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SUMMARY

: An equation is presented for calculating the heat flow required
from the surface of an internally heated windshield in order to
prevent the formation of ice accretions during flight in specified
icing conditions. To ascertain the validity of the equation,.
comparison is made between calculated values of the heat required
and measured values obtained for test windshields in actual flights
in icing conditions. :

The test windshields were internally heated and provided data
applicable to two common types of windshield configurations; namely
the V-type and the type installed flush with the fuselage contours.
These windshields were installed on a twin-engine cargo airplane and
the icing flights were conducted over a large area of the
United States during the winters of 1945-46 and 1946-47. In
addition to the internally heated windshield investigation, some
test data were obtained for a windshield ice-prevention system in
vhich heated air was discharged into the windshield boundary layer.

The general conclusions resulting from this investigation are
as follows: , .

1. The amount of heat required for the prevention of ice
accretions on both flush- and V-type windshields during flight in
specified icing conditions can be calculated with a degree of
accuracy sultable for design purposes.

2. A heat flow of QObQ to 2500 Btu per heur per square foot
is required for complete and continuous protection of a V-type
vindshield in flight at spedds up to 300 miles per hour in a
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moderate cumslous icing condition.  For the same degree of .protection
and the same speed range, a value of 1000 Btu per hour per square
foot suffices in a moderate stratus icing.condition.

‘3. A heat supply of 1000 Btu per hour per square foot is
adequate for a flush windshield located well aft of the fuselage
stagnation region, at speeds up to 300 miles per hour, for flight
in both stratus and moderate cumulous icing conditions.

4, The external air discharge system of windshield thermal
ice prevention is thermally inefficient and requires a heat supply
approximetely 20 times that required for an internal system having
the same performance.

!

INTRODUCTION

For several years the NACA has engaged in a broad research
program on the problem of the prevention of ice formations on
airplanes. Particular attention has been given to the utilization
(in various thermal ice-prevention systems) of ths avallable waste
heat in the englne exhaust gases, : .

One part of this icing research program has been concerned with
the investigation of “thermal means of windshield ice—prevention.
The first satisfactory solution developed was the double—panel-type
system described in reference 1 and tested on the Lockheed 12-A,
Consolidated B—Qh and Curtlss—erght C—h6 airplanes (references i,

-2, and 3)

The tests of reference 1 resulted in the tentative specifica—
tion of a heat~flow requirement of 1000 Btu per square foot per hour
through the windshield outer surface. This value was based on data
obtained for ‘a V—-type windshield at flight speeds up to 150 miles
per hour. The flight investigation -of reference 2 was also conducted
with & windshield of this configuration, and the specification
appeared adequate. The heated-air flush windshield installation in
the C-U46 airplane (reference 3) provided satisfactory protection,
but did not serve as a check on the validity of the 1000 Btu per
hour per square foot specification for all types of windshields,

. because the windshield configuration had appreciably different 101ng

characterlstlcs than the V-types prev1ously tested.

Although these initial researches provided some information on
windshield heat requirements, the results were empirical in nature
and could not serve as a fundamental ba81s for the predlctlon of the
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heating requirements for windshield configurations and flight
conditions different than those 1nvestigated Accordlngly, a-
fundamental windshield icing research was undertaken. This research
consisted of an analytical study of the heating requirements for
internally heated windshields, and subsequent flight tests to
determine the applicability of the design‘equations resulting from
the analysis. In the flight tests the heat flow from the surfaces
of various special test windshields of different configurations

- could be closely cortrolled and measured, Measurements were also
made of the windshield surface temperatures, boundary-layer
profiles, flight conditions, and meteorological factors during
_icing in order to provide data on all the basic factors which could
be expected to affect the heating requirement. .

In addition to the research directed toward the establishment
of the heat-flow requirement in the case where the heating was
supplied internally, a: secondary investigation conducted at the
same time was concerned with the practicability of ice prevention
by the means of discharging a jet of- heated air into the windshield
boundary layer. This device was ’nitially installed in the
C-U46 airplane (reference 3) as & means of augmenting the internmal,
double~-panel windshield system with available primary air from the
exhaust—-gas heat exchangers. The test results with this initial
installation were sufficiently promlslng to warrant further
investigation.

‘An analytlcal approach to the external-discharge type of -
windshield thermal ice—prevention system was attempted, but the
_unknowns involved, ‘such as the mixing of the heated jet with the
.boundary-layer air, precluded a reasonable prediction of the action
of this system. Actual tests of external-discharge systems in
icing conditions were considered necessary. ‘It was hoped that .
sufficient data concerning the influence- of the various pertinent
factors, such as jet flow rate, size, dnd temperature in known
icing conditions, could be obtained to provide an indication of
the practicability of the system and.possibly form the basis for
empirical design equations. Controlled heated-air external—dlscharge
systems, therefore, were investigated for both a V—type w1ndshleld
and a windshield which was flush with the :fuselage contours.

The flight tests were conducted in clear rair and in.natural
icing conditions with a C-46 airplane. In addition to the windshield
research the flight tests included the determiInation of wing and
propeller heating requirements and a study of the meteorological
factors conducive to icing. To obtain test data in natural icing
conditions, for all parts of the research program the C—46 airplane
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vas operated by the Ames Aeronautical Laboratory, Moffett Field,
Calif., during the winters 1945-h6 and 1946-47T.

The appreciation of the NWACA is extended to United Air Lines,
Inc., the United States Weather Bureau, and to the Air Material
Command of the Army Alr Forces for aid and cooperation in the
research, In particular, the services of Major James Murray,

Army Air Forces, and Captain Carl M, Christenson and First Officer
Lyle W. Reynolds, United Air Lines, who served as pilots of the
research airplane, were a valuable ald to the conduct of the
investigation.

SYMBOLS

The following nomenclature 1s used throughout thls report:

a ' radlus of water droplet, centlmeters

A : surface area; square feet

Ap projected area, Squofe féet : :

b projected height of wiﬂdshleld or half of a width of

ribbon, centimeters

Cp specific heat of air, Btu per pound, degree Fahrenheit

qu specific heat of water, Btu per pound, degree Fahrenheit

C . radius of a sphere, feet

D ‘ a gignificant dimension of windshield used in determining
Reynolds number, feet

e : water vapor pressure, inches of mercury

g acceleration due to gravity, feet per second, second

h convective heat~transfer coefficient through the wind—

- shield boundary layer, Btu per hour, square foot, degree

Fahrenheit -

J - mechanical equivalent of heat, foot—pounds per Btu

k thermal conductivity, Btu per hour, square foot,

degree Fahrenheit per foot
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X

dimensionless quantity obtained from reference 4 and
27,00, )

defined in the symbols of this report as(j
: Mgdb

. "length of a windshield panel or & flat plate in the

direction of local air flow, feet

latent heat of evaporation at surface temperature, Btu
per pound of water

liquid water content of the air, grams per cubic meter

weight rate of water impingement per unit area, pounds
pexr hour, square foot

barometric pressure, inches of mercury

; . CpHE.-\ . -
Prandtls number - ,nondimensional

- unit rate of heat flow,'Btu per hour; square foot

rate -of heat supply, Btuw per hour

" recovery factor equal to pr/® for turbulent flow

D
Reynolds number (E—> ,nondimensional
\ Hg
distance from the region of air stagnation, feet
temperature, degrees Fahrenheit

kinetic temperature rise of air, degrees Fahrenheit

kinetic temperature rise of the water droplets, degrees
Fahrenheit ’

temperature, degrées Fahrenheit absolute
local veloditj inside boundary layer, feet per: second
velocity, feet per ‘second

weight rate of water impingemént, pounds per hour



Subscripts
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weight of heated air suﬁﬁlied pounds per hour

~distance along windshleld in the direction of air flow,

inches

evaporation factor, defined as 1 +

O. 622 LS (Bs-@o)

A ‘ o cpPo tg-to

distance normal to the windshield surface, inches

angle between the plane of a w1ndshield and a plane
normal to the streamlines around the forebody of the
windshield degrees

specific weight of air, pounds per cubic foot or grams
per cubic centimenter:

specific weight of the water droplets, grams per cubic
centimenter , :

emissivity of windshield panel

efficiency-of water impingement, percent

half the central angle of the total area of impingement
on a spherical surface, .degrees

v130031ty of air, gram.seconds per square centimeter

dimens1onless quantity obtained from reference U4 and

1872Ugb
defined in the symbols of this report as{ ————
' 7.8
calculated
‘experimental

local conditions just- outside the boundary layer
reference to ambient or free—stream.aif conditions
reference to windshield external surface conditions

average conditions
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~ ANALYSIS

Ice formations on aircraft occur duing flight through formations
of. supercooled droplets of water. Upon contact with an unheated
surface, the water freezes and ice accumulates at a rate depending
upon the efficiency with which the surface intercepts water droplets
from the free air stream. With a heated surface the majority of
the water evaporated is evaporated at the surface, although a few
small drops may be evaporated in the boundary layer. The maximum
rate of evaporation occurs when the heated surface is fully wetted,
and it is for this condition that the following analysis applies.

The unit heat flow from the outer surface of a windshield
during flight in icing conditions can be considered as the sum of .
four individual heat losses, or

Q=9 *q,%d " 9 (1)
ﬁheré'
él | ‘heat loss due to forced convectlon
as . heét losé due to evaporation of the implnging water
a5 " heat loss due to warmlng of the implnglng water
9 “heat loés due to radlation to the surrounding atmosphere

Each of these individual heat flows will be analyzed,

‘Heat Loss Due to Convection

The equation for the heat loss due to convection, including
the effect of kinetic heating, is written

q =ttty ) ) ()
where

N (3)
a ° 2gdc, 2gdc
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Equation (3) is obtained from references 5 or 6 which also state
that the recovery factor r equals Pr'/3 for turbulent flow.

The first term of equation (3) represents the adiabatic
heating or cooling of the air just outside the boundary layer

- caused by the change in velocity from U, to U,. The second

term of the equation reﬁresents the heating of the air which occurs
as the velocity is reduced from Uj to zero. Equation (3) can be
approximated by the simplcr-form - :

Atka - o. 832 r/ > 3 (4)

Several equations for calculating the coefficient of convective
heat transfer h from a flat’ plate have been developed, and a
comparison of these equations has been made in reference 7. For a
turbulent boundary layer, the general form of the coefficient was
presented as

Uy
h = 0.0296 x 3600 % (5)

PI‘Z/SRO.e

Following. the presentation of equation (5) in reference 7, various
specific forms of the equation are derived by expressing the
properties of air as a function of the average temperature of the
air in the boundary layer. The coefficient at any distance s from
the leading edge of a flat plate, for the region of turbulent flow,
is given as,

U7 O.8

0.3 1

h = 0.51 T, ( .25> » (6)
where

Tov avefage temperature in the boundary layer

U,y velocity outside the.boundary layer at distance s from

the leading edge

For a turbulent boundary layer extending from s=0 to
s=1 on a flat plate, the average coefficient is presented as

: ’ 0.8
b = . 6u T, 0-8< U175> | (7
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Heat Loss Due to Evaporation

As mentioned previously, the maximum rate of evaporation
occurs when the surface is fully wetted. Since this condition
requires the maximum heat supply to maintain a given surface
temperature, it is chosen for design. 1In order to establish the
minimum heat requirement to prevent freezing of the water on the.
windshield, it is assumed that sufficient heat will be supplied to

"maintain the temperature of the windshield surface and the water
thereon at 32° F, Since water runback from the heated-windshield
area is of little consequence, no effort is made to evaporate all
the water intercepted by the windshield; such a regquirement would
impose an exorbitant heating load in some cases.

Using the equations of reference 5 and the symbols of this
report the rate of heat loss due to evaporation is

a = 0.622 h Ig (es—;f’) | (8)

-\ ®p¥o
Heat Loss Due to Warming the Impinging Water

Reference 5 gives the basic equation for the disgsipation of
heat to the water that is intercepted by the windshield, but a
kinetic heating term is added in this report since the loss of
energy by the water droplets assumes an appreciable valuve at
airspeeds of 300 miles per hour or greater.

= M t_~t At
g = "Cp, (g o kw)
where : - . (9)

2 2
My = 99 - 0,198 (o
v 2gdep, . 100

and M 1s the average weight rate of water impingement per unit
area of windshield and is given by

= Ap
M= 0.205 1L U.m -2 (10)

100 A

Since the streamlines and drop trajectories for various types
of windshields are not now available to calculate the efficiency of
water impingement 1, data for spheres or flat ribbons can be
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utilized to give approximate impingement values, Curves presenting
efficiencies of water impingement for cylinders, spheres, and
ribbons are given in reference 4 together with a discussion of
their use.
Heat Loss Due To Radiation
The heat loss due to radiation from the windshield surface to

the surrounding atmosphére is usually of small magnitude. It can
be calculated from_the_StefanéBoltzman'equation:

_ " 0T ( 1oo> (100 } : (11)

Summation of Hgat Loszes

Combining equations (1) to (11}, the complete'eQuation for the
dissipation of heat from a, windshield surface in conditions of.
1cing may be written . '

o:) o
Po

IR C
o o) o[ (33

(12)

For flight speeds under approximately 200 miles per hour,
equation (12) may be simplified by neglecting the heat loss due to
radiation and the kinetic heating of the impinging water. Regrouping
the terms to segregate the primary heat losses, which are due to
convective heat transfer and evaporation, from the sccondary effects
of heating the impinging water and kinetic heating of the air, equa-
tion (12) becomes

0.2 BE(samto) * Hta-to) - 0,832 ’“”Km) @3)

~
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- where

X - O 6221.s (es—eo> B . (1k)

A sihilar grouping was used in references 5 and 8.

DESCRIPTION OF APPARATUS

The research reported herein was conducted in flight using a
C-U46 cargo airplane (reference 3) modified to incorporate an NACA
thermal ice~prevention system which permitted continuous operation
in natural icing conditions. Thé airplane i1s shown in figure 1 as
equipped for the winter of 1945-46, and in figure 2 as operated in
the winter of 1946-47, o

Meteorological equipment was installed to measure the free—
stream air temperature and the water drop size, drop-size
distribution, and liguid water content in icing clouds. A shielded
thermocouple connected to & millivoltmeter was used to measure the
air temperature. Rotating cylinders of different diameters,
mounted coaxially on a single shaft, were used to determine the
liquid water content, drop size, and drop-size distributions. The
maximum drop size was determined from the area of water impingement
on a single, nonrotating cylinder., A detailed description of the-
meteorological instruments, their use, and typical meteorological
data obtained are presented in reference 9.

Internally Heated Windshields

Three general types of aircraft windshields were tested to
provide fundamental heat—transfer data: flat—plate, flush, and
V-type windshields, The first two types were tested during the
194546 operations and the third during the 1946-47 operations.
Each windshield—panel test section was heated by electrical power,
‘and the installations are shown in figures 3, 4, and 5.

Flat—plate windshield,~ This installation was 1ntended to supply
heat—transfer data for two—dimensional flow over a flat plate inclined
at different angles to the air stream, ' It was considered that the
data would be applicable to the design of flat-pane windshields such
as those common in fighter and transport aircraft. The test panel

5
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vas located on the right side of the fuselage of the alrplane as shown
in figure 3. The panel was mounted in such a manner that the angle
between its surface and the relative wind direction could be varied,
Provision was made to fix the panel in one of three positions: 300,
459, and 60°, measured from the tangent to the fuselage- at the hinge
line.

The over—all surface dimensions of the flat plate were 13 by
18 inches, and of this area 13 by 16.5 inches, or 1.49 square feet,
were uniformly heated. ‘The heating elements were thin metal ribbons,
and were capable of dissipating 2500 Btu per hour per square foot of
penel surface when connected in a 2U—volt circuit. For the base of
the panel, a 1/2—inch sheet, of fabric-laminated plastic was used,
The heating ribbons were cemented: tothis base and then a 1/6h—inch—
thick sheet of laminated plastic was. cemented on top to present a
smooth, electrically “insulated. eurface to the air stream. Centrally
located in the base material was a.-k,5-inch-square heat meter
(calibrated thermopile, reference 10), 1/6h—inch-thick, to measure
heat flow away from the test surface, Electrical power was supplied
from an alternator. through -a- lQO/Qh—volt transformer, and the
voltage impressed on the test section was controlled by means of a
carbon—pile rheostat :

Temperatures on the surface of the flat plate were measured at
- 10 points by iron—constantan thermocouples which were 0.002 inch
thick. The thermocouples were recessed in grooves 0.003 inch deep
in the 1/6l—inch-plastic outer sheet, and their Junctions located as
- shown by figure 6.. The outer surface was thinly painted to provide
a smooth surface and to protect the thermocouples. Additional
thermocouples were located on the back surface of the plate and at
the heat meter.

All temperatures were recorded by a self-balancing automatic—
recording potentiometer with an estimated over—all accuracy of +3° F,
This degree of accuracy was made pos31ble by the provision of several
calibration thermocouples, with temperatures known to +1° F, as a
check on the recording potentiometer. The potential of the heat
meter was determined manually with an additional potentiometer, By
measuring the temperature at the heat .meter, an accuracy of
measurement of heat losses to 10 percent was pogsible.

For the determination of the boundary-layer—velocity profile
in clear air, conventional pressure rakes were utilized and the
pressures were recorded by photographing a»manpmeter board.,

o
‘.
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Jce formations on the panel were photographed with a
16-millimeter cinematic camera which was remotely controlled, The
camera was.located within the fuselage about 3 feet forward of the
flat-plate panel, and was fitted with a 90° angle lens which
protruded into the blister shown 1in figure 3.

. . ‘ :

Flush windshield.— This windshield was installed flush in the
copilot's panel which, at that time (1945-46), was flush with the
fugelage contours. (See figs. 3 and 4.) The test surface was
almost square, though slightly curved, and covered an area of
1.16 square feet, Construction of the panel consisted of three
sheets of glass bonded together with sheets of plastic. Heating
elements of very fine resistance wires were imbedded between -the
outer glass.layer and the plastic inner layer. These wires were
0.0012 inch 'in diameter and spaced 0,6 inch apart. The panel was a
commercial product and was designed for a maximum heat dissipation
.of 1000 Btu per hour per square foot. Power was supplied by direct—
current generators and the impressed voltage was varied with a ‘
rheostat. Thermocouples 0.002~inch-thick were cemented to the inner
and outer surfaces of .the test area and covered with clear spar °
varnish. The locations of the thermocouple junctions are shown in
figure 6. ' '

Ice formations were photographed with a box camera having flash
attachments and located in the pilot's compartment. Temperatures
and. boundary-layer-rake pressures were recorded by the same instru—
ments used for the flat—plate w1ndshleld

- V=type w1ndshleld — For the 194647 operations the flush wind—
shields were replaced by the V-type windshield shown in figure Se

The windshield center post was sloped at an angle of 57° (measured-
from the horizontal during cruising flight) and the included angle
of the V was 86° measured in the horizontal plane. The fabrication
of the pilot's and copilot's panels was identical and consisted of
three sheets of glass bonded together with interposed sheets of
plastic (fig. 7). Heating of the panels was attained through a
transparent, electrically conductive surface coated on the outer:
sheet of glass on the surface adjacent to the plastic inner layer.
The panels were a commercial product and were capable of dissipating
2000 Btu per hour per square. foot.. Although the panels were
trapezoidal in shape, the heated drea was rectangular with the dbus
bars applied .the full length of the rectangle along the top and:
bottom edges to insure uniformity of heat distribution (fig. T), The
heated area of each panel was 1lL,5 by 25 inches or 2.52 square feet,
Power was supplied by an alternator and the voltage was controlled -
with a variable transformer. Thermocouples O. 002—~inch~thick were
cemented to the inney and outer surfaces of both windshields and
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covered with clear spar vanish., Locations of the thermocouple
_junctions are shown in figure 6

Photographs of ice accretlons on the windshields were taken
with a camera having a synchronized flash attachment., Temperatures
were recorded in the same manner as described for the flat—plate
windshield,

External Air-Heated Windshields

Flush windshield.— The original windshield heating system
installed in the C-U46 airplane included both an internal double—
panel heating system and an external—discharge heated-air heating
system as discussed in ‘references 3 and 11, The original system
was modified as shown in figure 8 for the 1945-h6 operations. The
inner heating system was removed, the heated—air discharge slot for
the outer system was decreased to three~sixteenths inch, and the
extent of the discharge slot was reduced to a width of l foot at
the bottom of the pilot's windshield, starting at the center post.
The heated air was supplied by exhaust—gas heat exchangers, and the
air flow rate was measured with a b—inch venturi meter. A butterfly
valve was installed to control the quantity of heated air flowing
from the discharge slot.

Windshield surface temperatures were measured with thin iron—
constantan thermocouples cemented to the glass and covered with
. several coats of spar varnish. Nine thermocouples were located on
the outside surface and three were located on the inside surface,
as shown in figure 6. . Thermocouples were located at the venturi
" meter and just inside the discharge slot to measure the heated-air
temperatures. Two temperature rakes were installed on the windshield
outer surface for the determination of the temperature profile in.
the heated-air jet in a few clear-air flights., These rakes consisted
of nine thermocouples at different heights above the windshield
surface up to 1-1/2 inches, All thermocouples were connected to a
recording potentlometer, and the estimated over-all accuracy was
about +3° F.

A pressure rake was 1nstalled for the determination of the
heated—air jJet-velocity profiles in clear-air flights. The rake
consisted of 18 pressure probes mounted in the form of a triangular
prism with its base .on the windshield surface. Three of the
pressure probes were static tubes and the remainder total-pressure
‘tubes. These pressures, along with the venturi meter pressures,
were recorded by photographing an alcohol manometer board.
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Two methods were employed to obtain an indication of the
quantity of heat flow from the external jet through the windshield
into the airplane cabin. The first method consisted of the calcula-—
tion of the heat flow based on the measured temperature difference
between' the windshield surfaces and the known thermal conductivity
of the windshield materials. In addition to this calculation, a
h.5—inch—s%uare heat meter was located on the inner surface as shown
by figure The potential across the heat meter was read by an
indicating potentiometer. The estimnted accuracy of the heat flow
as determined with the heat-meter 1nstallatloq is qpprox1mately
15 percent.

V-type windshield.— For the 1946-L7 operations with the V—type
windshield, one 3/16-inch external discharge slot was located along
the bottom edge of the pilot's windshield and another along the
center post between the windshields with the heated air directed
over the pilot's windshield. EXach slot was 1 foot in length. The
L—inch venturi meter was replaced by two 3—inch venturi meters
equipped with thermocouples to measure the flow rate independently
to the two separate discharge slots over the pilot's windshield.

The air-flow rate to each slot could be adjusted independently
although a certain amount of interdependence existed, since both
slots received air from the same source of supply. A booster blower
was installed in the main supply duct to increase the total quantity
of heated air available to the slots. '

The Tabrication and location of thermocouples 1nstalled -on the
pilot's panel were described in the preceding description of the
"V—-type windshields. In addition to the thermocouples on the wind—
shield surface, four thermocouples were installed "just-inside the
center—post discharge slot, and six thermocouples were located Just
inside the slot at the bottom of the pilot's windshield, These
thermocouples were located so0.as to measure the heated—air
temperatures just before the air was discharged from the slots, A
gself-balancing potentiometer was used to record the temperatures.

The pressure differentials-at the venturi meters were indicated
by standard differential pressure gages and recorded by a standard
NACA 60—cell recording manometer.’

TEST PROCEDURE
The clear-—air flighfs were conducted at the Ames Aeronautical

Laboratory, Moffett Field, Calif, In the case of the icing flights,
the Leboratory -served as a main base and operations in search of
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1oing conditions were conducted over & considerable area of the
United States, The 19h5-U6 operations, consisting of over 40
flights, were. conducted mainly in the Pacific Northwest and North
Central States, The 194647 operations included this same area
and, in addition, some icing conditiOns were encountered in the
Central Southern states. .

The flights in clear air were mede to check or nodify the
theoretical equations for convective heat-transfer coefficients
and to measure the degree of kinetic heatlng experienced- by the
windshlields, .

Icing Flights
. o . P :

The test procedures employed vere substantially the same for
each test windshield, Therefore, the following discussion applies
to the operations of both winters, -When icing conditions were
.anticlpated, the windshield power was turned on or, in the case
of the heated-alr jet, the valves were opened, Before entering
the icing condition, the heat to the windshields was adjusted to a
setting greater than the expected requirements. After a stabiliza-
tion period of several minutes the recording instruments were started
and the cloud was entered, After the completion of one run, if no
ice formed, the heat supply would be decreased and the equipment
allowed to stabilize for 10 minutes before the next set of data was
taken, The heat input to each windshield was reduced in this manner
to approximately the minimum amount required to keep the heated
surface free of ice accretions. For the pilot's and copilot's wind-
shields, the value of minimum heat required was established by
visual.observation of the start of ice accretions on the windshields,
Since the. surface of the flat-plate panel could not be observed by
the windshield engineer, the outer—surface temperatures were
regulated by changing the heat input so that the lowest temperature
would be just above freezing. '

The pilots always made an attempt to hold the altitude and
airspeed constant during a specific test run, but severe turbulence
sometimes made this impossible, The duration of a test run varied
from a few minutes in the top of a cumulus cloud to several hours
in an extensive stratus layer. For a few runs in the smaller cloud
formations, the airplane was flown in a circle in order to remain in
the cloud long enough to obtain a complete set of meteorological and
heat-transfer data, None of this latter type of data has been
presented unless the conditions were fairly stable for at least
5 minutes after an equipment-heating stabllization period of 10
minutes.,
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In addition to the flight and meteorological conditions, a
continuous record was kept of the following windshield data: heat
supplied, inner- and outer—surface temperatures, photographs of ice
formations, and the heat losses inward as indlcated by heat meters.

Clear-Air Tests

Clear-alr flights were conducted in level flight at various
altitudes and airspeeds to cover the conditions encountered during
the icing operations. The test flights were made in a direction
away from the sun to minimize the effects of solar radiation.

First, flight data were taken without any pcwer supplied to -
the windshields. By measuring the surface—-temperature rise above
free—gtream temperature a basis was establlshed for comparison
between the indicated recovery factor of equation (4), and the
theoretical value Pr1/3 for turbulent flow.

A check for possible significant edge -losses was made by varying -
the heat supplied to the windshield panels while flying at a constant
airspeed and altitude. = Any variance in the calculated external heat—
transfer coefficient after correction for inward heat losses was an
indication of the edge losses, since the effect 6f changes of
temperaturé in the boundary layer on the heat-transfer coefficient
cén be_considered negligible for the temperature ranges concerned,

For several airspeeds and altitudes, heat was- supplied to the
windshield panels while the temperatures, heat losses, and velocities
were recorded. These data were necessary for the experimental
determination of the convective heat—transfer coefficient h, and
the establishment of effective values .of s or 1  (equations .(6)

and' (7)).

During the clear-air flights after the 1945-46 operations, a
survey of the boundary layer at the center of each test windshield
was made with a pressure rake. The data were used to determine the
boundary-layer thickness and the variance of the local -velooity
outgide the boundary layer with changes in airplane velocity. Bpth
Pressure and temperature boundary-layer surveys were made in’ th?
heated~eir Jjet over the flush windshield installation.
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'RESULTS OF TESTS

Internally Heated Windshields

Local air velocities and convective heat—transfer coefficients.—

The values of localair velocity just outside the boundary layer at
the center of the flat-plate panel and the flush windshield are
presented in figure 9 for various airplane speeds and altitudes. In
figures 10, 11, and 12 the convective heat—transfer coefficients,
based on the measured surface temperature at the center of the flat—
plate and the known heat flow, are presented. The coefficients for the
flush panel are not presented because of difficulties experienced
with the measurement of the surface temperature. In the case of ~the
V—type windshield only a’few values of the heat~transfer coefficlent
obtained in clear air are available. These data were secured
between the icing encounters and, since the data were recorded at
different flight altitudes, they do not form a satisfactory basis
for curve plotting in the seme manner as figures 10, 11, and 12.
This. information is presented in the following table:

Pressure. | True Free-air Vindshield h
?ﬁi? altitude, | airspeed tempgrgture t::;ﬁgggure E;uggf,
(ft) | (=wph) - (°F) (°r) (°F)
1 12,000 - 178 20 73 23.4
2 10,800 - 200 - 18 : 65 , 28.5
3 9,800 7 39 73 23.0
L 7,800 175 - |- 30 ' 66 26.5
5 6,000 170 . 35 70 25.2

Meteorological and heat—transfer date during icing conditions.-
Tebles I and II present.the meteorological date for the two winter's
operations which have been selected for discussion in this report.

' These data represent only a smell portion of the meteorological
information recorded; but have been selected as the tests which
supply the most satisfactory combination of similtaneous meteoro—
logical and windshield heat—transfer data. A complete tabulation
of all the meteorological data obtained in the 1945-46 operations
is presented in reference 9, which also includes a detailed
discussion of the procedures employed to obtain the test results.

. 4
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The rotating-cylinder method utilized to measure the liquid water
content and mean—-effective drop-size values, presented in tables I
and IT, provided a l-minute average of the icing conditions, since
this was the time of exposure of the cylinders.l The windshield
heat—transfer data required about *~ 2 minutes to record and the
rotating cylinders were exposed at some time during that interval,
The meteorological data of icing conditions 4, 5, and 6 of table I
were obtained prior to the installation of the rotating cylinders,
hence the maximum drop-size range encountered during the heat—
transfer test interval is presented. : :

The heat—transfer data for all three of the internally heated
windshields in conditions of icing are presented in table III.  All
the heat flow values presented in the table do not represent the.
minimm requirement for the particular icing condition, since cases
for which satisfactory meteorological and heat—-transfer data were
obtained together did not always occur at the minimum value. of heat
flow, The surface temperatures presented in table III are .the
arithmetical average of the recorded values for the several thermo—
couples on the surfaces, Photographs and sketches showing the ice
accretions on the heated windshields and surroundlng surfaces for '
several of -the conditions encountered are presented in figure 13
to 23. .

External Discharge'Windshields

Temperature and velocity: gradients. The temperatures of the
windshield surface at various distances from the heated-air discharge
slot for the flush windshield installation are shown in figure 2k,
The temperature and velocity gradients in the jet for the same
windshield installation are presented in figures 25, and 26,

Icing tests.— Table IV presents the windshield (flush) surface
temperatures measured during operation of the extérnal discharge’
Jjet in icing conditions. An indication of the ice—prevention action
- of the external discharge jet for the flush windshield installation
can be seen in figure 15. The effect of the V—type windshield A
external Jet (pilot's side of windshield) is shown in figure 20, The
incomplete removal of ice accretions shown in this figure was typical

Mean—effective drop size for a cloud sample is defined as the
Giameter of a water drop for which the amount of water existing in-
water drops larger than that drop equals the amount of water in drops
smaller than the drop.
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of the operation of the external discharge system on the V—type
windshield, The temperature limitations of the windshield panel
precluded the use of additlonal heated air in an attempt to remove
the residual accretions :

gn
' DISCUSSION

Prediction of Heating Requirement for
‘Internally Heated Windshields

Since the main objective: of this report is to establish
fundamental design equations for the calculation of windshield heat
requirements in specified icing conditions, equation (13) will be
discussed in the light of: the test data to establish its usefulness
for this purpose, The applicability of this equation for the
determination of heating requirements can best be evaluated by a
comparison of calculated and measured values of heat flow from the
windshield surface, for the same surface temperature, and for

specified flight and 1cing conditions, Before such calculations
can be made, however, means must be established for the determina—
tion of two components of equation (13); namely, the convective
heat—transfer coefficient h ' and the weight-rate of water impingement
M. Consequently the following discussion considers first the
utilization of the flight—test data to establish means for the
evaluation of h and M with a degree of accuracy sultable for
design purposes. Although the methods discussed are directly
applicable to the test windshields of this report, an effort was
made to generalize the technique in order to provide a design
procedure applicable to other configuratlons and icing flight
conditions, . 4

Evalpation of the convective heat—transfer coefficient.—~ In the
determination of the value of the convective heat—tranafer coeffi~
cient- h, the pertinent gquestion is the suitability of equation (6)
for the calculation of the coefficient. A comparison of measured
and computed values of the convective heat—transfer coefficient h
for the outer surface of the three 1nternally heated test w1nd-
shlelds therefore will be made,

Considering first the evaluatlop of h for flat—plate panels,
figures 27, 28, and 29 present a comparison of the measured values
of h at each panel angle and at various altitudes and airspeeds,
with values calculated by equation (6)., The curves representing the
measured values of h have been taken from figures 10, 11, and 12,
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Equation (6) is used for comparison rather than equation (7), since
it has been derived for the purpose of calculating the coefficient
at a given point on the surface and the test data apply to the center
of each panel, The values of U; used in equation (6) for the
calculation of the coefficients presented in figures 27, 28, and 29
were the local velocities at the center of the panel as given in

- figure 9, Two values of s were used in the calculations s,
representing the distance from the panel hinge to the center of

the panel, and sy the distance from the center of the panel to

the stagnation point at the nose of the airplane fusslage.

In the case of the V—type windshield, the .calculated values
of h - from equation (6) are compared w1th the test values (see
table presented in Results) in the following table:

Ttem h h calculated (equatlon (6))
no. | measured o 67 fﬁ‘l 8o = 5,0.ft
1 21 3 29 1 19,5.
2 25.9 . 33.2 22.1
3- 20.8 29,6 19.8
L 24,0 32.h4 : 21.6
5 22,7 33.1 22,1

In the computation-of h by equation (6) the value of the local
velocity over the windshield was not known and hence the airplane
velocity was used.

An examination of figures 27, 28, and 29 and the table Jjust
presented indicates that the use of equation (6) provides reasonably
accurate values of the convective heat—transfer coefficient at the
center of the test windshields, In terming the accuracy of equa—
tion (6) as "reasonable," consideration has been given to the fact
that no data other than the length and location of the panel and the
local velocity were employed and the agreement is considered reason—
able for-such an approximation. A more exact determination of the
value. of = h would require the application of somewhat lengthy compute—
tion methods to measured values of the boundary-layer profile, or
the installation of a heating plate in the windshield surface and the
procurement of actual test data., The disadvantages of these means
must be weighed against the inaccuracy of the general application of
equation (6) in determining the method that will be employed to
evaluate h in any future design computations. The agreement
shown in figures 27,- 28, and 29 between the measured values of h
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and the values computed by equation (6) is about the same,
irrespective of the value of: s employed. In most instances

the two computed curves bracket the experimental curve, with the
lower value of 8 providing the larger values of h. For design
purposes the use of the lower value of s should provide heat—
transfer coefficients .which would probably be somewhat larger
than the true case, but would be conservatlve.

The spacing of the heatlng wires in the flush windshield
(0.6 in. between wires) resulted in considerable nonuniformity of
the surface temperature as can be observed in the ice-removal photo-
graphs (fig. 15). As a result the attempts to calculate the
convective heat—transfer coefficient for the surface based on the
measured heat flow and surface—temperature rise produced question—
able and erratic values. Consequently a comparison of measured and
computed values of h for the flush windshield has not been presented

In an attempt to establlsh the accuracy of equation (13) for
the prediction of the heat requirement, it is desirable to utilize
the most accurate available values of the various components of the
equation. Thus although the foregoing discussion indicates that
equation (6) provides reasonably accurate values of h ° (vhich can
be used when more precise methods are not available or are
considered too complicated for the degree of accuracy desired), a
more accurate determination of h would be desirable for use while
checking the general equation. One possible solution would be to
utilize the test values obtained in clear air, but this system has
the disadvantage of inflexibility since corresponding clear—air
data were not available for all the icing tests. The alternative
employed was to determine the value of s in equation (6) which
would provide the best average agreement between calculated and
msasured values of h for the test range of airspeeds and altitudes.

The determlnatlon of an average s for the case of the flat-
plate panel at an angle of 45° will be used as an. example of the
procedure followed. In figure 11, 12 test points are plotted as
measured values of h. The data corresponding to each test point
(h, T, U, and 7) were inserted in equation (6) and the value of s
computed for each point. The arithmetical average of the 12 values
of s was calculated to be 1.68 feet. For the determination of the
value of h at the center of the flat—plate panel when set at 45°
for different velocities and altitudes, equation (6) becomes:

08

T§_é%%5—§ = 0.56 Tyy0+3 (Uy7)0-8 s)

= 0.51 Tyy°°3
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. This same system was employed for the other angles of the flat-—
plate panel and for the V-type- windshield, with the following
results:

Panel angle = 30%, s = 0.37 foot, and h = 0.62 Tgy°+3 (U,7)°+8 (16)

[}
"

Panel angle = 60°, 8 = 1.93 feet, and h = 0.45 TorOo® (Uy2)°-® (17)

V—type windshield:

= 1.26 feet, and h = 0.41 Tay®*2 (U,y)0-8 ‘ (18)

" Evaluation of the rate of water impingement.-— Assignment of a .

value to the factor M of equation (13) for specific design purposes -
is a problem regarding which very little information is available.

The most recent and extensive treatment of water—drop trajectories
around several generalized objects is presented in reference 4. This
investigation was undertaken primarily to provide a method for

f estimating the rate of water impingement on an airfoil and, there—
fore, most of the report concerns the interception of water drops
byAcyllnders which are assumed to represent the forward section of

. the various airfoils. Some trajectory calculations, however, are

- ‘presented for the cases of a ribbon (flat plate normal to the
direction of air flow) and a sphere. These calculations are used

in this report to predict the rate of water impingement on the flat—
'_plate panel (rlbbon) and the flush windshield. (Sphere)

Con31der1ng first the case of the flat—plate panel the
-assumptlon was made that the rate of water impingement on the panel
would be equal to the rate of impingement on the projected area of
the panel considered as one-half of a ribbon. (See fig. 30.) The
- efficiency of water impingement 17 and the weight rate of water
impingement w for various drop sizes have been computed for the
three panel -angles at one flight condition and are presented in
table V. It is of interest to note that for drop diameters greater
than 30 microns, as the panel angle is reduced (panel becomlng more
flush with the fuselage) the impingement efficiency is increaged. but
the weight rate of water interception is decreased. Since this
- latter quantity is the item of greater significance from a heat~
. requirement standpoint, -the d851rab111ty of low panel angles is

- evident. Optlmum benefit of this advantageous feature would be
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expected to occur with flush windshield installations. The flush
windshield in the C-U46 airplane during the 194546 winter provided
confirmation in this respect, since windahield icing was encountered
in only 8 out of 30 actual flights in icing clouds. Figure 16 shows
the lack of ice accretions.-on the flush windshield after a flight in
a cloud which produced the accretions shown on 3/8-inch rods located
just below the pilot's and copilot's windshields.

A second item of interest which can be noted in table V is the
fact that the maximum calculated efficiency of water impingement is
80 percent, and this-value corresponds to exceedingly large drops
for.an icing condition., This result is somewhat surprising, and
possibly in error, since it would appear that the presence of the
fuselage forward of the windshield would cause a concentration of
drops near the surface and produce impingement efficiency values of
large magnitude, possibly greater than 100 percent. Some attempts
were made to obtain an indication of the rate of water impingement
on the C-46 windshields during the operatlons, but nothing satis—

factory resulted,

- To obtain an estimatlon of M the rate of water implngement
on the flush windshield for specific design conditions, the
assumption was made that the impingement would be the same as that
on & portion of a sphere having a diameter equal to the fuselage
maximum diameter. (See fig. 31.) The manner in which'the water—
drop trajectory calculation method for a sphere presented in
reference 4 was applied to the configuration shown in figure 31 is
discussed in detail in Appendix A of this report. The calculated
rate of water impingement on the flush test panel, based on the
procedure discussed in Appendix A, is presented in table VI for
various drop—size diameters, The same flight conditions employed
for the flat-plate water interception calculations (table V) were
again assumed to apply.

An. interesting conclusion resulting from an inspection of
table VI is that, for the conditions presented, drop diameters of
50 microns are required in order to achieve a value of 6y of
sufficient magnitude to reach the test panel. This conclusion is
in agreement with the observations of water. impingement on the
C—U46 flush windshield in icing conditions. The drops were observed
to strike the windshield only during flights.for which the
meteorological data indicated .the presence of mean effective drop
size of 30 microns in diameter, or larger., The fact that the rate
. of water impingement on the flush panel as presented in table VI
decreases with increased drop size is the result of the assumption
(Appendix A) that the water is uniformly distributed over the area
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of impingement, and means that the .area of impingement increases at
a more rapid rate than the weight rate of water impingement. This
possible error in the value of the weight rate of water impingement
is considered to be of negligible magnitude in view of the small

" amount of water involved for the drop-size range assumed.

Establishment of applicability of equation (13) for the
prediction of windshield heating requirements.— The applicability

of equation (13) will now be demonstrated by a comparison of calculated
and measured values of heat flow in conditions of icing for the flat—
plate, flush, and V-type windshields. The assumptions and method of
calculation followed are presented in Appendix B. To illustrate the
procedure employed, sample calculations are presented in detail for
the flat plate and flush windshield for icing condition 6, tables I
-and III. An illustrative calculation for the V=type windshield is

not included, since the procedure followed was 1dentical to that

' presented for the flat-plate panel. _

The calculated values of heat flow are compared with the measured
values for the flat—plate and V-type installations in tables VII and
VIII, respectively. The fact that the calculated values of q are
1ower than the measured values in table VII and higher in table VIII
‘may be attributed, in part, to the different velocity basis used for
the determination of h in each case. The calculated values in
table VII should be more nearly correct since the velocity employed
was the local velocity over the panel, while in the case of the V-type -
- windshield (table VIII) the airplane speed was used since the local
" velocity over the windshield was not known. .

. The few instances in which icing of the flush test panel
occurred provided very limited data for a comparison of the calculated
and measured values of the heat flow. The one case presented as an
illustration in Appendix B represents the only reliable data, and
the calculated value was*%?3percent greater than the experlmental
value. -

One possible reason for the large disagreement, in some cases,
. between the measured and calculated values of heat flow may be
traceable to the. assumption, used for all of the calculations, that
all the drops were of the same size. The calculation of the heat
. flow from the flat-—plate panel for icing condition 12, table VII,
will be used to illustrate the.influence of drop-size dlstribution on
the heat flow. The calculated value of 890 Btu per hour, square
foot presented in table VII, icing condition 12, was based on a
uniform drop size of 19 microns. The rotatingecylinder'data, however,
indicated a drop-size distribution defined as type E in reference k.
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Table IX presents the results of calculating the weighit-rate of water
impingement on the flat-plate panel, assuming the water in the free
stream exists in drop sizes corresponding to distribution E, On this
basis the original weight rate of water impingement (1.91 1b per hr)
is increased to 8.1k pounds per hour.. Although this is a sizeable
increase in the amount of water intercepted, only gq5 (equation (9))
of equation (13) is affected by the increase, and the revised value
of q becomes 1035 Btu per hour, square foot, which, in this case,
provides better agreement with the measured value.

- The-assumption of uniform drop-size distribution in the calcula—
tion of q may also be the cause of the large disagreement between
the measured and calculated values of q in icing conditions 1 and
T, table VII. Based on the assumption of no drops present larger
than the mean effective diecmeter, the welght—rate of water impinge-
ment in these two cases is found to.be zero. The value of g in
table VII, therefore, has been derived for these two conditions on
the assumption of a clear panel with no evaporation occurring on
the surface, If drops of a diameter large enough to strike the panel
‘had actually been present in sufficient quantity to wet the panel,
even partially, the calculated value of q would be considerably
increased and better agresment with the measured value would result.
Although these discussions are by no means conclusive, they do
indicate the importance of drop—size distribution and maximum drop.
size, This factor should be given consideration in future d681gn
calculations.

Based upon an examination of the data in tables VII and VIII,
the calculation for the flush windshield heat flow in Appendix B,
and a con81derat10n of the various influencing factors which cause
dlsagreement between the calculated and measured values of heat flow,
it is concluded that equation (13) will provide predicted values of
heat flow with an average accuracy of 15 percent if the entire surface
is assumed or known to be completely wetted and the local velocity -
over the windshield panel is employed in the calculations. The - '
accuracy of the equatioa iz greatly dependent upon the gccuracy of
the values of convective heat—transfer coefficient employed. Theo
determination of experimental values of this quantity for the
partlcular windshield configuration proposed would be of considerable
aid in the accurate prediction of the required heat flow, although
in the absence of such data equations (6) and (7) will supply a
reasongblé approximation, The effect on the accuracy of equation (13)
produced by an error in the estimation or calculation of the weight
rate of water impingement is not large, provided sufficient water is
intercepted by the windshield to completely wet the surface. Rates
of water 1mp1ngement less than the value required to wet the surface

«
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affect the value of q» (equation (8)), since evaporation over the
entire surface is not realized. For rates of impingement above the
quantity required for completely wetting the surface, the value of
Q2 remains constant and the only term of equation (13) affected is
the value of qg (equation (9)) which is an item of secondary
magnitude.

X _considerations of wi dshield heati irements.—
Having shOWn that equation (13) is .applicable for the calculation of
" windshield heating requirements, provided the various components -of
the equation can be evaluated, it is of interest to utilize the
equation to investigate the heat requirements for-various windshield
configurations in icing coriditions which might be selected as design

. requirements. An indication of the meteorological conditions .

corresponding to typical, or average severity, icing and to the most
 probable maximum icing to be expected in all weather transport .
operations was obtained from a -review of reference 9, For each of
the two general cloud types (cumulus and stratus) a liquid water
content was ‘'selected which corresponded to a moderate icing condi-—

~ tion.” In the case of the stratus cloud, the value assumed was

0.5 gram.per cubic meter, while the corresponding value for the

- cumulus cloud was 1,0 gram per cubic meter, Based on the- data in

- figures 6 and 9 of reference 9, values of 15° F, free-air temperature,
and 15 microns, drop diameter, were selected for the stratus cloud,
The' corresponding values for the cumulus cloud were 0° F and 20
'.microns. ‘

N i The heating requlrement for the flat—plate, flush and V;type
windshields in the above. icing conditions was calculated by the
method presented in Appendix B for airplane -speeds of 150 and
300 miles per hour, and the results are presented in table X.. From
this table the previous empirical heating requirement of 1000 Btu
_.per hour per square foot of windshield surface (reference 1) is
. seen to provide adequate protection for V-type windshields in
moderate stratus for flight speeds as great as 300 miles per hour.
- In the case. of the moderate cumulus cloud, however, this quantity :
~ of heat flow would not be adequate even at a speed of 150 miles an -
hour, In transport aircraft operations, the most critical need for
windshield ice protection occurs during flight in the congested axea
surrounding the air terminals., -Any icing condition encountered would
be of the stratus type which would tend to reduce the heating
requirement, . For transport operation in mountainous areas, where
~cumulus -and stratocumulus predominate and high cruising altitudes
. (hence low free-air temperatures) are the rule, a heat require—

- ment of from 2000 to 2500 Btu per hour per square foot, for speeds

up to 300 miles per hour, is indicated if complete and continuous
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protection is desired., -Certainly complete visibility at all times
is desirable for'mi%;gary aircraft. It is of interest to note that
a heat supply of - Btu .per hour per square foot appears adequate
for a flush windshield in all of the icing and .flight conditions
assumed in table X, : .

In considering the individual contribution of each of the
various meteorological factors which constitute icing conditions
to the total heat requirement, the powerful effect of changes in
the value of free-air temperature is noted. This dominating effect
is traceable to the fact that the surface evaporation is greatly
influenced by temperature changes, and this texm gz of the general
equation is one of the major components, As an illustration of this
effect, consider the increase in heating requirement (table X) for
the flat—plate windshield from 540 to 1040 Btu per hour; square
foot as a result of (1) increasing the drop diameter by 5 microns;
(2) doubling the liquid water content, and (3) decreasing the free—
air temperature by 15° F, Vhen equation (13) is utilized, it can
be shown that the 500 Btu per hour per gquare foot increase is
composed of a l3—percent increase due to increased drop size and
liquid water content, and 87 percent due to the change in the free—
air temperature, This fact leads to the conclusion that once the
-windshield heat requirement has been established for a specified
jcing condition, and when the condition is assumed to be:severe -
enough to completely wet the windshield surface, changes in drop
size and liquid water content will not change the heating require- -
ment apnreciably. A change in free-air temperature, however, will
have a very noticeable effect on the heating requirement, It should
be noted that this conclusion is at variance with wing heating =
requirements because, in the case of wings, runback of the impinging
water is not desirable and, therefore, sufficient heat is supplied
to evaporate all of the water wherever this is practicable. An
indication of the amount of heat that would be required if this °
design procedure were applied to windshields can be obtained with
equetion (13). Calculations with this.eguation, based on icing
condition 6, teble T, indicate that evaporation of all the water
impinging on the flat-plate panel in this condition would require
& heat supply of 19,400 Btu per hour, square foot. ' ;

External Discharge Windshields

Tr. the introduction of this report the statement was made that
measuremonts were taken in the jet of the heated~air external-
discherse system in the hope that a basis for the establishment of
dupirical ‘design equations would result. Unfortunately, a review of
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the velocity and temperature profiles measured in the jet, of which
figures 25 and 26 are typical examples, did not reveal any basis for
a rational analysis of the mixing of the jet with the boundary-layer
air, and the prediction of the resultant surface—temperature rise.

A few 1tems of interest, however, were noted during the investi-
gation, One of these items was the large amount of heat supply
required for lce protection by the external discharge method in
comparison with internal heating of the surface.. For example,
figure 15 illustrates a flight in which the windshield area under -
the discharge jet was maintained clear with a heat supply of 20,000
Btu per hour, which 1s an approximate unit flow of 10,000 Btu per
hour per square foot of cleared swurface, In the same -icing condi-

-tion, lce accretions were removed from the ‘Tlush test panel with a

heat flow-of 545 Btu per hour per square ‘foot, (See fig., 15 and
table III.) Thus the extermal discharge system required a heat
supply approximately 20 times that required for the internally heated"
system, for the same dagree of protection in the seme icing c0ndition.

The thermal inefficiency of ‘the external—discharge gystenm is
apparently the result of rapid mixing of the discharge Jjet with the -
cold boundary-—layer air, with a resultant rapid decrease in the Jet -
and windshield surface temperature as shown in figure 25. The
surface temperature data in this figure indicate a decrease from-
160° F at the discharge slot to a value of 42° F at a distance of
only 6 inches from the point of discharge. .

Satisfactory operation of the external~dlscharge system for
the V—type windshield was not. obtained because of failure of the . jet
to flow across the entire surface., Figure 20 illustrates a typical
ice-removal attempt, A small area along the bottom of the pilot's
windshield, and also at the center post, has been cleared. by the jJet
but the remainder of the panel is covered by an ice formation.,
Attempts to. raise the surface temperature by increasing the flow
rate and temperature of the heated air wére limited by the temperature
restrictions of the vinyl plastic at the lower edge of -the windshield
(region of maximum temperature), The external-discharge system of
windshield ice prevention appears to be a desirable 1nstallat10n enly
in those. instances where (1) internal heating is not p0881ble,
(2) the discharged air will flow over the windshield without requiring
the additional weight penalty of blowers, and (3) a large supply of
heated air is available in the region of the windshield to be
protected.
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A CONCLUSIONS

The follow1ng conclusions are’ based on the analytical studies
and test data of this report and should be applicable to windshield
configuratiOns and icing c0nditi0ns gimilar to those investigated:

1. The coefficient of convective heat transfer for the extermal
surface of a V-=type or flush windshield can be approximated with
accuracy sultable for design purposes by the use of the established
equations for turbulent flow on & flat plate.

2., .The heat requirement for ice prevention On a flush or
V-type airplane windshield" during flight -in specified icing condi-
tiens can be calculated to an accuracy of 20 percent.

3. The complete and continuous prevention of ice accretions on
the surface of & V-type airplane windshield, for flight in moderate
cumulous icing conditions at speeds up to 300 miles per hour, will -
require a heat flow from the surface of from 2000.to 2500 Btu per
hour per square foot of surface, In the case of continuous flight
for the same speed range in moderate stratus conditions, a heat
flow of 1000 Btu per hour per square foot should prove adequate,

Lk, The complete and continuous prevention of ice accretions
on -the surface of a flush-type airplane windshield located well aft
of the fuselage stagration region, for a speed range up to 300 miles
an hour in stratus and moderate cumulous conditions, can be obtained
with a heat flow of 1000 Btu per hour per square foot of surface.

5. The tendency of ice to. accrete on windshields which are
installed flush with the fuselage contours is con51derably less than
that for V=type windshields.

6. The external dlscharge system of windshield thermal ice
prevention is thermally inefficlent and requires a heat supply
 approximately 20 times that requlred for an internal system having
the same performance. :

7. Windshield installations which conform to the fuselage
contours are more adaptable to the use of the external discharge
system than V-type installations because the heated Jet will flow
naturally over the windshield surface.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif,
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APPENDIX A

Method Used for the Determination of the Rate
of Water Impingement for the Flush Test Panel

The cross sections of the C—U6 .airplane fuselage consisted of
two circular sections separated by the floor line, the upper ‘section
being the greater, The entire flush windshield assembly was included
between two stations which were located 23.5 and 50.5 inches, respec—
tlvely, from the nose of .the fuselage and are designated as stations
A and B, respectively, (fig. 31). The flush test panel was located
in the copilot's w1ndshield as shown by figures 3 and &4,

A sphere represents the best form for which streamlines and
water—drop trajectories are now known (reference 4) and which would
have approximately the same rate of water impingements as the front

. of the fuselage. For calculations a sphere was selected with a
radius equal to the maximum radius of the fuselage. The relative
location of the flush test panel on this sphere is shown in figure 31.

W_LL_W The projected area of the

sphere is used with the impingement efficiency to determine the weight
rate of water interception:

1 U°7T C’:‘n ) . N
w = 0,225 IBB Ugaenclom. {19)
where
C the redius of'the sphere, feet

Welght rate of water intercepted per unit of impingement area.—
The weight rate of water intercepted by the sphere divided by the
surface area over which the water droplets impinge gives the average
rate of impingement over the area of impingement.

Thq equation for the impingement area is:
Ay = 2nC2(1 — cos 6y) o , (20)
where

QM half the central angle of the total area of impingement on a
spherical surfacs
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Therefore, the weight rate of water 1ntercepted per unit of impinge—
ment area may be written:

' ‘ W2
M= 0,225 —— Uy mn ‘
100- . 2nCZ(1 - cos 6y)
vhich may be reduced to the form,
. T m
M= 0225 ————0 -~ (21)

200 ™1 - cos Sy)

Weight rate of water intPrcppted by the flush test panel.—
The assumption was made- that, for water—drop gizes of sufficient
diameter to cause the area of impingement to include the flush test
panel, the water intercepted per unit area of the panel would be
approximately equal to the average weight rate of water intercepted
over the area of impingement., On the basis of this assumption, the
following equation was written:

— (22)
200 (1 — cos 6y)

w = 0.225

where
A the area of the flush test panel; 1.16 square feet

Calculated values of water impingement on the flush test panel
for various water—drop sizes are presented in table VI,
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APPENDIX B

Calculations of the Heat Requirements on the Flat-Plate

and Flush Test Windshields for Icing Condition 6

I. Beat reguirement for the flat—plete windshield;—

A, The following assumptiOns were made:‘l

Ry

.7.5..

-

The water intercepted by the windshield is the same as that
intercepted by a ribbon with an area equal to.the
- projected area of the w1ndsh1eld (See reference 4 and

‘ figure 30. )

The water that is intercepted by the windshield panel is
heated to the surface temperature and then all, or in
_part, evaporated. :

The windshield surface is completely wetted,

There is a region of air stagnation at the leadlng edge
of the panel. -

The air flow over the windshield is turbuleht.

.'5.eB.jThe conditions for illustration are the same as icing condi-

1.

2'

@ =N on W

tion 6, table I:

Pressure altitude: 12,700 ft

-Airplane true airspeed: - vihO mph

Free—stream air temperature: —29 F .

Liquid water content: 'f 'vl 0 gram/cu ﬁeter
Water~drop dlemeter: ' hh microns
Drop—size distribution: = - uﬁiform

Heated area of panel‘ | 1.49 se ft

Convective heat—transfer coefficients based on test'data_
taken at the center of the panel and the average value
"of s = 1,68 ft.
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9. Panel angle with the fuselage: U5°
10. Mean surface temperature of the panel: 36° F

C. External cornvective heat—transfer coefficient. Since the
local velocity was measured only at the center of the flat-—
plate panel and equation (15) (Discussion) gives the
experimental convective heat—transfer coefficient at the
center of the panel, a conversion factor was needed to
convert the coefficient at the center of the panel to an
average value for the entire heated area, By substituting
28 for 1 in equation (7) and squating the two equations,
the average coefficient was found to be 1.1 times the

efficient at the center of- the pancl Therefore, by using
nquatlon (15) for this case: ,

0.3 C.8
h o= L.1x 046 T 77 (Uyy)
Tay = 3%;2 + 160 = 477° F absolute
Uy = 106 x 1.467 = 156 ft/sec
vy = 0.0525 1b/cu ft
therefore
h = 17.3 Btu/hr, sq £t, °F

D. Rate of water impingement, equation (10):

A
M= 0.225 — Uy m -2
100 A

Thae percentage of water intercepted is obtained from curves
presented in reference 4 after values of XK and ¢ have been
calculated from the squations of that reference:

2
27..a U
K = el Yo _ 1.21
- Sugb
18y%Uob
7 HE

1
[

o = 1.48 x 10°
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where-
7, Specific weight of the water drops, 1 gram/cu cm -
y specific weight of the air, 8,22 x 10~ grams/cu cm

a radius of the water drop, 0.0022 cm

b projected height of windshield or half of ribbon width,
A 1.5 % 30.118A><» cos 145° - 32.3cm

U, airplane speed, 6,250 cm'/se;o |

é | acceleratioh"duevto-grava;.ty’, 980 Acm/se'c, sec -

T absolute vis&osit& fof air, 1.69 x 1077 gram. sec/sq’_ cm ..

For these values of K and .cp the impingement efficiency is

equal to 43 percent, and the equation for the rate of water
impingement becomes: . '

1.49 x cos L45°
149

1l

M = 0.225 x .43 x 205 x X 1 =1k 1b/hr, sq £t

5
1]

MA.= 20.9 1b/hr

E. Calculation of. the factor X, equation (14):

N 0.622Lg (eg—e,)

X=1 <
P, (tg—to)

p

For the sample conditions

L, = 1074 Btu/1b at t g =36°F
c, = O.QhQ‘Btu/lb, o

P, = 18.55 in. Hg |

ey = 0.212 in. .VHg

e - 0.040 in. Hg
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o
tg =-36" F
. _n0
to = 2" F
Therefore

X=1+0.675 = 1.675

F. Heat required at the outer surface of the flat—plate panel for
ice prevention, equation (13):

o
]

N
N (tg—t,)M(t—~t,)-0.832 h r< '"1%0)
L

17.3 % 1,675 x 38 + 1k x 38 — 0.832 < 17.3 x 0.89 (2.05)2

A

1580 Btu/hr, sq £t .

G, Temperature of the pénel surface réquired to evaporate all the
water intercepted:

Equating the equation of mass transfer (equation (8) without
the latent heat of vaporization) to the weight rate of water
impingement, the difference in vapor pressures required to
evaporate all the water intercepted is first determined:

n <O'6?2A >(es-eo) = 20.9 1b/hr
Cp P,

As a first approximation, h can be taken as the previously
calculated value of 17.3 Btu/hr, sq ft, °F.

then

€g—€o = 5.8 in. Hg

eg = 5.84 in, Hg = 148,3 mn Hg (saturation)
therefore,

tg = 139° F
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For this value of tg, h is recalculated to be 17.8 Btu/hr,
sq ft, OF

Therefore,

g€, -= .97 in. Hg

(54
g

6.01 in, Hg = 153 mm Hg

_ R
t, = W%y

H, Heat required at the outer surface of the panel to evaporate
all the water intercepted with no water runback or blow—off,

h = 17.8 Btu/hr,sq ft, OF

M =140 lb/hr,-sq ft

ty = 11°F |

X =17.0

q =17.8% 7.0 x 141 + 14,0 x 141 — 56 = 19,400 Btu/hr, sq £t

II. Heat requirement for a flush-type windshield.- The method

of calculation and the assumptions made werc similar. to those used for
the flat-plate windshield. Icing condition 6, table I; is again
selected for illustration, For the flush-type windshield the
assumption was made that the water intercepted by the windshield is
equal to the water intercepted by a portion of a sphere with a

radius equal to the maximum radius of the upper half of the fuselage.
(See Appendix A, and fig, 31.) :

A, External convective heat~transfer coefficient., Since the
flush windshield test panel did not deviate from the fuselage
contours, the distance from the stagnation reglon at the
nose of the fuselage to the center of the panel was utilized
in equation  (6), to determine the convective heat—transfer
coefficient,

0.8
_ 0.3 Uyy
h=0517T, (i;ﬁTE%)

T, = 475° F, absolute

Uy =190 ft/sec.

7 =.0.0525 1b/cu-ft
s =5,0ft
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Therefore,

h _1u8}3tu/hr sq Tt, °F

Rate of water impingement, equation (22), Appendix A, The
percentage of water intercepted was obtained from curves
praesented in reference 4 after the following values of K
and ¢ had been calculated:

K = 0.2h2
9 =17.5x 10*
then

N = 3 percent
and

o
By = = 16
The central angle 6y = 16° does not represent an Impinge—
ment area.extensive enough to include all the area of the
flush windshield (fig. 31), yet test observations indicated .

that during icing condition 6 ice tended to form over the

entire windshield surface, For this reason, = 27.5°
was substituted for 6y in equation (22). The welght rate

of water 1mp1ngement was determined by the equation.

M= K-= 0.22 - g3 1b/nr, sq ft

200’—11-—003 6B)

Celeulation of the factor X, equation (1L¥)

x=i O622Ls<a _e> L+ 0.633 = 1.633

cp Po
_ 290
ts —‘33 F
e
ty = 20T

i
n

¢ = 1075 Btu/lb

W
1
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Q
1

= 0.2k Btu/1v, °F

[V
|

ey = 0,1878 in, Hg

0.0h4 in. Hg

D
1

D, Total heat required at the outer surface, equation (13)
- 6./3
1h 8 % 1,633 x 35423 x 35 — 0,832 % 14.8 x o. 8(2 05)2
/019
&GﬁBtu/hr, sq £t

‘ LIBRARY
Ofeioe of

Aoromucal Intelumoo '
Uational Advis sory Committee

for Aoromuuc.

M)



Lo

l0.

NACA TN No. 1h3h4

REFERENCES

Rodert, lewis A., Clousirig, Lawrence A., McAvoy, William H.:
Recent Flight Research on Ice Prevention. NACA ARR, Jan. 1942.

Neel, Carr B., Jr. and Jones, Alun R.: Flight Tests of Thermal
Ice-Prevention Equipment in the XB-2LF Airplane. NACA RMR,
Oct. 1943.

Selna, James, Neel, Carr B., Jr. and Zeiller, Lewis E.: An
Investigation of a Thermal Ice-Prevention System for a
C-L46 Cargo Airplane. IV — Results of Flight Tests in Dry—
Air and Natural-Icing Conditions. NACA ARR No. 5A03c, -1945.

Langmuir, Irving and Blodgett, Katherine B.: A Mathematical
Investigation of Water Droplet Trajectories. General Electric
Rep., 1945. (Available from Office of Technical Services,

U. S. Department of Commerce as PB No. 27565.)

Hardy, John K.: Protection of Aircraft Against Ice.
Rep. No. S.M.E. 3380, British R.A.E., July 1946.

Anon: Icing Report by the University of California. Fiscal
Year 1946. AAF TR 5529, Nov. 1946. :

Boelter, L. M. K., Grossman, L. M., Martinelli, R. C., and
-Morrin, E. H.: An Investigation of Aircraft Heaters.
"Part XXIX - Comparison of Several Methods -of Calculating
Heat Losses from Airfoils. University of California.
NACA TN No. 1453, 1947.

Tribus, Myron and Tessman, J. R.: Report on the Development and
Application of Heated Wingse. AAF TR 4972, Add. I, Jan. 1946.
(Available from Office of Technical Services, U. S. Department

- of Commerce as PB No. 18122.)

Lewis, William: A Flight Investigation of the Mateorological
Conditions Conducive to the Formation of Ice on Airplanes.
NACA TN No. 1393, 19h47.

Martinslli, R. C., Morrin, E. H., and Boelter, L. M. K.: An
Investigation of Afrcraft Heaters. V—Theory and Use of Heat
Meters for the Measurement of Rates of Heat Transfer which
are Independent of Time. NACA ARR, Dec. 1942.

11. Jones, Alun R., and Spies, Ray J., Jr.: An Investigation of a

Thermal Ice—Prevention System for a C-U6 Cargo Airplane.
IIT - Description of Thermal Ice-Prevention Equipment for
Wings, Empemage , and Windshield. NACA ARR No. S5A03b, 1945,



b

NACL BN No. 1434 °

SOTLAVNOLIV &O0d HELLTAOD

XL08IAQY TVNOLLVN

xsjowetp doap UMW TX e,

POIINOUT USZUOD
XoqBMA PTUDTT 1s6daeT

SPUOTO snquEUOTUMO G THT T 091 009°0T | GStt| o9n/638/t 61 A
SPNOTO SNQUITUOTNUMO 1T 02 2 9T 0€6°‘g 2ETT| o9n/62/Y 6% TT
SPNOTO SnQUIUOTAWNO 66 €2 L 9T onts eTT| om/ée/v| 64 0T
poIINOUT — _
o218 doap 9s5e3raT . e P
SPUOTY SM}BIIE0LTE 02 an 2* oLT 00€°0T | 9%9T| o9n/<e/t of 6
SPUoOTO 81 e . .
~03 5276 DY SnYBTYS 92 €1 e 09T | oolg | Tent| omfe/n| . 6€ 9
SpNOTO enyTuumo ) . . :
Jopwhpm @mm mﬁ%ﬂhpm He. 1T G .09T - 000°6 CTHT on/g/t 6¢ L~
SPNOTO SNTRUND 2 th 0% gT,| 0°T ot 00L°3T | gnét on/efE| €2 9
SPROTO sNTAWD. - 0t 03 02,| 8" ant 006 TT { 9TST| 9n/3/e] €2 G-
SPUOTO suTnumd 9 02 03 TT, | L° CGET | 0GEFOT | RGN on/efel €2 D)
SPNOTO snyaumo gt 0T 6t 0LT 00€°g | qTT| o9n/TE/E £e €
SPIOTO SNGWTUOTIUMO | LT 9T G* 08T 069°TT | g29t} onw/63/E| TE 3
SPNOTO suTnumo 71 0T - 2'0 09T o000‘g | ottt| 9n/62/€ T€ T
(do) (suoxoTur) 1/ us) .,A.mav A. ) . \HOQSBQ
. sany. Zoq.0mETD e/ qam) | (3 . Joqum
saemed TR o doxp " pHotio” faatentil Bivissid Il IERAEN RYCH ] Bt
- ! OAT}00]J0 3 emesesd _ -
—UOTqQWy | -uwsy pTnb1I ‘

Ot—CHET MEINIM ‘ENVIIYIV of—0 ‘VIVA EEOITI ANV TVOIDOTOHOELEN — I FI4VL




. NACA TN No. 143k

ko

S30ITLAVNO. Vv .04 BILLINOD

E.05TACQY TYVNOILVN

supumoo3eils| & 9T | 0'e et 92+ | Tor | o00¢fn |gect |Lu/t3/€| COT | 2
saTnumoo3BIS | X €z | €61 22 og* TGT 06T |etet |Ln/te/€| <ot 15
SUTIM 0038238 R 8T g-oe’ .02 ™ |.g9T | 06T°C |S0ST Px\am\m ot 22
uaasESOOpwgpm a- 6T 212 6T LE® 9GT 086 |EEHT F:\Hm\m Gt | T2
saumooyeIlg| & | L 0'Te LT LG | 29T oct‘S |6emT [Lu/Te/E| <ot | o2
snTnumooqeays| & 6T € 6T. et L omge |act. | 000f¢  IMTIT |Ln/Te/El <OT 6T
saTumoojeI3s| € HT ¢'gT T | et M:mma,, 0g0°G 20Tt P:\Hm\m T | gt
sngeasg 0 €T T'12 7°0T gT* | 79T | O80T |SGTT Ly/9t/€| 00T LT
sanump| - gz | nrot m | ot | ooo“tt |onot | Lu/ot/El <6 9T
saqmnp| v - ez | e'6r. | w9t | 29T | oocerr [of9t |Lu/oT/€] 6 | <T
' snyeIgs P - o1 ©2 mmun omm,- ,oonmmﬁ thet | Ly/S/e | €8 7T
- saTuum)| . @ - 2° 1T Wt | Lteo | €9t |ogLf9 |[Lot |lt/3/z | 8L €T
- . U0t A ‘. mew | WMMMWMMW (L w/uB) (udm) : . .Hmnra.sc
ooy | 7| (05| mod | doxy |afieyuod) tar | QU | o | g [FommE ) ot
: _ ~TI3 : | —uey OATY J81BA] —~00TOA . a3 TTd [-TPUoO
—orq| WOUIXER | e’ | —oezge| pwmbri are |TEEOH SuToT
4 queTqumy| - UBeW L enay,

\ L—o6T YEINIM © ENVIZEIY 970
VIV IEOTIE Qiy’ TYOTOOTOMOZIEA —*II FIAVL




SOLLOAVNOLE

GOF L

.0 LAGY 'TYNOTLVN

sprotTysputa edfy-ysutd —"M'd-

-Toued 338pd-1®ld —d°d"dt

T

r 3

-~ .
BIenbopedr c ]
AT3ysiTs’ 8 ,3071d g 98 JIO BUIPITE 997 ; _
Arddne qeem | 06N 43 —o9 12 [logenbope A1ddns geeg| © 12 ¢eet o% 09 21
L . poAOWST PUB
[ b P oabops & pab S
ejunbope ot11d c .
oqyunbop® g8 ,30T11d . e : _
£1ddns qeey| 989 6¢ .m. 0 gz |eyenbeps £1ddns 3BeH| 0 92 OLTT Ly 09 0T
1 _83enubope : _ :
ATdSke aebp| ©L9 6€ ,plmw Tz ||ejenbope Arddns 3®eH | GHS gt ¢oet €¢ 09 6
oqeubepe 8 ,30T1d 35 Sqenboge SyFub| p
£1ddns 3weg 0L9 6¢ —0) 0c qou £1ddns geeg| 819 - 6n o®9 an 09 .8
opmscm BUT v . :
g ” . .
f1ddes aeem| 09 65 |e.,30THa| 6T ||erenbope L1ddus 3eH | QTe e 08T 6 | 09 L
PO TUSPULA
R | P Y .
frddns qwey| OF9 gt | 8,420TH gt —opBUT hﬂ&%ﬁn wmmm . 08l §33 02LT. 9t sh 2
] . . -pm g . . "
1 e3snbepe uo Mo@mm%h oTAT8TA :
£1ddus qeeg| O&7 T | 843014 LT é6qembope A1ddns JeoH €96 Le 0£91 0% Gh 4
878ubopv 8 .noT1d § - : .
£1ddns 3veH omm Ly _wOwH 97 ojenbope £1ddne 38eH| 082 mm oam L€ mn 4
: L£1ddns 388y
. d NOy3TA "M'd UO :
e3enbepr 8430TE - |leoT qUBTTS. ea®uDODE :
£1ddns qweg| SE6 on =00 ¢t £rddus qeoy-g-d°g.! O T - otet 09 om 3
JI86TO .B.Mmh waﬂ
eubepmr ot _omes pemiolThene | | | |
f1ddns gmeg| OEOT L2 | 8130TH ug e ddne Teouiq: Tone| hie g2 oHeT. 6€ ot g
gyenbape| 8,30T1d . :
£1ddns 3vem| OHlT cy =00 - €1 ||e3mnbepe L1ddns 3®eH| +HlZT. LE 0261 - 06 ot T
sxIBwey (33 dm\ aany pTeIys Joqumu sy emey .Apm.dm\ A&ov aang!l(3J dm\ (dp) ean3{eTdue| JoqUMU
&:\ﬁpmv —vaedweq ~putM |UOTITPUOY ju/nag) | —exedmey &s\zpmv —Bxodwoy | TOURJ |UO TS TPUCD)
b hlchadts A . b 20BJING b 9oBIING K
odAI—A 5dXT, usald S Toual 6391d—1ed
Ly-oh6T  JHINIM T O = GROT. YHWLNIM -

VI LAY 10 L

ANVIZINIY 90 ‘SCUTATHSANIM CALVEH ATIVNNZINI JO SISEL IEOITA 40 SIINSEY ~'IIT FTEVY

v



L LINVNOLHY LOod HHLLE00
K20 iAWY TYNOLLVA

samgutedwsy Jrv-quetque saoqe 4ol ur quveoy o1qBITBAY q
*1 oTqel Ul pejuesard SUOT3TPUO) °

cow

) 72 22 2 8 e 52 2 og 2
mw L2 gz 12 69 62 12 g2 ¢ 12
g 28 0e 81 o7 0% 81 92 2g 81
m._ g¢. 2g o1, 0% 0% g1 92 2g ST
o . 2% 0% 21 1% L% 21 0g 9¢ a1
.Mq,y‘; 87 9% 6 7S %9 6 ag 17 6

%9 29 9 ) o, 9 | 9% 28 9

g8 g8 - g 96 96 g. .69 gL g

261 061 0 L8T- 20T . . .0 131 L¥T 0
eRE MCO RN INCORN N | (@0) | (do) | (vmr) (ao) | (d,) | (eur).

. Y R i ! A . 93-8q Sq x Oq.Sg S . X

Tu/n3g 00261 ‘qpotiddns gueH
ydu goT ‘A3T00ToA JTT OTZZON
o4 db«Hia®MSPaho@E®p J1® 8T2Z20N
. T ay/dT 068 938X MOTI-ITY

- ay/nag 00022 ‘potiddns 3wep
ydw ogT ‘4£210079A aT8 OTZZON
8 4081 ‘samgeiedusy JTe ©1zZON
I4/qT OLY €938d MOTI-ITV.

gM\spm ooo.HN..meﬂmmzw.pamm.,_

udu 01T .hpﬁoomeb.hﬁd 912 2Z0N

d 5L8T fomjBaoduioy aT® OTZZON T
a4/q1 Q9% €38 MOTI-JTV

*qa( peasey Jo BOJIB

.. 1eqasnb—osay} JoA0 JBSTO
PTOTYSPUTM °o38nbops

~ut A7ay311s A1ddns gwey

.wavvmpmms.WSP JOo BoJB
U3 UT JROTO PTSTYSPULH
- ~-epgwnbepe A1ddns gwey

*PTOTYSPUTA JO
aouBIes 1o 93e7dwoo 07
* oqvubepsur A1ddns g3BoH-

9 NOILIGNOD ONIDI g HOILIANOD HNIOI

o . o 9v~0p6T WAINIA ‘ENVIQMIV. 9%-0 °*NOIIOEIONd
: g0T CILIHSANIM Jod JHEISAS HDYVHOISIA TVNUILXH
. YIV-QEIVEH ¥V d0 SISEL IHDITL 40 SITISIY -*AI ETAVI

¥ NOILIGROD ONIDIp

"



b5

NACA TN No, 1L3k

SOLLAVNOGHY LOd  HilLLIOWN0D
ALOSTAQY TVNOILVN

62 ] te |
ge | of 2 W
o e | et

: et . 4 ot @
ot gt o1
o€ € 6 w
Mt. 6L £ w
togT | egT o
(@) | (g) | (up)

(] %Fap Py ) x ]

" ay/ayg 000 ‘€T ‘perrdduns 9Beg
ydm 9g “£3700TeA JITB OTZZ0N

d o281 ‘eanjeredme) JI1e 6TZZON
/AT 00§ €e3BI MOTI~IATY

*IBOTO PTOTUSPUTM
*oqenbope L1ddus gqeeH

. 2T NOILIQNOD ONIOI

e | ¢t 72
| e W 1€ T2
gt | g8 | gt
9 9 T
g | gt T
a€’ W 2 6
i !
& | g 9
09 | ok | o€
89T v, QLT 0. .
- b o) | o) | (uT)
RETE B SR W T

hs\spm ooquH ﬁoﬁﬁmqsm pmomﬂ

ydm gg ‘£3100T8A" ITR oTZZ0N
I oQLT ‘eamyesedwey Ite @HNNoz

Iy/qT OEE ‘€3BT MOTI—ATY,

*ABOTO DPTSTUSPUTM
..opdsdod@ Ltdduas pmmm

._HH NOILIQNOD ONIOIL

O—CHET MEINIM ‘ENVIINIV Oh—0 NOIILOZION
A0T CTATHSANIM ¥04 WALSAS EOYVHOSIA TYNYELXE dIV
—QELVEH V 40 SISEL IHOTLI J0 SIINST °QHANTONOO —'AL FIAVE

0T W o€ w 42
€1 M c¢ M. T2
- m - W T
It L L m 2T
e &R m 6
« | |9
Lo e g6t o
(o) 1+ (&) | (rur)
opnmp,w ol ox

.

. ay/nag 00002 “petTddns qeeqm
ydm geT ‘£3100TeA IT@ OTZZON
d o261 ‘eanyeredwey ATe OTIZON

J4/qT OLfy e3eX MOTI~ITY

*LBOTO PTOTUSPUTM
*eywnbepe L1ddns quBOH

6 NOTIIGNOD HNIOI



SOTLAVHNQ Y LOA HIALLIWHOD
Ki0sTAUY TYNOLLVA

v

ACA TN No. 13k

- . .S\sw 0'T a_pnmpcom Jo7BM PINDIT
- L _ : vo..m X g-= & Jo enTsA 93BISAY & o0 ‘aanysaodmoey JITe-}UeTquY
: A © D 800 X yYBuey Tousd = uoqqIiL JO UIPpTA JIT=H g&n 0GT ‘peedsate onIT,

a3 bs 6y°T ‘Teund Jo BOAY 33 000°0T ‘OPNITITB SINEEAIL

¢6z | 08| 86 6'6€ | GL] €6°9| 9°on €L | <9'¢| oos2 | og 00T
132 | 09 | wy'ef T°92 - 0¢| €L°T| 872 < ™'T| %29 ¢ 0S
g°TT | 2t {h88’ w'0T | o02{&9’ | 9°6 ¢t T6° ¢ez ¢t |, ©Of
ng'T | 6 | | no'T.| @ |lee” | w9’ T ¢er* | 00T | OT 02
o |o | T} o 0 | Lo*o 0 0 Leoto| €@ | ¢ | ot L
(2u/4T) | - L R (zufan){ u | X Ang%wav.ﬁpgmmaomv ' orx e | oTxe mmmmmwa, B
o0€ o.mmnm Hon,mm om.: aTdus .ﬂoz.mm . 009 adur Taurg g 2 37 monaﬂd

‘K moﬁmmm.mmm ¢ SNOgdTY ¥od GHELYINDTIVO WLVA NO Qﬂm<m
é«m mmmﬁmlaﬁ_m v Xd Emmomﬁha IELYM J0 SHATVA CELVINOTIVO —°A HTEVL



NiCA TN No. 143k

TABLE VI.— CALCULATED VALUES OF WATER IMPINGEMENT
ON A FLUSH WINDSHIELD PANEL. BASED ON DATA
CAICULATED FOR SPHERES, REFERENCE 4 -

Pressure altitude, 10,000 ft
True airspeed, 150 mph -

Ambient-air temperature, 0° F . _
Q = 1i1'X 105 =~ o
= half -of the central angle
of the total area of impingement

on a spherical surface
Liquid water content, 1.0 gm/ms

Flush Flush
test test
" Drop n Sphere | panel, panel,
diameter |{percent)| Oy w M w
(microns) A (w/r)| (b/hy | (1b/hr)
8q ft)
20 o 10° ¢t o Jo ‘ 0
30 <1 30 0 A48 e | B
50 30 |10 ‘Y |eems| &mas)
70 8 28° | 2AY l&mmy9 TR,
100 15 b5 B =TS =3

b7

NATTONAL ADVIEOTY

COMMITTEY. FO? ARTONAUTICS
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TABLE IX,— A CALCULATION OF THE AMOUNT OF WATER
INTERCEPTED BY A FLAT-PIATE PANEL USING THE
DROP-SIZE DISTRIBUTION,

ICING CONDITION 12

q = 1035 Btu/hr, sq ft

Experimental data

q@ = 1235 Btu/hr, sq-ft

Liguid | Liquid |, . . .
water | wvater giiFrl— ax10t] . 1 W
content : ution Wvercent
(pezcont) Cont§%§. E (cm).(?ercen )| (1b/hr)
5 0.07- {"0.23 |'2.194 0 0-
10 Abo | oLuk- ] na8 o 0
20 28 | .65 | 6318 o0, 0
30 d2 [ 100 |95l e 0,571
20 .28} | 1.48 “[ih.08 "13 2.l7
10 | .k, | 2.00 {19.01 30 | 2.8
5 07 | 2.7 |25.8] 47 | 2.2k
100 | 1,50 |== |e== | == .| 8.136
Q= 2.66 x 10* ~
Based on mean—effective. drop diameter of 19 micrOns
ag = 0.00095 cm - .
v = 1.91 1b/hr :
q =8%)mmﬁw,sqft

Based on drop-size distribution E
w = 8.1k 1b/nhr

Water drop-size distribution and percentages of

liquid water content were obtained from reference L,

FATTONAT, ANVIEO™Y
COMMTTTEE FO™ AE ONAUTICE
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ELECTRICALLY HEATED FLUSH

THIN METAL
HEATING STRIPS

Figure 3.- Adjustable flat-plate windshield and flush windshield panel.
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Figure 4.- Electrically heated flush windshield panel,
viewed from the exterior of the C-46 airplamne cockpit.
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(a) side view.

(b) Top view.

Figure 5.- V-type electrically heated windshield
installed on the C-46 airplane.
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CO-PILOTS FLUSH-TYPE WINDSHIELD FLAT PLATE PANEGL-
WINTER 1245-46 WINTER. \‘s:s-‘:{%

b 3

CO- PILOTS HALF V-TYPE WIND SHIELD , WINTER 1248-47

NATIONAL ADVISORY

'’
*—8?——-@32'1»-» £TC. COMMITTEE FOR AERONAUTICS
J 2 ® n
N ]
k . #
@ X2 sPRCING
& Cox
Py * V\VL
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g/ 3
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l——a -‘321 erc.

PILOTS HALF V-TYPE WINDSHIELD , WINTER 1948-47

FIGURE 6 — SKETCH SHOWING THE THERMQCOUPRLE LOCATIONS ON
VARLIOUS ng08H|ELD CONFIGURATIONS USED.ON THE C-46 ARPLANE
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Figure 7.- Single panel from the V-type windshield installation.  Heating
was provided by tramsparent, electrical-conducting film under outer

glass layer,
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CE FORMED ON

JNHEATED PORTIONS

HEATED AIR SUPPLY
FROM SECONDARY
A HEAT EXCHANGER

NACA
A-10527
9-17-46

Figure 8.~ Details of external discharge heated-air ice-prevention system for
flush windshield of C-46 airplane.
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(a) In icing conditions. Time, 1549.

(b) Immediately after leaving icing conditions.  Time, 1551.

Figure 13.- Flush windshield of C-46 airplane during icing
condition 6, table I, with inadequate heat supply to the
external discharge system for the pilot's panel.
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TIME 1650 TO 1720
PRESSURE ALTITUDE 10,300 TO 10,600 FEET
TRUE AIR SPEED 170 TO 150 MPH
AMBIENT AIR TEMPERATURE 20 TO 17.5°F
LIQUID WATER CONTENT A5 TO .3 GRAM/M?
MEAN EFFECTIVE DROP SIZE—————50 TO 20 MICRONS
HEAT SUPPLIED TO PANEL 1205 BTU/HR FT2
HEAT SUPPLIED TO WINDSHIELD —— 525 BTU/HR FT?

Figure 14.- Sketch based on photographs and flight engineer's notes
of ice accretions on nose and windshields of C-46 airplane after
icing condition 9, table I. Panel angle 60° with the fuselage.
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(a) In icing conditions, start of removal. Time, 1703.

(b) In icing conditions, removal continued. Time, 1706.

Figure 15.- Windshield of C-46 airplane during icing condition 9,
table I, showing removal of ice accretions from the electrically
heated flush panel, right side, and the external discharge aresa,
left side.
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(¢) In clear air, removal completed. Time, 1720,

NACA

A-1047 f 4

(d) Ice formation on gbinch-diameter rod during the

icing run.-

Figure 15.,- Concluded.
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NACA
A-10467
9-4-46

Figure 16.- Windshield of C-46 airplane after a flight in
icing conditions in which there was no tendency for ice
to form on the windshield. Ice accretions shown formed

on %-inchrdiameter rods beside windshields; icing

conditions 10 and 11, table I.-
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FLIGHT NUMBER 3I TIME 1116
PRESSURE ALTITUDE 8,000 FEET
TRUE_ AIR SPEED i60 MPH
AMBIENT AIR TEMPERATURE 4 °F
LIQUID WATER CONTENT .2 GRAM/M3
MEAN DROP 'SIZE 10 MICRONS
HEAT SUPPLIED TO PANEL 1520 BTU/HR FT2

ICING CONDITION NUMBER |

3
r
P

FLIGHT NUMBER 31 TIME 1628
PRESSURE ALTITUDE 11,650 FEET
TRUE AIR SPEED : 180 MPH
AMBIENT AIR TEMPERATURE IT2°F
LIQUID WATER CONTENT .5 GRAM/M3
MEAN DROP SIZE 18 MICRONS
HEAT SUPPLIED TO PANEL 1240 BTU/HR FT?

ICING CONDITION NUMBER 2

FLIGHT NUMBER 33 TIME 1147
PRESSURE ALTITUDE 8,300 FEET
TRUE AIR SPEED 170 MPH
AMBIENT AIR TEMPERATURE 18 °F
LIQUID WATER CONTENT .9 GRAM/M3
MEAN DROP SIZE - 10 MICRONS
HEAT SUPPLIED TO PANEL 1230 BTU/HR FT2
ICING CONDITION NUMBER 3 NACA

A1 0 981

Figure 17.- Ice accretions formed on the flat-plate windshield of the
C-46 airplane during icing conditions 1, 2, and 3, table I. - Panel
angle 30° with the fuselage.
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FLIGHT NUMBER 23 TIME 1454
PRESSURE ALTITUDE 10,350 FEET
TRUE AIR SPEED 135 MPH
AMBIENT AIR TEMPERATURE 6 °F
LIQUID WATER CONTENT .6 TO .8 GRAM/M3
MAXIMUM DROP SIZE 11 TO — MICRONS

HEAT SUPPLIED TO PANEL 910 BTU/HR FT?
ICING CONDITION NUMBER 4

FLIGHT NUMBER 23 TIME 1516
PRESSURE ALTITUDE 11,500 FEET
TRUE_AIR SPEED 145 MPH
AMBIENT AIR TEMPERATURE -0.5 °F
LIQUID WATER CONTENT .3 TO 1.2 GRAM/M3
MAXIMUM DROP SIZE 20 TO — MICRONS
HEAT SUPPLIED TO PANEL 1630 BTU/HR FT2

ICING CONDITION NUMBER 5

\

FLIGHT NUMBER 23 TIME 1548
PRESSURE ALTITUDE 12,700 FEET
TRUE AIR SPEED 140 MPH
AMBIENT AIR TEMPERATURE =2 SF
LIQUID WATER CONTENT .6 TO 1.4 GRAM/M3
MEAN DROP SIZE 18 TO 44 MICRONS
HEAT SUPPLIED TO PANEL 1720 BTU/HR FT?
ICING CONDITION NUMBER 6 NACA

Al10982
12-11-46

Figure 18.- Ice accretions formed on the flat-plate windshield of the
C-46 airplane during icing conditions 4, 5, and 6, table I. Panel
angle 45° with the fuselage.:
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87
FLIGHT NUMBER 49 TIME 1121
PRESSURE ALTITUDE 9,140 FEET
TRUE AIR SPEED 165 MPH
AMBIENT AIR TEMPERATURE 9.5
LIQUID WATER CONTENT .7 GRAM/M3
MEAN DROP SIZE 23 MICRONS
HEAT SUPPLIED TO PANEL 1170 BTU/HR FT?
ICING CONDITION NUMBER 10
FLIGHT NUMBER 49 TIME 1132
PRESSURE ALTITUDE 8,900 FEET
TRUE AIR SPEED 165 MPH
AMBIENT AIR TEMPERATURE ] O
LIQUID WATER CONTENT .2 GRAM/M3
MEAN DROP SIZE 17 TO 44 MICRONS
HEAT SUPPLIED TO PANEL 1190 BTU/HR FT2
ICING CONDITION NUMBER 11
FLIGHT NUMBER 49 TIME 1155
PRESSURE ALTITUDE 10,600 FEET
TRUE AIR SPEED 160 MPH
AMBIENT AIR TEMPERATURE S °F
LIQUID WATER CONTENT 1.4 GRAM/M3
MEAN DROP SIZE 19 MICRONS
HEAT SUPPLIED TO PANEL 1235 BTU/HR FT2
ICING CONDITION NUMBER 12 PR
12-11-46

Figure 19,- Ice accretions formed on the flat-plate windshield of the
C-46 airplane during icing conditions 10, 11, and 12, table I.
Panel angle 60° with the fuselage.
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Figure 20.- V-type windshield of C-46 airplane during flight
in icing conditions showing unsuccessful ice-removal
operation of external discharge jets over pilot's panel,
with heat supply of 18,000 Btu per hour.
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Figure 21.,- Typical ice accretion on V-type windshield
without any heat supplied.

Figure 22.- Ice accretions formed on V-type windshield of
the C-46 airplane during icing conditions 15 and 16.
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(a) In icing conditions. Time, 1140.

(b) In clear air, ice removed. Time, 1215,

Figure 23.- Ice accretions formed on V-type windshield of the
C-46 airplane during icing condition 17.
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TEMPERATURE DIFFERENCE BETWEEN JET AIR. STREAM AND AMBIENT AR, °F
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