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.

ICING PROTECTION FOR A TURB0J13TTRANSP(IRTAIWIANE : HEATING REQ~S,

METEUDS OF PR0T13CTIOlT,AHD PERFORM4NX PENALTIES

By Thomas F. Gelder, James P. Lewis, and Stanley L. Koutz

The problems associated tith providing icing protection for the
critical components of a typical.turbojet transport airplane operating
over a range of probable icing conditions are analyzed and discussed.
Heating requirements for several therm&1 methods of protection are
evaluated and the airplane perfwnance penalties associated with provid-
ing this protection from various ener~ sources are assessed.

The continuous heating requirements for icing protection and the
associated airplane performance penalties for the turbojet transport
are considerably increased over those associated with lower-speed air-
craft. @erimental results show that the heating requirements can be
stistantiall.yreduced by the development of a satisfactory cyclAc de-
icing system. The yroblm of providing protection can be minbized by
employing a proper energy source since the a&plane performance penalties
vary considerablywith the source of energy employed.

The optimum icing protection system for the turbojet transport or
for any other particular aircraft cannot be generally specified; the
choice of the optimum system is dependent upon the specific character-
istics of the airplane and engine, the flight plan~ the probable icing
conditions, and the performance requirements of the aircraft.

INTRODUCTION

The introduction of the high-speed, high-altitude, turbine-powered
airplane for all-weather operation makes necess~ a new appraisal of
the icing protection requirements. The unique design features and mode
of operation of the turbojet airplane may result in requirements for
adequate icing ~rotection that are considerably ~ferent from conven-
tional aircraft. In addition to operating at speed and altitude condi-
tions differing greatly from current conventional aticraft, the turbojet
airplane has a high rate of fuel consumption and a restricted flight
plan. Thus, any ~enalties imposed upon the airplane performance by the

—-—— ..— . _—- -— ——— -—— .—. —.——



2 NACA TN 2866

provision and operation of the icing protection systa assume great
hportance. These factors, together with the demand for all-weather
operation, require that careful considerationbe given to the problems
associated with providing icing protection for the turbojet ahplane.
The major problems that must be considered are: (1) the conditions of
icing and the degee of protection required, (2) the method of protec-
tion and the associated protection requirements, and (3) the penalties
imposedby the protection system on the airplane performance. The pur-
pose of this report is to analyze and evaluate the icing protection prob-
lem for a high-performance turbojet transport airplane in terms of these
three considerations.

Although various schanes of mechanical and chemical icing protection
have been and continue to be employed, the successful operation of the
th~ method of protection in cument aircraft has proved it to be
practical and desirable. This report ~, therefore, consider only
the thermal method, although some of the information contained herein is
of interest in other types of icing protection systems.

The matmial in this report is presented in several phases. Con-
sideration is first given to the severity of icing to be encountered at
the various operating and meteorological-conditions. A study is included
of the combination of operating and meteorological conditions that wilJ
result in an ice-free surface without the application of heat. Secondly,
an analysis is made of the heat dissipated from a heated surface of an
airplane component exposed to icing for a wide range of icing and flight
conditions h order to reveal those factors in the heat-transfer process
associated with high-speed, high-altitude flight that are responsible
for any marked changes in the heating requtiements for icing protection
over those for conventional aircraft. This analysis is followed by a
determination of the heating requirements of the several airplane com-
ponents vulnerable to icing for specific methods and systems of icing
protection. Finslly, the total airplane heating requirements and asso-
ciated performance penalties sre evsluated to 5Jlusta?atetheir relation
to the protection methods and systems as well as to the operating and
meteorological conditions. The results, which are based on theoretical
studies augmented by limited experimental data, are presented in terms
of a specific airplane configuration, flight plan, and icing atmosphere
id waler to indicate theti practical and quantitative significance. The
investigationwas conducted at the NACA Lewis laboratory.

CONDITIONS OF ICING

In order to determine the severity of icing, the need for protection,
and the _itude of the protection requirement, it is necessary to
relate the meteorological conditions to the airplane operating conditions
and design characteristics. Fa this reason a hypothetical airplane,
a typical flight plan, and probable meteorological
for this analysis.

conditions are taken
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Aircraft and flight plan. - The airplane assumed for this analysis
is a turbojet transport (fig. 1)~with the folluwing specifications:
gross weight, 125,000 pounds; wing span, 158 feet; mean chord, 15.8 feet
with a 4 to 1 taper ratio; and airfoil section, NACA 651-212. Pmpul-
sion is obtained from four axial-flow turbojet engines, each engine
having a compressor pressure ratio of 5 and a rated thrust of 6000 pounds.
The airplane is assumed to climb to its cruising altitude of 30,000 feet
at msx5anunthrust and at a flight speed (350 mph) which gives the max-
imum rate of climb. The descent is also made at a speed of 350 miles
per hour for all altitudes. The cruising speed of the aircraft is
500 miles per hour with a cruising range of 3000 miles. For convenience
in the analysis the flight plan has been divided into four categories
(see table I) consisting of three 10,000-foot altitude ranges in the
clhb and descent conditions and a 30,000-foot cruising condition.

Meteorological conditions. - An icing protection s~tem for a
turbojet-powewedaircraft depends, in large psxt, on the selection of
the meteorological factors on which to base heating requirements. The
selection of the meteorological factors is modified, huwever, by the
probabili@ of encount=ing such a design metemological condition. It
may be necessary to design some icing protection equipment for icing
conditions less severe than the maxhnun ~ected in order to obtain
acceptable heating requirements. This,procedure may be ptiicularly
necessary if the probability of encountering the most severe icing con-
dition is very low and the heat required for protection at this condition
is several times that required for the most probable icing condition.
Statistical analyses of limited flight data in references 1 and 2 provide
a means of making reasonable engtieering assumptions as to the particu-
lar combinations of the important meteorological variables. In partic-
ular, the method presented in reference 1 for the selection of the
meteorological factors for which the system is designed to protect is
used in this analysis.

The meteorological variables necessary to determine
for icing protection are: air temperature and pressure,
water content, water droplet size and size distribution,
ation .f icing conditiww, and frequency of occurrence.
location of ice or water collection, which are sensed by

the requirements
cloud liquid-
extent or dur-
The rate and
a body, deter-

mine the protection requirement and-hence the seriousness of a-&ticulsr
icing condition. The selection of design variables consists in deter-
mining that conibinationof the meteorological variables which for a
specific body geometry and flight speed results in the maximum rate of
collection for a specified frequency of occurrence. Consideration must
also be given to the extent or duration of the icing condition. For a
complete evaluation of the probabili~ of encountering an icing condi-
tion of given severity, aXl these variables should be considered simul-
taneously. Because of the complexity and incompleteness of the.meteoro-
logicd. data, such an analysis is not made at the present time.
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Sufficient accuracy In determining protection requirements and reason-
able values of the meteaological variables are obtained by consid~lng
only the major components of the airplane and applpg the values so

*

obtained to the remaining components. Rrom this procedure and the method
and data of reference 1, degign values of the meteorological conditions
for each of the four altitude ranges were selected and are also given in

.

table I. For selected meteorological and airplane operating conditions,
the amount and location of water droplet impingement on the ~ious air- 8
craft components subject to icing csm be estimated. %

Water droplet impingement. - W order to evaluate the rate of water
interceptionby a component, the collection efficiency of the component
must be determined. The collection efficiency of a body ~, defined as
the ratio of the water titerceptedby the component to the total mass of
water in the volume swept out by the moving body, is a complex function
of the physical dimensions and attitude of the body and the airspeed,
as well as the meteorological variables: droplet size, air temp=ature,
and aim pressure.

By the method of reference 1 a rate ofwatm collection canbe
selected as the design criterion for ic~ protection for a particular
component. Because the collection efficiency depends on the physical
dimensions of a component, the collection rates for all components will
not necessarily be the same for a given meteorological condition. Each
component should therefore be analyzed independently if the total heat
requirement for efficient and adequate icing protection is to be held
to a minimum.

Droplet trajectories and the corresponding rate and axea of water
impingement have been calculated for alhited number of aerodynamic
shapes @ airfoils (references 3 to 5). The hpingement patterns for
the NACA 6!51-212airfoil assumed for the turbojet transport were esti-
mated flmm,the results of references 3 and 5. These estimnted local
@@3~t WILES for theme= chord of theNACA 651-212 atifoilat
the four flight conditions of table I are presented in figure 2 together
with the respective collection efficiencies. The minimum extent of
impingement OCCDS at the lowest altitude.(condition 1), extending
between 0.6 percent of chord on the upper su3?ace and 1.2 percent of
ohord on the lower surfaoe. As the flight altitude and angle of attack
increase during the clid (conditions1 to 3), the area of interoeptlon
on the lower surface is increased because of the greater surface area
exposed at the larger angles of attack and also beoause the reduced drag
forces on the droplets at altitude deflect the droplets leas from the
path of the advancing airfoil. The greatest value of the total water
intercepted, however

~
is obtained at cofiition2 (approximately

8.0 lb/hr/ft of span . The amount of wat~ caught at the oruise oon-
dition4, whine the greatest pmom~e of the airplane flight time
Ooours, is only one third of this maximum value.

— —
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Because the local impingementrate varies with the body size, the
impingement slong the span of the w3ng and on the tail surfaces differs
from that for the wing mean chord. The nmgn.itudeof this variation of
impingement is given in figure 2(b), where the hpingement on the root,
mean, and tip airfoil sections of the wing is shown. These results are
presented for condition 4. The amount of water caught is greatest for
the mean chad station. The variation h total amount of water caught
varies only slightly despite an almost four-fold increase in collection
efficiency from root to tip. Although there is a large variation in
extent of hpingement b terms of percent of chord, the difference in
actual distance is rather small, varying from 0.58 to 0.63 feet.

For the remaintig cconponentsof the a~lane the hpingement was
determined from interpolation of the calculated values for cylinders,
spheres, and airfoils, and from experimental determinations of the icing
characteristicsof specific bodies.

●

Conditions resulting in aircraft icing. - It is apparent that those
airplane surfaces which experience a temperature rise, due to aerodyna-
mic heating and other effects, sufficient to maintain a surface tempe-
ratureabove 32° F will not require icing protection. The temperature
t: (synibolsdefined in appendti A) of an unheated surface in an air
stream containing liquid water is obtained fimm a solution of the heat
balance for an insulated surface after consideration of heat gains from
frictional heating, kinetic ener~ of the hpinging water, and release
of heat of fusion as opposed to the heat losses from convective, evapor-
ative, and sensible heat losses. Details of the analysis for the deter-
mination of this equilibrium surface temperature for an ice-free surface
are given in appendix B.

The minhum fl&ht speeds required to matitain the stagnation point
of a body ice free at 32° F sre presented in figure 3 for both dry-air
conditions and cloud or wet-air conditions. These results are given as
a function-of the assumed altitude-temperaturerelation (table I). All
conditions of altitude, temperature, and speed that fall below and to
the right of the curves have a stagnation equilibrium temperature above
the freezing point. The nunbers on figure 3 ccmrespond to the assumed
flight and altitude conditions of table I. For convenience, a line for
a free-stream Mach number of 1.0 is included, indicating the possibility
of icing well above this speed at low air temperatures. A marked increase
in speed is requtied to obtain a stagnation temperature above 32° F in a
cloud as compared with that in dry air. ‘T&b difference increases @th
altitude because of the increased rate of evaporation at the lower pres-
sures and subsequent greater cooling effect. At condition 1, the assumed
flight speed is very close to the calculated value (355 mph) required to
maintain a surface temperature above 32° F in a cloud. At the other
three assumed flight conditions the requisite speed is not obtained. In

..

..&
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~

fact, fm these three conditions the speed corresponding to the criti-
cal Mach number of the NACA 651-212 atifoil is insufficient to maintalm
a stagnation tmperatme above 32° F in a cloud. Thus, on the basis of

o

the stagnation temperature of the unheated surface, icing protection will.
be required for all the assumed flight conditions given in table I.

The results presented in figure 3 are for the atifoil stagnation
point only. At other positions on a body where the 10CSJ velocities G
and rates of impingement are different from those at stagnation, verying W

o
values of the temperature of the unheated smface will be obtained. In
figme 4 the temperature tistribtiion around the leading edge of the
NACA 651-212 airfoil is shown for the lowest altitude, condition 1, at
a fL@ht speed just sufficient to maintain all the airfoil above freez-
ing. This minimum flight speed is 365 miles per hour and the cold-
est point on the airfoil is at 0.75 percent chord on the lower surface.
As shown in appendix B, the unheated equilibrium surface temperate is
dependent upon the specific meteorological and operating conditions and
body geumetry. The results of figures 3 and 4 are applicable only to
the assumed conditions of this analysis. Although the surface-temperature
rise obtained for the turbtne-puwered transport airplane is not suffi-
cient to preclude provision of an icing protection system, the rise is
appreciable and of importance in reducing the amount of heat that must
be drawn from a heat source on the airplane for adequate icing protection. ‘

METHODS OF PRO’IECTIONAND EEAl?IHGRE~S
v

Genersl Considerations

After the selection of the operating and meteorological conditions
for the turbojet tz%nsport afrphne, the determination of conditions
resulting in icing, and the determination of the degree of protection
required for each airplane component have been made, the heat required
for icing protection maybe determined. The determination of these
heating requirements presents a complex problem in heat transfer from
the heat source to the air stream. The heating requirements are not
only dependent upon the meteorological and airplane operating variables
and the geometry and design characteristics of the various airplane
components, but also are a function of the method of protection,‘the
protection system, and the heat source itself. This discussion will
consider and evaluate both the heat transfer to the air stream from the
~osed airplane surface heated to protect against icing and the total
heat demand on the heat source for various thermal icing protection
methods and systems as applied to the turbojet transport airplane.

.

—
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Vulnerability of A&plane Components to Icing

“

.

Although all forwsrd-facing surfaces of any aticraft are subject to
icing, experience, economy, and the mission or purpose of a specific
airplane wiJJ_dictate the components for which icing protection must be
provided. The major components essential to the operation of an air-
craft are the engines, wings, and tail surfaces. Aircraft designed for
all-weather operation must provide adequate protection for at least these
components. The windshield and other vital transparenciesmust be kept
clear to permit the control and navigation of the aircraft. Additional
components such as small air scoops, vents, external stores, and so
forth may demand special consideration. The determination of the pro-
tection requirements for such components is at present based on empir-
ical methods. In addition, the requirements for these ccmrponentsare
usually small compared with the total a3r@ane icing protection require-
ment. This discussion will, therefcme, be concerned only with the pro-
tection of the wing and tail surfaces, the engines, and the windshield.

The evaluation of the protection needed by each component md the
proper type of protection to employ is extremely difficult. The criti-
cal components are readily identified,but their susceptibilityto icing
and the impatient of the component operation and a5x@ane performance
vary not only with each canponent but also with the icing and operating
conditions. Performance, economy, and safety limitations must be con-
sidered in the determination of the amount and type of protection
necess~; In this report a somewhat arbitrary selection of the criter-
ion for protection has been made based primsrily on the function of the
various components. The criterion for the wing and tail surfaces is
that they must be kept free of ice except for the small amounts that
form when a cyclic de-ichg system is used. The windshield is to be
kept ice free at all times, although it is not necesssry to evaporate alJ
the impinging water. This latter criterion is applied also to the vul-
nerable engine ccmrponents.

Methods and Systems

The protection of high-speed, high-altitude, turbojet-puweredair-
craft by local heating of the areas subject to icing may be accomplished
by either continuous heating or cyclical de-icing. h continuous heating,
the surfaces subject to icing are either raised to a temperature just
sufficient to maintain the impinging water in a liquid state or are
supplied sufficient heat to evaparate all the impinging water within a
specified distance frcnnthe leading edge. In cyclical de-icing some ice
is permitted to form on the surfaces and then is removed periodically
during short, intense applications of heat. A water film between the
surfaces and the ice is produced by the heat application and permits ice
removal by aerodynamic forces. Because the heating is intermittent,

-.. .—— — .—— ——-—— —
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heat is supplied successively to relatively smsXl surface areas and

2866

a
constant heat load is thus maintained on a heat source. The total heat
input for cyclical de-icing can be greatly reduced, therefore, from that .

required for continuous heating.

Because ice formations normally extend over the leading edge and
onto some of the remain3ng surface area of a component, removal by aero-
dynamic forces may be slow smd erratic. The desirability of a contin-
uously heated parting strip near the leading edge of such a component
as an atifoil is indicated in references 6 and 7. When such an ice-
free strip is maintained, the ice formation is divided into two parts
and ice removal byaerodynamic forces is facilitated.

Ictng protection systems comprise the heat source and the various
means by which the heat is distributed and utilized at the vulnerable
airplane component. Various combinations of systems are available for
the generation, distribution, and utilization of heat for the different
protection methods. For the case of anti-icing or continuous heating,
the most generally used systems are those using hot gas or local surface
heating by electric heaters. The ordinary hot-gas system consists essen-
tially of a single-pass heat exchanger with the airplane surface acting
as one side of the heat exchanger. Another type of hot-gas system util-
izes a porous surface through which the hot gas is bled; both the sur-
face and the boundsry-layer air are thus heated directly. sufficient
information on this system, however, is not available at present to
permit determination of the heating requirements. Cyclical de-icing
systems may employ electiic heat=s or hot gas as the heating medium.
Possible heat sources for aXl the icing protection systems include use
of heat exchangers, combustion heat=s, hot gas bled from the turbojet
engine, auxiliary power units, and electiic generatcms driven by the
engines or separate power units.

The variation in the heat requirement
operating conditions will be different fcm
==Ple~ in a system designed to evaporate
changes in the amount of water caught will

with the meteorological and
each method and system. For
all the impinging water,
obviously change the heat

required to vaporize-this water load. In contmast, a system which
merely maintatis all the water above freezing will not be sensitive to
changes in the amount of water caught because the wetting of the sur-
face, not the depth of the water film normal to the surface, is pertin-
ent. The heat requirements for this latter systemwiH be primarily
dependent on changes in free-stream static air temperature and flight
speed amd their”effect on the equilibrium surface temperature. similar
considerations apply for each of the operating and meteorological ~-
iables as well as the system characteristics in their effect on the
heat requirements for a particular method and system. Because of the
numerous possible combinations of methods and systems of icing protection

0;
n
N

.
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and the complex nature of the heat-transfer relations, it is not possi-
ble to discuss in detail the effects of all the variables on the heat
requirements. The continuous hot-gas double-skin anti-ictig system
designed to evaporate dl the impinging water has been chosen to illus-
trate some of the effects of the system and environmentalvariables on
the heat requirements. This system is currently in wide-spread use and
is subject to a fatily complete theoretical analysis illustrating most
of the important thermal effects of interest.

Continuous Heating of Airfoils

The use of continuous electrically heated protection systems for
relatively large areas as exemplified by the leading edges of wing or
tail surfaces does not appear.feasible at this time because of the
enormous power required and the associated installed weights of adequate
power-generating equipment. Continuous electric heating for relativd.y
smaU airplane elements such aa engine components or windshields does
appear reasonable, but will be evaluated in the report when icing pro-
tection of these airpl=e components is considered.

A typicsL thermal icing protection system for wing and tafl surfaces
which is being used successfully in several current abcraft is the
chordwise-flow,hot-gas system illustrated ti figure 5. The system
consists of a spanwlse D-shaped supply duct insulated from a double skin
which forms a number of small chordwise-flow corrugations. Representa-
tive of some current designs, the dimensions for the chordwise c els
or passages are: Fdepth, 1/8 tich; width, 1 tichj and sp~tig, 14 tich
intervals. Hot air or gas is introduced to the chordwise passages from
the D-shaped supply duct at the airfoil leading edge and flows resrwara
through the shallow heating channels. After leaving the channels, the
gas Passes through ~@ten~ holes m the front SP= and is subsequently
dispersed to the air stream, carrying with it the heat not transferred
to the airfoil surface.

Ih order to simplify the presentation of the heat-transfer relations
from the heat source to the air stream and to illustrate some of the
important relations involved, consideration is first given to the heat
dissipated from the surface to the ah stream with a wing continuously
heated. A detailed analysis of the heat transfer from the hot gas
supp~ed by a D-duct to the wing surface and thence to the air stream
is presented in appendix ~.’

IIkbernalheat transfer tith continuous heating. - The heat tiansfer
to the air stream fram a surface exposed to icing consists of the
following terms: (1) sensible heating of the impinging water, (2) heat
required for the evaporation of the @pingingWater, (3) convective heat
transfer, and (4) radiation from the heated surface. The magnitide of

-———— --- ._
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the radiation effects is of minor hnportance in this analysis and is
neglected. The equation for the heat transferred from an exposed
heated surface in a cloud given in reference 8 rmybe written h the
fouowing manner:

.=%{(.s-m)[(~)+ l]-+[1-(;y(l

0“’$- [2) -6%’11

The evaporation and convective heat-transfer

%01-NF#)+GCp+

(1)

terms of equation (1)
are discussed in detail in appendixes C and D, respectively. All
the terms in equation (1) with the exception of the heated surface
temperate ts are known ar can be deterndned independently of the
icing protection system. h order to determine th3-sheated surface
temperature and the correspondtig total heat requfiement for a particu-
lar protection system, equation (1) mustbe solved simultaneouslywith
other relations describing the heat-tiansfer processes between the heat
source and the exposed surface.

.

In order to illustrate some of the relations described by equa-
tion (1) befwe consideration of a specific icing protection system,
arbitrary temperatures of the heated surface were assumed for the mean

.

wing chord (15.8 feet) of theNACA 651-21-2airfoil. The wing was assumed
to be heated so as to produce a uniform surface temperature for a
distance sufficient to evaporate all the impingtig water. The effects
of a variation in this uniform surface temperature on the heat trans-
ferred from the wing and the corresponding heated chordwise distance
required to evaporate all the impinging water are shown by the solid
curves of figure 6 for the meteorological condition associated with
condition 4 and for two flight speeds. Advantages of the smaller heated
areas and smaller quantities of heat required are obtained by use of the
higher surface temp=atures (dot-dash curves). !l?heminimwnvalue of
chordwise distance heated (limit of impingement) and heat required occurs
when sXL the water is evaporated as it strikes within the impingement
area. Decreasing the surface temperature level requires an increased
chordwise d~stance heated, allowing the unevaporated water from the
impingement area to run back in rivulets prducing a partly wetted
surface. This partial wetness is represented by the factor K in equa-
tion (1). (Discussion of the wetness factor K and its use are presented
in appendix C.) As the heated distance is increased and the surface
temperature level is decreased, a point is finally reached at which all
of the water is just evaporated; the surface temperature level at this
point willbe 32° F. This situation represents the maximum distance and

.
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amount of heat transferred fram the surface to the air stiesm. The
maximum required heat is 3.9 and 2.7 times the minimum value obtained
for total evaporation in the @dn&ment area for the 350- and 500-mile
per-hour conditions, respectively. The requirements for the case in
which the surface is heated only to a level of 32° F for various chord-
wise distances axe also indicated in figure 6 (dashed curves). In this
case only partiaJ evaporation of the @inging water will take place for
all chordwise distances less than the mmdmnn. This will result in the
formation of run-back ice beyond the heated areas. As the distance
heated is increased, the difference in heat transferred from the surface
for the two means of providing protection by continuous heating (com-
plete evaporation versus surface at 32° F) becomes less with a comon
value finally being reached. The results of figure 6 indicate the
importance of the surface temperature and the extent of surface heated
in determining the quantity of heat required at the surface for the case
of complete evaporation. Flight speed is slso shown to have a larger
effect on the required heat for camplete evaporation as compared with
heating all the surface to 32° F. Although the results of figure 6 are
for an ideal case (U.nifom surface temperature), the relations between
the requirements at the *foil surface for the two means of providing
continuous heating are similar for a system in which the chordwise sur-
face temperatures are nonuniform.

Total heat requirements with continuous heating. - The quantities
of heat discussed thus far are dissipated at the airfoil surface and,
because no consideration has been given to the internal heat transf&,
do not represent the total demand on the heat source. It is necessary,
therefore, to tivestigatethe over-all heat-transfer processes from the
heat source to the air stream for a continuously heated system with hot
gas as the heating agent.

Not only does the total heat demand on the source depend on the
external heat transfer, but, equally important, the tow heat required
for icing protection depends on the mode of continuous heat application
and on the structural geometry of the anti-icing system.

Because of interest in the high-speed, high-altitude icing problem,
condition 4 was chosen to serve as a basis for evaluating and comparing
the effects of these variables on the total heating requirements.

An inlet gas temperature of 350° F at the inlet to the double skin
was arbitrarily selected in order no% to exceed a temperature limitation
of 200° F for an slundnum leading edge and spsr structure.

The results of a typical set of performsmce calculations for a
chordwise-flow icing protection system in which all the impinging water
is evaporated are shown in figure 7. These curves sre for the upper
surface, the mean chord of the wing of the airplane assumed herein
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operating at condition 4, and the heating channel dimensions as pre-
viously stated. Both the total heat requirement and the heat dissipated
at the atifoil surface for seversJ_ati speeds in addition to the nominal. .

airspeed of 500 ties per hour for condition 4 are presented. The values
of the heat required at the surface are similar to those of figure 6,
the differences srise from the nonunifcmm chordwise surface-temperature
distribution obtained by using a conventional hot-gas double-skin system.
The total heat requirement decreases with increasing heated surface
distance. This effect is caused by a mwe efficient utilization of the
double-skin system as a heat exchanger and becomes more pronounced as o

m
the flight speed is increased; however, the increase h the total heat %
requirement becomes less as the flight speed is increased. Each curve
for both the externslland total heat requirements increases until a
heated chordwise distance is reached at which alllthe water is just
evaporated and the surface temperature at this point is 32° F. Envelope
curves have been drawn through these points. A comparison of these
envelope curves indicates that the efficiency of the double-skin heating

.

s~tem, defined as the ratio of externsL heat transfer to the total heat
load on the source, decreases with increasing air speed to a minimum value
of about 60 percent at approximately 350 miles per hour, after which
the system efficiency increases. The results shown in figure 7 indicate
the importance of considering the total heat requirement rather than the
heat required at the surface and thus the importance of the protection
system in the determination of protection requirements. In addition,
figure 7 indicates that the savings in total heat requirement obtained
by increasing the heated distance are greatest at the higher flight

.

speeds, the normal cruise condition of a turbojet transport. An extremely
lsrge increase in the total heat demand,from a low-speed condition
(200 mph) to the high speeds characteristic of a turbojet transport is
sJ_soindicated. Similar results were obtained at the other combinations
of operating and meteorological conditions presented in table I.

The requirements presented in figures 6 and 7 are given in terms of
heat quantities in Btu per hour per foot span. For a hot-gas system it
is usually more significant to know the quantity of hot gas requtied.
The required weight flows of hot gas with an Met gas temperature to
the double-skin system of 350° F are presented in figure 8 as a function
of the heated distance for two conditions of table I. The results in
general are similar to those of figure 7; namely, the weight flow or
total heating requirements sre reduced as the chordwise heated area is
increased. For the cruise condition (fig. 8(a)) the minimum weight flow
of hot gas for ccmplete evaporation is 9.2 pounds per hour per passage
as compared with 23.5 pounds per hour per passage at condition 2
(fig. 8(b)). The requtied heated length at condition 4 (4.9 percent
chord, fig. 8(a)) is approximately one fourth of that required at condi-
tion 2. If the hot-gas weight flow is reduced below the minhum values
requtied for complete evaporation, the skin temperature will drop below
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32° F in the wetted region and run-back icing WXUL result. Exact know-
ledge of the effect of such run back and refreezing of water on the afi-
plane performmce is not available at present. If small amounts of run-
back ice are tolerable, however, it is possible to obtain an estimate of
the savings in hot-gas weight flow that would result. For this purpose
additional curves are given in figure 8 for the condition in which less
than 100 percent evaporation is obtained. Thus, for condition 2
(fig. 8(b)) with aheated length of 10 percent chord, the requiredweight
flow is reduced nesrly 25 percent if only 80 percent of the @ingi.ng
water need be evaporated. For the three percentages of water evapora-
tion shown in figure 8, the line indicating skin temperature of 32° F
shows the reduction in chordwise ice-free area accompanying the reduced
evaporation percentage. If the weight flow is reduced slightly below
9.2 pounds per hour per passage in figure 8(a), run-back icing will
occur aft of about 5 percent x/C; whereas, if only 80 percent of the
impingtig water is evaporated, run-back icing will occur aft of the
3 percent x/C station.

The effects of independent variations in the wing double-skin geom-
etry and the inlet gas temperature on the minh.nn protection require-
ments for complete evaporation are shown in figure 9. These results
are given in terms of a mean condition (condition4) with a gas tempera-
ture of 350° F and l/8-inch double-skin gap size. These results show
that the required hot-gas flow rate canbe decreased by (1) decreasing
the gap size, or (2) increasing the inlet gas temperature. Similarly,
the heated extent (in percent of chord) can be reduced by an increase
in inlet gas temperature or by a decrease in gap size. For the range
of these vsriables of interest, the inlet gas temperature has the
greatest effect on the required weight flow. Any increase in the inter-
nal heat-transfer rate will.result in considerable reduction in the
heat requirement; the variations in gap size and gas temperature will
be necessarily limited by practical design considerations.

The effects of independent variations in the flight speed and icing
condition from those assumed for condition 4 on the requirements for a
hot-gas protection system are shown in figure 10 and can be summsrized
as follows: The weight flow of hot gas required is decreased by either
(1) a decrease in cloud liquid-water content, (2) an increase in free-
stream static ah temperature, or (3) a decrease in flight speed. In
addition, the required heated etient (percent chord) can be reduced by a
decrease in cloud liquid-water content or flight speed.w by an increase
in the free-stream static air t.aperature. The large effect on the pro-
tection requtiements of the liquid-water content in contrast to the
small variation with free-stream static air temperature is typical of a
system designed to evaporate all the impinging water. Changes in flight
speed as had previously been shown in figure 7 slso greatly affect.the
protection requirements. Extrapolation of the required weight-flow
curve as a function of flight speed indicates a msximum value occurring

—.___— —.-
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at approximately 750 miles per hour. At this speed the unheated equili-
brium surface temperature is still below 32° F and icing protection
will therefore still be requtied.

The results of fi~es 9 and 10 indicate the significance and
accuracy of protection requirements computed for a specific design. If
the heated length for condition 2 is limited to 10 percent chord, the
increase in the requtied hot-gas weight flow amounts to 13 percent more
than the weight flow when the airfoil is heated to 20 percent chord.
The accuracy with which the meteorological and operating conditions are

s

known is even more important to the calculation of heat loads; under
Z

certain conditions a variation of the liquid-water content of only
0.05 gram per cubic meter could result in a 40-percent change in the
total heating requirement. Careful consideration should therefore be
given to the performance and requtmments of the protection system when
operattig in an off-design condition.

The protection requirements for each of the four design conditions
of table I were computed for the entire wing of the turbojet transport
with the use of a hot-gas double-skin anti-icing system and an inlet
gas temperature of 350° F. Because of weight and structural considera-
tions, the chordwise heated airfoil.length was arbitrarily limited to
10 percent chord. Condition 1 provided results which were not critical.
and are therefore omitted throughout the remainder of the report. A
surmary of the results for conditions 2, 3, and 4 is presented in the .
following table:

Condition W~g conttiuous hot-gas requirements
for NACA 651-212 airfoil section

I
(Btu/hr)

2 4j600,~0
3 1,570,000
4 1,680,000

The maximum continuous wfng heating requirement for complete evap-
oration”of the int=cepted water occurs at condition 2 because of the
choice of flight and meteorological variables.

for
and

Cyclical De-icing of Airfoils

The heating requirements for cyclic de-ictig are much lower than
ice prevention because of the different thermal processes involved
the difference b Ierformsnce criterion; that is, the removal of .

—
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is of primary importance rather than maintatiing a specified
temperature or evaporating all the impinging water. The smalyti-

. cal determination of heat requirements for the cyclic de-icing process
is particularly difficult because of the transient phenomena involved
and the lack of knowledge relating the heat transfer and ice-removal
forces. An analytical study of the problem, which employed an electric
network analyzer and was primarily for propellers, is given in refer-
ence 9. Expertiental investigationsme reported in references 6, 7,

lxl 10, 11, and in a classified report by J. L. Orr of the National Aero-
W
w nautical Establishment of Canada. The cyc13.crequirements presented
o herein are based on preliminary results from an experimental investi-

gation (reference 7) of a typical cyclic electric de-icing system for
an airfoil in the icing research tunnel of the Lewis laboratory.

.

The factors to be considered in the design of a cyclic de-icing
system for any component are: (1) the heat or power density supplied to
the cyclically heated areas, (2) the distribution of the puwerj (3) the
extent of the cyclic area, (4) the extent and power density of contin-
uously heated sreas, and (5) the duration of the heat-on and heat-off
periods. Experimental results indicate that the cyclic power densities
are greater than those for continuous heating and are primarily a func-
tion of the equilibrium surface temperature during the heat-off period
and the heat-on time; the cyclic power density required decreased
linesrly with increasing equilibrium temperature. A nonline~ inv~se
relation between cyclic power density snd heat-on the was obtained with
a sharp increase in power requtied for heating tties of less than
10 seconds. Good removal was obtained over a range of heat-on tties
from 5 to 30 seconds with the most efficient removal occuing at the
shorter heat-on perials; shorter heat-on periods also minimized the
amount of run-back ice formations downstream of the heated sxea.
Although large izwtantaneouspower densities are required for the short
heat-on periods, the equivalent conttiuous power or total energy require-
ment (the instantsmeouspower density times the ratio of heat-on to
total cycle time) is geatly reduced for short heat-on pericds compued
with long heating periods with luwer instaneous power densities. Heat-
off pericds from 2 to 6 minutes were found to be satisfactory for an
air speed of 175 miles per hour, free-stxeam static air temperatures
from -15° to +15° F, and water contents’fhm 0.25 to 1.0 gram per cubic
meter. Best results were obtained with an essentially uniform distri-
bution of power in the impingementregion with the power density decreas-
ing linearly aft of the hpingement zone. The exact combination of power
density, heat-on, and heat-off t-e for a specific design wlLl depend
upon practical consid-ations such as generator characteristics,heater
construction, and the electric circuiting and control systems.

For efficient and consistent de-icing it was necessary to use a
narrow spanwise continuously heated strip at the leading edge of the
airfoil (reference 7). A strip as wmll as 1/2 inch wide proved
successful at a constant angle of attack; however, larg= areas axe

-———- — —.
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necessary to provide for operation over a range of angles of attack.
I’orthe turbojet-puwered aircraft considered herein, a continuously
heated psrting strip of l+ inches was chosen to include the required

2866

range of angles of attack? Continuously heated strips in a chordwise
direction between separat~y cycled areas also facilitate removal by
reducing the possibility of the ice anchortng to adjacent unheated sur-
faces. The power densities required for the continuously heated areas
were found to be approximately equal to’those computed for a condition
of the surface maintained slightly above the freezing temperature.

~ an emmnple of the local cyclic heating requiranents, the follow-
ing table presents the estimated reqtiements for the NACA 651-212
airfoil with a mean chord of 15.8 feet, a span of 158 feet, and a
1:13 ratio of heat-on time to total cycle time:

Condition

2

3

4

cyclic
power
density
[w/sq in.)

15

20

21”

Total
cycled

(:r:zt

10

10

10

Eeat-
on
time
(see)

10

20

20

Keat-
Off
the
(mill)

2

4

4

Width of
contin-
uously
heated
parting
strip
(in.)

Contin-
uous
power
density
to
parting

(;%?in. )

.

8

9

u

Condition Wing cyclic electrical
requirement (total)

dmE

The cycle ratio was chosen constant to permit a single circuiting and
control design. Ih addition, the resultant heat-on and heat-off tties
avoided ~cessive p~ demities at the high-sltitude conditions and
also prtided a longer period at these conditions of low liquid-water
content, thereby allowing“sufficientice to form to insure good removal.
Summarizing the electrical reqtiements for the assumed wing yields
the following results:

.

.
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The maximum heating requirements for wing cyclic electric de-icing occur
at condition 4 rather than condition 2, for which the continuous hot-gas
heating requirements are a maximum. The change in the condition for
maximum heating required is caused by the fact that the cyclical de-icing
system heating requirements me primarily dependent on the equilibrium
surface temperature, whereas the continuous hot-gas protection system
is principally a function of the rate of water-droplet interception.

Although the cyclic de-ictig heating requirements presented in the
preceding table are based on an electrical system, a similar method of
protection is possible with hot gas. PrelWnary results from refer-
ence 6 indicate that the heating requirements for icing protection with
a cyclic hot-gas system may be only one fourth to one sixth of those
for continuous gas heating. In order that the large reduction in heat-
ing requirements (Btu/hr) canbe realized from a cyclical de-icing sys-
tem, such a system must be capable of rapid heating of the ice-coated
surfaces; consequently, the thermal lags in the system must be maintained
at a minimum, as shown in reference 6.

The feasibility of the use of a cyclic de-icing protection system
for any component will not be solely dependent upon the consideration
of heating requirement, but also upon the allowable icing tolerance of
the particular component. Tolerable icing criteria will differ for each
component and each flight condition. Pressure recovery maybe the prim-
ary concern in a consideration of cyclic protection of engine components,
whereas drag or lift considerations determine the usefulness of cyclic
de-icing for wings. A quantitative appraisal of the drag and lift
effects of ice accumulations during a cyclic de-icing process is diffi-
cult at present because of the Lhnited amount of available data; there-
fore, a complete appraisal of cyclic de-icing protection for aircraft
components cannot be made.

The design and operation requirements of a continuous hot-gaa or
cyckl.celectrical system for the tail surfaces of the turbojet transport
airplane were found.to exhibit the same general characteristicsas those
previously outlined for the wing. With either protection system, the
total heating requirements for the tail are considerably reduced from
comparable wing results in approxhate proportion to the respective
protected spans.

Turbojet-Engine Icing Protection

Of particular concern in providing adequate thermal icing protection
for any aircraft is the protection of the propulsion system. The turbo-
jet engine is lmown tobe extremely susceptible to inlet icing and its
operation is quickly and severely affected in a heavy icing condition.

—.—— ..——- —.— -. ..——_
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A sketch of the inlet components of a typical axial-flow turbojet engine
is presented in figure U_ with the most critical elements requiring
icing protection indicated. Ice will colIlecton the inlet lips and on
internal engine elements such as the accessory housing, island fairings,
islands, screens, and ccmrpressor-inletguide vanes. Ice accumulations
have also been observed in the first stages of stator blades, but in
most instances to date its presence in this region has not been signi-
ficantly detnbnentsl.

The problem of selection and design of thermal icing protection ~
m

systems for the engine inlet is similar to that fcm the airplane wing N

inasmuch as the same heat-transfer prmess.es are involved. Thus, icing
protection for the engine can be accomplished by a suitable adaptation
of either the ho&gas or electrical heating systems, continuously or
cyclically operated.

Hot-gas bleedback. - Icing protection of turbojet engines may be
obtained by addition of heat to the entire mass of air passing through
the inlet; the inlet air and subcooled water droplet temperatures are
thereby raised above freezing. When sufficient amounts of high-pressure,
high-temperature gas are injected into the air stream at the inlet, the
engine and most components in the Met duct are afforded icing pro-
tection in one operation. Amajm disadvantage of this type of icing
protection is that its operation hnposes a severe penalty on engine
performance. Accordingly, this discussion is limited to treatment of
the hot-gas and electrical systems directly heating the exposed sur-
faces of the engine inlet components.

Locsl surface heating. - In the discussion of icing protection for
airplane wings, it was shown that the heating requtiements are pertly
a function of the heat density per unit area and the extent of chord-
tise heated area. For airplane wings, however, the impingement is {
generally lhited to a small leading-edge region and the heated area
extends only to 10 percent chord; whereas, for engine components such
as screens, guide vanes, bearing struts, and island fairings, the area
wetted by direct impingement of cloud droplets constitutes a major per-
centage of the entire surface. Calculations indicate that for cases in
which the wetted srea is large compared with the total component area,
the most economical thermal-protectionmeans is either by maintenance
of the surface at 32° F by continuous heating or by cyclical de-icing.
The energy requtiement for engine components, consequently, is primarily
a function of the equilibrium surface temperature. The requirement
increases with decreasing equilibrium temperature. Although desirable,
a uniform heated surface temperature at 32° F over the entire surface of
a component is not easily obtained because of structural considerations ,,.
and tie
surface

inability-to apply selectively the required heat to the entire
tithout undue installation problems.

“

--
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The amount of heat requtied to protect inlet
has been found to be extremely high in comparison
itiet components, and, in addition, the practical

19

screens against icing
with that of other
problems inyolved in

applying heat to-the screen are fo%idable. For these reasons, it is
assumed that inlet screens will be retracted during flight through icing
conditions; consequently, protection requirements fcm screens are omit-
ted from the present analysis.

In the absence of compressor-inlet screens, guide vanes constitute
the greatest icing hazard to satisfactory engine operation; consequently,
the heating requirements fcm a turbojet engine can be illustrated
adequately by an analysis of the icing protection afforded to guide
vanes for various methmls of heating.

Analysis of heat requtiements far engine icing protection at con-
ditions 1 to 4 indicate that the peak heat load occurs at condition 3.
A comparison of total heating requirements from a heat somce necessary
to protect a typical set of engine inlet guide vanes by cyclic electric,
continuous electric, and conttiuous hot-gas systems is presented for
condition 3 in the following table. The set of guide vanes consists of

28 vanes, each of 5-inch span and 2&inch chord.

Type of protection

Typicala cyclic elec-
trical

Continuous electrical
Ideal (ts = 32° F)
Typical

Continuous hot gas
Typical vane with

insert
.Typicalhollow vane

Total heating requtiements

(Btu/hr)

5,230

16,250

23,400

106,000
200,000

(kw)

1.53

4.75

6.84

%l?ypicalindicates surface temperatures based on
experimental data.

From the preceding tabulated results, the cyclic electrical requirement
is about 22 percent of that for continuous electrical protection,
1.53 kilowatts as co-ed with 6,84 kilowatts, respectively. The eavings

.—. .. —— -.. -——-— .—— . ——— ..—.
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in heat indicated for cyclic operation at this flight condition are
representative of results obtained at the other conditions assumed in
this analysis. Comparison between the heat required by a typical con-
tinuous electrical system with that of an idedl system which would main-
tain the surface temperatures at all points on the guide vanes exactly
at 32° F indicates that considerable savings in heat can be attained
with a good design. The preceding table also presents the heat require-
ments with continuous hot-gas heating for a fully hollow vane and for a
guide vane containing an insert to improve heat-transfer efficiency.
By means of inserts placed in the guide vanes, the heat required is
decreased from 200,000 Btu per hour to 106,000 Btu per hour, a reduction ‘
of 47 percent. Guide vanes with inserts, therefcme, have been assumed
in the remaind= of this analysis.

.

0:
‘:
ml

The calculations of the heating requirements for icing protection of
island fatiings, islands or bearing struts, and the accessory housing were
based on dfiecting the flow of hot gas through l/8-inch annular passages
adjacent to the outer skin and were made in a manner similar to the wing.

A study was made to determine (1) the gain in efficiency of the
continuous hot-gas system which may be realized by circulating the hot
gas through two or more of the engine inlet components in series, as
opposed to heating all the components separately or.in parallel, and
(2) the advantage gained by utilizing a higher inlet gas temperature to
the component, permissible if proper materials are utilized. The study
was confined to the met guide vanes and island fairings which together
account for most of the total heat load required by the engine inlet.
Results of this study are given h the following table for condition 3:

Type of protection

Parallel heating

Series heating

Heating requirement for inlet guide vanes
I and island fairings (one turbojet engine)

Inlet gas temperature Inlet gas tempera-
350° F t~e, 500° F

{Btu/hr) Gas&!i$t flow (Btu/hr) Gas weight
flow
(lb/hr)

181,000 2150 147,000 1250

113,000 1350 108,000 900

At an inlet gas temperature of 350° F, the total hot-gas weight flow
required can be reduced by 34 percent if the components are heated in
series. If the inlet gas temperature caqbe raised from 350° to 500° F

.

.
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and series heating is utilized, a maximum weight-flow reduction of more
than 50 percent is obtained. The reduction in heat required for icing
protection caused by an increase in hot-gas temperature is somewhat less
than the savings in weight flow.

A comparison of the total heat required for icing protection of all
components within the en@ie inlet tith a continuous electrical.and
with a continuous hot-gas systemat the assumed flight conditions 2 to 4—
is presented in the fofiowing table:

Condition

2
3
4

Engine requirement,
continuous electrical

(kw) (Btu/hr)

8.5 29,000
12.7 43,400
10.7 36,600

?ngine requirement,
~ontinuous hot gas

(Btu/hr)

140j000
229,000
176,000

For the preceding tabulated requfiements, the hot-gas system was assumed
to have an inlet gas temperature of 350° F and psrallel heating of all
~components in the engine inlet. The peak heat load is reached at con-
dition 3 and is 229,000 Btu per hour for the hot-gas system and
43,400 Btu per hour with the electrical system. The find selection of
the heating system to be employed must, of course, take into account
numerous practical considerations as well as system efficiency.

Windshield Icing Protection

A study was made of the icing protection requirements for a wind-
shield commensurate with the assumed turbo~et transpmt airplane. The
windshield assumed in this analysis was a V-type configuration, and
icing protection is to be accomplished by maintaining windshield sur-
face temperatures above 32° F by continuous heating. Based on the
information available in reference 12, the required heat flow from the
surface for the operating and icing conditions of table I is a maximum
of approximately 3200 Btu per hour per square foot at condition 4. The
tot&1 source heating requirement for condition 4 was determined to be
approximately 10 kilowatts for an electrical protection system and
about 200,000 Btu per hour with hot gas. On a heat-requirementbasisj
windshield protection by electrical means appesrs more favorable because
hot-gas or glass temperature limitations result in high requtied gas-
flow rates; however, fabrication considerationsmay mske the use of hot-
gas protection more desirable.

— —
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Methods and aperation

Airplane Heating Requirements

of typical thermal icing protection systems
for several aircraft components and the corresponding heating re&ire-
ments have been analyzed and discussed. In order to sunmarize and com-
pare these systems and component heating requirements for the turbo-
jet transport operating over aprobable and typical range of icing con-
ditions, the total and component heating requirements for two thermal
methods of icing protection are presented in figure 12. The values
indicated in this figure were calculated for the turbojet transport
previously illustrated and discussed and for three of the four icing
conditions presented in table I; condition 1 was found n@ to be criti-
cal and the heattig requirements for this condition are omitted. All
the hot-gas requirements ~ustrated are for continuous heating, with
the wing and tail requirements computed for a typical double-skin
chordwise-flow system designed to evaporate all the intercepted water
by 10 percent chord. The engine components and windshield requtiements
are based on main~g the minimum surface temperatures just above
freezing and independent heating of each engine element. The electrical
requirements of figure 12 are based on an estimate of the performance
of a cyclic de-icing system for wing, tail, and compressor-inlet guide
vanes, and continuous electric heating of the remaining engine compon-
ents and windshield.

In ti conditions investigated, the total airplane heating require-
ment in Btu per hour with a cyclic electrical system of protection is
considerably less than for continuous hot-gas protection, varying from
a minimum of about 5 percent of the hot-gas requirement at condition 2
to a max5mum of about 14 percent at condition 4. The maximum electrical
requtiement occurs at condition 4 and is approximately 490,000 Btu per
hour or 143 kflowatts. The continuous hot-gas requirement varies from
a maximum of about 7,500,000 Btu per hour at condition 2 to a minimum
of about 3,400,000 Btu per hour at condition 3. The continuous hot-gas
requirement for the high-speed cruising condition 4 is about equal to
that obtained at clinibcondition 3; the decrease in cloud liquid-water
content with altitude sllmostcmupensated for the increased speed. A
reduction of the heat load required for the wings and-tail surfaces by
a factor of one fourth to one stih obtained by use of a gas cyclic
de-icing.systemwould reduce the total hot-gas requirement by approxi-
mately 70 to 60 percent. l?comfigure 12 it is evident that the wing
and tail requirements for adequate thermal icing protection with a
cyclic-electric or continuous hot-gas system represent the major por-
tion of the tti airplane requirement.

Zn order to attach significance to these total heattig requirements
for the turbojet tmansport airplane, the following section of this
report evaluates the effects on airplane performance of adequate pro-
tection.

.
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SOURCES OF ENENN AND AIRPIXW PERFORMANCE

Sowces of Energy

The necessity of a considaable source of heat to operate the
icing protection system is evident from the large heating requirements
of the turbojet-powered airplane. An obvious source of this energy is
the turbojet engine. Figure 13 illustrates schematically the means by
which ener~ can be removed from the turbojet engine.

Power maybe extracted from the shaft of the engine to drive an
electric generator and operate a continuous or cyclic electrical icing
protection sy@xm. A& maybe bled from the compressor outlet, which
provides a source of high-pressme air at the desired temperature.
Hot gas may also be bled from the turbine inlet or the tail pipe of the
engine. These gases are normally available at higher temperatures than
those usable directly in a conventional hot-gas system (350° F) and
consequently must be mixed with sufficient cooling air to red,ucethe
temperature to the allowable limit. Mixing maybe accomplished by
means of a jet pump or ejector, thus resulting in a slightly heavier
and more complex system than in the case of compressor bleed. Turbine-
inlet and tail-pipe bleed sources also have the disadvantage that the
gas contains products of combustion and may present clogg~ and
corrosion problems in the distribution system. The tail-pipeheat
exchanger is a source of limited amounts of heat energy; however, the
length of heat exchanger required and the resultant pressure drop cause
this source of ener~ to appem less favorable for the quantities of
ener~ indicated in figure 12.

All methods of extracting energy from the turbojet engine have the
advantage that the energy source is readily available with a minimum
weight penalty to the airplane. These sources do, however, reduce
the msdmum thrust that can be obtained from the engine and increase
the fuel consumption.

In addition to the use of a turbojet engine as an energy source,
auxiliary sources of energy such as cotiustion heaters and small gas-
turbine auxilisry p-owerunits may be used. The two most attractive
of the auxiliary power units generslly available appear to be (1) a
unit in which the exhaust gases from an auxiliary power unit are mixed
with cooling air and used to operate a hot-gas system or (2) a unit
which drives electric generators. All auxiliary sources of energy
have the advantage that they may be operated at fulJ_capaeity without
affecting the performance of the turbojet engine. Their operation does,
however, affect the total drag of the airplane since a momentum drag
loss is incurred by taking in the air which operates the auxilisry
systems. The use of such nits also penalizes airplane performance by

tvirtue of additionsllweigh and fuel consumption.

—. — ——
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Airplane Climb Performance

of ener~ from a turbojet engine results in a reduc-
thrust available from the engine and, consequently,
of Clilib. The performance characteristics of a

turbojet engine operating with various methods of heat extraction were
obtaine-dfrom references 13 to 15. The foldmwing table presents the
total losses in rate of climb incurred through use of the various heat
sources at the climb condition 2.

Source of energy

Compressor bleed
Turbine-inlet or tail-pipe bleed
Hot-gas conibustionheater or
auxili~ power unit

Electric shaft power or auxiliary
power unit

Decrease in climbing rate
(percent)

44
13
6

1/2

.

Losses in rate of clinb due to extraction of ener~ from the engine by
an icing protection system are most severe when hot gas is bled from the
engine compressor and almost negligible with electric shaft power. Cal-
culations indicate that the penalty imposed on rate of clinibfrom
compressor-bleed air becomes less as ‘theengine compressor ratio is
increased. An engine with a pressure ratio of 10, for example, would
provide compressor-bleed air with a decrease in cltiing rate of about
30 percent. The increase in fuel consumption resulting from the use of
a protection system during clinibis of secondary interest compared with
the decrease in clhbing rate ”dueto the short period of time in which
it is likely to encounter icing during a climb.-

Airplane Cruise Performance

During cruise the engines are normally operated at less than maximum
power, and flight speed canbe maintained constant by increasing the fuel
flow whfle the icing protection system is in operation. This increase
in fuel flow, together with the installed weight of the protection equip-
ment, reduces the allowable pay load. Figure 14 presents the decrease
in pay load as a $unction of the percent of flight time during which the
icing protection system is in operation. The ordinate intercept is a
measure of the installed weight of the equipment and the slope is propor-
tional to the additional fuel burned.

.
from consideration of the pay

load, the weight of the equipment is of particular importance if the sys-
tem is to be operated for only a short period of time. For very short .

anticipated icing encounters, a system such as compressor bleed appears

-- — —
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most favorable. For longer anticipated icing times the fuel flow
becomes more important and a hot-gas system operated with tail-pipe
bleed or an electrical system operated from shaft power become more
attractive. The average length of an icing encounter maybe quite
small, in order of 1 or 2 percent of the total flight time. The auxil-
iary power units presented on figure 14 are too heavy to make them rela-
tively attractive from the pay-load standpoint. However, if a certain
amount of auxiliary equipment is needed for purposes other than icing
protection, a portion of thefi weight maybe otherwise chargeable.

A&plane Descent Performance

During climb and cruise the turbojet engines are operated at rela-
tively high puwer levels; however, during the descent portion of the
flight, it will.be necessary to operate engines at much lower power
levels in order that the placard dive speed of the a&plane will not
be exceeded. Therefore, the availability of ener~ from the turbojet
engine during descent is considerably lower than in either climb or
cruise. An electrical system operating with shaft power could protide
adequate protection during descent provided the generators were designed
to operate over a ~de range of engine speeds. Also, turbine-inlet and
tail-pipe bleed temperatures are sufficient to provide protection even
at low engine speeds. Compressor-outlettemperatures are so low that
protection of the complete airplane during descent by means of cmpres-
sor bleed air is doubtful; however, sufficient energy may be available
to prevent serious engine icing. Furthermore, it should be possible
at any time during descent to level out for a short period of the,
increase the engine power, and shed the ice formations.

CONCLUDING REMARKS

Icing protection will be required for a typical high-speed, high-
al.titudeturbojet transport aalane operating over a probable range of
ictig conditions because aerodynamic heating is not sufficient to raise
the temperature ~f an unheated surface above the freezing level.

Icing protection for the turbojet airplane maybe accomplishedby
conventional hot-gas systems, although the heating requirements and
performance penalties sxe considerably increased from those now associa-
ted with lower-speed aircraft. Provision for this increased heat demsad
necessitates a critical study of its effect on the performance of the
turbojet airplane, an airplane the operating criteria of which are
restricted even in ideal flight conditions.

The Himum continuous hot-gas requirement for the turbojet
transport occurred near 15,000 feet and is approximately 7,5M),000”Btu
per hour, with wing and tail protection comprising over 90 percent of
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.

this total. The airplane protection requirement can be reduced to a
maximum of approximately 490,000 Btu per hour or 143 kilowatts by using
a cyclic electrical de-icing system.

The problem of providing for the maximum continuous hot-gas require-
ment of 7,500,000 Btu per hour is minimized by employing the turbojet
engine as the heat source. This large heat requirement represents
approximately a 10-percent bleed of the engine air flow, assuming a
350° F initial gas temperature to the protection system. Use of a gas
cyclic de-icing system should reduce these requirements by appro-tely
70 to 80 percent.

z
~’

The airplane performance penalties chargeable to providing icing
protection vary considerably with the energy source employed. The pro-
per selection of a heat source for an aircraft icing protection system
depends on several considerations such as effect on rate of climb and
on pay load, amount of time expected to be in icing, and practical design
limitations. On the basis of this investigation a continuous hot-gas
system with compressor-dischsrgeair appears the most attractive for
short icing encounters if the high penalty on thrust or rate of climb
can be tolerated. By utilizing a gas cyclic de-icing system, the clinh
and thrust penalties can be reduced considerably. For longer icing
times, a cyclic electrical de-icing or a continuous hot-gas system with
_hrrbtie-Met or tail-pipe gas appesms more feasible.

Lewis Flight Propulsion Laboratory
I?ationslAdvisory Committee for Aeronautics

Cleveland, Ohio, June 25, 1952

. —-— ———_——.
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APPENDIX A

SYMBOLS

distance measured spanwise between center line of tijacent
heating channels in a typical double-skin icing protection
system (fig. 8(a)), in.

spanwise width of one chordwise-flow heating channel (fig. 8(a)),
in.

atifoil chord length, ft

specific heat of air at constant pressure, 0.24 Btu/(lb)(Ol?)

diameter of leading-edge equivalent cylinder, ft

hydraulic diameter of chordwise-flow heating channel, equal to
four times the cross-sectional area of flow ditided by the
wetted pertieter, ft

collection efficiency of atifoil, percent

vapor pressure of saturated air, in. Hg

acceleration due to gravity, 32.2 ft/sec2

height of chordwise-flow heating cham”el (fig. 8(a)), in.

dry-ah external convective heat-transfer coefficient,
Btu/(hr)(S~ ft)(~)

internal convective heat-transfer coefficient, Btu/(hr)(sq f%)(%)

mechanical equivalent of heat, 778 ft-lb/Btu

surface area wetted’,percent

thermal conductivity of atr, Btu/(hr)(sq ft)(%)/ft

latent heat of vaporization of water, Btu/lb

weight rate of water droplet impingement per unit of surface
area, lb/(hr)(sq ft)

weight rate of water evaporated from surface per unit of surface
area wetted, lb/(hr)(sq ft)

exponent of Prandtl number: 1/2 for lsminar flow; 1/3 for tur-
bulent flow

.-—— _—. — —...— — .—--——.
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Pr

P

~

Red

Re~

s

t

~or;

u

v

w

w

x

r

v

I&andtl number, 3600~M/k~

pressure, in. Hg

NACA TN 2866

.
dimensionless

unit rate of heat flow, Btu/(hr)(sq ft)

Reynolds nuniber,VDy/W, based on diameter of equivalent cylin-
der and free-stream conditions, dimensionless

Reynolds nuniber,Usy/W, baaed on surface distance and local sur- E
face conditions, dimensionless m

N.

distance measured chordwise
tion point, ft

temperature, %

arithmetic average of inlet

local velocity just outside

along airfoil surface from stagna-

and outlet temperature, % or %

boundaxy layer, ft/sec

free-stresm velocity, ft/sec

weight flow of gas, lb/hr

weight flow of gas per unit cross-sectional area, lb/(hr)(sq

distance measured chardwise along airfoil chord line from
ie&ng edge, ft

specific weight of air, lb/cu ft

viscosity of air, lb/(see)(ft)

Subscripts:

e evaporative heat transfer

g heated gas
.

i inlet or initial

s conditions at airfoil surface

o free-stream conditions

1 conditions at outer edge of boundsry layer

ft) -

.

.
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Superscripts:

1 wet-air equilibrium

tl dry-air equilibrium
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APPENDIX B
.

EQKEURIUM TEMPERATURE OF A SURFACE

The equilibrium temperature of a surface in an air stream can be
determined for any condition by the solution of an appropriate heat
balance (reference16). The equilibrium temperature is the tempera-
ture a surface not artificiallyheated would assume in a steady-state
condition. In a wet-air stream or cloud, an equilibrium surface temper-
ature equal to at least 32° F (and with no ice considered to have
formed) precludes the need for artificial heating. The appropriate heat
balance for this limiting condition)with a fully wetted surface assumed,
can be written as

heat gain to surface = heat loss from surface

[ 1[frictional heating in conversion of the
boundsry layer 1+kinetic ener~ of =

the droplets to heat

E=:]+[q$:’=”g]

or

.

h#
2gJ~

(Pm) +g= hc(t; - -tI)+ ‘“~~ (e; -el) +~(t~ -to)

(Bl)

With the assumption that the flow process from the free stream to
the surface is isen-tiopicand that
is initially saturated and remains
occurs, then, from reference 18,

t~ = to

and

no change of phase in the air which
so throughout the boundary layer,

. (

.

..— —— -———— ——.



31

.

.

NACA TN 2866

The equilibrium
water tg

t; =to+

surface temperature in an air stream containing liquid
equation (Bl) then becomes

7

- 1-
2gJ~ [#y (1 - ‘i”) + (:)%] -- [E) - (%)

r. oIa7
P +W!] (B2)

and the solution for the minimum flight speed, that is, V for t:
equal to 32° F (and no ice), is

,2 :.JCP {(=-‘i) ~+(?)l‘y [(3-(N
[ ()1- ?) 1;2(1-RF)+F% (B3)

Because e; is the saturation vapor pressure at t~, and ~, %, U,
and p

t

are functions of body geometry and flight speed V, equa-
tions B2) and (B3) are solved by trial and error. The importance of
and complexity in determining the rate of water droplet hpingement Ma
and the convective and evaporative heat-transferteni.s(see equa-
tion (Bl)) warrant separate and detailed discussion in the section Water
droplet impingement and in appendixes C and D.

In a dry air stream (no liquid water), equation (B2) for the equil-
ibrium surface temperate reduces to

[ [)
V2 ~

t:’= to+—
1

u2(l-Prn)
2gJ~ - F

where t& is defined as the equilibrium surface temperature in dry air.
Solving for the minimum flight speed V for t’; equal to 32° F
results in

~2 .
2gJ~(32 - ~)

L ()
1“- :2(1 -F X-J

—— .—...-.—
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AwENDlx c

EVAI’ORATIVEHEAT TRANSFER

De total amount of water evaporated from a surface in an ah
stream containing liquid water is equal to the product of a mass trans-
fer coefficient for water vapor and the vapor pressure difference across
the thermal boundary layer. The total water evaporated has two compon-
ents, the evaporation due to kinetic heating and that due to artificial

o
m

heating. The expression for the total water evaporated from a fully
m
N

/ wetted surface can be simply derived

.

~=o:;:

If no phase c-e is assumed in the
then equation (Cl) becomes

from reference

(es - e~)

17 to give

(cl)

ah which is initially saturated,

O.622hc

%?=
% [E)-Gal (C2)

J

Siqce the rate of heat titisfer per unit area due to evaporation is
given as .

~ =MeL

then

0.,622Llw
%= Cp [E) - (%)]

(C3)
.

These evaporation relations apply only to a fully wetted ice-free sur-
face. If the surface is only pertly wet, such as downstream of direct
impingement of the water droplets (see reference 8), the reduced mea
from which evaporation occurs must be considered. stiar co~idera-
tion should be given evap~ation terms in the calculation of the equi-
librium Gurface temperature for a partly wetted surface (see appendix B).
Because an exact description of the evaporation process from a partly
wetted surface is lacking, the expressions for evaporative heat transfer,
equations (Cl), (C2), and (C3), are modified by a factor K, the percent-
age of the surface erea which is actually wetted. Limited expebimenw
evidence (references 8 and 18) indicates that K decreases shsrply from .

a value of unity nesr the limit of impingement to a mean value of approx-
imately 25 percent 1 inch downstream of the impingement limit and
decreases slowly thereafter. These investigations (references 8 and 18) -
also indicate that this use of K to determine the evaporation area
@elds reasonably accurate results.

— —
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APPENDIX D

CONVECTIVE HEAT-TRANST!ERCOEl?FICIENT

Detailed methods of determhing the external dry convective heat-
transfer coefficient ~ have been developed in references-19 to 21.
Sufficient accuracy for an airfoil heating-requirement study is usually
obtained with the assumption that the convective heat-transfer coeffi-
cient from the airfoil leading-edge surface is equal to that over the
forward half of a cylinder with a diameter similar to that of the leading
edge and the remaining upper and lower airfoil surface equal to the heat-
transfer coefficients frcm flat plates. The empirical equations of
Msrtinelli (reference 21) used herein to determine ~ are for a cylin-
der

1.14(Pr)0”4 (Red)0”5k
%=

D [’ - (&s]
(Dl)

(where e is the angle in degrees from air stagnation to the point of
interest)

for a flat plate with laminar flow

0.332(Pr)
1/3 Re oo5k

b=
s

for a flat plate with turbulent flow

~=
0.0296(F?)1/3 (Res)0”8k

s

(D2)

(D3)

The properties of the air in these equations are assumed to be an
arithmetic average of free stream and surface, as in refe~ence 21. A
quantitative comparison of the convective coefficients based on the
solution of equations (Dl) to (D3) is presented in figure 15-for the
NACA 651-212 airfoil with mean chord of 15.8 feet operating at condi-
tions 2 and 4.

The.presence of water on an &foil surface produces an.esrlier
transition from a laminar to turbulent heat-transfer coefficient as does
an increase in air speed (references 8 and 18). In an icing condition
it is doubtful that transition will be delayed more than the 10-percent
chord point indicated by this typical transition curve shown in fig-
ure 15(a); the actual location of transition in icing will probably
fluctuate but should occur between the leading-edge cylinder curve and
the transition curve shown. Because no definite basis for the

.— .— -..-— —
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determination of the transition region other than limited data in refer-
ences 8 and 18 is available, a straight-line transition from the stag-
nation point to the turbulent flat-plate value at 10 percent chord
(fig. 15) may be assumed for convenience in calculations. The validity
of using a straight-line-transitioncurve ad the magnitude of error
obtained may be determined by a comparison of the total-heat-requirement
calculations for an airfoil based on the two transition curves shown in
figure 15(a).

The use of the straight-line-transitioncurve yielded an increase
o
z

of about 25 percent in gas weight flow necessary for evaporating all Cu

the impinging water for condition 4 but decreased the chord heated
extent by 15 percent. Because these percentages of error are in at
least the same order of magnitude as are the errors in the assumptions
of meteorological variables, the straight-line-transitioncurve is used
in alIlcalculations pertinent to the results reported herein.

.

— .—
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AJ?PENOIXE

INTEEWW HEAT TRANSFER II?CONTINUOUS HOT-GAS SYSTEM

The heat
involved in a
equation:

balance which describes the heat-transfer processes
hot-gas system (fig. 5) is approxhated by the following

(*)‘iz- ()=(hc,gmg-%)~ (El)

When heat is transferred to the skin or
decreases as it flows chordwise through
process is described by

surface, the gas temperature
the double-skin passage. This

(E2)

The term ~ ,g (equation (El)) is the internal convective heat-
transfer coefficient of the hot gas in the shallow heating channels.
For this analysis, @,g is determined for the entrance region to the
double-skin passages by the folluwing equation:

o.1217k

()

0.7

hc,g=~* (E3)

Equation (E3) is a modification of the empirically determined equation
by J. K. Hardy and R. Morris for the entr.mce region. A curve of equa-
tion (E3) intersects the one for fully developed turbulent pipe flow
about 25 hydraulic diameters downstream of the entrance. After the
point of intersection, the following equation from reference 22 is used:

()1/3 ~ 0.8 k
h
C>g

= o.022(Fr) —
3600p g.2

= 5.4xLo-4(Tg)0”3

The term Tg is an estimated value of
turbulent flow region.

the mean gas temperature in the

-. ——.— ._ — ——
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Some experimental data concernhg the
convective heat-transfer coefficient hc,g

anti-icing sywtems (reference 23) indicate

NACA TN 2866

local value of the internal
for typical dotile-skin

that the values calculated
from equations (E3) and (E4) maybe too ldghby 20 to 30 percent.
Because of the uncertainties in the determination of the local internal
coefficient, no complete recalculation of the results was performed. A
few potnts, however, were recalculated with the lower value of the
internal coefficient md they indicated that the value of the internal
coefficient has a significant effect on the heating requirement for com-
plete evaporation of the interceptedwater. From the limited nuniberof
calculationsperformed, the heat required to evaporate all the inter-
cepted water was increasedby about 20 percent when the local internal
heat-transfer coefficientwas assumed decreased.by 30 percent.

The term q in equations (El) and (E2) is the unit rate of heat
flow also described by equation (1) of the text; and the three equa-
tions, (l), (El), and (E2), are solved simultaneouslyto satisfy the
heat balance from the heat source to the free air stream. This solu-
tion is considered to be an adequate appradmation in the determination
of the weight flow of hot gas required, but is based on the assumption
of negligible chordwise conduction in the thin metal skin. Preliminary
calculations includtig the conduction effects provided results not sub-
stantially different flromthose in which conduction is neglected; there-
fore, equations (l), (El), and (E2) were solvedby a step-by-step trial-
and-error manner as follows.

For a condition in which the factors in equation (1) affecting the
external heat-transfer rate are.known, and the internal passage config-
uration is also known, the ffist step is to select a value of hot-gas
weight flow W. By assuming a drop in hot-gas temperature in a small
increment of length, a trial value of q cam be calculated from equa-
tion (E?). With this trial value of q and a mean value of gas temper-
ature tg of (tg,i - ~g), the heated surface temperature ts can be
calculated frcnnequation (El). With this value of surface temperature
the external heat-transfer rate canbe determined from equation (I) and
compared with the tii~ ~ue ob~tied from equation (E2). If the two

values of q do not agree, a new value of Atg must be assumed and
the process repeated until a heat b&lance is obtatied.

For each chordwise length ticrement
being evaporated from the
dti C as

%=

heated surface

[()0.622 h ‘S

Cp c ~

assumed, the amount of water
can be calculated from appen-

()1eo
-—

Po
K

N’
E’
0,
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l?roma lnmwledge of the amount of water impinging on the wing Ma and
the smount being evaporated ~, the quantity of water running aft on the
the wing can be calculated. This step-by-step process is continued in
a chordwise direction until all the water has been evaporated or until
the surface temperature is reduced to 32° F. By this method of calcula-
tion, the chordwise distance which must be heated in order to evaporate
all the water intercepted by the wing, and the minimum amount of weight
flow of hot gas that will evaporate all the water before the surface
temperature drops to 320 F, can be determined.

1.

2.

3.

4.

5.

6.

7.

8.
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TABLE I - ICING AND OPERATING CONDITIONS

Condition

1

2

3

4

flight

3peed
[qh)

350

350

350

500

TURBOJET TRANSPORT

—

Pressure
altitude

(ft)

o’
to

10,000

10,000
to

20,000

20,000
to

30,000.

30,000

Altitude

Ulimb

and

descent

:ruise

‘Uniformdroplet size distribution,

Liquid-
water
content
(g/cu m)

0.6

.4

.2

.1

NACA TN 2866

FOR HYPOTHETICAL

Dropletl
diameter
(microns)

15

20

15

15

bee-stream
3tatic air
temperature

(%’)

20

0

-25

-40
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Figure2. - Estimated rate and area of water drcpletimpingement.Atrfoil,
~~ 65~-212.(-cd on extrapolatedresultsfromreference3.)
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Figure 13. - Methods of heat md power extraction from turbojet engine.
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