology, and cloud physics to increase
the Jata base for developing Lrproved statistical design icing envelopes,
icineg intensity Jdefinitficns, and timely forecasting, will lead to more
accurately defined requirements for ice protection svstems. This research
will also provide for hetter utilizaticn of the general aviation aircraft
within their defined limits ot operation.

ICING INTENSITY DEFINITIONS

Current Jefinitions of icing intensities were established by the
Nvaticnal Coordinating Conmittee for Aviatien in February ldod and adopted bv
the Subcommittee on ‘eteorological Services in id263 tor reciprecating engine,
straight wing aircraft., These qualitative intensitv Jefinitions of trace,
light, moderate, and severe” have been interpreted differentlv for Jditfferent
ailrcrass. A quantitative Jdefinition of iving intemsitv is required which
would allow the pilot to evaluate the effects of icine with respect to the
rarticular aircratt he is flving.

Pastoand cursent eddorts nave teen directod toward auch gquantiTative
aviludtions, Toroesarie, gualitative derinitions relating the woing antensity
1

Jedinitions fo Dhauid water content sere rut nothe Lded Alr deather semvile

e o _ R . e s
LGl Tsed ontotte work 0 Laowis LM vram NASALD Tn 1277, Newtoe vt
wea oy . . 1. b T H . - Toey . | . - - 1 . M - T .

Sgeestoad that Jedinitions rolating the rate of collecTion o ile ar




per hour cn a cvlinder 3 inches in diameter may satisfactorily be used for
quantitative measurements. Furthermore, efforts to correlate ice collection
rates on a four inch diameter sphere have been used to suggest New ways of
estimating ice accretcion for forecasting purposes (reference 5). This
technique is intended to be an improvement on the Alr Force Skew T-Log P
Thermodynamic Diagram viethod for existence of icing conditions and their
intensity.

Both the literature search and the survev questionnaire results indicated
that there is much dissatisfaction with the current definiticns of icing
intensitv. It is felt that further efforts such as discussed above are
warranted., and a research item has been inciuded in the program plan which
addresses the problem. [t is the desire of all concernmed that new detinitions
will be useful in transitioning the currentlv gualitative icing intensity
definiticns to quantitative values which applv to individual aircraft.

FORE(ASTING AND [CING ENVIRONMENT MCDELS

Icing forecasts have been provided by the National Weather Service {(NWS}
and the U. 5. Air Weather Service (AWS) for about 17 vears without significant
changes in the basic techniques to provide these forecasts (references I and
a2,

when the Automation of Field Operarions and Services. (AFOS) svstem is
installed bv the \WS at Weather Sermvice Forecast Qffices (WSFO's), weather
forecast otffices, and air tratfic control centers, it will do awav with the
oresent system. The AFCS will eliminate all the telenvpewTiters and facsimile
machines and the enormous quantities of paper they generate and substirute an
all-electronic svstem in which weather information will be Jisplaved en TV
sereens. A weather map will arrive 40 times faster than it would on paper,
and messages about 30 times faster.

currentlyv, forecasts (including those for icing conditionsi are Lssued
three times a Jav. Thev are updated as new Jata indicate that changes are
warranted.  With the advent of ARS, the WS will be in a position to provide
forecasts every two hours for four-hour seriods. Since 25 percent of flights
have a Juration of four hours or less, forecast of ¢-4 hours 1s an important
step to meet pilot Jemands for improved torecasts (FAA-NASA Alrcrart fcing
workshop at [aRi, Tulv RIS

Although improverments have heon made in forecasting, particularly in the
area of timing, there is <till mich to he Jlone. Ume of the maior areas tor
irprovement is oin the collection of gquantitative iclog Jata Sor forecasting.
mese Jata would alse he used tooupdate °r validate current Jefinitions ot
cing intensiTy comdirions. Respondents o The sunvey questicnoairve tndicated
1 need for immrovenent in forecasting and updated icing envelares, ul =0

shpse dreas have teen oonsiderad in the nrarased rescarch olan.

g



At present, one of the major hurdles to overccme in changing to guantita-
tive forecasting will be in convincing the federal agency ccordinating and
controlling meteorological services that this is the desirable course to take.
New programs in icing instrumentation research to obtain instruments for
measuring the type of data which aids quantitative forecasting is a step in
the right direction.

INSTRIMENTATION

Although significant advances 1in instrmumentation techniques and design
have alreadv taken place, accepted methods of measurement still differ bv more
than plus or minus I5 percent 1n the Jdetermination of basic parameters such as
liquid water content and drop size in ground test facilities. The problem is
much more difficult in aircraft tlight installations due to the limited space
available and the usual cost restraints. There 1s no standard instrunentation
of such proven accuracy that it may be used to calibrate other instrumentation
in all ranges of parameter values.

trom the assessment of the literature concerning beth the current
instrumentation available and that which is under development, there is still
a requirement for much research to be accomplished in this field. There is a
need for the Jevelopment of accurate, continuous operation instTumentation tor
weasuring LWC and droplet size and distribution in icing wind tumnels for all
ranges of air velocity, altitude, and temperature conditions. The development
of this tvpe of lnstrumentation will not only allcw for the calibration ot the
icing nmnel sprav equipment, but will allow the tumnel to be used tor cali-
bration of other tvpes of instrumentation measuring the same parameters,
Jetect subrle changes in spray svstem conditions not normally found without
instmmentation, and provide the capability of testing spray svstems for use
with =anker aircratt or other icing tunnels, ete, The development of
instrumentation with a high confidence level for use in icing wind tunnels
will lead to the Jdevelopment of smaller, less expensive instnmentation for
iirborne use., This will result from the capability to calibrate the less
exnensive equipment with contidence and increased knowledge.

Peveloprent of highly accurate and. 'or calibrated airborne icing instru-
qentation will facilitate the establishment of quantitative icing intensity
Jara considered extremely Jesirable, if not mandatory, tor bmproving icing
forecasts, revirsine regulations for Ylving in xnown icing by general aviation
atrerast, and iproving information for flight Jecisions bvoindividual pilots.

ANALY TG TETIODS

Soth the literature search and the results: of the survey auesticnnaire
Indicated that the maiority of the general aviation industrv utili:ze the FAL
AMS-4 dociment as o their most mrertant rererenves with respect to ioings
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respect to ice accretion prediction and ice protection svsiem design.
However, questionnaire responses indicated that ADS-4 technology needs
updating and improvement in many areas including fluid systems, ice shape
predictions, new airfoil shapes, etc. Bevond ADS-4, a small nurber of
specific documents were mentioned by mumber or author in the survey answers.
These ate listed in the sumary of the survey/questionnaires in Appendix D.

The majerity of those surveyed possess oT desire corputer codes for 1ce
accretion and/or ice protection analysis. In general, these codes are
considered proprietary by the company who developed them. The indication is
that the codes developed for ice accreticn prediction and for heat transfer
analvsis are all very similar in nature and essentially contain the following
glements:

1. Two-dimensional potential :.ow field analvsis.

[ 3]

Twa-dimensional droplet trajectory analvsis based on 15-20u droplet for
ice accretion (or langmuir distribution), 40-30u droplet for impingement
length, etc.

Ly
.

Computer code to calculate local znd overall catch efficiencies and the
mpdified inertia parameter Re.

1. Transient and steadv-state heat -ransfer cods that calculates heat require-
ments, with various refinements for convection losses, evaporation rates,
Amback lce 4mounts, temperatures, and areas of the heated surtace that
are drv or nmning wet.

n refevence 121, a commuter code is described for calculating ice
shedding characteristics of air‘oils and other body shapes. This code
includes ice shedding times and simplified shed ice trajectories. A few
companies have technigues Jeveloped for predicting ice shapes. Generally,
little or no detail on these techniques have been indicated except that at
least one company mentioned that their technique applied only to glaze
muskroom or Jeuble horn) tvpe ice. In other areas of concern, industry has
developed computer codes for engine nacelie inlets for calculating ice

accretion and heating requirements.

ALL 3f the analvtical techniques curventlv \nown that pertain to Jesign
and performande or 1ce protection systems are for conventional svstems (l.e.,
electrothermil, hot-air, mechanical, and freezing terperature Jepressant
fluids).  In additicn, there are not analvtical techniques in the literature
ver available for the desig or ~erformance analvsis of the suggested new
svstems <uch as electrairpulse, microwave, icerhcbics, and acoustical. The
omiw reported work encowntered in shis study DTOYTAm nave Deen sore Foasibil-

tated to helicorter rotor blades.
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In light of the proprietarv nature of the existing codes and the
expressed desire of the industry for access to such codes, research efforts
should be undertaken bv NASA to improve the availability of existing and new
codes for industry use. This may be done by NASA acting as a clearing house

for currently available codes and/or developing new codes in-house or through
contracted efforts.

TCING WIND TUNNEL TESTING

It is the concensus of opinion of many experts in the field that icing
wind tunnel testing has been and still is the best method for determining ice
accretion rates and ice shapes. The icing parameters can be carefully
controlled within the tunel and testing can generally be conducted conveni-
ently without toc many restrictions on weight, power, instrumentation used,
etc., except for the size limits of the facility itself. Therefore, much of
the research program is directed towards the use of the NASA IRT and a
refurbished AWT to obtaining the icing data that meets the needs of the
general aviation and light transpert industry.

Scale models have alwavs presented a problem with regard to scaling
facters to be used for all of the icing parameters. If scale model test
results could be effecrively applied o full-scale compenents, large savings
in time and cost would result by eliranating the need for expensive full-scale
testing or flight testing in natural ice. Tests using new and current air-
toils are therefore included in the program plan to research this area.

Tests are also proposed to evaluate the etfects of ice accretion on
auxiliary inlets and curved engine inlets. Other proposed icing wind tunnel
tests include fiight control surtace tlutter, wing tail interaction,
horizontal tail stall, and ice shedding characteristics. Associated with the
wind tunnel tests, are investigations of the methods for ice simulation to be
used in Jdrv air testing.

NASA SHORT AND LONG TERM TCING RESFARCH PLAN

RESEARGH [TEMS

During the course of this study, a comprehensive search was made aor the
recent literature SONCeIrMiny aircratt woing. In addition, Governmment agencies
and industry o vere surveved to obtain current aircradt icing Jdata and view-
~oints on loing preblems, A= the work nrogressed, many areas where the icing
technology was weak or lacking were uncovered., Also, new 1ce protecticn
svstens which promise reductions in weight, Cost, 01 power usige were
ldent:died,




These efforts culminated in the formulation of a list of research items
that are responsive to the needs of the general aviation and light transport
industrv. Because of their nature, many of these items are responsive to the
needs of large aircraft and helicopter industries as well. In table XXIT is
the list of the items which resulted, including short descriptions of the type
of research program suggested for each one. They are grouped within the table
bv the general area of study, and together, they form the basis for the short
and long term NASA research program suggested herein. The eight general areas
of studv are listed below.

1. Instmumentation

[ )

Meteorclogical Efforts for Determining Icing Criteria
3. Icephobics and Antifreeze Fluids

1. Icing Wind Tunnel Testing

5. Ice Protecrion Systems Development and Evaluation

5. Analvtical Techniques for Prediction/Certification

Propulsion

[

uthers
RANKING AND SHEDULING

The list of research items in table XXII reflects the Jesires expressed
bv the general aviation and light transport industry in the literature and
through the survev. However, there was no clear-cut concensus expressed as to
which area should be addressed first, other than the general agreement in the
survev that a training film for flight in icing conditions would be beneticial.
As a vosult of these varving opinions and desires, it is difficult to rank and
schedule the listed research items in order of importance. In addition, any
atterpt to Jo so must include other corsideratiens, such as availability of
test facilities, funds, program balance, and the need for complementary or
nrelininars efforts. For example, the Jevelopment of standardized, accurate
wind tumnel instrimentation is an effort that weuld affect all subsequent wind
sunel test work.  Also, analvtical methods for prediction and certificaticn
mst bhe verir: by zest results, and so should follow or he concurrent with

ceri €
related test erforts.

A tentative scheduling of the research items lescribed in lable XXIT 1s
aresented i 3.0 ten vear rericd 13 shown, with "short tomn”
sncorpasaing the first five vears, ame Ulong Term” the last Tive.  NASA

¢
‘ e
~lenned facilities improvenents for she [oing Research Tunnel [RT and the

] e %
oo lure .




i TABLE XXII
- SUGGESTED RESEARCH PROGRAMS

INSTRUMENTATION

1, TCING INSTRUMENTATICN

Joint NASA/industry/Air Ferce program to develop highly accurate instrumen-
tation for measuring icing parameters in icing wind tunnels and in airbome
operations behind a tanker or in natural ice.

a. wWind Tunnel Instrumentation to be used as a Standard for
Calibration of Other Smaller Less Expensive Instrumentation

: Joint NASA/industry program to develop highly accurate instmumentation |
J for measuring the complete range of icing parameters (drop size, distribu-

i tion, LWC, etc.) that we desired to meet all design and certificatien needs.
[ This instrumentaticn will be used for calidbrating smaller, less expensive
airbome type instrumentation and for the development and/or improvement

of icing facilities sprav equipment for artificial icing.

b. Airbome Tvpe Icing Parameter \ba:u11ng Instrunentation

Joint NASA/industrv program to Jdevelop inexpensive, Jdurahle, and
accurate instrumentaticn for airbomne measurement of icing parameters.
Lirerature search of all current data on instnumentation and contacts with
manufacturers and inventors. Cbtain information on principle of gperation,
| reliability, acouracy, parameter measured, MIBF® maintenance records, etc.
Test existing and new ceoncepts Jor icing rate, LWC, drop size/distribution,
| and 0AT: all instrumentation required for icing definition, forecasting,

‘ and pilot reports. Instrumentation will be tested/calibrated against
standard mstrumentation developed in (a).

| METECROLOGICAL EFFORTS FOR [CING CRITERIA

<. TCING INTENSITY DEFINITIONS

Compined
iring intens:

1 2sney studv between NASA and Fan o Jevelep guantitative
pilot and applied
irii

itions that can he 1*“eulaLnlx 1nte*preted by a trained
is speciric aircraf Studv should include use and nen-

ase or srand aiibrated inexpensive instrnumentation (see item 1°
inosonpumetion wi efinizicns. An “P“g;i\ of the studv would be o
establizh quantitative icing Ln;ennl_) definitions that could bhe proposed

an addition to the FAR's which do not presenkly contain anv stwh definitions.

1
da
t

-

eear Time Retyeen Sailure
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TABLE XXII (continued)

3. COLLECTION OF ICING CLOUD DATA FOR USE IN CORREIATING ICING
PARAMETERS FOR FORECASTING, ICING CLIMATOLOGY, AND ICING
ENVIRONMENT MODELING

The Air Force (AFFDL) has plans (Ref. 125) to instrument a C-130E aircraft
extensively for obtaining icing cloud data; both standard meteorological
measurements and measurements on LWC, droplet size/distribution and tempera-

ture will be made for correlation and relationship to standard weather
analvsis,

A joint NASA/Air Force effort is suggested here, since the Air Force plans
include commercial aircraft in their icing cloud measurements program. One
of NASA's functions would be to correlate the measured data for comparison and
updating of the early NACA data. Program modifications as required, cculd be
made so that sufficient data at the lwer altitudes, which apply to both
helicopters and general aviation, would be taken to improve statistical models
in this range.

4. VERIFICATTON QF ICING ENVIRONMENT MODELS

Various models of the icing enviromment exist presently or are foreseen
for the future. Research to expand the data base in order to verify new
mocdels to be used for design and certification is required. Efforts should he
ccordinated with the Air Weather Service Crganitation for measured meteorolog-
1cal data pertaining to the standard icing parameters. Correlation of
statistical data will be tequired to support theoretical models and identifyv
where more data are required. The research will also help to identify where
improvements in forecasting are required.

an
ctumnel and controlling pa

5. MIXED ICING CONDITICNS (ICE 2ARTICLES & SUPERCOCLED
WATZR DRCPLETS)
Studv of producing and controlling mixed conditions in an icing wind

rticies formed from droplet treezecut and snew from

ccoling coils. Determine ertects on accreted ice for shape and size, Jensity

and adhesion. \ssess relationship o natural environment.

o, TCEPHPBIC GOATINGS SCLID WD FLUTD:  PERMANENT OR STIPHRMANENT

Cenyine cowl, engine ini2ts
t

ction 2f ororerties, Jura

Loel PR I IS . ko
<hg eTCR Troner ST

mesticdle e DLndanental mechanistes or ice adhesion, ice fracture, and
9 ahelll Wothelr relationshin with flerhobile materials for alverars ice

: i Tieve e s
LLR SR LLINT And
‘l\

. P PO
jabael e a oy o AR a .

v And envine corporents.  Jest for chemical Jegrada-
ion, veliability, limit of loine condivions, and
dldhesion fnocombination wi ther protection svstern. or methods.  Investigate

Loerinobic materials for wings, nronellers, orpennace

Ve L

o+, Vo . - iy T i L0 3 A ey -y 1A
Aand thelr Jorparinill No2ther maverials,
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| TaBLE XII (continued)

7. ANTIFREEZE FLUID SYSTEMS

Investigate alcohols, glycols, etc. for compatibility with various air-
- craft materials. Determine limits of their use, etc. Investigate fuel

| additives for jet-fuels and for carburetor ice prote:tion. Test the same
additives for JP-4 and for gasoline and their limits of use.

ICING WIND TUNNEL TESTING

8. ICING RESEARCH TUNNEL TESTING OF AIRFOILS

Program to test full size models, full size sections, or scale models of
new airfoils, with or without slat and/or flap configurations. Test new
230XX, 00XX, 6-series, new LS, MS, Eppler, supercritical airfoils, and other
new airfoils for ice collections rates, collection efficiency, 1ce shapes,
etc. Measure ([ and Cp and detemmine K in a range from .00l to 1.0 for all
. the airfcils. Tests should obtain data at angles of attack and ranging from
f -6° to +16° in 2x=4-3° increments. The ice shapes should be determined for
temperatures ranging from -22°F to +32°F. Data from timnel tests should be
. compared with computer codes to verify the codes, and shculd also be verified
1 by flight tests in natural ice to oxpand a reliable data base.

L0, METHODS FOR ICE SIMULATION (MCOULDING, CASTING TECANIQUES DEVELOPMENT :
i WITH WAXES, PLASTICS, AND ICE DIELECTRIC STMILATION) . |

Research studv to develop techniques for making simuated ice shapes for l
,dry air tests. Investigate moulding techniques, accura¢y requirements ]
necessary for simulation for swept/unswept models, and materials to uose.

Dielectric and other properties for simulated ice accretion on rademes and

antennas will be investigated. Investigate methods of attachment to aircraft
structure.

L, AERCDYNAMIC EFFECTS ON AIRFOILS USING
; SIMULATED [CE FOR CERTIFTCATION

Determine aerodvnamic effects on airfoils with simulated ice shapes, based .
Son certification requirements. [Data will irrrove satfetvy when tlight testing :
catrcrart with ice shapes. Coordinated program of wind tunnel tests will be ‘

nroposed for reducing flight test program scope as well, |

i1, RATE OF BLOCNACE OF AUNTLIARY ATR INLETS & VENTS IN ICING

Tevelor methods of estimating or predicting rate of hlockage of auxiliarv
“alr mlets and cr vents by ice huildup.  Test various sizes and shapes of
auxiliary inlets in varicus icing conditionms tn verity mechod of pradiction
Sand te ascertain the evrent of the blockage. :

1o




TABLE XXI1 (continued)

12, CURVED ENGINE INLETS INCLUDING TURBCPROP ENGINE INLETS

Combined NASA and industry research program to Jetermine ice protection
requirements and methods for S-shaped turboprop and other engine air inlets.
Flow distortion caused by icing and ice shedding in the §-shaped inlet can
cause =ngine stall. Explore and evaluate effects of ice accretion and ice
shedding.

13. FLIGHT CCONTROL SURFACE FLUTTER

Research program to determine vibration and flutter caused by icing on .
control surface. Determine limit for icing of unprotected surfaces cf typical
G/A aircraft. This program could be combined with items 15 and 18 and
possibly item 14, Program would be intended to provide additional data base
to verifv analvtical ice accretion prediction methods developed in other, but
associated, research programs.

14, WING-TAIL INTERACTION IN ICING

Test for the interaction between the wing and tail as ice accretes on the
leading edge surfaces of both comonents. Measure aeroc effects of changing
angle of attack of wing and tail requirements due to ice accretions. Requires
full size [compietel aircraft in large wind tunnel facility. How the LWC and
droplets are affected by flow field and if the LWC get centrifuged out before
it hits the tail, are guestions to be addressed.

[
(¥4

HORIZONTAL TAIL STALL AND ICING

Tests of T-tail, V-tail, and conventional tails for aero (stall and
pitching moments) characteristics with ice accretions or simulated ice
accretions. Limits for allowable ice accretions wilil be detemmined by
characteristics measured for incremental buildup ot accreted ice.

- 16. SCME MCDEL [CE TESTING

[ S .

Research studv to Jeveiop technigues for applving scale model test
results to rull scale compenents. [ce *ests on beth scale and full size
qodels will he accorplished to Jevelop the necessary correlation squations.

‘ Large and small wind tunnel facilities will b= utilized in testing. Results

U will be corrared with test Jata Srom £lichr rests in natural lce.

I Verification:
fliant tests in natural icing should be coordinated with the test programs ot
items 3, 24, and 5.
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TABLE XXI11 (continued)

| 17, ICE SHEDDING INCLUDING UNSYMMETRICAL SHEDDING OF ICE
FROM WINGS AND HORIZONTAL STABILIZER

Investigate the mechanism(s} of ice shedding includirg natural shedding
characteristics of wedge shapes. Study the aerodynamic effects of unsymmetri-
cal shedding of ice from the wing and/or tail of an aircraft (G/A typical).

In particular, the roll characteristics (wing shedding) and stability
nrablems (horizontal stabilizer shedding) should be investigated for various
sizes and shapes of real or simulated ice. Tests can be accemplished in the
large AWT (full size aircraft) and on scale models in the IRT.

18. BALANCE HORN DESIGN FOR WING/TAIL ICING

]

|
Test various designs of balance homs on the movable sections of the
horizontal and vertical stabilizers (rudder and elevators) for metheds to
prevent ice accretion from interferring with stability and control. Gaps

\

I

|

1

l

b

between fixed and moving parts, ice shields (heated and wunheated), and heated
leading edges, etc. will be tested. Rubber tab on fixed portion to help
remeve ice ¢n movable portion.

—
r

|19, PNELMATIC BOCT FUNDAMENTALS

% Investigate new lightweight pneumatic bout systems in conjuncrion with
' industry for wings, tail, etc. for conventional locations. Determine

- compatibility with other svstems. Determine optimm Cvecle times, etc.
Penalties for residual ice accumulation and investigation of principles of
ice fracturing.

20, ENGINE HEAT FOR ICE PROTECTICN E

Determine best method of application of bleed air for anti-deicing; ;
ovclic, intermittent, etc. Investigate piccolo tube, single skin vs double |
skin techniaues. Evaluate the intewnal heat transfer coefficients. Conduct
research to Jetermine best use of limited hot air available from small jet !
sngines. Explore other methods of extracting engine heat for ice protection,

" i.e., hot engine oil, exhaust gases. Application of waste heat for lce
orotection.

© 21, NEw ICE PROTECTICN SYSTEM STUDY

Possible iolnt venture between NASA and industry.




TABLE XXII {continued}

21. NEW ICTC PROTECTION SYSTEM STUDY (continued)

a, Electroirpulse

Evaluate the feasibility of candidate electroimpulse deicing systems

on airfoil models (wing, tail, and propeller).

Determine the design

criteria and major installation problems.

Evaluate the system

performance for various icing conditions. Assess typical weight and
power requirements, svstem complexities.

b. Microwave

Evaluate feasibility of candidate microwave deicing systems on air-
“0il mcdels [wing, tail leading edges and propellers). Assess the
microwave system requirements and system complexities and the installa-
tion problems and environmental sensitivities. Evaluate system
performance under various icing conditions; power requirements, etc.
Assess limitatiens of its use; i.e., what ice sensitive components can
the svstem be used with.

22. ICE PROTECTION TRADEQFF STUDIES

the methodology required to evaluate svstems Zor weight power,
reliability, availability, cost, maintenance. Evaluate combinations ot
svstems best suited for tvpical G/A and light transport type of aircraft.
Include instrumentation in total integratad svstems.

Develop

e — e

3. ANTI-ICING CONSIDERATICNS OF COMPOSITES

airframe and
consider

Research progran to evaluate methods of ice protection of
engine components made of composite materials. Systems should
electrical and pneumatic beots, electroimpulse, microwave, and
Initial investigation should determine where composites will be tsed on

leading edges, etc. Study should include the use of carben fibre leading

edges, the long term fatigue characteristics when pulse or vibraticn svstems

are anbldereq
practical and the

Tesrs shculd be conducted to find the thinnest skins
thermal characteristics of the materials. The effects or

 antitree:le tlulda on composite materials should be investigated.

hot air svstems.

CTlisht tes
. can also ﬁ*e;LhL leicing

o4

COAPUTER CCPE BCR AIRFOILISY ICE ACCRETION

Jevelon corputer

.fl;lew\' o oairdoils

Sor predicting ice collection and collecticn

ta Corpare izing tunnel tests and natural ice
~rogran for caloulating A/7 sy percormance which
characteristics of marzinal /7 svstem,

vy -
LIRS

Tervelon

.
soen
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TABLE X1 {centinued)

COMPUTER PROGRAM (CODE} DEVELOPEMENT FOR UNHEATED
AIRFOILS ICE SHAPES

~J
o

Develop method of Predicting ice accretion based on dynamic Situation
with increasing 1ce buildup. Requires changing geometry, efficiency of carch
[flow field, etc., and effect on local catch efficiency, Develop program to
Lpredict ice shape (configuration). Compare and verify by test data.

26. THREE- DIMENSTONAL UMPUTER CODES FOR ICE ACCRETION
(SWEPT WINGS, ETC.)

swept leading edge models and engine inlets. Evaluation of the Tequirements
of such a model should precede its development to as55ess the exrent of
| irproved accuracy of the technique over two-dimensional techniques. The use
'of the code is to SUPPOTT the initial decision as to the need of an anti/
;deicing Svstem and also to predict the performance of the system in meeting
' the certification requirements., Justification of Program mav bhe through
i reduced wind tunne: and/or flight test time required to verify ice accretion
. prediction and 1ice protection svstem performance.,
_—
|27, FROST ACCMULATION DURING GROUND QPERATICN
! - PROTECTION METHODS AND PREVENTION

|
|

i

l

r -

} Three-dimensional Computer programs are applicable to ice acsretion on
|

!

{

Research studv of the formation of frost on parked aircraft and limita-
- ticns ror takeos:, Investigate dangers of melting and refreeze prevention
rand/or protective measures.  Assessment of lift and drag penalties. Investi-
» gate analvtical stmilation models and versification testing, - f
|
: o [
C 8%, COMPUTER CCDE FOR ICE SHEDDING {HARACTERISTICS

RS

fanet

|
; Develop a corputer code (Analytical model) for lce shedding as a function
' of time for all altitudes and terperatures associated with icing, Verityv the |

. ~Omputer medel with icing/altitude wind tunnel for airfoils ang other body
. shapes .

29 CARBURETCR TCING RESEARCH

Research pregram o turther explore the uie o Teflon for ccating
SJarhuretar CATROReNnts such as the throttle ~late and shatt to srevent the
derosition of jce. Test ormbined svsters using Teflon coared COMPCRents and
Cttel additive o prevent ice Jepositiens and ice crstals which form
“lackages.,

——— —_.__.,‘_——4.,_.__—-*.__,_.—.__ ———— _.L—.__—m_...__!f—-._._—-_,______. T —




TABLE XXI[ (continued)

e ————————— ey

3¢.  JET ENGINE OR FAN-JET ENGINE SPINNERS

Possitle NASA/industrv joint program to investigate the effect of spinner
shape on ice buildup. Several engines are unheated because of shedding
characteristics of the configuration (conical) of the spinners. Along with
this study would be a study of the droplet trajectories in the inlet and the
areas of ice accretion on the rotating components. Research could lead to
reduced penalties associated with engine ice protection systems. Research
should be directed toward the development of a methodology for predicting the
ice shedding characteristics of spinners with and without the addition ot
icephobi¢c materials.

NASA and industrv combined effort to continue adding all literature on
icing to the computeri-ed Jdata file. Add all old and recent documents trom
DDC, NTIS, NASA, etc.  Add hibliographies on general aviatlon, large transport,
and mi'itar including helicopters (VSTCL) to the file. Improve "'lookup'
tables 1f Jdata coding and techniques for reviewing and storing intormation.
Result g file would provide uer with immediate accessibility to any or all
icing technology Jata.

\
!
i

t
'

32, TRAINING FILMS FOR CENFRAL AVIATION PILOTS

Program to produce training films for /% pilots. Movie films will
contain latest up to Jate information on forecasting techniques, icing detini-
tions, metro Jata, saferv procedures in icing encounters. importance of using
AT svstems provided, etc.

330 TCING TANREL PACTLITY

Combined NASA, Air Force, and industrv research program Jdirected toward
the improvoment n the Jesign of the tanker sprav svstoms to provide Jroplet
sizes 202307 appresimating natural e conditions, including distribution.
Tesiom osprayv riz for oo nduced turhulence bvothe rigottzelr. Latest
rerorts indicate attempts fo obtain Jdrop siZes in proper range have been

. CEE TR R - HA o~ 3 - a M ey o -~ N ul i

imsaccesstul to Jdate.  Instnoentation oo medsure loine rarareters iy

accurately, s required.  Jombine edfforts with item 1o NASA foing wind tunnel
t
t

facilition will be usad fo test Jdestons of nozzle elements and instrumen

1ta to
measure parameters and ranges of control of these parameters. Results wili be
PSS S | Al A . - .
SOmATeG withotanser Ylight test Jdata,
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Altitude Wind Tunnel (AWT) are shown first, since much of the subsequent
effort is predicated on their availability. Note that AWT rehabilitation will
not be completed until the 1987 fiscal year, and as a result, several full or
large-scale model test programs are scheduled after that date.

The two areas listed first in the program plan concern instrumentation
and meteorology. Both of these areas have already been discussed above, and
their importance can be summarized thusly: (1) development of highly accurate
and/or calibrated instrumentation is required to establish quantitative icing
intensity data for immediate use in forecasting, and to accurately quantify
the results of the wind tunnel and flight testing outlined later in the
program, and (2) metecrological efforts are required in order to improve the
accuracy and efficiency of forecasting and to utilize the unproved instrumen-
tation in gathering data which will update icing environment models which
could allow increased aircraft utilization.

In the next area of vesearch, icephobics development is shown as an
ongoing effort. It is recommended that icephobics research should be carried
on at a moderate level until a promising icephobic material family is
identified. At this point, research should be intensified to develop an ice-
phobic that can be applied to wings, propellers, empennage, engine cowls,
engine inlets, etc. What is most attractive about an icephobic is that it
comprises a '‘passive” system which can easily be applied to existing aircraft,
is low in weight, and hopefuvlly, will be of low cost. If a highly effective
icephobic could be quickly develcped, then the goal of increased aircraft
utilization in icing environments would be more easily attainable.

As far as icing wind tunnel testing is concerned, the plan is laid out in
order of the items which industry {elt are needed first, except that full-
scale aircraft or large-scale model testing is deferred until the AWT rehabil-
itation is complete. The short term needs are to provide icing data on the
newer airfoils - both acciecion and penalty data. Wing-tail interactions,
horizontal tail stall, and ice shedding research should utilize the large wind
tumnel. Scale model testing will require the use of both the IRT and the AWT,
and if this research study is successful, it would allow future scale model
test results to be applied to full-scale components with confidence, reducing
the need for expensive and time consuming tull-scale testing or flight testing
in natural ice. wind tunnel test results will also be used to validate
analvtical models developed concurrently or after testing is completed.

Included under ice protection svstems is an effort to develop new svstems
such as those utilizing microwave and electromagnetic impulse principles.
These types of svstems are not ready for application right now and will
probably not be in universal use for a goed many vears. It has been estimated
that it would take up to eight years to tully dJevelop a system such as the
microwave svstem {reference 134). However, because of the potentiallv
substantial pavoffs to the class of aircraft under studyv, 1t would appear wise




to begin studying these systems immediately, carrying on their study into the

long term phase of the research plan. Results of initial development efforts

for these systems would be available for use in the systems trade study effort
proposed later in the program.

Short term research studies should be carried out in the areas of balance
horn design, boot fundamentals, improved waste engine heat utilization, etc.
There has been an indication that trade studies of the variocus systems would
be of use to the industry, and these have been scheduled to follow the
previously mentioned system studies. Advanced composites are being utilized
more and more by military and large aircraft manufacturers. However, for the
general aviation and light transport sector, systems compatible with advanced
composites do not currently pose a pressing urgency, and have been deferred in
the program to cross over from the short to the long temm.

Analvtical techniques involve prediction models for ice accretien, ice
shapes, and penalties. In the program plan, it was decided that medel
development of ice accretion and ice shape prediction for the new and future
generation airfoils should not be undertaken until verification data are
generated in the wind tunnel. Three-dimensional ice-accretion models would
follow after development of the two-dimensional ice accretion codes.

Analvtical studies and model development of the aerodynamic effects of
ground fross accumulation, astwell as ice shedding characteristic studies,
require correlation with data taken in the AWT, and so are scheduled as long
tern research items.

In the area of propulsion, the carburetor icing study is of great
importance to the general aviation class of aircraft, and has been scheduled
for the short term. The use of passive spinners on engines to shed ice and
the fact that some engine shedding characteristics are not fully understood,
comprise a research study area to follow into the long term.

The remaining efforts ('Cthers') are shown 1in the plan schedule to occur
in the short term. A computerized icing cata file would contain bibliograph-
ies and data on tcing from NASA, DDC, NTIS, and the general literature. This
filewould ke available for interrogation by all interested parties when
1ddressing their problems comcerning icing or during the course of the
subsequent efforts Jetailed in the plan. A training film on aircrart icing
was universa.iv accepted as a sound idea, and early preduction of that film
would be in order for training of genmeral aviation and light transport nilots.
A longer term =ffort would entail a joint effort of NASA and others, to
improve tanker sprav svstems for use in {light testing tfor development or

certicication. This effort and several others mav reguire The use or larvge
facilities, ad thus is forced into the lenger term.




FUNDING REQUIREMENTS

The funding reguirements for each of the listed research items are
difficult te define. They are highly variable since so much depends on the
specific statement of work that is finally developed for each item. For
example, a statement of work for the development of a computer model could
include the following tasks:

1. Develop eguations which define the problem.

Write the computer program

rJ

3. using a specified computer language.
b. for use with specific computing svstem {e.g., [BM, CDC, etc.).
¢. interfaceable with other existing codes.

3. "Debug' and perform specified test cases.

4. Verifyv accuracy using existing anzlvtical or test data.

5. Document and prepare a User's Manual."

6. (Costs for "computer time.”

In addition to the above, tasks must pe added for administrative
rurposes, such as:

I. Interim and final reporting (technical and financial).
2. {ral presentaticns with attendant travel requirements.
3. Final report publication and reproduction.

The corplexity ot the phenomenon being modeled will be a major factor for
Jdetermining the scope and <ost of the effort, but all the above faczors will
also be contributors and can seometimes macnify this cost.  The sponsoring
agency can thus arfect scope by controlling requirements for what the program

=5t
reduced form the Jara to he used Jor verification, and munimdzing administra-
tive requirements, where teasible.

ror the nureeses 3¢ the orogran nian, each analvtical eorsort was assumed
o demand ome to twe-man effolf, at a4 cost of about $90 000 ser man-oar. As
noted apove, this rfiare is variabie, Jdepending on the rtechnical and
) .

administrat ive el

—
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wind tunnel testing is another research area whers costs can be highly
variable. In addition to the administrative tasks discussed above, a typical
test orogran would also include the following technical tasks:

1. Detailed test plans {(run schedule and test conditions).

2. Design of test mocel to specified scale.

3. Fabrication (including material cests).

4. Wind tunnel tests.

Coordination and facility scheduling.

®

b. Model installatiocn.

c. Instrumentation and recording equipment.

d. Tunnel coperating <csts.

e Travel nd accommodation of test team personnel.
5. Data recduction and analvsis.
o. Final report preparatlon.

Two of the major cost contributors to such an effort are the model Jesiin
and fabrication and the testing acuivity itself. The scope ¢f the 2
he affectad by the scale and complexity of the modeil, the instrumenta
requirements . i.e., mumber and tvpes ot measurements), and the number of Test
conditions and Jata points required. Test Costs can he a5 much as several
thousand dellars per hour of actual test time, and while much of the testing
would accur in the NASA icing wind tunnels, this CosT must he accounted for in
Jetermining the funding requirements for anv prolonced test activity. As an
example of these costs, a moderately sized 120 hour Jdrv air wind tunnel test
program cn a O.1-scale complex nacelle inlet was recently priced at about
$400,000, including wind turne. Costs.

Serimated funding requirements for Ine program are presented in figure
36, Some of the res2arh ltems are nelther 0sU programs o madel  levelon-
ents and are more Jdirficult to cost out.  Their actual costs will also Jdepend
ON the Tinal o worh rackages, but estimates arve presented amvway, hased on the

’
Snding activity which is fell appropriate relative to the other Progrms.

Vote thar the ueunts are siven in o aa80 Jdellars. oo just Sive vears with an 3
sercent intiation rate, U000 LAY dallars will tmanslate to 3140,035.
e




Incidentallv, in Appendix A of NASA-CP-2086 (NASA/FAA Workshop on
Aireraft Icing, reference 85), the SAE Icing Research Panel concluded that
the cost of work packages required to meet research requirements could vary
from 1/2 miilion to 2 million in 1875 dollars. These costs are not unlike
what are estimated here. Further, in FAA-ED-04-2 (veference 122},
"Helicopter Cperations Research and Development Plan,™ costs are estimated for
various efforts in icing research during a five vear span. As it tumms out,
the FAA vearly totals are in the same ball park, although rationales are not
presented to back up their estimates. The FAA feels that peak icing research
funding of about $2,700,000 per vear is required during 1581 and 1983. This
corpares to the $2,130,000 and $2,760,000 presented in figure 36.

These cost figures are to be regarded as relative mmbers to compare cne
program with another and are in no way absolute values. Changes in the
inflation rate, more explicit detailed information on individual programs,
ccientific breakthroughs, etc., could all change these estimates in a dramatic

wav.
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Section VI

CONCLUDING REMARKS

This research study has identified the requirements for a research and
development program to meet the needs of thu: light transport and general
aviation industry. During the course of the studv, the present icing
technology data base including analvtical techniques and facilities generally
available to the industrv has been assessed. Many arteas where the data basa
is weak or nonexistent have been revealed and it is these areas which have
been addressed in the research programs suggested herein. Along with the
suggested research prcgrams, there are a number of general and specific
conclusions that can be reached as a result of this study as follows:

1. It is the consensus of opinion of the majority of icing experts that
there is a need for a great deal of work with respect to the light
transport and general aviation aircraft categories icing operations and
ceTtifications, specifically in the areas of:

a. [cing intensity definitions.

b. Imrovement and updating of FAR 25 envelopes to include specific
flight operational characteristics of general aviation as well as
those of tramsport categorv aircraft.

c. [cing weather furecasting, including real time reporting.

4. Certification of aircrart cn a basis other than ""all or nothing,
l.e., partial certification for tlight under limited icing
conditicns. :

<. Standardizatien of icing certification requirements for specific
types of aircraft.

-- Anv etfort to expand the utilization of light transpcrt and general
aviation aircrart (where this can be interpreted to meun an increased
mmber of inadvertent or Jdeliberate penetrations of icing conditions),
makes mandatory the regquirenment for umproving the skills and knowledge

he pilot.'crew with regard to the nature and hazards of alrcrart

g. Also required is a thorough understanding of the limitations of

particular aireraft and ice pretection svitems provided, in th

enditions forecasted and ‘or encowmrered.

e
-,
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The short term and lcng term research plan list of specific research
requirements will provide NASA LeRC with a basis for an overall icing
research program to meet national needs. It is recommended that the
NASA LeRC incorporate the suggested research program for light transport
and general aviation into their overall icing research program.

Many of the research requirements outlined in the program contribute to

the need for the rehabilitation of the NASA LeRC AWT with icing research
capabilities. As a result, rehabilitation of the NASA LeRC IRT and AWT

facilities is recommended. The improvements and additions suggested in

section [V are to be considered in this recommendation.

There is a general consensus of opinion rhat the NASA LeRC should be the
center of aircraft icing expertise for basic research and consultation
and should act as a clearing house for exchange of information for
industry involvement. However, it is also recommended that NASA LeRC
have an input to the Air Force (AFFDL) “i:ing programs to achieve mutual
benefits and savings to both agencies. It is recommended that these
joint efforts be in such technology areas where AF facilities and
experimental work will augment the NASA programs, particularly in low
altitude climatology and instrumentation.

“he Mark IV computerized data management file was successful in that it
provided a means to effectively retrieve reference materials as required
to accomplish the program tasks, as well as providing for a bibliography
of icing technology informatiecn. Further development of the ‘ark IV or
similar computer management file is recormended in order to realize nore
tully the total capability of the system in providing a means of storing
and retrieving icing technology data at all levels of detail.
Particularly, the file should e structured so that specific informaticn
found in the literature mav be retrieved through file interrogation in
output formats acceptable for direct use in reporting.

The results of the studv indicared that from a surely technical stand-
peint (involving ice protection svstem methods, ice sensitive components,
ice accretion, etc.) there is very little difference between the research
requirements for light transpcrt and general aviation aircraft, and anv
Cther tvpe of Zixed wing aircraft except in two maior areas of
Jifference:

4. Physical differences.

~perational characteristics including altitude, scheduled,/nen-
cheduled routes, crew training, aircrart 3ize, and icing
xposure.,

fnergy or rower levels available for aircra<r ice protection
subsvstems,




1d.

h. Nomphvsical, regulatory (see No. 1, Conclusion).

(1) FAA rules and regulations on certification, including FAR 25,
Appencix C envelopes are not tailored to meet operational
characteristics of general aviation type (i.e., no allowances
for partial certificaticn, etc.)

{2) Low altitude climatology and statistical models, real time
forecasting, and quantitative icing definitions need more
specific direction towards general aviation.

The program that has been presented includes research specifically
oriented towards general aviation aircraft as well as research which is
applicable to all classes of aircraft.

The assessment of new and/or potential concepts for ice protection
systems revealed the existence of such concepts as microwave and electro-
impulse deicing systems which in theory will provide great savings in
cost, weight, and power for ice protection. It is recommended that
further research is warranted and should be conducted on these concepts
to determine their feasibility for application to light transport and
general aviation aircraft.

The studv revealed the need for considerable new research to be conducted
in the general area of icing instrumentation for beth airborne and icing
wind turnel application. Specifically, it is recommended that research
be Jirected towards the development of highly accurate instrumentation
for measuring icing parameters, i.e., IWC, droplet size/distributicn,
etc. for all ranges of values, to serve as an industry standard.

It is recommended that improvements to the NASA LeRC IRT Facility include
modern standardized instrumentation recording and data teducing
(processing) equipment. '
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APPENDIX B

LOOKUP TABLES OF CODES
USED IN ICING RESEARCH DATA FILE
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TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TaBLCL
TABLCL
TABLECL
TABLCL
TABLCL
TABLOL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL

000
001
002
¢03
004
005

oo
008
cQ9
10
100
110

111

112
113
114
115
116
117
118
119
120
121
122
122
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

TABLE OF ICE SENSITIVE COMPONENTS

COMPONENT NAME OR COMMSNTSse MAJOR PROBLEM
SIMPLE DESCRIPTION
A ¥HERE, MOW DOES ICE FORM
B wHEN COES ICE FORM
£ IS 1T A PRDBLEM, WHY
NONE LISTED
AIRCRAFT ENGINES, GENERAL

JET ENGINES
A MAIN INLET
A PRIMARILY MUSHROOM ON INLET LIP.
NO NODULES ALONG LENGTH RUNBACK IF
HEA TED. HEAVY FORMATIONS ON PRO
TUBERANCES »
B SROUNC SUBCOOLEDC CONDITIONS
INFLIGHT SUBCOOLED CONDITIONS
C ICE SHEDDING IS MAIN PROBLEM
SOME LOSS IN POWER

B ALOW IN DOORS :
A LEAD ING EDGE WHEN OPEN
SLUSH ICE COULD BE HEAVY
ICE ON EDGE, SEALS
B GROUND ONLY TAXI SLUSH
OTHERWISE LIGHT IN SUBCOOLED COND.
C BLOCKAGE FROM SLUSH CANNOT
CLOSE DOORS

C INLET NO1SE SUPPRESSICN
A N0 FORMATION OF ICE FROM DIRECT
IMP INGEMENT. NQISE SUPPRESSION
IS ACCOMPLISHED BY COATING OUCTS
B GROUND RUNUP FREEZING RAIN & FROST
C 1CE SHEDDING INTO ENGINE

D NOSE CAPS




|
—

TABLCL 141 A PRIMARILY MUSHROOM AT NOSE
TABLCL 142 B SAME AS MAIN INLET

TABLCL 143 C SAME AS MAIN INLEY

TABLCL 144

TABLCL 145

TABLCL 146

TABLCL 147

TABLCL 148

TABLCL 149

TABLCL 1%0 E SCREEMS

TaBLIL 151 A ALL FORMS AT EACH WIRE

TABLCL 152 8 GROUND RUNUP, TAXI, FLIGHT, ETC.
TABLCL 153 : C ALMIST IMMEDIATE BLOCKAGE DUE TO
TABLCL 154 CLOSE SPACING. EXTREME THREAT TO
TABLCL 155 AIRCRAFT SINCE ALL ENGINES FaAIL
TABLCL 154 SIMULTANEQUSLY

TARLCL 157

TABLCL 158

TABLCL 159

TABLCL 160 F INLET GUIDE VANES

TABLCL 151 A PRIMARILY MUSHROOM ON LEADING
TAaBLCL 1482 EDGESs BRIDGING POSSIBLE
TABLCL 163 A GROUND RUNUP, TAXI, FLIGHT, ETC.
TABLCL 164 C CAN HAVE BLOCKAGF IN SHORT PERIOCODS
TABLCL 145 SHEQDING, JAMMING CAN CAUSE COMP
TABLLL 166 STALL, INTERFERENCE WITH ROTOR
TABLCL 147 BLADES.

TABLCL 158

TABLCL 169

TABLCL 170 G ROTOR BLADES

TABLCL 171 A SAME AS 140F

TABLCL 172 B SAME AS 160F

TABLCL 173 C SAME AS 160F

TABLCL 174

TABLCL 175

TABLCL 174

TABLCL 177

TABLCL 178

TABLSL 179

TABLLL 180 H FRAME STRUTS

TABLCL 181 A PRIMARILY MUSHROOM ICE ON THE
TABLCL 192 STRUT LEADING EOGES

TABLCL 183 B8 GEMERALLY IN FLIGHT




TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TaBLCL
TABLCL
TABLCL
TABRLCL
TABLCA
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TALCL
TABLCL
TABLCL
TABLCL
TaBLCt,
TABLCL
TABLCL
TABLCL
TABLCL
TARLCL
TABLCL

184
185
186
187
128
189
200
210
211
212
213
219
220
221
222
223
224
225
226
227
229
229
230
231
32
233
234
235
236
237
238
239
300
310
311
312
313
314
115
316
217
18
19

FANJET ENGINES, MIGH
A APPR ITEMS FRQOM 100

8 FAN

C BYPASS

TURBOPROP ENGINES
A APPR ITEMS FROM 100

A
8
C

Cm e

OAMAGE FROM SHEDDING,» DECREASING
ENGINE TORQUE, INCREASED FUEL
FLOW

BYPASS

APPR FOR ITEMS FROM 100
Ay By Co Dy Fy G

PRIMARILY MUSHROOM LE OF FAN BLADE
AERQ HEATING AT TIPS

GROUND WITH ADIABATIC EXPANSION,
& SUBCOOLED CLOUDS DURING GROUND
TAXT & FLIGHY CONDITIONS.

SHEDDING, STALLy ASYMMETRIC LOADING
AND ENGINE ROUGHNESS.,

LIGHT ICING AT TURNS, SPLITTERS.,
ETC.

SAME AS FAN EXCEPT THAT FAN PRESS.
RAT IO PROVIDES SOME ADIABATIC
HEATING.

NONE IDENTIFIED TQ QDATF.

Ay Oy Fy Gy H
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TaBLCL
TABLCL
TABLLL
TABLCL
TABLCL
TABLCL
rasLcL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TagLLL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TapLCL
TABLCL
TABLCL
TABLCL
TABLCL
TaBLCL
TaBSLCL
TABLCL
TaBLCL

320
321
322
323
324
32s
26
27
328
329
310
331
332
333
334
3s
336
3137
338
229

341
EL ¥4
343

345
346
347
348
349
350
351
352
as3
354
35%
356
337
358
359
50
361
382

PARTICLE SEPARATORS

SCREENS

PULL PROPELLERS

PUSH PROPELLERS

ENGINE COWLING

O »

ICE FORMATION DEPENDS UPON TYPE OF
SEPARATOR. MULTIPLE ]NLETS COLLECT
ICE AT INLETS AND CENTER DIVIDER
IN THE FLOW CHAIN

GROUND RUNUP, FREEZING RAIN AND
FROST GENERALLY IN FLIGHT.

BLOCXKAGE OF THE AIRFLOW PATHS
WQULD OCCUR RAPIDLY FOR SOME
DESIGNS .

ICE FCRMS AT EACH WIRE

GRCUND RUNUP, FAXI, FLIGHMT, ETC.
ALMOST IMMEDIATE BLOCKAGE DUE TO
CLOSE S+ACINGs EXTREME THREAT TO
AC SINCE ALL ENGINES CAN FAlIL
SIMULTANEQUSLY .

ICE FORMS NEAR HUB ON LE OF 8LADES
AERQ HEATING AT T1Ps,.

GROUND RUNUP, TAXI, INFLIGHT.

MAY CAUSE UNCUE VIBRATION.
SHEDDING CAN CAUSE DAMAGE TO AC

SAME AS PULL PROPELLERS EXCEPT
THAT BLADES CAN RE DAMAGED BY
UPSTREAM ICE SHEDDING.

SAME AS PULL PROPELLERS

SAME A5 PULL PROPELLERS

MOSTLY MUSHROOM ICE FCRMS (N LE OF
COWL WITH RUNBACK IF HEATED




LI

B ik i

TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCY
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TASLCL
TABLCL
TABLCL
TASLCL
TAasLCL
TABLCL
TASLCL
TASLCL
TABLCL
TABLCL
TABLCL
TABLCL
TASLCL
TABLCL
TABLCL
TABLCL

363
364
365
346
347
338
49
400
410
411
412
413
414
415
416
417
418
419
420
h2]
422
423
424
425
426
427
4289
429
429
431
432
433
4324
435
434
437
438
439
440
441
449
443
Lk

PISTON ENGIMES
A ENGINE COWLING

8 CARBURETOR

C PULL PROPELLERS

D PUSH PROPELLERS

Om»

B-6

SAME AS WITH JET ENGINE
ICE SHEDOING IS MAIN PROBLEM

MOSTLY MUSHROOM ICE FORMS ON
COWL LE

GENERALLY INFLIGHT

ICE SHEDOING AND STRIKING OTHER
COMPONENTS, BLOCKAGES

MOSTLY CONDENSATION OF WATER FROM
AIR INTAKE

ON GROUND IN FROST CONDITIONS IN
FLIGHT DURING DESCENT TO LAND

FREEZE IN JETS CAUSING ENGINE
STALL. ICE CAN FORM AT ABOVE FREEZ
ING AMBIENT CONDITIONS

SAME AS WITH TURBOPROP ENGINES
SAME AS WITH TURSBOPROP ENGINES
SAME AS WITH TURBOPROP ENGINES

SAME AS WITM TURBOPROP ENGINES
SAME AS WITH TURBDPROP ENGINES
SAME AS WITH TURBOPACP ENGINES



TABLLL 445

TABLCL 446

TABLCL 447

TABLCL 448

TABLLCL 449

TABLCL 500 AC INST NOT ICING

TABLCL 510 A PITOT STATIC TUBE

TABLCL 511 A ICE FORMS ON PITOT HMEAD COR MAST OR
TABLCL 512 INSIDE SENSING LINES

TABLCL 513 B ON GROUND FROM FREEZING RAIM, COND
TABLCL 514 IMPACT ICE IN FLIGHT, FREEZING IN
TABLCL 515 LINES DURING CLIMB TO ALTITUDE
TABLCL 5146 C CAUSES ERRONEQUS READINGS IN INST
TABLCL 517 USING PITOT STATIC PRESSURES
TABLCL 519 .

TABLCL 520 B ALT & ROC ORIFICES

TABLCL 521 A ICE FORMS AT ORIFICE INLET OR
TABLCL 522 INSIDE SENSING LINES

TABLCL 523 8 ON GROUND FROM FREEZING RAIN, COND
TABLCL 524 INFLIGHT EROM IMPACT OR RUNBACK
TABLCL 52% I1CE

TABLCL 52& ¢ CAUSES ERRONEQUS INDICATIONS oF
TaBLCL 527 ALY & ROC

TaBLCL 528

TABLCL 429

TABLCL 530 C YAw VANES

TABLCL 531 A MOSTLY MUSHROOM ICE FORMS ON LE OF
TABLCL %532 VANE & VANE ARM

TABLCL 533 B GEMNERALLY IN FLIGHT

TABLCL 534 C CAN CAUSE ERRORS IN INST SENSING,IE,PROB
TABLCL %535 ~LEMS WITH STALL WARNING SYSTEMS
TABLCL 536

TABLCL 537

TABLCL 538

TABLCL 539

TABLCL S4D D TOTAL HEAD PROBE

TABLCL 5al A SAME AS PITOY STaATIC TUBE

TABLCL 542 B SAME AS PITOT STATIC TusE

TABLCL 543 C SAME AS PITOT STATIC TUBE

TABLCL 544

TABLCL 545

TABLCL 546

TABLCL 347




TABLCL
TABLECL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TAaLCL
TABLCL
TABLCL
TABLCL
TABLCL

548
549
550
551
552
553
554
585
556
s557
558
559
509
610
611
612
613
814
5615
615
617
418
619
&
621
822
623
624
625
o286
627
628
629
630
631
632
6313
634
435
634
637
538
634

E TOTAL TEMP PROBE

FUSELAGE
A WINDSHIELD

B WINGSFUSE JUNCTURES

MOSTLY MUSHROOM ICE FORMS ON TOTAL
TEMP PROBE

GENERALLY INFLIGHY

ICE ON SENSOR WILL CAUSE ERROR IN
AIR TOTAL TEMP MEASUREMENT

ANY TYPE OF ICE MAY COVER SURFACE
OF WINDSHIELD

ON GROUND, FREEZING RAIN, FROST,
ETC JTAXI, INFLIGHT FROM IMPACT ICE

OBSCURES VISION OF THE CREW

SAME AS A WING EXCEPT AT THE FUSE
WHICH MAY BE CLEAR WHEN BLENDED
BUDIES ARE USED.

SAME AS WING

ICE SHEDOING TO HORIZ STAB OR
ENGINE INLETS WHEN SIDE INLETS
ARE USED.

C STATIC VENTS & BREATHER TUWBES

A

B
C

B-3

NO FORMATION UNL%SS FACING FORWARD
EXCEPT FOR FREEZING RAIN. RUNNING
WATER CCULD ENTER VENTS., FREEZE

ON GROUND, LCW AIRSPEEDS

DEPENDS ON VENT FUNCTION




TABLCL 640 D SCDOPS

TABLCL 64t A ICE FORMATION ON LIP LE QF SCOOP,
TABLCL 642 INTERNALLY IN DUCT BENDS
TABLCL &43 B GROUND RUNUP, TAXI, PRIMARILY IN
TABLCL 644 FLIGHT
TABLCL 445 C REDQUCE OR CLOSE CFF AIRFLOW
TABLCL 646
TABLCL 647
TABLCL 648
TABLCL 649
TABLCL 450 E DRAINS
TABLCL 451 A 1CE FORMATION AT DRAIN OUTLET AND
TABLCL 652 DRA IN LINE
TABLCL 653 8 FREEZING RAIN, FOG, OR COND ON
TABLCL 654 GROUND., IMPACT ICE RUNBACX
| TABLCL 655 INFLIGHT
| TABLCL 656 C CLOSE OFF OF DRAIN OR CLOGGING OF
| TABLCL 657 LINES
\ TABLCL 658
| TABLCL 659
| TABLCL 650 £ OTHER JUNCTURES
TABLCL 661 A ICE FORMATION DEPENDS ON CONFIGUR
CTABLCL 662 -ATION OF JUNCTURE. SAME AS WING
TABLCL 663 FUSE IN SOME CASES
TABLCL &54 B SAME AS WING FUSE
TABLCL 5565 C ICE SHEDDING DAMAGE,INCREASED DRAG
TABLCL 666
TABLCL 667
TABLCL 568
TABLCL ~69
TABLCL 470 G ANTENNAS
TABLCL 671 A PRIMARILY MUSHROOM ICE ON LE OF
TABLCL 472 ANT ENNA ANO MAST
TABLCL 673 B GENERALLY INFLIGHT
TABLCL 674 C SHEDDING DAMAGING OTHER AC COMPO
TABLCL 675 ~NENTS. DEGRADATION OF ELECTRONIC
TABLCL 6476 EQU 1PMENT PERFORMANCE
TABLCL 4717
TABLCL &78
TABLCL 479
TABLCL 480 M RADOMES
TABLCL %81 A MUSHROOM ICE ON NOSE/SIODES OF
TABLCL 682 RADOME, FREEZING RAIN

B-9




TABLCL 6483 B GENERALLY INFLIGHT

TABLCL 684 C SHEDUING AND DAMAGING ENGINE/AC
TABLCL 685 COMPONINTSy DEGRADATION OF RADAR
TABLCL 684 PER FORMANCE

TABLCL 687

TABLCL 688

TABLCL 689

TABLCL 490 I EO WINDOWS

TABLCL 691 A SAME AS WINDSHIELD

TABLCL &92 B SAME AS WINOSHIELD

TABLCL 493 C DEGRADES PSRFORMANCE COF ELECTRO
TABLCL 694 OPTICAL EQUIPMENTY

TABLCL 5695

TABLCL 696

TABLCL 697

TABLCL 698

TABLCL &99

TASLCL 700 TAIL SURFACES

TABLCL 710 A HORIZONTAL

TABLCL T11 A PRIMARILY MUSHROOM ICE ON LE
TABLCL 712 B FREEZING RAIN, FROST ON GROUND
TABLCL 713 GENERALLY INFLIGHT

TABLCL Tl4 C INCREASES DRAG, REDUCES CONTROL
TABLCL 715 AND STABILITY

TABLCL 16

TABLCL 717

TAdLCL T8

TABLCL 719

TABLCL 720 B ELEVATOR

TABLCL 721 A ICE ON SURFACE, PRIMARILY IN HINGE
TABLCL 722 0R HORN AREAS

TABLCL 723 B FREEZING RAIN, FROST ON GROUND
TABLCL 724 INF LIGHT

TABLCL 725 C INCREASE DRAG, BLOCK MOVEMENT OF
TABLCL 726 ELEVATORS REQUCING CONTROL QF AC
TABLCL 727

TapiLCL 728

TABLCL 729

TaBLCL 730 € VERTICAL

TagLCL 721 A PRIMARILY MUSHROCOM ICE ON LE
TagLCL 732 B GENERALLY INFLIGHT

TaBLCL 733 C INCREASES DRAG AND STaLL SPEED
TABLCL 734 MAY REDUCE CONTROL AND STABILITY




TABLCL
TABLCL
TASLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TaBLCL
TARLCL
TABLCL
TASLCL
TASLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
" TABLCL
TABLCL
TARLCL
TABLCL
TABLCL
TABLCL
TABLCL
TaBLCL
TABLCL
TaBLCL
TABLCL
TABLCL
TAQLCL
vaslLCL
TABLCL
TaBLCL
TABLCL
TABLCL
TABLCL
TABLCL
TasLCL
TABLCL
TABLCL

T35
el
ni
738

740
Tal
742
143
To4
T45
T46
747
748
749
750
751
752
753
754
155
756
%7
758
759
760
761
782
763
764
765
766
167
768
169
800
810
811
812
313
ala
815
gle

D RUDDER

E T - TAIL SURFACES

F Vv = TAIL SURFACES

WINGS
A SWEPT & STRAIGHT

NO IMPACT FORMATION, MAY GET ICE
IN HINGES FROM RUNBACK WATER

ON GROUND FROM FREEZING RAIN OR
FROST GENERALLY NOT INFLIGHT

REDUCES CONTROL AND STABILITY
MAY BSLOCX RUDDER MOVEMENT

PRIMARILY MUSHROOM ICE ON LE
ICE MAY FORM IN HINGE AREA
GENERALLY INFLIGHY, ON GROUND
FROM FREEZING RAIN AND FROST

INCREASED DRAG

SAME AS VERTICAL STABILIZE™

GENE RALLY IN FLIGHT. FREEZING RAIN
FROST ON GROUND

INCREASED DRAG, CONTROL AND
STABILITY. PROBLEM IF ICE FREEZES
IN HINGED CONTROL SURFACLES

ALL FORMS OF ICE ON LE» PRIMARILY
UPPER HORN OF MUSHROOM, ICE RUNBACK
ICE BEHIND LEADING EOGE

ON GROUND FROM FREEZING RAIN AND
FROST, TAXI, INFLIGHT

INCREASED DRAG AND STALL SPEED.
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TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TAaBLCL
TaABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TASLCL
TABLCL
TABLCL
TasLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TagLClL
TASLCL
TASLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TAaBLCL
TagLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL

817
818
819
820
821
822
223
824
825%
826
827
828
829
830
831
832
833
834
835
8356
837
838
839
840
341
842
843
844
845
846
847
848
849
850
851
852
853
854
ass5
856
857
358
859

AILERONS

FLAPS

SLATS

SLOTS

CONTROL,STABILITY, ANO SHEDUING
PROBLEMS

NO IMPACT FORMATION, ICE MAY FORM
IN HINGED AREA

ON GROUND FRCOM FREEZING RAIN AND
FROST

BIND CR JAMMING OF AILERON

MOV EMENT

PRIMARILY MUSHROOM ICE ON LE OF
OPEN (EXTENDED) FLAP

GENE RALLY INFLIGHT

PREVENTS OR DISTURBS AIRFLOW OVER
FLAP, REDUCES EFFICIENCY OF FLAP.
INCREASES DRAG, SHEDDING

PRIMARILY MUSHROOM ICE ON LE OF
SLAT AND WING WITH SLAT OPEN. ICE
ON SLAT TRACK

GENERALLY INFLIGHT

INCREASED DRAG, REDUCED LIFT AND
FLAP EFFICIENCY

FORM OF ICE DEPENDS ON SLOT CONFIG
URATION AND LOCATION

FREEZING RAIN/FROST QN GROUND.
INFLIGHT IMPACT ICE

REDUCED EFFICIENCY OF SLOT BY
REDUCING OR DISTURBING AIRFLOW

B-1Z




TABLCL
TABLCL
TABLCL
TABLCL
TaBLCL
TABLCL
TAgLCL
TABLCL
TABLCL
TABLCL
TABLCL
TasLlL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TASLCL
TAgLCL
TABLLL
TABLCL
TABLCL
TABLCL
YABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TAELCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TABLCL
TaBLCL
TABLCL

860
8s1
852
853

865
864
867
9468
849
870
871
872
873
874
875
874
877
a7a
879
880
sl
g2
833
834
885
885b6
387
888
8a9
9Q0
310
220
930
340
950
960
97¢Q
980
990
060
@61
062

£

G

FENCES AND V/6 p

G

Oom»

CANARD

S
5
5

(gl

RIMARILY MUSHROOM ICE ON LE
ENERALLY INFLIGHT

PRIMARY PROBLEM CAN COME FROM

SHEDOING SINCE SOME FORMS OF ICE
IMPROVE FUNCTION OF V/G SOME
INCREASED DRAG

AME AS WING
AE AS WING
AME AS WING

W GENERAL s, MANY COMPONENTS, ENTIRE AIRCRAFT

aMMmoCme

[l 9} )

AIRFOILSy CNMBINATIONS
ICING INSTRUMENTS

CLASSICAL COMPONENTS
CYLINDERS
SPHERES
FLAT PLATES
R1BBONS
HEAL SPHERES
ELIFSOIDS
CONES
RECTANGULAR HALF-BODIES
WEDGE S
ABBREVIATIONS/MNEMONICS
SUPPR=SUPPRESSIDN
LE=LEADING EDGE
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TABLCL AC=ATRCRAFT

TABLCL ROC=RATE OF CLIMB
TARLCL ALT=ALTITUDE

TABLCL INSTSINSTRUMENTAT ION
TABLCL CCND=CONDENSATION
TABLCL FUSE=FUSELAGE

TABLCL STAB=STABILIZER
TABLCL EO=ELECTRO-OPTICAL
TABLCL V/G=VORTEX GENERATCRS
FABLCL APPR=APPROPRIATE
TABLCL 090 GUIDE TO REVIEWER
TABLCL END DATE/TIMC 16 JUN 1980 / C8:44:13 P3T




TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
YABLIPM
TABLIPM
TABLIRM
TABLIPM
TABLIPM
TABLIPM
TABLIPw
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM™
TABLIPM
TABLIP™
TABLIPM
TABLIPM
TABLIPM
TABLIPM™
TABLIPM
TABLIPM
TABLIOM
TABLIPM
TABLIPM
TABLIP4
TABLIPM
TASLIPM
TABLIPH
TABLIPH
TABLTIPw
TABLIPM
TABL]IPM

TABLE OF ICE PRCTECTION/PREVENTION METHOD

THE METHOD 15 DEFINED BY THE TRANSPORTY MEDIA AT THE
ANTI DE=ICING INTERFACE(SUCH AS HOT AIR) & THE FLOW
CONFIGURATION (DOUBLE SKIN)
NOT APPLICABLE
NOT DISCUSSED OR MINIMAL DISCUSSION
PREVENTION VIA OPERATIONAL PROCEDURES
HOT AIR CONT=TUBE OR SINGLE SKIN=INT
HOT AIR CONT-TUBE OR SINGLE SKIN-PICCOLO TUBE CHORDWISE
HOT AIR CONT=TUBE OR SINGLE SKIN-PICCOLO TUBE SPANWISE
HOT AIR CONT=COUBLE SKIN-INT
HOT AIR CONT=POROUS FLOW
HOT AIR CONT=SLOT/EXTERNAL
HOT AIR CYCLIC-TUBE OR SINUGLE SKIN-INT .
HOT AIR CYCLIC-TUBE OR SINGLE SKIN-INT-PICCOLO TuBE CHOROWISE
HOT AIR CYCLIC=-TUBE OR SINGLE SKIN=INT-PICCOLO TUBE SPANWISE
HOT AIR ONE SHOT=-TUBE OR SINGLE SKIN=-PICCOLO TUBE CHORDWISE
HOT AIR ONE SHOT-TUBE OR SIMNGLE SKIN-PICCOLO TUBE SPANWISE
GENERAL ¢ MANY METHOOS
HGT AIR CYCLIC = SLOT/7EXTERNAL
HOT AIR CONT. A CYCLIC - SLOT/EXTERNAL

ELECTRICAL-INTERNAL A QOVEN WIRE PADS
ELECTRICAL-INTERNAL,y COATINGS

ELECTRICAL-EXTERNAL s WCVEN WIRE PADS
ELECTRICAL=EXTERNAL, COATINGS

PNEUMATIC-CHORDWISE TUBES
PNEUMATIC-SPANWISE TUBES

FLUID SYIZTEMS (PORQUS)I-GLYC(L BASED
FLIIID SYSTEMS (POROUS J-ALCOHOL BASED
FLUID SYSTEMS {POROUS )I-2THER

ACJUSTIC = TYPE I
ACOUSTIC =~ TYPE 11

MICROWAVE = TYPE 1
MICROWAVE = TYPE 11

ELECTRO=IMPULSE = TYPE |

g3-13




TABLIPM
TABLIPH
TAGLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TASLIPM
TABLIPw
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABL IPM
TABLIP™
TABLIPM
TABLIPM
TABLIP™
TABLIP™
TABLI M
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPM
TABLIPH
TABLIPM
TABLIPM™

99

ELECTRO-IMPULSE - TYPE 11

ICE
ICE
ICE

ICE
ICE
LOwW

PHOBIC =-FREEZING DEPRESSANT
PHOBEC -LIQUID FILM, LOW VISCOSITY, LOwW ADHESION
PHOBIC -SOLID CCATING OR TAPE, LOW ADHESION

SHIELDS = UNHEATED
SHIELDS =— HEATED ELEVATOR OR RUDDER HORNS
REFLECTIVE PAINT

GROUND APPLIED (ETHYLENE GLYCOL & WATER)
FUEL ADDITIVES

ABBREVIATIONS/MNE MGNICS
INT=INTERNAL
CONT=CONTINUQUS

GUIDE TO REVIEWER
IF THE DATA SCQURCE DISCUSSES A SINGULAR SPECIFIC ICE
PROTELTION METHOD, USE ONLY ONE AS INDICATED IN THE LIST

1F SEVERAL ARE DISCUSSED, USE THE GENERAL CALLOUTS
INDICATED IN THE LIST.

TABLIP™ END DATE/TIME 16 JUN 1980 / 08:44:132 PST
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ll

TABLSOA
TABLSOA
TABLSO0A
TARLSOA
TABLSOA
TABLSOA
TABLSOA
TABLSOA
TABLSOA
TABLSOA
TABLSCOA
TABLSOA
TABLSOA
TABLSQA
TABL30A
TABLSOA
TABLSOA
TABLSOA
TASLSOA
TABLSOA
TABLSOA
TASLSOA
TABLSOA
TABLSOA
TABLSOA
TABLSOA
TABLSOA
TABLSDA
TABLSOA
TABLSDA
TABLSOA

25
80
51
32
99

TABLE OF STATE OF ART CATAGORIES

OPERATIONAL USE-IN COMMON USE OFF THE SHELF

OPERATIONAL USE=CFF THE SHELF NOT IN COMMON USE
OPERATIONAL USE=DES CONCEPT OEV-POTENTIAL USE/GOOD IDEA
OPERATIONAL USE-DES CONCEPT DEV-IDEA NOT TOO GOOO
OPERATIONAL USE-NEW 1DEAS

OPERATIONAL USE-IMPRUVEMENTS

RES LAB USE-OFF THE SHELF, IN COMMON USE

RES LAB USE-QFF THE SHELF, NOT IN COMMON USE

RES LAB USE-NEW CONCEPT-SINGLE PURPOSE ONE TIME DEV ARTC
RES LAB USE-NEw CONCEPT-NOT DEVELOPED

RES LAB USE-NEW lDEAS

IMPRQVEMENTS

ABBREVIATIONS
DES=DESIGN DOEV=SDEVELCPMENT RES=RESEARCH
LABSLABORATORY ARTC=ARTICLE

GUIDE TO USERS

END OATE/TIME 16 JUN 1980 /7 Q8:44:13
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TABLDA QO TABLE OF DATA AVAILABILITY

TABLDA 31 TH1S CATEGORY IS FOR INFORMATION ONLY

TABLOA Q2 NOT A SORT CATEGORY
TABLOA G3
TABLDA 04 PUBLIC LITERATURE, JOURNALS, ETC
TABLDA ©5 GOVERNMENT LITERATURE = UNRESTRICTED
TABLDA 06 COVERNMENT LITERATUKRE - RESTRICTED (ALL)} LEVELS
TABLDA C7 CONTRACTOR LITERATURE = AVAILABLE
TABLOA €8 CONTRACTOR LITERATURE - PROPRIETARY
TABLDA 9 CONTRACTOR LITERATURE = RESTRICTION
TABLOA 10
TABLOA 11
TABLDA 12
TABLODA 13

— TABLDA 14
TABLDA 15
TABLDA 16
TABLDA 17
TABLDA 18
TABLOA 19
TABLON 20
TABLOA 80 ABBREVIATIONS
TABLDA %0 GUIDE YO USERS

TABLOA END DATE/TIME 16 JUN 1980 7 0Bz144:13
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TABLSDL
TABLSD]
TABLSD]L
TABLSOL
TABLSD]
TABLSOL
TapL S0l
TABLSO1
TABLSOL
TapLSD1
TABLSOL
TABLSD1
TABLSDIL
TABLSDL
TABLSDL
YABLSDL
TABLSDL
TABLSD1
TABLSD1
TABLSD1
TABLSD1
TABLSDL
TABLSOL
TABLSD1
TABLSOL
TAaBLSO1
TABLSCL
TagLSD1
TABLSD1L
TABLSO1
TAaBLSDL
TABLSDL
TABLSOL
TAB8LS01L
TABLSD1
TABLSOY
T»BLSOL
TaBLSDL

33

TABLE OF SOURCE
PROBLEM IDENT
REPORTING, BA

COMMENTARY
STATISTICAL

DATA CATEGORIES —-DATA BASE/FACILITY TYPE

IFICATION, SOLVING
SIC CATAGORIES

ONLY
sTUDY OR SURVEY

OPERATIONAL EXPERIENCE REPORTING

EMPIRICAL E
TEST FACILI
TUNNEL
TUNNEL
TUNNEL
TUNNEL
TUNNEL
TUNNEL
FLIGHTY
FLIGHT
FLIGHT
SPRAY R
SPRAY R
ICING T
NA TURAL
TUNNEL
TUNNEL
COMPUTER PR
LABQRATORY

APPLICATION AN

ABBREVIATIU
GUIDE TO RE

QUATIONS
TY USED AS BACKGROUND
TEST CONVENTIONAL, ICING
TEST FREE JETy ICING
TEST DIRECT CONNECT, ICING-ENGINE
TEST CONVENTIGNAL, DRY aAlIR
TEST FREE JET, DRY AIR
TEST DIRECT CONNECT, DRY AIR
TEST, TANKER
TEST, NATIRAL ICE
TEST, DRY AIR
16, FAN BLOWN
16, WINO BLOWN
EST CELL
ICE & TANKER FLIGHT TESTS
TESTS & FLIGHT TESTS (DRY AIR)
TESTS & FLIGHT TESTS (ICING]
OGRAM & FACILITY
TEST SETUP (APPROPRIATE EQUIPMT)

ALYSIS

NS
v IEWER

TABLSOL ENOD OATE/TIME 16 JUN 1980 / Jd:4b:ld PST

e



e
—
—
3

TABLSD)
TABLSO3
TABLSD3
TABLSD3
TABLSD3
TABLSOD3
TABLSD3
TABLSO3
TABLSOD3
TABLSD3
TaBLSD
TABLSO3
TABLSD3
TABLSD3
TABLSD3
TABLSD3
TABLSD)
TARL SD3
TABLSD3
TABLS03
TABLSD3
TABLSE?Y
TaBLSD3
TABLSD3
TABLSO3
TABLSD3
TABLSD?
TABLSD2
TABLSD3
TABLSD3

6o
ol
02
c3
Q4
a5
Qe
Q7
c8
09
10
11
12
i3
14
15
1%
17
13
19
20
21
22
23
24
25
80G
81
82
90

TABLE OF SOURCE DATA , SUBCATEGORY -~ METHOD OF EXPRESSION

METHOD OF EXPRESSION - WHAT 1S THE GENERAL OR HIGHEST
(MOST ACCURATE OR MOST SOPHISTICATED) METHOD OF
EXPRESSION OF THE UOCUMENT.

DESCRIPTIVE QUALITATIVE

DESCREIPTIVE QUANTITATIVE(DRAWINGS, ETC.)

MATHEMATICAL EQUATIONS AND PROCEDURES (GENERAL)

COMPUTER PROGRAMS/DATA

EXPERJMENTAL OBSERVATIONS

EXPERIMENTAL MEASUKEMENTS

INFERPOL, EXTRAPOL/PREDICTION METHOOS{CORRELATION FUNCTIONS
SCALE MODELING

SPECIFIC EQUATIONS = BREGUET

SPECIFIC EQUATIONS - wETTED SURFACE, TOTAL TEMPERATURE
SPECIFIC EQUATIONS/METHOD - ICE ACCRETION PREDICTION METHOD
SPECIFIC EQUATIONS/METnNOD - PENALTIES

ABBREVIATIONS
INTERPOL=INTERPOLATION
EXTRAPOL=EXTRAPOLATION

GUIDE TJU REVIEWER

TABLSD3 END DATE/TFIME 1& JUN 1980 / Q8:44213 PST




TABLSOs 22 TAaBLE COF SUUKLE DATA.SUBCATEGCRY - PROG. R E D PHASES.
TABLSD4 Ol

TABLSDe 02 IGING PROGRAM PHASE - WHAT PHASE CF THE RESEAKRCH

TA3LSD4 G3 UR ACQUISITION CYCLE DCES THE REPORT DEAL WITH

TABLSDs 04

TABLSDS Q5 e e e e — e e
TABLSD4 06 GENER AL

TABLSDG 07 EXPLORATORY - SEARCH FCR PROBLEMS, LOEAS. ETC.

TABLSDe 08 BAS{C RESEARCH OR STUD YL PHENOMENA, MATERIALS. NEW TECHNOLOGY |
TABLSD4 09 APPLIED RESEARCH (EVALLATEs APPLY, EXTEND ~ TECHNOLOGY )
TABLSDs L2 STATISTICAL

TABLSD® L1 . e eeeee e e s .
TAaBLSDe 12 CONCEPTUAL DESIGN

TABLSDe 13 DESIGN

TABLSD4 14 DEVEL OPMENT

TABLSOs 15 COMBINATIONS OF 12 THRU L@

TABLSD4 1o

TASLSDs 1T VERIFICAYION _ . . - -
TABLSD« 18

TaBLSCs 19 CERTIFICATION

TABLSD4 20 COMBINATIUGNS CF L7 THRU 20

TaBLSDe 21

TABLSOW® 22

FABLSDG 23

TAGLS 04 24

TABLSCe 29

TABLSDe 20

TABLSDG 27

TABLS DA 28

TABLSNe 29

T ABLSDS k1Y

TABLS O 430 ABBREVIATIONS
TABLSJS 31

TABLSDs B2

TABLSO4 33

TABLSON 34 : :
FABLSOa 92 GullE T0 REVIEwER
TABLS D& END DATE/TIME 16 JUN 1980 / 38:44139

4-24




TABLSD2
TABLSDZ
TABLSDZ
TABLSD2
TABLSDZ
TABL3DZ
TABLSDZ
TaBLsSDZ
TABLSOZ
TABLSD2
TABLSDZ
TABLSDZ2
TABLSDZ
TABLSD2
TABLSD2
Ta8LSD2
TABLSO2
TABLSDZ
TABLSD2
TaBLSD2
TABLSDZ
TABLSDZ
TABLSDYZ
TABLSD2
TABLSDZ
TABLSDZ
TABLSOZ
TABLSOZ
TABLSOD2
TABLSD2
TABLSDZ
TABLSDZ
TaBLSD2
TABLSD2
TABLST2
TABLSDZ
TABL502

00
0l
02
03
Q4
0s
1Y
QT
o1:]
09
10
11
12
11
14
15
16
17
18
19
24
21
22
23
24
29
26
27
2%
29
ag
31
13
80
81
a2
90

TABLE QOF SOURCE DAaTa, SUBCATEGORY - PHENOMENA
THIS TABLE DEFINES THE SCIENTIFIC/ENGINEERING
DISCIPLINE OR PHENCOMENA INVOLVED IN THE DATA SUCH AS:
PHYSICALs THERMOOYNAMIC, ACOUSTIC, ELECTRODYNAMIC
CHEMICALy ETC.

NGT DISCUSSED

HEAT TRANSFER(DRY AIR} EXTERNAL

HEAT AND MASS TRANSFERIWET AlIR) EXTERNAL

HEAT TRANSFER INTERNAL

TOTAL HEAT=MASS TRANSFER

HEAT BALANCE INTERNAL/EXTERNAL

COMBINATIONS OF 86 THRU 12

TOTAL SYS HEAT & MASS XFER ANALYSISIWING OR AIRCRAFT}
FLCW FIELDS

WwATER DROP TRAJ/COLLECTION ERFICIENCIES (CLEAN AIRFOIL)
WwATER DROP TRAJ/COLLECTION EFFICIENCIES (ICED SURFACE)
ICE ACCRETION CONDITIONS &/0R DATA (UNSWEPT)

ICE ACCRETION CONDITIONS L/OR DATA {SWEPT)

1CE SHEODING, CONDITIONS &/0R DATA

AERQ EFFECTS OF ICE ACCRETION - LOCALIZED

TOTAL AIRCRAFT EFFECTS ANALYSIS/CATA ETC.

CONGENSATION ICE (CARBURETORS/FET ENGINE INLETS)
METEQROLOGIC AL

ICE ADHESION

ASBREVIATIONS
XFER=TRANSFER
EXT=EXTERNAL

GUIDE TO REVIEWERS

TABLSD2 RND DATE/TIME 16 JUN 1580 / 08:44313 PST




TABLIC
TABLIC
TABLIC
TadLlc
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC
TaBLIC
TABLIC
TapLIC
TABLIC
TABLIC
TABLIC
TagLIC
TABLIC
TAsLIC
TAgLIC
TABLIC
TABLIC
TAaBLIC
TABLIC

TABLIC
TaslLIC
TABLIC
TABLIC
Tag IC
TABLIC
TABLIC
TABLIC
TABLIC
TABLIC

oY "y

00
01
02
Q3
[ 0
s
0b
or
Q8
09
10
i1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
2%
30
31
a2
33
14
35
35
37
a8
39
40
«1
L2
43
ke
o5
8Q
8)
82
33
a4
99

TABLE OF ICING CONDITIONS

NQ ICTNG CONDITFIONS

LIQUID WATER CONTENT (LwC)

DROPLET SI1ZE, MEDIAN DIAMETER

OROPLEY SIXE, MEAN EFFECTIVE DIAMETER
OROPLET SIZE, AVERAGE DIAMETER

AIR VELOCITY

AMBIENT TEMPERATURE

ALTITUCE

DROPLET SIZE OISTRIBUTION

LWCs TEMPERATURE

DROP SIZF, LEC

OROP SIZE, TEMPERATURE, LwC

WIND TUNNEL, ICING COND

WINO TUNNEL, ORY AIR COND

FLIGHT TEST, ICING COND

FLIGHT TEST, DRY AIR COND

TANKER TESTs ICING COND

SPRAY RIG ICING COND '
CERTIFICATION DEFINITION (0S5, GOb, 11)
OTHER COMBIMNATIONS

HORIZONTAL EXTENT

VERTICAL EXTENT

LOCALE

SEASON

COMMUTER PROFILE

GENERAL AVIATION PROFILE

TRANSPORT PROFILE

HELILOPTER PROFILE

STRATOS PROFILE (CONTINUGUS)

CUMULUS PROFILE

MAX CONTINUQUS - CERTIFICATION DATA
INTERMITTENT MAX - CERTIFICATION DATA
OTHER (MAX. CONT. & INTERMITTENT MAX,)
WATER DROPLET/ICECRYSTAL COMBINATION
SNOW, FRQST

FREEZING RAIN

NATER IN FUEL (FREEZING CONDITIONS)
ICE PROPERTIES

ABBREVIATIONS
WWOELIQUID WATER CONTENT
COND=CGONDITION
MAXEMAX]MUM
CONT.=2CONTINUOUS

GUIOE TU USERS

END DATE/TIME 14 JUN L98C 7 C8:44:13 PST
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TABLPNL 20 TABLE OF PENALTIES ASSOCIATED wWITH ICING/ANTI-ICING
iy TABLPNL 31

TASLPNL 02 PENALTIES ARE RELATED PRIMARILY TO THE PARENT AIRCRAFT
_i TABLPNL 03 PENALTIES ARE GENERALLY DIVIDED INTO CATAGORIES SUCH
' TABLPN1 04 AS PERFORMANCE RELATED, SAFETY RELATED, RELIABILITY

TABLPN1 Q5 RELATEDs COST RELATED OR USAGE RESTRICTION RELATED.
TABLPNL Qb6 i
TAEBLPNL Q7 NODATA -
TABLPNYL 08 NOT APPLICABLE

TACLPNL Q9 GENERAL

TABLPNL 10 COMPONENY PENALTIES

TABLPNL 11 SNGINT BLEED PENALTY (COMPRESSOR LOSSES) &/0R DELTA FUEL
TARLPNL 12 wEIGHT

TAGLPNL 13 POWER (ELECTRICAL)

TABLPNL 14 COSsT

TABLPN1 15 RELIAGILITY

TABLPNL 1l& AIRCRAFT ASSOCIATED PENALTIES

— TagLPNL L7 WEIGHT (FUEL)

TABLPNL 18 WEIGHT {TOTEL STRUCTURE & FUEL ETC.,

TABLPNL 19 POWER

TABLPNL 29 DRAG

TABLPNY 21 RANGE EFFELCT (BERGUET EQUATION)

TABLPNL 22 PAYLOAD EFFECT

TABLPNL 23 LANDING PERFORMANCE

TABLPNY1 24 TAKE=(FF PERFCORMANCE

TABLPNL 25 STALL EFFECT

TABLPNL 26 CRUISE SPEED

TABLPNY 27 MAXIMUM SPEED

TABLPNL 28 RELIABILITY

TABLPN1 29 SAFETY

TABLPN1 39 cosT

TABLPNI 31 OPERATIONAL CCST

TABLPN1 32 OPERATIONAL FLIGHT RESTRICTIONS

TAALPNI 23
TABLPN1 34
TAELPNL 35
TABLPNL 34

TABLPNL 80 ABBREVIATIONS ETC.
TABLPNL 81 PWR=POWER

- TABLPN]1 82 ASSOC=ASSOCIATED
TABLPNL 813 MAX=MAX [MUM

TABLPNL 9S4&
TABLPNL 85
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TABLPR 0O TABL® OF PENALTIES RATING
TABLPR 01 MODIFIES THE PENALTY DATA BY A JUDGEMENT RANKING
TABLFR 02

TABLFR 03

TABLFR Q4 NOGT APPLICABLE OR NOQ CATA
TABLPR Q5 NO SIGNIFICANT EFFECT
TABLPR 36 SMALL EFFECT

TABLPR QT

fABL PR 3B MODERATE EFFECT

TABLPR Q9

TABLPR 10 SEVERE EFFECT

TARLPR 11 SEVERE - SAFETY EFFECT
TABLPR 12 CATASTROPHIC EFFECT
TABLPR 13

TABLPR 14

TABLPR 15

TABLPR l&

TABLPR L7

TABLPR 18

TABLPR 19

TABLPR 29

TABLPR 33 ABBREVIATIONS

TABLPR 90

TABLPR END DATE/TIME 16 JUN 1980 7 08344213




TABLTI co TABLE OF TYPES OF INSTRUMENTATION (ICING)
TABLTI ot
TABLTI 02
TABLTI 03

TaghTI 0%
TABLTI 05
TABLTI 1)
TABLTI o7
TABLTI o8
TABLTI 09 DYE TRACER—IMP INGEMENT CHARACTERISTICS
TABLTI 10 ROTATING SINGLE CYLINDER
TABLT ] i1 KEILY PROBE=-DROP SIZE DISTRIBUTION IN CLOUDS(GND BAS)
TABLTI 12 GSFC LASER NEPHMELOMETER - LWC - WATER DROP COUNTER
TABLTI ° 13 ROTATING MULTICYLINDERS - DROPSIZE & LIQUID WATER CONT
TABLTI las FIXSED LARGE OIAMETER CYLINOER - DROPLET SIZE
" TABLYI 15 NASA ICING METER =~ LIQUID WATER CONTENT
TaBLTI 146 HEATED WIRE METER=-JOHNSON WILLIAMS-LIQUID WATER CONTENT
| TABLTI 17 OIL SLIDE DROP SNATCHER - DROPLET SIZE
| TABLTI 18 LASER BEAM [ASP) — MRI — KNOLLENBERG
| TABLTI i9 FORWARD SCATTERING SPECTROMETER PROBE-PMS—XNOLLENBERG
TABLYI 20 ICING SPHERE
TABLTI 21 NGL "HOT ROO"-ACCRETION ROD = LIQUID WATER CONTENT
TABLTI 22 VERNIER ACCRETION METERIVAMY-ICE ACCRETION = LWC
TABLTI 23 EVAPORATIVE TOTAL WATER PROBE LWC METER - RUSKIN
TABLTI 24 DYNAMIC ICS CETECTQR/ICE SEVERITY-STALLABRASS/RINGER
TABLYI 25 ICING ONSET CETECTOR - ROSEMOUNT « VIBRATING ROD
TABLTT 26 IC= DETECTOR = RESISTANCE TYPE
TABLTI 27 ICE DETELTOUR - PRESSLRE TYPE
TABLTI 28 ICE DETECTOR = MECHMANICAL SCRAPER
TABLT! 29 ICE DETECTOR = INFERENTIAL (HEATED WIRE & CYLINDER)
TABLTI 30 ICE DETECTOR = SOVIET CO=-4A
TABLTI 31 ICING PRECICTOR — RADAR
TARLTI iz ICING PREDICTOR -~ OTHER
TABLT] 33 MICROWAVE ICE DETECTOR
TABLTI 34 NUCLEAR ICE ACCRETN MTR-ATTENUATICN(RADICACTIVE SQOURCE)
TABLTI 35 ICING RATE METEW ~ VEDDINGTON INFERENTIAL METER
TABLTI 36 ICING RATE METER = TV RASTER ACCRETION METER
TABLTI 37 ICING RATE METER - ROSEMOUNT
TABLTIL 35 TESMPERATURE PROBE - AIR TEMPERATURE
TABLTI 19 PITOT = STATIC PROBE — ALTITUDE, AIR VELOCITY
TABLTI &0 BETA RADIATION ICE DETECTOR
TABLTI 41
TABLTI 42 PHOTOGRAPHY - ICE SHAPE & SILE

B-26




TABLTI @3 WEIGHING (SCALES) ~ ICE SIZE, DENSITY

| TABLTI b

} TABLTI 45 1CE CRYSTAL SIZING - FORMVAR REPLICATOR
TABLT! 46 1CE CRYSTAL 3IZING - 1CE PARTICLE COUNTER, MEE INDUSTRIES
TABLTI 47 I1CE PARTICLE COUNTER (UW = IPC)ITURNER & RADKE
TABLTI 48 FISER-OPTICS PARTICLE=SIZING SYSTEM (FOPSS)
TABLT! 49 PARTICLE~SIZING INTERFEROMETER (PSI)
TABLTI 5C BACK SCATTERING PARTICLE SIZING SYSTEM (BSPSS)
TABLTI 3 HOLOGRAM SYSTEM
TABLTI 52
TABLTI 53 MORE THAN ONE TYPE

TABLTI 54
TABLTI 55

TABLTI 56
TABLTI 57
TABLTI 58

TABLTI 59
TABLTI 60

TasLT! a0 ASBREVIATIONS ETC.

TABLTYI g1 ACCRETN=ACCRETION

TABLTI 82 GET=DETECTION

TASLTI 83 GND BAS=GROUND BASED

TABLTI B84 IPC=ICE PARTICLE COUNTER
TABLTI a5 LWC=L IQUID WATER CONTENT
TABLTI 86 MR I=METEQROLOGY RESE ARCM, INC.
TABLTI 87 MTR=METER

TABLTI as NRCENATIONAL RESEARCH COUNCIL
TABLT! 89 UWSUNIVERSITY OF WASHINGTON
TABLTI 3Q GUIDE TO REVIEWER

TABLTI ENN DATE/TIME 16 JUN 1980 / 08:44:13 PST
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FTaBLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABLIP
TABL1®
TagLle
TABLIP
TagLIP
TABLIP
TABLIP

90

TABLE OF INSTRUMENT PHENOMENOLOGY
PRINCIPLE COF OPERATION OF INSTRUMENT

TEMPERATURE

PRESSURE .

DIFFERENTIAL PRESSURE

YIBRATION — NATURAL FREQUENCY BASED ON MASS
ELECTRICAL RESISTANCE

PROXIMITY

QPTICAL

MICROWAVE

ELECTROMAGNETIC

ACOUSTIC

MECHANICAL

OTHER

MORE THAN ONE

INFRARED SYSTEM

INGUCED AIR FLOW & DOPTICAL SENSOR

ABBREVIATIONS
GUIDE TO USERS

END DATE/TIME 15 JUN 1986C / (8:44213
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£l ety R P % LML 4o+

TABLIUV 02 TABLE OF INSTRUMENT UTILIZATION & CONTROL

TagLIu 01
TABLIU L2
TABLIU D2
TAaBLIU 0% FORECASTING
TABLIVU OS5 STATISTICAL RESEARCH (NATURAL CONDITICNS)
TABLIU 06 FLIGHT OATA ACCUMULATION (NON-UTILIZATION IN FLIGHT)
TABLIV Q7 WEATHER BALLODONS
TABLIL 08 WEATHER STATICOM
TABLIU Q9 AIRBORNE PILOT UTILIZED - CCMMUTER AIRCRAFT

. TABLIYU 10 AIRBORNE PILOT UTILIZED - GENERAL AVIATION
TABLIU 11 AIRBORNE PILOT UTILIZED -~ HELICQOPTER
TaBLIU 12 AIRBORNE PILOT NON-UTILIZED - TELEMETERED
TABLIV 13 AIRDORNE PILOT NON-UTILIZED OPERATIONAL A/C DATA BASE
TABLIU 14 RESEARCH = WIND TUNNEL
TABLIU 15 RESEARCH - TANKER
TABLIU 1& AUTOMATIL — PILOT NON=CONTROLLED SENSING & PROTECTION
TAaBLIU 17 AUTOMATIC = PILOT NON-CONTROLLED (MO LITES OR DISPLAYS)
TABLIUV 18 PILOT INTERACTIVE -~ AUTU SENSING - INTERACTS WITH DISPLAY
TABLIU 19 PILOT INTERACTIVE ~ OBSERVATION
TABLIU 20 DTHER
TAsLIU 21 MORE THAN ONE
TABLIU 22
TABLIU 23
TASLIU 24
TABLIU 25
TABLIY 26
TABLIU 27
TTABLIU 28

- TABLIU 29
TABLIU 30
TABLIU 80 ABEBREVIATIONS
FaBLIV 90 GUIDE TO USERS

TABLIU END DATE/TIME 16 JUN 1980 7/ 03344213
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TABLRSI
TABLRSI
TABLRSI
TABLRSI
TABLRSIT
TABLRSI
TABLRSI
TABLRSI
TABLRSI
TABLRSI
TABLRSI
TABLRSI
TABLRSI
TAGLRS]
TAQLRSI
TABLRSI
TABLRSI
TABLRSI
TABLRS]
TaBLRSI
TABLRSI
TABLRSI
TABLRSI
TABLRSI
TA3LRSI
TABLRSI
TABLRS1I
TABLRSI
TABLRS]
TABLRSI

00
01
(1 4
03
04
05
Q&
Q7
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
90
31
30
95

TABLE OF RESEARCH & SERVICE INDEXES

NOT APPLICABLE FOR NASA RESEARCH OR SERVICE TO INDUSTRY
1TEM OF INTEREST, BUT SUFFICIENT RESEARCH ACCOMPLISHED.
PAST RESEARCH OF QUESTICNABLE QUALITY BUT LCw IMPACT
PAST RESEARCH OF QUESTIONABLE QUALITY & HAS HIGH IMPA(T.
NEW RESEARCH NEEDED — LOw IMPACT, MEOIUM PRIORITY

NEW RESEARCH NEEDED - HIGH IMPACT, HIGH PRIORITY.
RESEARCH METHOD & DATA OF VALUE TO LIGHT AIRCRAFT

SERVICE ITEM OF INTEREST ~ PRESENT KNOWLEDGE

ABBREVIATIONS /MNEMONICS
RES=RESEARCH
GUIDE TO REVIEWER

TABLRSI END DATE/TIME 16 JUN 1980 / 08:44:13 PST

TABLRR 00C
TABLRR O1
TABLRR 02
TABLRR 03
TASLRR O4
TASLRR 05
TABLRR 06

TABLE OF SCALE RATINGS FOR LITERATURE

EXCELLENT

VERY G20D

5000

MEDTUM

FAIR

0F NO USE TO THE 1IC ING RESEARCH PROGRAM

END TABLRR OATE/TIME 16 JUN 1980 / uB:ée4:13 PST



APPENDIX C

ICING RESEARCH DATA FILE INTERROGATIONS

The 141 references in Appendix A were reviewed from the standpeint of
the objectives of this studyv. The resulting cedes, Jdata and comments were
input inte a computerized lata file for subsequent manipulation and
interrcgation. In this appendix are a number of such interrcgations which
provided information about the literaturs and were used in arriving at the
-onclusions and recommendations of this report. Note that the first
interrogation pressnted providers the reference comments for every one of the
documents reviewed. Thses comments are in essence, mini-abstracts tor each
reference.

The other lnterrogations were made from the standpoint of the various
task requirements, and Jeal with analvtical rethods, new ice protection

merhods, insirumertation, penalty Jata, etc.




ECING RESEARCH DATA FILE SEARCH FOR
RESEARUH STATUS CF ALL REFERENCES REVIEWED

QUTPUT:  Ref No., Research Status, Comments Regarding Ret
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ICING RESEARCH DATA FILE SEARMH FOR
REFERENCES CONTAINING ICING PENALTY DATA

OUTPUT:  Ref No., Comments Regarding Penalty Data
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ICING RESEARCH DATA FILE SEARCH FOR
REFERENCES DISCUSSING ANALYTICAL METHODS

QUTPUT: a) Ref Ne., Applicable Component, Ref Comments
bl Ref No., Corments Regarding Icing Phenomena
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[CING RESEAR(H DATA FILE SEARCH FCR
REFERENCES WHI'H DEAL WITH NEW ICE PROTZCTION METHODS

CUTPUT:  Rer No.. Component, Penalty, Ref Comment
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ICING RESFARCH DATA FILE SEARCH FOR
INSTRUMENT DATA FOR REF WHOSE DATA BASE IS A TEST FACILITY

QUTPUT: Re?f No., Instrument, ‘nstrument Comment
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ICING RESEAR(H DATA FILE SEARCH FOR
REFERENCES DEALING WITH OR DISCUSSING ICING PHENCMENA

QUTPUT: Rers No., Comments Regarding Icing Phenomena
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APPENLIX D

SUMMARY CF [NDUSTRY/GOVERNMENT
SURVEY QUESTICNNATRE

BACKGROUND AND RECCMMENDATICNS

A survey/auestionnaire was sent to 60 members of industry, Government,
and wniversities who are involved in icing related activity in the field of
general aviation and light transport aircraft. Only 23 responses were
returned. This response rate appears typical, based on corments found in the

irerature regarding similar surveys.

3 number of those on the mailing list were contacted almost eight weeks
after transmittal of the questionnaire to inform them that we would still
accept submittals if thev had any. This was done because the coriginal
rransmittal letters had requested that the guestionnaire be retumed within
rwo weeks after receipt. Several phone calls had been received Tequesting
axtensions te this two week nericd, so it was assumed that there nmight be
others who were unable to meet the two week turmaround and so cid not submit
a replv. .

The followup telephone calls verified this suspicion. It was quite
Jifficult to make contact with most of the individuals, since many were out
1f tawn on business, in conference at the time of the caii, etc. Obvicusliy,
these are verv busv pecple, and ir the two week deadline were 10 axpire,
thev would most likely not Se avle to take the time to pursue the question-
naire, especially if they felt that it wouldn’t be used in the survev., [t
is vecarmended that in future survevs, a time limit be suggested, but
sncouragerment should be given for submittal within a reascnable peried o
accormadate the work schedules of the responcents.

Scrme corpanies or Govermment agencies were represented by more than one
individual ‘one had 3¢, usually at Jdifferent Jdivisiens cf the same lompany.
"n one instance, a member of one division had indicated to us that he woull
“e returning a questionnaire. when contacted about eiiht weexs later, he
noted that subsecuentlv e had found out that a memder or a sister divisicn

had already submitted a replv, ind since ne thought we needed onlv one rerly
ner corpany, e did net hether o submit his.  In the future, when roliing
sultirie mewber: of The 2ane JorpAny O Agency, nsirucilons should he
eanLlicit 23 to whether individual or coordinated replies are Jlesived

.
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which would indicate whether or not a response will be forthcoming. This
step would aid tremendously in planning the compilaticn of the survev
results and in establishing a cutoff date {or i~corporating the results in
the main etiort.

This appendix is divided into two parts. part 1 presents the survey/
juestionnaire, including the cover letter, as it was mailed out to the
various individuals.

In part 2 is the summary of the questionnaire responses received from
industrv and Government. The replies are sumarized quantitatively, whewe
cossinle, and all conments Sf interesr have been included. The results in
nart o have heen used To SUpLOTt the assessments, conclusions, and

~ecommendations presented in rhe body of this report.




APPENDIX D-1

LETTER OF TRANSMITTAL AND SURVEY 'QUESTTONNATRE




Dear

NASA has recently started a new program in aircraft icing re-
search at <he Leml Research Center, Cleveland, Ohin. The
program will include in-house research, university grants,
and industry contracts. Since vou are a member of the general
aviation or small transport aircraft indust rv (manufacturexr
or operatar), wour racommendatiors for our icing program are

e

important,

Therefore, we Mave included with this letter a CUESTICNNAIRE
on aircraft fzing.  Your responses to this QUESTICNNAIRD will
help NASA Zletermine what advances in aircradt itce protaction
rachnolegy will most benefit your lndustry., We hope ycu will
consider this an epportunity to volce your concerns about air-
crafs izing, and to influence future NASA research.
Rather than send this 2UDSTIONNAIREI directly o the person
resronsibla for lcoe protection in your srazanization, we ar
2 vou =2 insure thart the responses recresent
sohnical polizs.,  Since the Q2UTSTIONNAIRE is rather
e rescend only fo those Zuestions that your organi-
ris as important.
r3+3n.s =hat the enclosed JUTSTIONNAIRE is iatended
in sommunicatiaz vour thouzhis 0 NASAL t should
231 a3 a zuile. Please feel Irse to oOmit answars o
r alliress vouar cangcerns in latter fgorm i wou lgam
3= -2 in 30, NMASA L3 interestel inowour iieas,
— in which fhey mar e s ~rad,  You are under 0T
=2 raspond to this rezue gt all replies will oe
siderazis-n,

!
‘



If you choose to respond, please do so within two weeks of the

date of this letter. Please send vour replies and address
any inguiries to:

Mr. Robert Breeze, MA-14
Rockwell International

North American Aircraft Civision
815 Lapham Street

E' Sugundo, CA 90009

Telephone: (213} 647-3995

Sincerelvy,

Al . Fhatr—

Allan R. Tobiascn
Manager, Aviation Safety Technology

O]

nclosure




“ne “ASA Lewis Research Center, Claveland, Chic, has contracted with the
Nortn American Aircraft Division of Rockwell International %o conduct a
study for small transport and general aviation aircraft icing research
requirements. The cbiectives of tne ntudy are to define for NASA both

a lgng-term ang a short-term icing rasearch and technology program that
is resoansive t3 trne needs and desires of members of the small transport
and general aviation ingustry.

Say sne puro0sas oF the study and this survey, small transcort is defined
as fixed wing atrcratt of up <o 30 passengers, having an annual utilization
a< 3zaut 2300 hours in scheduled operaticns, and operating primarily at
Jlrreades at or helow 10,000 fset. General aviation refers tc fixed wing
1ircra©e u=ilized in non-milttary and unscheduled airline aperations.
Viecraft witn tre following t.pes of engines are teing consicdered: Jet and
fan engines, turboprops, and piston engines.

N

~g apr2ctives 0F this surveyv are L0 solicis from selectac gene il
3viitoon and small transport manufacturers and gqovernment agencies
ss-apnizzl data, whers availabls, but Tore imocrtantl,, thair views,
samments . AT racamrenditions JINg2rming iging researcn subjects.

Tevs o3moule e constidered by tne respondenis as an orportunit, to

Jatra emaie sanzavns relating t2 foing and iging srptectisn, and
o caST seca tne dipeztion of future NASA research. Yeur inouts
" 30 At weflaction 2¢ fne broacer view of tie genera!
1ur3tion tadustey notne recormendations given to NASA for short-
37C Yong-term res2aqch 2lans,

TUESTIONNAIRL SoaLER O JUESTIOND
Theoaean Sng LS. Miye Dean oLIel 1MtE LTh 23300 selTions
Jeiltntd owe it Toavza pratecttor hstems, (D0 igg prot2liion fends ties
Nl osLgtem toing, (AT atedeame Cotng, (50 tesiing t2ghrtiues
NRRE SR Syl otannntues, 00 owedtner 23y, (30 Tinal reconrendattons

‘le




dats:, design data, or performance data are required for
ms mentigned abowe?

[ TCE OPIITECTION Sr8TEIMS
1. Istaplisnec igce protaction systems inglude (1) net air from ocom-
sressar blees. (2) electrotnerral, (3) preumatic bodis, (<) angine
waste neat, and '5) angi-fresze fluids. The JSSR has developed
an electromagnetic~iTrulse ice protecticn system ‘or which tnew
are off
3
S

e
ering licensing agreements. what additiona’ cevelopment,
N
t

(1]

2. lcephcbics {(materials that recuce ice adhesicn) development is a
high risk, high payoff veature. What pricrity should NASA place
on developing an ice phobic?

3. what are

the most important features that any new ice protection
system should

provide?

Ta -

S 17 mew ice orotection systems could be developed ar existing ones
imoroved, whica ones would provide the greatest pavoff?

L. LJE PRITICTION FPENALTILS
infarmazion s nesded or p2nalties to the afrcra’t or to indivicual
Iamponents gy D othe etfacts 2t 1ging. It is recuestsd thal Tadble |
e Fellas oLt Cor tme vaTioud atroratt or Zompenenis manutictured or
sastey DvoLour fomcan, TIrownich ioing cennftfes a-e availavi2, Mote
seae sanaltias mal o te 2iven 39 acrtual values, T Kncwn, or r2iative
rankings OF tne ferailles imgived.

i - 3 1 - - - - . * . - 3y - o -
noacditior, fenalties o o3vvroratt gue t3 otre use o7 12 prgolaliigr
- _ b - _— - e A .
3.%55278 303 3052 nasdesl “ 15 r2cusstad tnhat oacie L. o8 Trgaed
- - P L - -3 & - - RN =
Sat o Tarotre warrous 1rerafi, engines. o lomponents Tanutastured
1 : "
oy - .~ e - o e . - e
SroTesT2l 0. o luLrTolImian Again porg Ties may se Jtven 35 actiud:
LT 4 A S, e .7 . - 15 1 L -
Vil LSy oF TTothe et 2t ore AU 2 rankings LYotne cenmaattes Ian
- - - - Y - - - 1 g
RE IPrDAST Q0wD T 830N COMUonent . Diease S0 §0 . se 2hamtie |7
sania’
ry e [ ..
. LT e > IVl Uha
AT 1IN rEseanIn td oregyival in sutnort 2 e frT 0w
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(9%}

timfai] 1i¥%. drac. pitch mement, and stall speed increrments cue
to ice accretion have beer obtained ‘n the past in the NASA Lew'is
lcing Research Tunnel (IRT] Jo you want such icing sensitivity
g¢ata from the [RT for the follow1rg

YES NO

Airfoils on your current aircrafl

Your future airfoils

L New computer cesigned airfoils (Low Speed, Laminar
Flow, Supercritical}

Lo you want RASS I=T data on ainfail ice shapes “rom which

shapes could be made for use in dry wind
ght testing?

&

rtificial ice
unnal and f1i

3
1
ira thgre any ajrgra®t components, especially vulnerable 0
icing, for wnich the Al rframer needs scecial design guide-

limes. {a.3.%27% balance horns )t
AR reselrin resas *o be dope T2 max2 fge orotectlan $yStETS
cympatible with airframe components mace 2% cornesite materials?

Tn Tisle [ piease idartty tne icd sansilive COm onen:s whiich
racuire 3cditional res2arcn, and 1ist, in arder of importance,
she resuirec research n the areas oF (\' ice ac:rettan ar

macar saltwerion effiziency. n) ice shedding, (30 ice
mpataction Systevl. (3 periormance :eﬁalt*es
TING TooRNIdLES

“ne metnods listed celow are used for dezermining (i) the nature
and oxtent of icing of a campanent, (10 e grotecticn system
cerfarmance, arc (3. aircratt Derformancs fenalties cue L2 gither
fca 3ccretion ar 168 protection System sreralion.  hased on yuu
peserienca, D1233e COMUENT On SUTh fAgtirs 35 LNg ALTdrics. Grag-
ticatness, avartasilit., Ang o0sts of Lnese oeincds. )

5 Fuil-seale dging wirdg Tannenr Lesle .

A T.neszcats 3ling wind tunnel 1233

S Im-fiisnt o tanwer SIv2L Zioul Lesii

S oaround 30raL CLodd tests

S casts it onataryl Zhouds

SooAralLTilal TelTmiiedo2ng IoTULTOr Lodes

ooowner




Z. anat imgrovements snould NASA make to tneir ig¢ing facilities?
Flease aiscuss such improvements as test saction size, air speed,
range of icing parameters, instrumentaticn (e.q., force balance,
cloud parameters).

3. Should the NASA Lewis Altitude Wind Tunne! be rehabiiitated to
provide expanded icing facilities which include a 20-ft diameter
high speed test section (up to M=1} and a low speed 45-ft diameter
test section with speeds to 200 knots?

YES. wCuld be willing to use on a cost basis.

TES.  But do not foresee any immediate application for us. '
 MNO. Qur fagilities or test procedures are adequate,
_ MG, No needq.
_ GTHER: :
. $noald spgras systems be standardized for the existing i¢ing spray

tarkers, anc snguid instruments for measdrirg tre soray c¢loud

croserties ce standardized?
ci. CALTULATIONAL YIIENTUES '

beoowmere are & nurter of nandrooks availabla wnich provide tecnnical
12Ing Jata. which of tre foilowing do you use?

Engineering Summary of Airframe Icing Tecnnical

- bt
[ O '..’ata
ated ja)
_ VLH-E;'\
e SR LTS RSN DNICRSLreS AN 0N J4T3 in ADS.0 SuTStItent enousn i) IE
T - Tn e . e -~ - LU TR v =
AeTAEL L0 INTO LITTLler Joes Cor pralaminary design trage-ots
- - - s P - - - v q M - )
3LLdiE3 Znd oy Iriuts Lo mission anglvcas?
T . - -~ - - - ' . - r M
2 ATIT TEw 0e CroTastgoe ToeRm oAreas 40 vy teel nteel to Te
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Iddvesced Dy lnese Or onew tecrnizal narcocoks?
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Please 1ist and briefly explein any computer codes you use to
dgesign ice protection systems and to determine icing penalities.
Indicarte whetner they are proprietary or available in the open
literature,

Listed btelow are several computar codes that NASA is either
procuring or planning to procure.

0 Water droplet trajecturies for water catch rates and impinge-
ment Jimits on:

Zz-D lifting bodies (wings, taiis)

3-D Tifting bodies (wings, tails, fuselage)

3-D non-lifting bodies (fuselages)

Axisymmetric engine inlets at angle of attack
O Steacy-state neat transfer for anti-icing analysis.
¢ Ile accretion medeling cn wings, inlets, and rotors.

¢ Frediciion of aerodynamic penalties due t¢ ice accretion.

O

Transient neat transfer coces for de-icer anaiysis.

¢ Fredictton of shed ic

fu

trajectories,

wlil tnese c¢omputer cades te of use L0 you in addressing your
icing requirements?

»*

£S5, would suppiement or replace codes currently used

*YL3, Currentiy do nou use computer coges

NO. o woula net use any computer coces

20U w3ttt ogr

T oah3t a3l

TS oo
SN tnese D230 Lored: in-nguse e«rertize in
Iroorantiing 53 g 0 DLy sut
fervizay, 4 ONAZS Zyeate
ir Tae Tyee iefoil Zesion
SR TN eritt,’




AEAaTHER JATA
1. Are you satisfied with the FAR 25, Appendix C icing envelcpes

Tor certifying general aviation and smail Lransperts? Please
explain,

Z. What changes woulc you like to see in tne operational constraints
(certification requirements) relative to icing, in orcer to improve
utilization of tie existing and growing body of general aviatiaon
and smell uranspc.t aircraft? How would you Justify the change?

3.  w#hat advancemsnt: are needed o help justify the desired changes
of guestion 2 (e.g., instrumentaticn, ice protection capabilities,
and weatner forecasting)?

4. what improvements in weather forecasting would most cirectly heip
1¢ing forecasts?

w

Are you satisfied with the present me<hod of catsgorizing Lhe
1cing condition (e.g., trace, light, moderate, severe!? Please
expiain

<. 20 you owant an gn-tcard instrument that measyres clcud properties
ara trat could be used to evaluate the aircraft’s capability to
sperate i that Jocil ¢icud environment?

L. J2 wCu NItk @ pliot training movle snouid e made that accresses
tre orcoeiems cf flignt dnts dcing conait 1or’-—ncw to avoid 1%, how
Tvoattects airgrarvs cerformance, now Lo cope witn 1t, and new o get
2uT af iy

Final RECOMMENCGATIONS
wNat aspects 27 tne 1¢Ing orabiem most rieed atteriton?  n the snort
term? Ia tre ‘ong term?

5oaf the Jcing ern Couls NA
k] - I

inelell make Thne greatest
7 otne snert tert’  In tne !

SA
ong term:

™o




APPENDIX D-2

SUMMARY OF QUESTICNNAIRE RESPCNSES
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I.1

U

Section I

[CE PROTECTION SYSTEMS

ADDITIONAL DEVELOPVENT, RESEARCH, DESIGN, OR PERFORMANCE DATA
NEFDED FCR ICE PROTECTION SYSTEMS

Updating of icing information in ADS-4 and NACA reports for new airfoil
series.

Regeneration of FAR 15 envelopes.
Carburetor anti-icing technigues, including icephobics/“uel aliditives.
Trade studies of cost, weight, and effectiveness of all svstems,

Standardized design methods tc reduce engineering and certification
costs.

Generalized corputer programs to determine heat reguirements.
Electromagrnetic impulse:
-- Would like to see further develcpment.

-- Need relatlve effectiveness, power requirements, fatigue, desizn
impact.

-- Testing would be advantagecus to prove the performance of the svstenm
and to provide encugh information to accuratelvy assess svstem
advantages.




© 1.2 WHAT PRIOQRITY SHOULD NASA PLACE ON DEVELCPING AN ICEPHOBIC?

[

i i ‘
VERY LOW MED HICH VERY

LOW HIGH
"PRC" COMMENTS
1. Ideal to develop one which would also shed bugs and maintain laminar

flow.

1. Aim towards obiective of being easily applied, noneroding, and nighly

efficient.

3. Breakthrocugh is verv close - further RED is not hign risk.

1, Inherent low cost, low weight, and fail safe sirplicity are extremely
atiractive.

wn

NASA should continue to investigate the icephobic properties of new
materials and coatings. Also, some testing may be done in conjunction
with other delcing svstens, such as microwave, electroinpulse, etc.

UOONT COMMENTS

1. Not much potential in pursuing.
2. Verv low unless zne could elininate a syvstem or protect Jdifficult o
Jdelce areas that might shed ile.

3, Low tc middle orioritv until a oromising materlal rfamily D3 discovere

Ny =1 .. -
Aisk. mavorl:

.

b
1
—
e




1.3 WHAT ARE THE MOST IMPORTANT FEATURES OF ANY NEW ICT PROTECTION SYSTEM?

Feature No. of Times Cited
Low Cost 9
Low Weight 8
Low Power Loss Requirement 8
High Reliability b
Siplicity of Cperation 4
“inimm Effect on FPerformance 3
Good Capability 3
Low Drag 1
Low Maintenance !
Quick Respense L
Minimizes Tilot Work Load 1
Npedictable =0 as o Simplify Certification 1




WHICH NEW OR IMPROVED ICE PROTECTION SYSTEMS WOULD PROVIDE THE
GREATEST PAYQFE?

Svstem Ne. Times Cited
—

[cephobics 4
Engine Waste Heat
Microwave
tifreeze Fluids
Leading Edge Anti-icing
Acoustic
Ice Detector
Windshield Anti-icing
rassive, Low Weight and Power
'-L‘lﬂ .y
Those Casiest zo Retrofis
Supercooled Droplet Transformer

Electroimpulse




section [I

[1.1 ADDITIONAL COMMENTS REGARDING ICE PROTECTION PENALTIES

1.

We have been involved with three aircraft icing programs where freezeup
of the movable surface to the fixed surface occurred due to the
configuration of the balance horn. One aircraft experienced loss of
rudder contrvl. Two aircraft configurations involved loss of elevator
control. In all cases, desim changes were necessarv. One aircraft
configuration encountered strut buffet during our natural icing flighr
tests.  The buffet was subsequently reproduced with ice shapes attached
to the struts and the buffer traced te vortex snedding from the glace
ice horns. Redesign was necessary. The above deficiencies all involve
tlight safety, structural loss of a wing strut would have been
catastrophiz. Loss of pitch control could be overcome by pilet skill if
the situation were properly assessed bv the crew. Singly, loss of vaw
contral on 3 rultiengined aircraft is a small matter.

argest renaley which could be amelicrated through NASA sponsored

13 the design time and Jdevelopment orogram ¢ost associated
with assuring safe and reliable anti icing svstems. The weelght
performance, and cost penalties to the overall aircraft can hest he
Juantified by the airframe Sompany since, in virtuallv all cases for the
class of applications served bv AlResearch engines (APU's, business
aircraft, and flighr ransports’, we are able to design our 2ngines so
that thev do not require active anti-icing in the ongine, and our
requirement s onlv o SUPE LY a scurce of bleed air to the airtframe for
inlet anti-icinyg,

el
Lr,
)
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<
e |
rt
L
—




Section T11

PROPULSTON SYSTEM ICING

[TI.1 [CING RESEAR(CH NEEDED IN SUPPORT OF FOLLOWING PROPULSION COMPONENTS

JARBURETCRS

Needs further research.,
No nesd. (D

Needs more study - using advanced ice Jdetectors. icephohics,
fuel additives.

Research on ilcephobics would he of benefit.
Tests of tuel additives to prevent carburetor icing.

Tests of throttle plate coating to prevent ice formation.

Needs turther resegrsh.
None needed. =
Alternate air inlets.

More research for IU engines, especially inlet deicing.
LO0R AT use oF engine oil for 1cé protection.

Research on ivephobics would be af henefdit.

Desiyn tor Jecreased ive acourulation on leading edves of Jowling.

Needs surther research,

None neaded, -

RO R B e Ty ey eyt ey .
Nedud rerianle dctoriialn to elooTrisal anticosoan,

A
Research 2 toepihebics would be of henedit.
e e N
Y o w0
A T P N
AT ST ST A S T -
A LT - 3= * H e
AN SSoartioae URCTo g, va L, Loing hear transer, ol




17I.1 {(continued}
INLET GUIDE VANES

None needed. (10

Need ice particle trajectory analysis, icing H.T., standardized tech.,
etc.

Look at jamming tendency after Jelaved actuaticn.
Consider use of engine oil for ice protection.

Research on icephobics would be of interest.
CORE INLETS

Needs further research.

None needed.

L
Need ice particle srajectorv anal., icing heat transter

147

te.

Research on icepheblcs would be af interest

~ENCINE/FAN INLETS
Jowl and lip shape collection efficiency as fimetion (inlet vel., angle-
of-attack, Jdroplet sizel.

Desire performance and eftect of runpack ice Jdue to shorter heated
surface lengths with qeoustical tyeatment aft of inlet lip.

Need ice particle frajectory analvsis, icing heat transfer, €to.

Jesearch on ieephobics would be af henetit.

TAN SLADES

wead {oe particle trarectory malvsis, foine heat transier, IO,
Qesearch on fcepnobiss would he of benerit

N T
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I1r.:2

ANALYTICAL AND EXPERDMENTAL RESEARCH RECUIRED ON SHED ICE CONTROL
AND ENGINE DEICE HEAT TRANSFER

Doubtful trajectory analvsis could be applied with confidence. Look at
deicing rudomes to control mass and form factor of shed ice.

Would like to see flight or wind tunnel ice shedding tests.

Look at inertial separator used for typical turboprops - low weight,
low drag, simple, and iow momemtun losses.

Yo additional research needed from airframe manufacturer's viewpoint,
water catch research on rotating spinner shapes needed.

Improvement in methodology of shedding ice required.

Need research in what causes shedding.

Jesign guides for inertial separators neaded.

Look at use of exhaust heat to deice engine inlet lips.

Am for low cost engine Jelce avstem - no research needed for shed
™o




III.3

[ %)

RESEARCH REQU.RED TO MAKE ICE PROTECTION SYSTEMS .COMPATIBLE WITH
ENGINE COMPONENTS MADE ©F COMPOSTTE MATERIALS

None, but need basic data cn aircraft corponents of compesite materials,
Impact properties on engine composite materials.

Thetmal characteristics of composite materials for inlets 2nd nacelles.

Testing to develop thinnest possible skins and verify heat transfer to
surface.




Section IV

ATRFRAME ICING

Tv.l WOULD YOU LIKE NASA IRT DATA ON AIRFOIL LIFT, DRAG, PITCH MOMENT
AND DELTA STALL SPEED?

AIRFOILS ON YOUR CURRENT A/C? YOUR FUTURE AIRFCILS?
— —
—_— s !_____.:
1 — 1 "
% ' |
i ! : i |
YES NC N0 YES N0 NO
ANS ANS

NEW COMPUTER-DESTGNED AIRFOTLS?

il

YES NC NO
ANS




TV.2 WOULD YOU LIXE NASA IRT DATA ON ICE SHAPES FROM WHICH ARTIFICIAL ICE
SHAPES COULD RE MADE FOR DRY WIND TUNNEL TESTS?

— —
YES N0 \C
ANS
D-I3




V.3 ATRCRAFT CCAPONENTS VULNZRABLE TC ICING NEEDING SPECIAL DET LGN
GUIDELINES

CCMPONENT NO. QF TIMES CITED

Balance Horns
Antennas

Struts

Control Surfaces

~ose Shapes

External Inlet Scoops
Engine Inlets

Props

Stall Warming Devices
Windshields

txposed Wheelwells

None Neesded

NO Answer

P T



L

(¥

o

4 WHAT RESEARCH TS NELDeD TD MAKE TCE PROTECTION SYSTR
COMPATIBLE ViTH COMPOSTITES?

Applicability of thermal devices - other svstems?

Investipgate pecullar problems asscociated with various svstems.
Study ice protection systems for carbon fiber compesite leading edges.

Analytical investigations should be made to determine type of system
most cumpatible, followed by icing wind tunnel testing to verify its
adequacy and establish design parameters.

Heat tolerance of composites.

long term ratigue of ¢omposites when using pulse cr vibrutory methods.
Also, effects of antifreeze fluids on composites.

Teszin, to develop thinmest possible skins and verify heat transfer to
surface.




V.l

Section V

TESTING TECHNIQUES

RATING OF METHODS FOR ASGESSING ICING PROBLEMS

RATING AS TO METHOD OF ACCURACY

MOST -

Full Scale Wwind Tunnel Tests
Flight Tests in Natural Cloucs
In-flight Tanker Spray Cloud Tests
Analyvtical Techniques

Subscale Icing Wind Tumnel Tests

Ground Sprav Cloud Tests

TO-LEAST PRACTICAL METHODS
In-tlight Tanker Spray Cloud Tests
Analvtical Techniques

Full Scale wind Tunnel Tests
light tests in ~atural Clouds
Sround Sprav Cloud Tests

Subscale Icing wind Tunne' Tests

AVATLABILITY 2F METHCDS

In-tlight Tanker Spray Cloud Tests
Subscale Icing Wind Tunnel Tests
Fall Scale Tcing Wind Tunnel Tests
Fiight Tests in Natural Clouds
Analvtical Technigues

around Sprav Uloud Tests



V.l (conyinued)

LEAST-TO-MOST COSTLY METHODS
Analvtical Techniques
Subscale I[cing Wind Tunnel
Ground Sprav Cloud Tests
In-flight Tanker Sprav Cloud Tests
Full Scale Icing Wind Tunnel Tests

Flight Tests in Natural Clouds
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DMPROVEMENTS NASA SHCULD AKE TO THEIR ICING FACILITIES

Increased range of liquid water content (LWC) .

Improved force halance svstems to obtain 1ift, drag, pitching mement
data.

Improved insSTruments.

Higher speed capability (%o 400 mph) .

fower termperature.

Improved wake drag system.

Refurhish vanes, blades, et¢.

Droplet size and LwC calibratien.

Blowing falling Snow and ground fog capability for engine inlet tests.
\pre tunnels o reduce lead times.

Tastrument tunnel for 'frost” testing.

Aritudes o 20,000 feoet.

Aurcmated control svstem to assist in taster stabilization of tunnel
corditions te save tire and energy.

nifem cloud at test section.

Veasurement of Jroplet sile and LwC Juring testing.

Corputer-linked atd recording and processing.



V.3  SHOULD NASA-LRC ALTITUDE WIND TUNNEL BE REHABILITATED T& PROVILE

EXPANDED ICINC FACILITIES?
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YES  YES NO NO OTHER NO
ANS
JOBMENTS
1. Increase :ange of loing parameters.
I To not associate M = 1 requirement with icing as a problem.
200 kmots adequate.
3. First priority should be climatic research.
1. Need flow provisions to test enygine inlets.

Also, alternate rain sprav rigs.

&
t 4
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"No's" were inferred from the tollowlng comments:

SHOULD SPRAY SYSTEMS BE STANDWRDIZED FOR THE EXISTING ICING SPRAY
TANKERS, AND SHOULD SPRAY CLOUD PROPERTY MEASUREMENT INSTRUMENTS
BE STANDARDIZED?

ANS

oubtful srandardized svitern could be Jdevelo
1 \.

o e ope d Real need for real
time, affordable, water Jroplet Jdiamerer svsiol

s

o standardize, but deslen cuidelines would be useful. Need
rrment of inexpensive, reliable, immediate readout ot LWC and
i lnstruments.

[
=3
(@]
e
it
L
rt
'
o
ta
T
~

Trefer oot to flv behind a tanker Jdue to problems with controlling
Jdroplet -lze In lL-JJu range and difficulty in controlling =prav paltern.
Zevelop new equirment.technicues to fontrol and measure LWC and Jdropler
Size more agouratelv,

Standariization second in bprortance o accurate measuroment and
rediction of droplet size and distribution.  Standardization mav prove
co limiting Pocanme conditions diffor with aircraft e, altitude,

re

oot oonsidor necsssary, SaTisfacTorm rosulTts onew. standardizatoon
1
L

ould increase requnrenents resulting o ocomplrioation ol oxponso
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Section V1

CALCULATIONAL TECHNIQUES

V1.1 THERE ARE A VIMBER OF HANDBOOKS AVAILABLE WHICH PROVIDE TECHNICAL
ICING DATA. WHICH OF THE FOLLOWING DO YOU USE?

!

1 |
| !

FaAA FAA CTHER NO
ADS-4 RD-T1-"o ANS

[ i

OTHZRS NOTED:

1.  WADC-TR-34-313, A Design Manual for Thermal AST Systems.

2 vynalvtical Investication of Alrcraft Windshield anti-ice Systems.”
3. 3AC Mpplied Themodvnamics Manual.

1. EAN Advisory Jiveular 20-73, UAireraft Ice Protection.”

3 HAR 23 Appendix . Not a handrock as such, luthor.!

s, feouglas Airoraft Rpr. L1378, Manual for Alrcrart lee Mretection,”

h - o AR | - .-
1ITious N Tarorts,




VILD ARE IHE DESTGN PROCEDURES AND ICING DATA IN ADS-4 SUFFICIENT ENCUCH
TO BE WORKED UP INTC COMPUTER CODES FOR PREIIMINARY DESIGN TRADEOFF
STUDIES AND FCR INPUTS INTO MISSICN ANALYSES?

CORMENTS

Must
o

be aware of inaccuracy of data due to measurement techniques
-

of the Jdav.

Limited application.

v obe better to use 1t in the manner it is presented and then
sumle oo An all

mRFsing program tends to not be general enoigh to handle all
STeCivls protlems.

mputer cade to handle a specific probienm.




VIL3

MIAT NEW TCE PROTECTION PROBLEM AREAS DO YOU FEEL NEZD TO BE
ADCRESSED BY THESE CR NEW TECHNICAL HANDBOORS?

Protection of leading a=dge devices.

All new generaticn naterials.

Neither handbook has sufficient water catch/shape data and both lack
information on rctating svstems and ice surface adhesion. Additional
information is also needed on convection and evaperation for the
various shapes of interest,

Rotors. No good svstem exists vet.

Reevaluate icing criteria parameters, airfoil icing shapes data.
Parasite ice on surfaces parallel to airstream.

Shadow-zone and high concentration zone of droplets in the near
vicinity of a fuselage. Also, effect of engine mass flow on rose cowl
ice collection, and impingement and aerodynamic effects data cn new tvpe

3irfoils, such as supercritical, both with and without high 1ift devices.

Icing of non-airfoil surfaces.




Viod

WHICH EXISTING AREAS CCVERED BY THESE HANDBOCKS NEED MOST
[MPRCVEMENT?

More accurate methods to predict ice shapes which could be simulated
in drv air tests.

A good primer for certifying to FAR I5.1093 and 25.1412 would be
helpful. AC-20-73 is verv incomplete.

Design methodeology, design parameters for optimization.

More exact ice shape prediction would be Seneficial. Also, the thermal
analysis given 1n the 3AF manual should be expanded to cover the exact
airtoil being analveed,

Use of gntitfreeze fluids.

Reevaluate lcing criteria parameter, alrtoil ice shape data.

Cc1se methods for determination of ilce shapes. Tce shapes on a 10 om
L <ould be preciselv determined under various zest condivions and
used as an impingement shape.




VILS

1.

tat

* ALl

PLEASE LIST AND SRIEFLY EXPLAIN ANY COMPUTER CCDES YOU USE TO DESIGN

ICE PROTECTION SYSTEMS AND TO DETERMINE TCING PENALTIES. INDICATE
WHETIER THEY ARE PROPRIETARY CR AVAILABLE IN THE OPEN LITERATURE.

*yindshield and engine inlet anti-icing - company Drograms published in
FaA certification reports.

"pOTT - potential flow program - rwo-dimensional or axisymmetric flow
field. Can accept models with one or more surfaces, such as an engine
inlet with centerbodv. Can account for engine air appetite. Includes
subroutine to rotate the model to any desired angle of attack.
Acceptad by FAA.

"DROP' = droplet trajectory program. Uses POT to compute model
impingement limits and water loading. Imposes Langmuir A or D droplet
distributions as coded by FAA.

“HOT" = thermal program. we have developed a handbook of methods and
technigques for steady state and transient. Unpublished.

*Handbook for glaze ice shepe prediction using analvtical/graphical
methods, using output cf DROP. Water loadings within the stated
porulation form the hasis for shape prediction. Method accepted by
FAA. .

Compuzer programs basec on hanchocks of VI.L.

Icing collection apalysis programs.

*\FROICE, Jescribed in AFFDL-TM-79-31-WE, and i3 available on request if
approved bv higher headquarters.

*Company thermal analyvzer program, impingement and heat requirements
progran.

Several heat transfer and droplet trajectory programs.
Ice shape program.
Aerodvnanic tflow fieid Jefinition code.

Zode for calculation of water Jroplet trajectories to compute ice
collection efficiency and limits of impingement.

Ueqs transfer analvei: sode to dletermine evaporaticn rates and raabadk
ive amoumts.

wur these wers itdentifisd as proprietary.




WHICK OF THE FOLLOWING COMPUTER CODES THAT NASA IS EITHER PROCURING
OR PLANNING TO PRCCURE WOULD BE OF USE TC YOU IN ADBRESSING YCUR
ITING REQUIREMENTS?

No. Times
Code Cited

Water Droplet Trajectories for Water Cactch
Rates and Impingement Limits on:

2.D Lifting Rodies

3-D Lifting Boiies

3-D Non-lifting Bodies

Axisvmmetric Engine [nlets
at Angle of Attack

Steady-State Heat Transfer for Anti-ice Analysis
Ice Agcretion Modeling on Wings, Inlets, and Rotors
Prediction of Aerodwvnamic Penalties [ue to Icing
Transient Heat Transfer Codes for Deicing Analvsis
Prediction of Shed Ice Trajecrories

No Answer

WHAT ADDITIONAL CCDES OR SPEZIAL FEATURES WCULD YOU WANT TN THESE
CODES?

Liquid water content and droplet si:ze.

Ice coliection efificiency, upper and lower surface impingement
limits, etc.

Ice shed trajectories from wings to rear mcunted engines.

Frediction of ice adherence characteristics toward outhoard
sections (3-D effects),

Nonaxissmrnetric engine inlet applications.




V1.7 SINCE THESE CODES WILL REQUIRE EXTENSIVE IN-HCOUSE EXPERTISE IN
PROGRAMMING AND ANALYSIS, SOME COMPANIES MAY PREFER ¢ BUY SUCH
SERVICES. WHEN THESE CODES BECOME CPERATIONAL, SHOULD NASA CREATE
AN ICE PROTECTION ANALYSIS CENTER SIMILAR TO THE AIRFOIL DESIGN
ANALYSTS CENTER CREATED BY NASA AT OHIO STATE UNIVERISTY?

4 NO

LNS
B—

| S —

OTHER

_YES = PROBABLY ___

| NO O No |
¢ N NO ‘

COMMENTS FROM "NC™ OR "'PRCBARLY NOY' RISPONDENTS

1. would run ourselves. i
2. weuld prefer in-house andlvses. However, would consider outside source

1f turnaround time were attractive. Only water loading and surface

tressure ccerflcients would be required from the outside source. Thermal

analvsis would occur in-house.

5. We do not see the necessity in establishing an ice protection analvsis

- center. [t is difficult to see how such a center would he cost effective.
: In addition, considerable product liability difficulties could be
Jdeveloped.

+.het sure. M first impression is that the codes could he used by the
companies themselves.  I've heard that the Thio 3tate facility is not
teing well utilized. It's toe earlv to make a judgement.

(PN}

Not recormendad. We would rather have the codes available £or our own

HEE. -l
adapration,




| Section VII

WEATHER DATA

L VII.1 ARE YOU SATIFIED WITH THE FAR .5, APPENDIX € ICING ENVELCPES FOR
CTRTIEYING GENGHAL AVIATION AND SMALL TRANSPORTS? PLEASE EXPLAIN.

YES NG A0
NS

1. EAR 23 envelcres were Jeveloped using quest rionable instrumentation but
have been applied with geod results. Indications are that envelepes are
ey conservative but hard o argue versus safery. Doubt FAA would want

\ L
to change criceria.

S, tave been used satisfactorily in past. Need updating with mere cloud
Jdata on LwC and probabilities to -3Llllt3t€ more meaningrul mission
analvses.

N UOMMENTS

5]

1. Betwer Jefinition at low altitudes.

Horizontal cloud extens is in error for maximm intermittent (700 shoreo?,
FAA Regieon would not allow time..listance factoring specified in Appendix
< for approval. One rosition must change - either BAA OT FAR 2

T, Nens of the data avatlable on icing sncounters supports the FAR fart oo

-0,
Appendiy U, requirements for oo protection at low altitwdes when the
ambient te “Ph.gtJr\ fa -I29F contimuous maaimm icing condiTions’ s

ey of fxodiS7isult to omeen for thermal loe proted
Tioan avate red which result. in ineffidlency Dov
all operation in icing Jonditi we suggest that the ﬂillt!”‘ TeQUILTE -
wnts which elim: lee 7 ‘on helow 4 line through 3.0 0t
altivade ar - v .': W L TYPT oare more voalistic. icuuallv, nore
escarch s ¢ ¢ “inition of limitations closer W0

SXTOT Lenee




VI (continued)

=3 4. Altitude limit - too low, validity of low temperature icing point -
questionable.

5. The -I2°F at sea level is unrealistic. Should emphasize the operational
= +10 to +32°F at sea level to 15,000 ft. Design philosophy behind
_ Appendix C is to have an envelope that will include 99.9 percent of all
icing encounters and ailow the aircraft to remain in these conditions
for an indefinite period of time. This not needed for G/A aircraft
or helicopters used in non-air carrier operations. Also, FAR 25
envelope appears to be inaccurate at lower altitudes <5,000 ft. May
also be tco representative of maritime climates.

0. Current icing design envelopes are based on extensive NACA muilticvlinder
data. This data should be confirmed with the more accurate scattering
spectrometer instruments currently available. I[f confirmation cannot be
obtained, new cesign envelope maps should be defined.

Large drop sizes are verv difficult to obtain in a matural envircnrent -

net representative of actual conditions. Also, the high liquid water

content specified for the 15 micron drops in intermittent maximum

conditions is difricult to obtain in natural icing conditions and probablv

et very.representative of actual conditions. -




VIL.2  WHAT CHANGES WCULD YOU LIKE TO SEE IN THE OPERATIONAL CONSTRAINIS

Lri

B wousd

CCERTIFICATION REQUIREMENTS) RELATIVE TO ICINC, IN ORDER TO IMPROVE
UTILIZATION OF THE EXISTING AND GROWING BODY OF GENERAL AVIATION
AND SMALL TRANSPORT AIRCRAFT?  HOW WOULD YOU JUSTIFY THE CHANGE?

No changes until the wvalidity of current data are verified.

Criteria for rotorcraft are lacking and FAA is taking steps to toyrrulate
appropriate requirements. This need emerged as the next logical step
after helicopter IFR approvals. Also, a definition of "falling and
blowing snow' per FAR 25.1093 is neeced.

Raise temperature frem -22°F to +10°F, delete requirement for analvsis so
certification could be obtained bv test only, delete ability to certify
by analvsis onlv. With inappropriate FAR 25 envelope, present
operaticnal rules are intolerable. A forecast of "occasional light
icing'' would completely ban all nonequipped aircraft certificated in

last few vears, even though such exposure would probably be without
significant hazard.

Limitation of f£light into known lcing conditions should not be reguired
when lergth of time in and degree of icing is known bv the pilot to be
verv small, e.g., climg to on-top through shallow c¢loud laver. This
could te justified by pilot judgment.

[cing certificatien should consist of selection of the most severe points
for a given application and subsegquent test cf these points or their
equivalent. Fixed certification points should not be emploved. The
fixed greund fog certification point needs to be confirmed with test data
or modified to reflect proper axposure to greund fog.

we would like o have the ogption to certifv by tests for not more than
three flights inte icing conditions and analvsis to cover the remainder
ot the envelope. In some cases, simuloted ice shapes would be used to
cover unprotecced areas. We are not contident that flving behind a tanker
Zives recresentative results. Therefore, the number of fliphts required
to cover the iLling envelope would be astreoncmical and totaliv
nacceptable.

Limited ailrcrafs oing certification for limited icing conditicns.

ALl AN regmions must o ablle by same regulations.

Lixe [0 see uniform interpretation of FAR's v oall FAA resions.
Some relond are vers arbitrare in their interpretation and tre to appiv
“AR Part I3 interpretations to TAR Part 23 regulaticn and atroradt. This

IF opartioalariy tmiue oF reriyringe Jriteria.

a4




WHAT ADVANCEMENTS ARE NEEDED TO HELP JUSTIFY THE DESIRED CHANGES OF
CUESTION 2 (E.G., INSTROMENTATION, ICE PRCTECTION CAPABILITIES, AND
WEATHER FCORECASTING)?

1. Instrumentation for real-time determination of water dreplet diameter 1s
perhaps the biggest need.

2. Of course, part of the problem is a lack of adequate forecasting tech-
nigues in the civil arena. It is worth neoting that the military allows
partial icing operations (i.e., in light icing), provides better
operational forecasts, and does not appear to have airplanes falling out
of the skv in the winter.

A slight digression. Carburetcr ice forecasts are now well within the
state-of-the-art. With forecast relative humidity and temperature at

. altitude, the forecaster could use the NASA or Canadian derived charts
and predict the severity c¢f carburetor ice.

3. Actually, the desired thanges of gquestion . can be iustifled with
present capabilities. It is the pilot's judgement that is the kev.
However, anv increase in the ability to forecast icing conditions
accurately would help the pilet make his decision.

4. Desirable o Jevelop new ecuipment or technicues which could be used to
control and measure liguid water content and Jroplet size more accuratelv.

5. Better forecasting - particularly at . specific altituldes.

o, FAAN Induscry MECQT neeting on ilce regulations.

. Familiarization of Part 23 FAA zeople with FAR Part 23 aircraft and their
operating characreristics.

AER




VIT.4 WHAT DMPROVEMENTS IN WEATHER FCRECASTING WOULD MOST DIRECTLY

HELP ICING FORECASTST

\pre use of satellite photos. Improved ice forecasting relative to
probability and severity.

Some needed. Carburetor icing forecasts are now well within the state-
of-the-art. With forecast relative humidity and temperature at altitude,
forecaster could use NASA or Canadian derived charts and predict the
severity of carburetor ice.

Ieing forecasts would be helped most directly bv better forecasting of
temperature changes with altitude and cloud tops.

Liquid water content real-time data are the weak part of forecasting
icing. Create a liguid water content data base and most of the forecast
oreblem would be solved.

Aircraft feedback to central forecasting unit.

Deteymination of drop size presently in cloud.

Determination of liquid water content in clouds.



VIILS  ARE YOU SATISFIED WITH THE PRESENT METHCD QF CATEGORIZING THE ICING

CONDITION VE.G., TRACE, LIGHT, MODERATE, SEVERE)? DLEASE EXPLAIN.

YES NO NO
ANS

CXPLANATIONS :

i.

(93]

-

[ an not satisfied with the present categories of icing severities. They
are quite ambiguous and require knowledge of the airplane that the
forecaster had in mind. As a pilot reporting scheme, thev are marginally
acceptable. I would prefer a mmerical scale (one to ten or one to one
hundred) listing the icing severities with an airplane specific
calibration (i.e., eight on airmplane XX is moderare’.

“ =2
would be tied somehow to the size airframe and the potential
effect ¢n e *orﬁarue.

ategor*:inq of tHe icing condition te.g., trace, light, moderate,

The present methods of categerizing ice accumuiations (trace, light,
mederate, severe, rime, glaze, etz.}, are nadequate and mean different

things to Jifferent people. A quantitative definition scheme is needed
suclt a3 might be obtained with an ice Jetector. An onboard ice detector
would be userful if it were reliable and in expensive,

The characterization of the severity of icing should be addressed in
relation ro specific aircrart.

Ciassification of icing severitv in the neteornlogy reports in more
3 1ot £+, Inches of rime [C2 per minute of axposure .,

45
]
i
-

4"

New lefinition and teminelogy are needed.  The curront Jerinitions are
0t meaningrul to a oilot <

“acad wiotoan operational oroblem.  For
examrle, the def

- - - - 3 - + 1 - - Ly e
severe loing Jescribes the condision a3 '
o1 - ] H. .. . -
Tatle 2D oacogmulation T L.L‘Lt.lr“.., anti-.

1 . - . 1 - -
1 NI 2gulrment Tiilsoto
A0 ALtk

<
¢ Time this can e recognizeld, i

rt

TRALCY 2T Zontrol
1

AV he tpo L:

. - - - ATy 1 Ly . - LR ]
te. tew levinitions and terminolos in weather reper - inye o
= B
Ml needs o he —ove Juantitative and relatod = what the Briot ooan
3

rerational lecisions.  Uor oy ayple, a4 scale conld e




V11,5 (continued)

used based on the degree of hazard associated with atmospheric ilcing
conditions. Specific airplanes could be certificated to fly up to 3
given scale. weather conditions could be classified according to this
scale in weather reports. A pilot could be guided in his operational
decision on how his airplane capability compared to the reported
weather.

5. [= is a subjective methed and nct objective.

ALl agencies must use compatible terms, FAA vs. Weather Service, ete.

w

Conditions need to be more specific as to icing paranmeters. FDL Statf
MereoTology 1s beginning a report tentatively tirled CategnTization of
\ircraft loing Response, which will use icing sensitivity Jata.

2. TAA Joesn't permit limited icing flight approvals as in the case with
several foreign agencies. Ferhaps accepted definitions of light and
moderate icing, coupled with service experience and improved forecasting
could overcome FA\ position of tull approval or no approval,

10, Al agencies should use the

fha

are terminology for icing conditions.




VIT.6o DO YCU WANT AN ONBOARD [NSTRUMENT THAT MEASURES CLOUD PROPERTIES AND
THAT COULD BE USED TO EVALUATE THE AIRCRAFT'S CAPABILITY TO OPERATE
IN THAT [OCAL CLoUD EMVIRCRETS

443

| YES N0 NO
ANS

TVES" COMMENTS

1. Yes, but look-ahead capability would be reguired.

- If limited icing tlight were permitted, a svstem such as the Rosemount
[ce Severity [ndicator would he MARGATOTY t0 appraise the crew of actual
vonditions,

3. e cerzainly Jo want onboard Wmstnmentation ¢ measure oloud propertics
roresting. It would also be desirable to have equipment which colld
detect within, sav, ren miles, where actual lcing conditions exist.

Jomet imes an 411rplane flving at cne altitude experiences no icing where
another airrlane flving 1,000 feet above Jdoes hgyve an icing encounter.

. Yes, if costireliability factor is Jood,

2. seunds Uike a good tdea i€ ir could be developed with high reliabilite
nd accuracy.

INMTCOMMENTS
«+ SWChoan nstrment sheold N0t he required on hoard,

N y [ S, I T - . — 1T s e -y - . . . PP
- Nu, unless the coss Wls very Low o mwerrerarad in oal roads existing

p oy

Sauitment liae weather radar.

S onboard instrument te medstre cloud provertics ixoan indisecr methed
STOASSCRATeNT. AN instvoent sould e Tetter toomensure the WhiuL e
MeTelionoon the alrrlane bur ocnlv in Those oonflarat ions whers the
SLITLIN SUrTaCes mav not ke Lxgatel: visibie 2o the prliot,  The viaal

c iy em S s e TS T SN
ASSesdront A IS ATl the heoas WY T o0,
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4.

I

.6 (continued)

Additicnal required instrumentation on aircraft would constitute a safety
hazard due to (a) increased pilet work load in an already hazardous
environment, ) additional electrical power requirements at 2 time when
it could not be tolerated, and (¢} such a device would require a nrabe

in the airstream, creating additional drag, and malfunctions (e.g., not
deice) it could create extremely hazardous situation in an icing

environment.




Section VITI

GENERAL

DC YQU THINK A PILOT TRAINING MOVIE SHOULD BE MADE THAT ADDRESSES
THE PROBLEMS OF FLIGHT INTO ICING CONDITIONS - HOW TO AVOID IT, HOW
IT AFFECTS AIRCRAFT PERFORMANCE, HOW TO COPE WITH IT, AND HOW TO GET

QUT QF IT?

COAMENTS

o bhasic Tilm, pilots should be schocled in the zovullarities
iy -

AlTCTALT hype.

pliot training {s imporzant. Most G/ pilots are afraid
Then with their first couple of exposures usuallv
wing’ thev »ecome brave. Their bravery continues until
lous encounter. ALl too often the forecasting philoscphy of
ng e (1.e., call for severe when it's really moderate’
ravado until the tinal, often fatal, serious iving
Tment rating exam should have realistic questions

T Iraining movie on icing wowld e valuable as an educational aid.

subllcations and films which promete an anareness of ioing nroblems woulld
e ousenl.

A pilot training mevie wihich addresses 14 nto knewn toing conditions

would beovery worthwhiles [t ois net possible e build 1 ceneral aviation

13w T qes " Vs v g ‘. e e e ! . -
AT LA : et Dol Wil A DOssihae? oing
S
R P

and —es

- -
.

I Y SRR ey i
TS s0d TRl Sk, DTaiining,

CoDIne with lcing condis tons.




VIIIL1l  (continued?

6. In some way the message needs to be disseminated to aircraft owners on
the value of anti-icing and deicing svstems and how to recognize their
need,




IX.t

Section IX

FINAL RECOMMENDATICONS

WHAT ASPECTS OF THE ICING PROBLEM MOST NEED ATTENTION?

IN THE SHORT TERM?

Ice accretion and shapes for a combination of water droplets and ice

crvstals,

Development of fluid anti-icing/delcing systems.
Developrent of airframe and engine ice Jetectors.
Modification of operating rules.

Pilat/owner education on icing.

Pilot training movie plus the FAA safety clinic subjiects.

Icing forecasting.

IN THE LONG TERW

[a—

1]

Refinement of current FAR 25 envelopes and establishment of limited

icing fiight requirements.

Climatological studies of the icing probabilities in the lower airspace
‘helow 3,000 £t and in the inland sections of the countrv.

Teveloprment of good rlight test spravy rigs and instnmentation.

Pevelopment of an ice phebic.

WCInNg oAl IInS.

IOENTIFTHD AS SEORT OROLONG TERM

Research in 4 more comprehensive and accurate Jefinition of climatic

. . s
e leo? il e Diay v ey s
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3. Researching alternatives to pneuratic beots.

4. Uniform interpretation of FAR's by all FAA reigons, and standardization
) of certification precedures.

5. Training of pilots on how to avoid .ce, cope with it, etc.
6. Generation of experimental impingement data for latest airfoils.

. Development of efficient anti-icing for composites.

(.3

Irproved methods to Jdetermine ice accretion shapes on unheated surfaces.
a. Definition of updated i1iing envelopes.
10. Reduction in engineering and certirication costs to manufacturers.

11. standardization of in-flight icing terms, icing reports, and certifica-

a
ion procedures and regulat ons.

e {f]

12. Development of new, low cost ice protection systems such as electro-
imulse, microwave, eto.

13, In fornulating the NASA Icing Program, high prierity should be placed on
the generic and hasic research aspects of aircraft lcing. For exampic,
*o comprenend the tasic chenomeron of ice adhesion and to inderstand the
complete phvsical process which causes ice to adhere to other materials
would represent a major advancement in the attempts to define ice phokic
—aterials and svstems which mitigate against oOr inhibit the accretion ot
ice. The achievement of such a goal would not only have far reaching
impact on aircrart safety but also would be significant benefit ta

ground-hased svetems { for exarple, antennas for navigation aids).

11, Another major program darea for NASA emphasis is icing environmental
Jefinition and forecasting. It is common knowledge ameng the pilot
norulaticn that all too often forecast icing is not encountered and
icing encountersd is not forecast. Also, forecasters tend to be .onger-
vative which inhikits orevations in aircraft without ice profecticn. A
masic understanding of the icing envirenment and hew it changes with
Sime weuld not only atfford more accurate and reliable forecasts and
hence creater areratiomal capability, hut also provide xnowledge which
;culi me used while dirhorme o minimize the effects of oo by a
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The aspects of the icing prchlem which need the most attention are the
design envelopes, water catch characteristics as a function of shape,
lmproved spectrometers, drop supercooling characteristics and icephobic
NASA could make significant contributions in all »f these

coatings.
areas.



.2 IN WHAT AREAS OF THE ICING PROBLEM COULD NASA MARE TH: GREATEST

CONTRIBUTICAN?

THE SHORT TERM?

1. Additional ice
current airfoils.

©.  Correlate studies by a number of companies in cloud physics to validate

current 1Cing envelopes.

5. Standardize icing tests

IN THE LONG TERM?
None
NOT IDENTIFIED AS SHORT OR LONG TERM

L. On going programs in ice phobics, instrumentation, and analvsis
All areas would involwve
clearing house for exchange of u1+orn1twon and the test

technigues.

correlation or proving tests,
Z. Data ‘cll ion from

ek

NASA could make the grethaL
ment of an ice phobic or a

in front of
surtace

[oe]
tem

Of the alry )lhme.

1. The research sugeested and described in this guesticnnaire would probably
involve several Jifferent research agencies, including the FAA, the
National seather Service and NASA. NASA's ¢ gat rcle would be as the
initiating and coordinating agency as well as the responsible agency rorv
marts: of the research needed.

5. We'ﬂ'o“iW* shrough theoretical anaivsis of the subicct, testing of all
available svatems, then rublizhing desigm gquldes for manufacturers To
insuTe deguate desiond for Wing protoction.

D Reevaliite foine paramerters as relatad to fixed wing and rotarms wing
prorart Vlaa, Petter and mere 10y test radilities

collection efficiencies and impingement studies on

facilities,

/A cperators (not "FARY
VAR IS5 Appendix O
is wOTST :ase tor FAR 1.1 operations rather than

Jevia tc to otHLv axrvort:. use alternate R
ntribution in the long term in

Vs which Jdisturbs the supercooled moisture
the airplane Lausing it to

and instrurentation.

industry with NASA acting as
facility for

121 oreratiens) to
requirement.  Fimly believe

cancel
routes,

r ability to qela» flights,
- NAV

T,

develon-

freeze hefore it contacts the




The NASA contributicn should he on improving the technology base for
icing predicticn, measurement, and correlation with flight experience.

Applications of the analvsis and techniques should be the responsibility

of the user ie.g., the Adr Forcel.

Standardization of testing and computer technigues to allow reduced
certification costs. Coordinate the information and direction with the

regulatory agencies such as FaA, DOT, etc.
. Airfoil or component shape - design to reduce 1c€ collection

. NASA could form @ bank of computer nrograms for all shapes of

hardware and facilitate industry use of this information
Sponsor icing tunnel tests of new ice protection systems te Jdetermine
performance and feasiblity.
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APPENDIX E

SURVEY OF AIRCRAFT ICING STMULATICN
EACILITIES IN NORTH AMERICA AND EURCPE



SURVEY OF AIRCRAFT ICING SIMULATION FACILITIES IN NORTH AMERICA
WILLIAM OLSEN
ICING RESEARCH SECTICN
NASA LEWIS RESEARCH CENTER

NASA was rejuested to survey the capabilities 2f the facilities 1n
North America that can do aireraft icing simulation tests. The survey
was requested by the Standing Committee on Icing, which 1s Jolctly sponscred
bty NASA, FAA and NGAA; the military services have also expressed a need
for this survey. ZEuropean lciag facllities have already been surveyed and
reporsed in AGARD Advissry Repert 127.

"™he reascrs for the surﬁey ars ts: (1) iaform the icing research

smmunity of the capabilities of existing icing facilities, (2) make 1t
easier for a posential facility user to select and contact the icing
facility that is approprizte for his test reguirements, and {3) nelp
fasility zanagers eyalua:e and izmprove thelir facility.

The survey determined the lscatisn and size 2f each facility, its
girspeed and temparature range. lcing cloud parameter ranges, and the
technical person to contact. The facilities surveyed and their capa-
tilities are listed in taties A o D, one for each of the four types
acilities tha+t are described on figures A to D. The
capatilities of each facility vere estimated by the engineers woriking
with that facllity. The nuzmbers in the tables are single point
approxizatiosnz bty theno of the complex operating curves 2f thelr
fasility. Many 2f tze facilities have capabilities beyond thet reguired

frroiging testing and these excess cspabllitles were not included in the




TYPES OF [CING SIMULATION FACILITIES
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TYPES OF [CING SIMULATION FACILITIES
(CONTINUED)
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