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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
iy Abbrevi Abbrevi
3 revia- : revia-
Unit s Unit Hah
Length_______ 4 maeter: S SR W e toot:(er:mile)= L2 a0 - ft. (or mi.)
Timela e S i geconde e it e second (or hour)_______ sec. (or hr.)
Force _-____:__ F weight of 1 kilogram_____ kg weight of 1 pound._____ 1b.
POWer s So P horsepower (metrie)--____|__________ hordepewersi -t hp.
d Vv kilometers per hour______ k.p.h miles per hour________ m.p.h.

Speed.___.__ meters per second_ - _____ m.p.s feet per second_-______ f.p.s.

2. GENERAL SYMBOLS

Weight =mg
Standard acceleration of gravity =9.80665
m/s? or 32.1740 ft./sec.?

Mass = L
g

Moment of inertia=mk? (Indicate axis of
radius of gyration k by proper subscript.)
Coefficient of viscosity

Yy

Py

Kinematic viscosity
Density (mass per unit volume)

Standard density of dry air, 0.12497 kg-m—*s? at

152

C. and 760 mm; or 0.002378 lb.-ft.~* sec.?

Specific weight of “standard’” air, 1.2255 kg/m?® or
0.07651 1b./cu.ft.

3. AERODYNAMIC SYMBOLS

Area

Area of wing
Gap

Span

Chord

Aspect ratio
True air speed

; 1
Dynamic pressure =§pv

Lift, absolute coefficient C; q%’

Drag, absolute coefficient C, = 5_5'

Profile drag, absolute coefficient CD,=§D—S°,

Induced drag, absolute coefficient C», =qDTS‘

Parasite drag, absolute coefficient Cp, Uy

qS
Cross-wind force, absolute coefficient (Jc=—(Z

gS
Resultant force

Uiy
iy

Q,

Angle of setting of wings (relative to thrust
line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds Number, where / is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-
responding number is 234,000; or for a model
of 10 em chord, 40 m.p.s. the corresponding
number is 274,000)

Center-of-pressure coefficient (ratio of distance
of ¢.p. from leading edge to chord length)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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IMPROVED AIRPLANE WINDSHIELDS TO PROVIDE VISION IN STORMY WEATHER

By WiLLiam C. Cray

SUMMARY

The results of an investigation made in the N.A.C.A.
7- by 10-foot wind tunnel to determine possible improve-
ments in the design of airplane windshields, particularly
with respect to the pilot’s vision from the cabin in stormy
weather, are reported. :

It was found practicable to design openings in airplane
windshields that will permit some unobstructed view from
the cabin and yet shield the pilot from wind and rain.

Openings up to 2 inches in width across a flat front
panel in vertical or sloping windshields will permit a
view directly forward without direct raindrops entering
the opening if a small deflecting airfoil is mounted ahead
of the windshield. A slight increase of the fuselage static
pressure is mecessary to keep wind and indirect water
drops from entering this style of opening.

It was found possible to design a V-front windshield
that utilizes raindrop deflection through small angles to
provide vision through open windows on either side of the
cabin. Adequate vision can be obtained within normal
limits of head movement for nearly the entire forward
hemisphere without any appreciable amount of rain or
wind entering the cabin, even under atmospheric condi-
tions favorable to ice formation.

Improvements made in the design of several windshield
types are described and information given on the air flow
about each arrangement.

INTRODUCTION

A study of the characteristics of any windshield
arrangement should be concerned primarily with the
view from the pilot’s cabin. That the need for in-
creased vision in a forward direction, especially in
stormy weather, is urgently felt by pilots themselves
is clearly shown in reference 1, which points out that
the problem has been unsatisfactorily dealt with in
practically all existing types of commercial airplanes.
This problem has also received recent attention from
aircraft manufacturers, who realize its importance in
the maintenance of established flight schedules and
the safety of personnel and equipment.

An effort is now being made by the N.A.C.A. to |

measure and evaluate the field of view from the cock-
pit, as affected by the structure, of a number of exist-

ing airplanes. Vision directly ahead is most important
for level flight, and an unobstructed field of view about
20° toward each side and 20° downward includes the
areas most useful in making landings. An unob-
structed view in these areas should be available to the
pilot at all times, particularly in bad weather. Many
present-day designs fail to fulfill this primary require-
ment; the view factor has obviously been neglected in
favor of other features and the windshield can accom-
plish little more than to protect the pilot from a direct
blast of air.

Windshield design is particularly important in con-
nection with those types of airplanes that offer a mini-
mum amount of structure ahead of the pilot;e.g.,
pushers, twin-engine tractors, and some single-engine
tractors. Many of these types at present afford good
vision in clear weather, but in stormy weather when
mist, rain, or ice collects on an otherwise satisfactory
windshield, the surface becomes translucent and the
vision is reduced practically to zero. Even a small
deposit of dirt on the windshield is sufficient to prevent
vision when the airplane is flying toward the glare of
the sun or that of a lighted beacon. Opening a
window under these circumstances affords at best a
less-than-normal field of view and, owing to the wind
and rain which usually drive into the cabin, the pilot
cannot derive the full benefit from the window.

Windshield wipers, liquid applications, and other
mechanical arrangements have proved to be of slight
value in keeping the glazed panels clear. It would
seem, then, that to be satisfactory, an airplane wind-
shield should give an adequate field of view entirely unob-
structed by glass and yet not permit wind or rain to enter
the cabin.

The principal factors to be considered in the design
of a satisfactory airplane windshield are as follows:
Vision must be provided in all important areas in the
available field of view; provision should be made for
opening a portion of the windshield to provide ade-
quate view in stormy weather; the ease and comfort of

" the pilot in making use of the available vision should

be considered; and finally, the drag of the windshield

should be kept at a minimum. Owing to the variety

of design in present-day aircraft, no existing arrange-

ment could well be considered as representative for
3
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study; hence a number of conventional types were
tested under full-scale conditions and systematic
changes were made to improve the vision that could
be obtained in stormy weather from each one. As no
general information applicable to the subject was
available, a detailed study was made of the flow of
air and rain about each windshield arrangement.
Such studies assisted markedly in the ultimate design
of a special windshield that promises exceptionally
good characteristics.

These wind-tunnel studies were conducted by the
National Advisory Committee for Aeronautics, at
Langley Field, Va.

THE EFFECT OF AIR FLOW ON RAINDROPS

Raindrops.—A study of raindrops and the manner in |

which they strike the windshield aids in the develop-
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F1GUrRe 1,—Raindrop velocity chart.

ment of a design for a suitable opening. The speed
of the airplane, the size and rate of fall of the raindrops,
the interference effects of the airplane structure ahead
of the windshield, and the general form of the wind-
shield proper all affect the performance of the wind-
shield opening.

The drops entering any opening may be classified
into three types: (1) Drops that are headed for and
that enter the opening directly at high velocity
(termed ““direct drops’); (2) drops that first impinge
on the windshield and are then carried into the opening
at a low velocity by air flow (termed ‘“indirect drops’’);
and (3) drops that strike the edges of the opening
and splash inward (termed ‘splash drops”). Any
successful windshield opening must include provisions
for eliminating each of these types.

The chart in figure 1 was constructed from a com-
pilation of meteorological data on the frequency, size,
and rate of fall of raindrops (references 2, 3, and 4).
The drop diameter is plotted against its terminal
velocity in standard air. The diameter varies from
zero to about one-quarter of an inch, and is divided
into several more or less definite grades with frequency
in average summer storms indicated at the left.

The terminal velocity of the drops increases with
the diameter up to 0.18 inch after which the velocity
decreases. Friction of the air causes a deformation
of large drops which become flattened and present
increased resistance to the air. (See reference 2.)
The deformation becomes appreciable when the diam-
eter is about 0.16 inch and increases rapidly as the
drop grows larger. A further increase in size causes
the drop to become very unstable and it soon breaks
up into a number of smaller drops, which, of course,
fall more slowly.

In summer and in tropical climates there is a greater
percentage of large drops in the precipitation than in
winter and in colder regions. Even in the average
summer storm, however, only 20 percent of the drops
have a diameter greater than 0.14 inch, while 51
percent have a diameter less than 0.06 inch. In the
average steady winter rain, drop diameters greater
than 0.1 inch are rare; the majority of them occur in
the portion designated on the chart ‘light rain”’
having a diameter less than 0.032 inch. For purposes
of general calculations in this report, a drop diameter
of 0.06 inch is assumed to be representative of average
conditions. From the chart, this drop has a terminal
velocity of 16.4 feet per second.

Computation of resultant path.—The resultant path
of raindrops with respect to horizontal flight, neglect-
ing interference effects, can be computed by aid of
figure 1 and the formula:

— [
a=tan 5.

where «, resultant path angle above the horizontal.
V', terminal velocity of the raindrop.
V4, airplane velocity.

Assuming an airplane velocity of 188 feet per
second and a raindrop having a diameter of 0.06 inch,
the path of the approaching drop above the horizontal
can be found, for

S [
a=tan™! 188 — =5

Computation of air deflection.—It is also possible
to estimate the feasibility of utilizing air deflection
ahead of a windshield for deflecting raindrops suffi-
ciently to prevent their entrance into an opening. To
that end, a formula for raindrop resistance is needed.

The resistance of small spheres in a moving fluid is
somewhat complex. For Reynolds Numbers (VD/v)
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above 500 the coefficient of resistance varies but
little, however, and provided that the raindrop does
not deform, it may be assumed that

R=OD§ A V=K V?

where R is the resistance of the drop.
Cp, the coefficient of resistance.
p, fluid density.
A, cross-sectional area.
V, relative velocity of drop and fluid.

The value of K for each drop size may be determined
from the terminal-velocity chart and is equal to
w/ V2, where w is the weight of the drop.

Now consider a raindrop at rest with respect to a
sudden deflecting stream of air, as would be the case
of an airplane flying into rain and equipped with a
deflecting arrangement ahead of the windshield.

Let Vi be the velocity of the deflecting stream of air.

Vp, the velocity of the drop at any time ¢.
S, the distance traversed by the drop at end of
time .

Then neglecting gravitational acceleration, for a

differential time d¢ we have

(%/;—D=AI—§(VF— V)2 where M is the mass of the drop.
By integration, and assuming Vj constant,
T S
m—ﬂt-i-Owhere 0~T7F
whence
Ve Xy
M
S o
Ve M il
solving for S we have
1
¢ o1 K 1
S=fVDdt=VFf VFM<t+—T{> dt
0 . Vo ==
0 S

By integration

S=Vp|:t—V1—Kln (VF%tH)]
FM

substituting ZI\_{4= %29—
47

Vi 32.2 Vit ):I
S=Vﬂ[t_32.2vpln el

A practical example will illustrate the use of this
method. Assuming that it were possible to design a
deflection method giving a 90° cross stream of air in
front of the windshield, a foot in depth, and equal to
the velocity of the airplane, the time ¢ for the drop to
traverse the cross stream would be approximately

equal to 1/Vy. If a drop diameter of 0.06 inch with a
terminal velocity of 16.4 feet per second is assumed, by
substitution the deflection will be

(1640 32.2
S=1-"333 l“((16.4)2“)

or
S=0.0555 foot=0.66 inch

Thus, even with such extreme air deflection, the
front shield could have a forward-projected opening of
only 0.66 inch. Such a small opening obviously would
increase the vision but slightly.

APPARATUS AND METHODS

Test apparatus.—For purposes of wind-tunnel in-
vestigation, a plywood-covered model fuselage was built
that would be adaptable for various windshield con-
structions. The size of the fuselage and general ar-
rangement of the windshield are shown in figure 2.

NN e

inches

\\\\\\\\\\\\\\\\\\\\\\\\\_»

b,
22 N

section
FiGURE 2.—Fuselage 1.

The cockpit of the fuselage was sufficiently large to
accommodate an observer. The fuselage was mounted
in the N.A.C.A. 7- by 10-foot open-throat wind tunnel
(reference 5) with the fuselage base at the bottom of the
tunnel throat. This arrangement placed the windshield
approximately at the center of the air stream.

Rain conditions were simulated by a water-spraying
jet mounted about 10 feet ahead of the windshield.
This jet provided a spray of water from a point source
and was adjustable to give drops of any desired size
ranging from fine fog particles to drops about 0.12 inch
in diameter. The location of the spray source could be
shifted at will by controls inside the fuselage, and in
this way the complete path of the drops from any
source with respect to the windshield could be ob-
served. A small portable hand spray was also used in
cases where a more detailed observation was desirable.

A velocity meter of special design was employed to
obtain the speed and direction of the air flow about the
fuselage and windshield. A diagram of the construction
of this instrument is given in figure 3. With the tube
held in the air stream as shown in the sketch, the small
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orifice in the side of the tube provides a maximum
positive pressure of approximately P;=pV?%/2+ static
pressure, while the end orifice provides a maximum
negative pressure of approximately P, = —1.6 (pV2/2) +
static pressure, giving a total maximum velocity head
of approximately h=2.6 (pV?2) between the two
orifices. The tube was mounted on a device that per-
mitted the orifices to be held in any position with
respect to the fuselage, and by turning and twisting
the instrument unil a maximum reading was ob-
tained, the velocity vectors of the air flow at the loca-
tion of the orifices were determined. This instrument
has two advantages over an ordinary pitot tube. The
measurable velocity head is more than twice as great
and the proximity of the two openings affords greater
accuracy when the velocity gradient is extreme. The

T Ay )
— Pressure opening Ps
Air streom +Pressure
T s F e (] opening P;
5" e
Manometer E.——% D

\

instrument was calibrated in an air stream of known
velocity.

The approximate direction of the air flow was de-
termined by a small silk streamer mounted on the end
of a fine wire. An adjustable opening was built into
the extreme front of the nose of the fuselage to permit
regulation of the fuselage static pressure. The term
“normal fuselage pressure” as used in this report refers
to the static pressure obtained in the fuselage with
this adjustable opening in the closed position. Fuselage
static pressures were measured by a manometer. All
static pressures were referred to base pressures outside
the air stream.

The maximum velocity of the wind-tunnel air stream
was about 75 miles per hour. All the tests, unless
otherwise stated, were made at an air velocity of
about 65 miles per hour.

FIGURE 3.—Instrument for measuring air flow.

COMMITTEE FOR AERONAUTICS

|

Methods.—Deflection of rain and wind from any
windshield opening may be obtained by means of air
flow, guide vanes, or both. Deflection by means of air
flow may be effected by the shape of the fuselage for-
ward of the windshield, the shape of the windshield
itself, or by the forcing of air outward through the
windshield opening. Preliminary air-deflection calcula-
tions indicated that guide vanes might be necessary
for deflecting direct raindrops, while air deflection
might be used to eliminate indirect and splash drops,
particularly with windshields having frontal openings.

Accordingly, a study was made of the two methods,
employing several different windshield types. FEach
type was tested with various frontal openings designed
to give maximum field of view in a forward direction.
The data obtained from these tests led to the construe-
tion of a special type of windshield designed expressly
to give a maximum field of view from a comparatively
large open window.

First, a thorough survey was made of the air flow

. about the fuselage and about each type of windshield

in the closed, or normal, position. The speed and
direction of the air flow at various points were plotted
directly on the sketch and a close observation made of
any turbulence or irregularities in the vicinity of the

- windshield. Observation of the path of a jet of fine
| fog particles introduced into the air stream from the

spray tube ahead of the fuselage, in conjunction with
the velocity-vector sketches, afforded a fair analysis
of the turbulence, blocking, pressure gradients, and
drag of each type of windshield-fuselage combination.
In many instances it was found possible to obtain
photographs that show this flow.

Further tests included a study of both air flow and
rain flow using various windshield openings in connec-
tion with a number of special additions or conditions,
such as deflecting vanes, gutters, and static-pressure
variations. Preliminary tests to determine the most
suitable type of deflecting vane included tests on flat
plates, strut sections, and symmetrical and cambered
airfoils. It was found that an airfoil with a section
similar to the Clark Y was most effective and such an
airfoil was used throughout this investigation.

A description of the location and size of the openings
and the included angles of vision relative to the
normal location and movement of the pilot’s head will
be given under Results. The criterion with respect
to the entrance of rain and wind into any of the
openings is not a function of the pilot’s location, but is
given with reference to the entire cabin interior on the
basis that no opening is entirely satisfactory if any
water enters the cabin. Similarly, no design was
considered satisfactory that permitted fluctuating air
currents much in excess of 15 miles per hour to blow
into the pilot’s face, as such currents seriously impair
vision.
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In this report the “slope’ of a windshield is defined |

with reference to the base of the windshield, i.e., a
“prear ward-sloping”’ windshield slopes rearward from
its base, and a “forward-sloping” windshield slopes
forward from its base.
Symmeftrical about ¢

FicUrE 4.—Windshield 1.
RESULTS
WINDSHIELD 1
A sketch of the first type of windshield tested is
oiven in figure 4. This type was chosen as representa-
tive of vertical, flat-front windshields of ordinary

dimensions. The front window was 7} inches high
and 21 inches wide. Two other forward vertical
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on the figure represents the locus of a series of point
vortices; hence it is the line of stagnation or zero
velocity. The flow of air under the dotted line is
completely disturbed and follows the general path as

fuselage 1.
»ed in miles per hour in a section
re taken 1 inch from the fuse-

FIGURE 5.—Air-flow speed and direction with windshield 1 and
Lines indicate direction and numbers indicate spe
along center line, except for arrowed points which we
lage surface. Speed of air stream, 65 miles per hour.

shown. The strength of this vortex is extreme, even

exceeding the intensity of the local air stream at
certain points. Most of the turbulent air leaves the
of the fuselage below the windshield in the

surface
Hence, the air flow

direction indicated by arrows.

FIGURE 6.—Air flow over fuselage in front of windshield 1.
windows were built at an angle and intersected the
front window as shown.

Figure 5 is a diagram of the air flow over the fuselage
and this windshield with all windows closed. The
average velocity of the air stream, assumed to be
represented by that indicated at a point about 3 feet
above the front of the fuselage, was in this case about
65 miles per hour.

The turbulent area immediately in front of the
windshield is of particular interest. The dashed line

Speed of air stream, 65 miles per hour.

Note turbulence at lower frcnt of windshield

the side front window is apparently little
but is fairly uniform
| direction except for
t the forward edge

along
affected by the forward vortex
and flows steadily in a rearwarc
comparatively small disturbances a

The air flow in front of this windshield is very poor
ally and indicates that the arrangement

aerodynamic
consequent

offers considerable blocking effect with a
high drag.

Figure 6 is a photograph of a stre
into the air stream from the hand spray several feet

\ am of fog ejected
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ahead of this windshield which further illustrates the
turbulent area in front of the windshield.

Observation of the flow of raindrops in the air stream
revealed that the path of the drops was little affected
by the turbulence in front of the windshield, which
corroborates previous deflection calculations. The
general path of the air stream above the fuselage was
upward, whereas the path of raindrops is normally
downward. The path of the drops above the fuselage
was, however, affected to some extent by the upward
flow of air depending on the drop size. Drops greater
then 0.06 inch in diameter continued to maintain a
slightly downward path; drops of somewhat smaller di-
ameter tended to rise with the air stream. Extremely
small drops, of course, followed the air stream very
closely. All raindrops impinging on the front of this
windshield followed the local air currents and traveled
downward.

Apparently the only practicable opening in a front
window of this type would be one not less than 1%
inches in width that extended across the window. Such
an opening was made in the front window just above
the horizontal center line and, as expected, both rain

\ \ \\\ \

F16 URE 7.—Diagram of frontal opening arrangement for increasing vision with
windshield 1, showing paths of rain flow with deflecting airfoil inverted.

and wind entered the cabin regardless of the strong
downward flow of air outside the opening. In fact,
the direct drops entered with such velocity that they
traversed the entire length of the fuselage. The air
blew into the opening in gusts of fairly low velocity,
about 15 miles per hour, and forced inward the in-
direct and splash drops that impinged on the glass near
the opening. Increasing the static pressure in the fuse-
lage to about pV?/2 by means of the opening in the
front of the fuselage caused air to leave through the
windshield opening about 15 miles per hour. This air
prevented most of the indirect and splash drops from
entering but had a negligible effect on the direct drops.
Various gutters and ledges placed about the opening
failed to improve this condition.

The failure of simple air-deflection methods indicated
that direct raindrops might best be eliminated by direct
guide-vane deflection. The field of view desired from
this type of windshield opening is primarily straight
ahead, which unfortunately is directly in the relative
path of the raindrops. Hence, any direct deflection
vane would have to be several feet ahead of the opening
to prevent excessive interference with the field of view
and should be so shaped and located as to assist rather

than obstruct the flow lines of the general air stream.
To this end, an airfoil having a chord of 6 inches and
sufficient span to protect the entire length of the wind-
shield opening was mounted on the fuselage about 2
feet ahead of the windshield. A diagram of the best
arrangement found with this combination is given in
figure 7.

The inverted airfoil in combination with a 2-inch
ledge along the lower edge of the windshield opening
prevented about 95 percent of the drops from entering
this opening. The airfoil itself intercepted and de-
flected nearly all the direct drops that were in line with
the opening but it increased the tubulence in front of
the windshield to the extent that it was necessary to
employ the ledge to block the turbulence and intercept
the scattering drops at the edges of the opening. The
width of the opening could be increased to 2 inches
with this combination. The increased turbulence re-
duced the velocity pressure in front of the windshield
sufficiently to increase the outward flow of air from
the opening to 40 miles per hour with a fuselage static

Symmetrical about ¢
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FIGURE 8.—Windshield 2A.

pressure of about pV?%2. This outward velocity pre-
vented all the indirect and splash drops from entering.
In the figure, C represents the path of the direct drops
in line with the opening, which are deflected by the
airfoil along a path F above the windshield. The
drops along paths D and B strike above and below the
opening, respectively, and do not enter the cabin.
Varying the size of the raindrop required a small change
in the vertical location of the airfoil.

A vertical field of view of about 10° was available
in a forward direction, with the eyes of the pilot located
12 inches from this windshield opening. Allowing a
4-inch vertical movement of the pilot’s head, the total
vertical field of view available was about 28°. Of this,
about 4° was blanketed by the airfoil itself. The hori-
zontal field of view, which depends on the width of the
window, was in this case about 100°,

WINDSHIELD 2A

Windshield 2A (fig. 8) was constructed as representa-
tive of a rearward-sloping, flat-front windshield of ordi-
nary dimensions. The front window had a rearward
slope of 136°, a vertical projected height of 7% inches,
and a width of 21 inches. Two sloping side windows
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were set at an angle with respect to the front window
as shown.

Figure 9 is a diagram of the air flow in front of wind-
shield 2A with all windows closed, and shows a notice-
able improvement of the flow compared with wind-
shield 1. Turbulence exists only in front of the lower
half of the windshield and the velocity of the air in
turbulent areas is much less. The air flow along the
side front windows is fairly uniform and flows in a
slightly upward direction with the exception of small
turbulent areas at the line of intersection with the
front window.

In order to enable a study of various frontal open-
ings with this windshield, the front window was split

horizontally and the upper and lower sections hinged
at the top and bottom, respectively. Thus it was
possible to test any combination of angles of the two
sections and, by altering the width of the two panels,

FIGURE 9.—Air-flow speed and direction with windshield 2A. Lines indicate di-
rection and numbers indicate speed in miles per hour in a section along the center
line.” Speed of air stream, 65 miles per hour.

both the size and location of the opening could be
varied.

Preliminary tests employing a variety of these com-
binations regardless of visibility considerations were
made primarily to study local variations in the air
flow and rain flow about the opening with variations
in internal fuselage pressures.

No arrangement tested with normal fuselage pres-
sure prevented indirect or splash drops from entering
the opening. No indirect or splash drops entered any
opening under 2% inches wide with the fuselage pres-
sure raised approximately pV?2. Direct rain drops
entered all openings that provided a forward projected
vision greater than one quarter of an inch, regardless
of fuselage pressure.

These results indicated that as with windshield 1
any forward opening in this type of windshield will
require the employment of a deflecting vane to prevent
direct raindrops from entering. Furthermore, the in-
ternal fuselage pressure must be greater than normal
and must provide a sufficient flow of air outward

100778—85—2

through the opening to prevent the entrance of indirect
and splash drops.

Tests were accordingly made with a Clark Y airfoil
in various positions as a deflecting vane. The air flow
with the airfoil in the best location in both the inverted
and upright positions is shown in figures 10 (a) and
10 (b), respectively. From tests with the spray, it
was found that, in general, the greater the angle of
attack of the airfoil with respect to the rain paths,
within limits, the wider will be the rain-free path to
the windshield and the greater may be the windshield
opening. If the angle of attack of the airfoil with
respect to the air flow is, however, increased to the
burble point, water will collect on the curved surface
of the airfoil in large drops and blow off into the open-

(b)
— NN N A

R A \\\\ Nl @

MR \\1\\\\\\\\\\\\ \ f&\%\x\}&\\x\?&s?\&;\\

(b) Airfoil upright.

FIGURE 10.—Diagram of air flow in front of windshield 2A. Speed of air stream, 65
miles per hour.

N
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ing. With this particular combination of windshield
and fuselage the general air flow was upward and, as
the relative direction of the rain was nearly horizontal,
the airfoil angle could be increased to intercept more
rain without burbling when the airfoil was mounted in
the inverted rather than in the upright position. On
certain fuselages where the flow of air in front of the
windshield is initially horizontal, an airfoil mounted in
the erect position may deflect direct drops efficiently,
and actually reduce turbulence more effectively, as
may be seen by comparing the turbulence shown in
figure 10 (a).

The best fore-and-aft location of the airfoil either
erect or inverted was found to be between 2 and 3 feet
ahead of the windshield. When placed more than 3
feet ahead the rain-free path ceased to remain uniform
and direct drops entered the opening. When placed
closer than 2 feet, the airfoil blanked off too much of

the field of view.
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The best vertical location of the airfoil depends upon
the relative paths of the raindrops with respect to the
fuselage, which varies with the size of the raindrops
and with the angle of attack and flight path of the
fuselage. In practice the airfoil height might be made
adjustable from the cabin to allow for changes in
position.

The addition of an outer ledge to the lower edge of
the windshield similar to that used on windshield 1
(fig. 7) was tested also. In general, this ledge exerted
a spoiler action on the strong vortex between the air-
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F1GURE 11.—Diagram of frontal opening arrangement for increasing vision with
windshield 2A, showing paths of rain flow with deflecting airfoil inverted.
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foil and the rear part of the windshield and exerted a
less disturbing effect on the lower band of raindrops,
which in conjunction with its action as a secondary
deflector, usually made it possible for the opening to
be increased. With some arrangements of this wind-
shield the use of a ledge was essential to insure that
no rain entered the cockpit.

The paths of the rain with the best arrangement of
this type of windshield are shown in figure 11. The
6-inch-chord inverted airfoil was mounted about 2 feet
ahead of the opening, at the angle and vertical location

F1GURE 12.—Windshield 2B.

that had been shown best by the preliminary tests.
With the airfoil so located and with about pV?/2
pressure in the fuselage, no water drops or wind entered
any opening up to 1} inches in width without a ledge
or 2 inches with a ledge. In fact, air was forced out
of the opening at a speed of about 45 miles per hour.
The extent of the rain-free path with the airfoil
inverted is the region between parts A and B, All
the raindrops in part C that would normally have
entered the opening were deflected by the flat surface
of the airfoil. This arrangement afforded a field of
view from the cabin similar to that obtained from the
opening with windshield 1.

COMMITTEE FOR AERONAUTICS

W INDSHIELD 2B

In order to test the effectiveness of higher tangential

air velocities past an opening, the fuselage and wind-
shield were faired to form an open slot (windshield 2B).
Figure 12 shows the most satisfactory slot arrangement
tried. :
& The flow of air over the combination was fairly uni-
form and free from turbulence. The normal flow of
air past the slotted opening was about 55 miles per
hour when the speed of the air stream was 65 miles
per hour. There was no flow of air into this opening.
With a fuselage pressure of about pV?/2, the speed of
the air that flowed outward through the slot was
about 45 miles per hour.

Tests with the spray showed this arrangement to be
unsatisfactory, as might have been expected from
previous air-deflection calculations. The strong out-
ward flow of air through the opening prevented the
entrance of indirect and splash drops, but the direct
raindrops passed through the deflected air stream
without any noticeable interference.

Symmetrical about ¢
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FIGURE 13.—Windshield 3.

The airfoil was then mounted on the forward part
of the fuselage in an endeavor to deflect the general
air stream so as to increase the tangential air speed
past the opening. In every case, however, the air
speed past the slot was reduced thereby and, as with
previous windshields, it was only when the airfoil was
set in a position to intercept the direct raindrops that
no water entered the cabin.

WINDSHIELD 3

Windshield 3 (fig. 13) was chosen as representative
of forward-sloping flat-front windshields of ordinary
dimensions. The front window was 21 inches wide
and sloped forward from its base at an angle of 59°
with the horizontal; its vertical projected height was
7} inches. Two sloping side windows intersected
the front window as shown.

Figure 14 is a diagram of the air flow in front of this
windshield with all windows closed. The turbulence
is extreme, including in effect a vortical disturbance

within the entire area in front of the windshield that
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connotes a considerable blocking effect and a conse-
quent high drag.

With this arrangement also, the path of the rain-
drops was but little affected by the turbulent areas
and the larger drops impinged directly on the wind-
shield in a very nearly horizontal path.

The best arrangement found for a forward opening
with this combination is shown in figure 15. A

B
5

FIGURE 14.—Air-flow speed and direction with windshield 3. Lines indicate direc-
tion and numbers indicate speed in miles per hour of air flow in a section along
the center line. Speed of air stream, 65 miles per hour.

section of the front window well above the center
line and 2% inches wide was swung outward and fixed
to form a ledge along the upper edge of the opening.
The airfoil was then located about 30 inches ahead of
the windshield opening in the inverted position and
the static pressure in the fuselage was raised to about

NN
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F1GURE 15.—Diagram of frontal opening arrangement with inverted airfoil. Wind-~
shield 3. Dotted lines represent paths of rain flow. Continuous lines represent
paths of air flow. Numbers indicate air-flow speed in miles per hour. Speed of
air stream, 65 miles per hour.

No raindrops or wind entered this opening, with the
combination arranged as illustrated. Even though
the normal flow characteristics about this type of
windshield are somewhat similar to those found with

windshields 1 and 2A, the arrangement of the parts
for efficient action of this opening was different. The
airfoil was not effective when located less than 30
inches from the opening, and the ledge was effective

only when placed along the upper edge of the opening.

This particular opening afforded a vertical field of
view of about 10° in a forward direction with the eyes
of the pilot located 12 inches from the opening.
Allowing a 4-inch vertical movement of the pilot’s
head, a total vertical field of view of about 26° was

available.
Symmetrical about ¢
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FIGURE 16.—Windshield 4.
WINDSHIELD 4

Windshield 4 (fig. 16) was chosen as representative
of rearward, sloping V-front windshields. The verti-
cal projected height of this windshield was 7}; inches,
the included angle of the V was 100°, and the front
panels sloped backward from the base at an angle of
50° with the horizontal.

The flow of air about this windshield was almost
horizontal and was very uniform both in direction and

FIGURE 17.—Windshield 4 with opening arrangement for increasing vision.

speed. These features indicate that this type of wind-
shield offers a much lower blocking effect and produces
much less resistance to the air stream than any of the
previous types. A few small vortices appeared along
the lower edge of the windshield, but their velocities
were comparatively low. Vortices were also present
aft of the side corner posts, but as they would have
little effect on any openings in the front window they
were not studied in detail.

Neither the style of opening employed with the pre-

. vious types nor the use of a simple airfoil to deflect
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the raindrops is readily adaptable to this type of wind-
shield with its diverging air stream.

The most satisfactory arrangement for preventing
the entrance of rain tested on this windshield consisted
essentially of a protruding streamlined shield con-
structed about an opening in the windshield panel
(fig. 17). 'The shield was made of celluloid and formed
of a single curved surface with its elements horizontal
and approximately perpendicular to the path of the
air flow along the window. The front portion of the
shield extended sufficiently outward to protect the
entire opening from direct raindrops. The velocity
of the air stream past this guard reduced the normal
static pressure in the cabin but no air flowed through
the opening. A small amount of indirect water was
carried inward by small vortices about the edges of
the guard but this could be eliminated either by in-
creasing the fuselage pressure or by placing a small
gutter completely around the outer edge of the guard.

7

Fi1GURE 18.—Windshield 5.

The opening was 8} inches long and had a maxi-
mum width of 4 inches. The maximum field of view
from this opening included an area about 20° to the
left from straight ahead. The field in a more forward
direction gradually decreased to zero.

It was found possible to increase the size of this
opening, although in so doing it became necessary to
increase the fuselage pressure and thus force a flow of
air outward through the opening.

The successful performance of this combination
indicated the advantage of further study with side
windshield openings.

WINDSHIELD 5
Windshield 5 (fig. 18) was accordingly constructed

to provide a large open area on either side. The lower
front edge of a single celluloid sheet was attached to

the fuselage surface forward of the cabin. The sheet |

was then bent over and fastened to the curved roof at

the top of the cabin. The outer side edges were cut |

inward toward the front so that the front of the shield
did not extend entirely across the front of the cabin,

thus providing some forward vision when the pilot’s
head is moved to the side.

The air flow about this shield was very turbulent.
In addition to the turbulent area in front, which was
similar to that in front of a flat-front windshield, a
strong whirl formed in the vicinity of the openings and
created strong currents in the cabin.

The shield was fairly effective in preventing the
entrance of direct raindrops through the openings.
The blocking effect of the fuselage and windshield
apparently induced a deflection of the air stream to the
side sufficient to deflect the direct drops. The wind-
shield was unsatisfactory, however, as considerable
quantities of indirect and splash drops were carried
in with much force by the turbulent air currents. It
was found impracticable to overcome this difficulty
by increasing the static pressure in the fuselage with-
out causing an excessive flow of air through the cabin.
Tests made employing various guards, gutters, and

FIGURE 19.—Windshield 6A with fuselage 2.

guide vanes also failed to improve this condition.
These tests indicated, however, that the general trend
of this design offered a simple and effective way to
obtain excellent view characteristics with the elimina-
tion of all direct raindrops. Therefore, further studies
were made employing various side-opening arrange-
ments that would retain this desirable feature and yet
diminish the turbulence nearest to the opening.

WINDSHIELD 6A

A further investigation with various side-opening
arrangements necessitated several alterations in the
general design. Previous studies of the air flow showed
definitely that the formation of vortices and high
local-pressure gradients about the windshields was
induced and aggravated by the blocking effect of the
long and rather blunt nose of the fuselage. It was also
apparent that a windshield height of 7} inches was
insufficient to permit proper observation of the air
flows in a horizontal plane, owing to large interference
effects between the windshield and fuselage. The
general design was therefore altered as shown in figure
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19. The base of the entire windshield was lowered to
increase the panel height to 13 inches, and the forward
part of the fuselage was cut away to give a more
rounded nose and was faired smoothly into the base
of the windshield.

Except for a subsequent minor modification, a ver-
tical V-type windshield was employed, as this shape
was found to deflect most of the oncoming air to the
sides, thereby reducing the usual high-pressure gradi-
ent above the cabin and tending to distribute the flow
of air more evenly about the whole windshield. The
plan form of this windshield is given in detail in figure
20. The outer side edges of the V were curved inward
to reduce local turbulence at the openings, areas of
which were located immediately aft of this part on
either side. This front shield was not extended com-
pletely across the fuselage but was designed to allow
for some vision directly forward. A panel at the rear
of the opening served to fair the arrangement into the
sides of the fuselage.
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FIGURE 20.—Plan-view details of base of windshields 6A and 6B showing location
of points of vision I and Io. (See charts of field of view, fig. 27.)

A diagram of the air flow about this combination is
given in figure 21. The improvement of this flow over
those obtained with most of the previous designs is
striking. (Cf. fig. 5.) The gradual slope of the nose
of the altered fuselage considerably reduced the high
pressure gradients over its forward part; this improve-
ment, in combination with the V-shaped windshield,
induced a comparatively uniform pressure gradient
about the entire windshield, particularly in the vicinity
of the opening. The rather pointed V caused, how-
ever, a slight instability of the lateral air flow.

WINDSHIELD 6B

In order to correct the instability of the lateral air
flow that was found with windshield 6A and to increase
the upward and forward vision from the cabin, the
sharp V at the front of windshield 6A was supplanted
by a small rearward-sloping triangular surface (fig. 22).
The base of windshield 6A was not changed by this
modification.

The general characteristics of the air flow over this
arrangement were essentially the same as with the
sharp front V, except for a small difference imme-
diately in front of the windshield which slightly in-
creased the pressure gradient above it. A fog photo-
graph of the air flow with this combination is given in
figure 23. The lower stream of fog follows the surface
of the fuselage right up to the lower V of the wind-
shield. This stream then divides, passes around both
sides, and maintains a nearly horizontal path. The
middle stream follows a fairly straight path until it
reaches the more abrupt portion of the windshield
center; it then divides and follows an even, fan-shaped
path around the upper portion. The upper fog stream
also follows an even path until it reaches the rather
flat upper portion of the shield. At this point it is
deflected and passes entirely above the cabin. The
arrangement appeared to offer excellent turbulence
characteristics and gave promise of fulfilling all the
design requirements. A very complete study was
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FIGURE 21.—Air-flow speed and direction with windshield 6A. Lines indicate
direction and numbers indicate speed in miles per hour of air flow in a section
along center line except for arrowed points which were taken 1 inch from the fuse-
lage surface. Speed of air stream, 65 miles per hour.

therefore made of this improved arrangement and a
complete discussion is given.

STUDIES OF FINAL DESIGN

The variations studied with this final arrangement
included: (1) the effect of variations in the curvature
of the windshield at the forward edge of the opening,
together with any necessary additions at this point to
eliminate raindrops; (2) the limitations in the dimen-
sions of the opening and the best construction and
location for the glazed panel at the rear of the opening;
(3) the necessary constructions above and below the
open window; (4) the effect of fuselage static pressure
on the performance of the opening with respect to
wind and rain; and (5) the field of view available from
the cabin with the best protective arrangement.

One of the most significant observations with this
windshield was with respect to the flow of water drops
along the surface of the front shield. With the ex-
ception of the drops on the upper center, which tended
to follow with the air stream above the shield, the
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general path of the drops was horizontal and to the
rear. The final disposition of these drops as they were
carried rearward varied with the design of the curved
portion at the forward edge of the opening. When
this curve was terminated at the point of tangency
with the air stream, the drops were carried swiftly to
the edge whence they were blown into the opening by
local air currents. If this curve was extended slightly
inward, however, past the point of tangency with the
air stream, most of the drops did not continue around
the curve, but collected at the point of tangency and

could project slightly beyond the longitudinal parallel,
as indicated by the angle . The radius of curvature
of the part A and the extent of its inward curvature
were found to vary with the local air flow, which, in
turn, was influenced by the shape of the front shield.
The exact forward shape was not important, however,
so long as it diverted the air stream to the side without
introducing turbulence in the region of the curved
portion.

The shape and location of the glazed panel at the
rear of the opening, together with the fuselage static

Fi1GURE 22.—Windshield 6B showing position of pilot's head required to obtain forward vision.

dropped by gravity to the bottom of the windshield.
These drops were quite unstable and a few of them
were still blown inward by stray air currents. The
addition of a small, flat, projecting ledge placed ver-
tically along the curved inner edge of the shield and
normal to the air stream completely corrected this
condition and no water that impinged on the front
shield entered the opening. (See fig. 20, part N.)
The optimum depth of this ledge was from one-fourth
to three-eighth inch; it did not project outward suffi-
ciently to interfere with the air flow past the corner
nor to be in the path of direct raindrops. This ledge

pressure, had a controlling effect on the action of the
indirect drops that formed on this panel and on the
action of the air currents in the vicinity of the opening.
Three examples of the air flow in plan view about the
left windshield opening, under varying conditions, are
given in figure 24. The curved portion (S) is the for-
ward shield just ahead of the opening and (F) is the
rear panel. In every case the construction at N,
where the small ledge is attached to the inward edge
of the curved shield, causes a small air pocket to form
at this point which protects the collected drops from
the air stream and allows them to fall to the bottom
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of the shield. The small ledge is in itself protected
from the air stream by the curve of the windshield
and does not create noticeable turbulence.

It was believed that a rear panel, shaped and lo-
cated as shown in figure 24 (a), might serve efficiently
as a guide to the air that flowed past the opening; but
apparently the slight outward curvature of the panel
created a high adverse pressure gradient that caused
a strong vortex to form inside the cabin. Rain tests
revealed that most of the water drops that fell on the
panel were carried forward and into the opening by
the reversal of flow along the panel. It may be noted
in the diagram that some of the air in the general

normal fuselage pressures, is readily seen from a com-
parison of (b) and (a). In (b) the pressure gradient
along F is favorable; hence there is no reverse air flow
and no water drops enter the opening from the rear.
Some air from the direct stream still enters at the rear
but its resultant direction is slightly different and it
does not carry in any direct drops. The intensity
and size of the vortex inside the opening are much
reduced. A slight increase of the fuselage pressure
entirely removes this vortex, as shown in figure 24
(¢), and no noticeable air currents exist. Kurther-
more, the outward flow of air is fairly uniform over
the entire length of the opening.

%,
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FIGURE 23.—Air flow with windshield 6B.

stream enters directly into the opening at the rear.
This air entered at high velocity and carried some of
the smaller direct raindrops in with it. Increasing
the fuselage static pressure, however, changed these
flow characteristics considerably. Much of the inside
turbulence was eliminated; the air velocity outward
from the front of the opening was high; no direct air
or direct water drops flowed into the opening at the
rear: but the reverse flow of air over the forward part
of the rear panel still existed and caused a few indirect
drops to enter.

Of many forms tested, a perfectly flat vertical panel
located in the plane of the opening, as in figures 24
(b) and (c), gave the best results. The improve-
ment of the air flow about the opening, employing

Speed of air stream, 65 miles per hour.

The considerations thus far have included only a
general study of the flow in a horizontal plane past
the center of the opening. The conditions were some-
what different along the upper and lower edges of the
opening. The speed of the air past the opening was
somewhat higher than that both above and below it,
and thus local pressure gradients were created along
the edges and an inward flow of air was induced at
these points. The condition at the bottom was best
corrected by raising the lower edge of the opening
about 1% inches above the fuselage and attaching
thereto a small, inverted, curved gutter. The condi-
tion at the top was successfully overcome by placing
a small horizontal projecting ledge along the upper
edge of the opening. A sketch of these constructions
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with the flat rear panel is given in figure 25. The
small ledge, or baffle, along the edge CA was con-
nected to the straight flat ledge along the edge CD
and to the curved gutter along edge AB. These con-
structions were quite necessary to guide the indirect
rain water past the open window.

For further testing the angle of the panel at the
rear of the opening was made adjustable and the super-
posed panel DBFG was arranged to slide fore-and-aft
so that the effect of variations in the form of the
opening in combination with changes in the air-stream
velocity and relative fuselage static pressures might
be studied. A number of observations and conclu-
sions were made from these tests.

Each variation produced a change in the normal
fuselage static pressure and in the air flow about the
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F1GURE 24.—Plan-view diagrams of three opening arrangements tested with wind-
shield 6B showing air flow.

opening. The fuselage static pressure was in all cases
nearly proportional to V? within the available range
of wind-tunnel velocities. This quality is particularly
significant; it shows that the flow about the wind-
shield, especially in the vicinity of the opening, was
comparatively free from turbulence. For an efficient
design, the arrangement of the parts should be such
that the normal fuselage pressure is lower with the
window open than with it closed, indicating that the
flow of air past the open window should be sufficiently
rapid and create a sufficiently low pressure in the
fuselage to minimize any air-flow losses from the cabin
at points of leakage. In order to eliminate vortices
that exist just inside such an opening, the initial
fuselage pressure must be increased by an amount
equal to about 0.02 L ¢ by admitting air into the

fuselage from a positive source, where L is the length
of the given window in inches.

For example, with one efficient arrangement of the
parts in this test procedure (fig. 25), the initial fuselage
pressure with the window closed was equal to —0.31 ¢;
with the window open 10.5 inches, the pressure was
equal to —0.55 ¢. Without any increase in the fuse-
lage pressure, air currents blew in at the rear of the
opening with a velocity equal to about 0.4 that of the
air stream. Increasing the fuselage pressure by an
amount equal to 0.02 ¢>(10.5 or 0.21 ¢, thus making a
total pressure of —0.34 ¢, eliminated all the disturbing
air currents within the 10.5-inch opening. This pres-
sure actually forced air to flow outward uniformly
through the window at about 3 miles per hour. (See
fig. 24 (c).)

The positive source of air-flow pressure employed in
all these tests to raise the fuselage static pressure was
obtained by means of an adjustable opening in the
lower front part of the fuselage. The area of opening
necessary to raise the fuselage static pressure 0.21 ¢,

inches
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F1GURE 25.—Windshield 6B showing details of open window construction.

with the windshield arranged as shown in figure 25
and with both windows open 10.5 inches, was 24 square
inches. Except for comparatively small windshield
openings, the increase in fuselage static pressure
varies almost directly with the area of the frontal
opening.

The results of these tests indicated that the maxi-
mum length of the opening is limited to about 11 inches
for efficient operation. The vertical dimension of the
opening is entirely optional and either one window or
both may be open without detrimental effect on their
operation.

Tests with this arrangement indicate that the fuse-
lage may be yawed at least 6° without permitting any
wind or rain to enter the open window.

The most difficult problem in connection with this
type of opening is, of course, to increase the forward
projection, which determines the amount of forward
vision available. A window length of 10% inches with
a side-windshield divergence of 8° affords about a 1%-
inch projected opening forward. This arrangement
permits view with both eyes to within 15° of straight
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ahead and gives more than a full-forward view with
one eye. This combination was the best that could be
obtained in these tests using a raindrop diameter of 0.12
inch. As this size of drop occurs rarely except in
cloudbursts, the forward range of vision may be in-
creased over the values for average conditions by a
suitable adjustment of the rear panel. The forward
edge of this rear panel, however, must not project in-
ward beyond a line between a point B (see fig. 20),
where this window joins the fuselage contour, and the
trailing edge of the forward curved portion. Other-
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edge of the open window may be readily distinguished.
The drops pass rearward under the curved gutter along
the lower edge of the window aud do not enter the
opening. The raindrops that strike on the upper part
of the windshield are guided past the open window by
the flat gutter along the upper edge.

The field of view available from this experimental
model is presented by means of charts, which are con-
structed by assuming any defined point of vision as
being at the center of a sphere of any convenient

radius. The outline of the fuselage is then projected

FIGURE 26.

wise, the blocking effect of the rear window will cause
a sharp air current, which cannot be overcome except
by excessive fuselage static pressure, to blow inward at
the rear of the opening.

Figure 26 is a photograph of this fuselage-wind-
shield combination under an actual rain test in the
wind tunnel, showing the path of the drops and the
manner in which they impinge on the windshield. The
drops employed in this test were exceptionally large
(about 0.12 inch in diamecter) and they broke up nto
spray when they impinged on the front shield. The
path of the drops as they passed along the windshield
and the manner in which they dropped at the front

Rain test on windshield 6B.

12 inch

Diameter of raindrops about 0

from that point onto the sphere. Horizontal and ver-
tical planes passing through the center so that their
intersection is the direction of flicht are used as refer-
ence axes and the point of the intersection on the sphere
(the pole) is the origin. The surface of the sphere is
divided by reference lines corresponding to those of lati-
tude and longitude. The angles of such a projection
were measured by placing an N.A.C.A. visiometer in
the cabin and measuring and plotting the angles deter-
mining the outline of the cabin from the point chosen
directly upon the circular polar chart. A complete
description of this method of measurement will be
given in a future Committee publication.



18 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Two sample charts are presented: The first (fig. 27
(a)) 1s constructed with reference to a point between
the pilot’s eyes located in the plane of symmetry. The
second (fig. 27 (b)) is constructed with the point of ref-
erence located where the right eye of the pilot would be
with his head in the position to obtain maximum unre-
stricted forward view from the right side of the cabin.

s T
a GT=—t——po
80° gp° 80°
(a) Pilot’s head located in center of cabin.

8o° 90° 80°

70°. Z—=
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10°% === 7 10°
vor.| | PR
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30 = 30°
40° = = % 40°
50° == 50°
= s 6o (b)
0 o 80"

(b) Pilot’s head to right.

F1GURE 27.—True surface charts of field of view from cabin with windshield 6B.

(See I, and I, fig. 20.) The position of the pilot’s head
to obtain this maximum forward vision is shown in
figure 22. In this particular set-up, a 10-inch lateral
movement of the head from the central location was
necessary to obtain this position.

The significant feature of this windshield is apparent
in figure 27 (b). With the head of the pilot to the side,
almost half of the forward hemisphere is completely

unrestricted. Furthermore, the forward vision extends
several degrees the other side of straight ahead. Thus
by combining the visible areas obtained from each side-
front window, a nearly complete, unrestricted view of
the entire forward hemisphere is available while the
pilot is completely shielded from wind and rain.

Tests made in the refrigcerated wind tunnel indicated
that the effectiveness of this arrangement would not
be affected by the formation of ice upon the windshield.

DISCUSSION

A comparative study of the air flow about the several
general types of windshield-fuselage combinations
reveals that adverse pressure-gradient variations imme-
diately in front of and about any windshield increase
with an increase of the pressure gradient over the for-
ward part of the fuselage. In order to obtain a mini-
mum of turbulence in the vicinity of the windshield, the
shape of the front fuselage should, therefore, be devoid
of any protuberances or abrupt curvatures and the
fuselage lines should diverge consistently from the nose
to a section aft of the pilot’s cabin.

The shape of the windshield itself, of course, largely
determines the general character of the flow about it,
and any blunt or protruding constructions will create
high local pressure gradients and induce turbulence.
Front windshields with horizontal elements perpen-
dicular to the air stream have very poor flow character-
istics, and such surfaces must be sloped rearward at a
considerable angle before much improvement is appar-
ent. These tests showed that a windshield with a mod-
erate V shape in the plan view creates much less turbu-
lence and has a much Tewer velocity variation about the
surfaces than any flat-front windshield with a reason-
able slope. Within the limits of ‘ohservation in these
tests, no improvement in the flow was obtained by
sloping the front panels of a good V-shaped windshield
with rounded corners. Hence, it is concluded that the
better design is one that tends to direct the flow of air
toward the sides of the cabin rather than above it,
where the pressure gradient is ordinarily high anyway.
Such a windshield is thus particularly adaptable to the
style of open window described in the final tests, where
smooth and evenly distributed air flow is necessary to
assure a uniform pressure gradient in the vicinity of
the opening. In this connection it is well to emphasize
the importance of a moderate curvature at the outer
edge of this windshield ahead of the open window.

Insofar as rain is concerned these tests have shown
that there are several separate conditions that must be
satisfied for an efficient opening in any windshield.
Direct raindrops that are immediately in line with an
opening cannot be deflected much more than 8° by
reasonable counter air currents ahead, and when the
shape and position of the opening are such that more
than this deflection is necessary, a vane may be
mounted several feet ahead to deflect these direct drops
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away from the opening. The location of such a de-
flecting airfoil could be made adjustable from the cabin
to raise it from a recessed position in the fuselage to
the position required for operation. In the case of
windshield 6B, no deflecting was necessary, as the ar-
rangement was designed to utilize an 8° deflection to
obtain an exceptionally good view from the cabin.

Indirect drops, splash drops, or any drops that
impinge on the windshield surfaces and ordinarily
enter the cabin at the edges of the opening may be
prevented from so doing either by adding a suitable
system of gutters around the opening or by increasing
the fuselage static pressure sufficiently to force a flow
of air outward through the opening, or by a combina-
tion of both, depending on the design of the wind-
shield. The fuselage static pressure may be increased
by employing an auxiliary opening that will admit air
into the cabin from any positive source. Some
fuselage designs already employ such an opening for
ventilating purposes. There are only a very few
windshield openings possible that will not normally
permit some wind to blow into the cabin. The volume
and intensity of these air currents vary over a wide
range depending on the design but, in every case, they
can be overcome by increasing the fuselage static
pressure.

The effect of propeller slipstream on the results
obtained in this investigation were not studied but it
is believed that it will be of minor importance in the
essential designs.

No tests were made above an air speed of 75 miles
per hour. Theoretical considerations, however, indi-
cate that higher air speeds will not materially change
any of the findings.

In the case of windshield 6B the width of the fuselage
should have little effect on the result and the design
should be as effective on a fuselage with a 2-place
side-by-side seating arrangement as on a narrower one,
although a narrow one will enable the pilot to take
advantage of the combined field of view offered by
both open windows. A similar opening arrangement
could be readily adapted to the control cabins of
airships.

CONCLUSIONS

1. Tt was found entirely practicable to design open-

ings in airplane windshields that would permit some
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unobstructed view from the cabin and yet shield the
pilot from wind and rain; the location and extent of
such a field of view would vary, of course, with the
original design of the windshield.

2. Openings up to 2 inches in width across a flat
front panel in vertical or sloping windshields will per-
mit a view directly forward without direct raindrops
entering the opening if a small deflecting airfoil 1s
mounted ahead of the windshield. A slight increase
of the fuselage static pressure is necessary to keep
wind and indirect water drops from entering the
opening.

3. It was also found practicable to design a modified
V-front windshield with an open window on each side,
aft of the front windshield that will afford a field of
view from the cabin over nearly the entire forward
hemisphere without any appreciable amount of rain
or wind entering the cabin even under ice-forming
conditions. This style of opening utilizes direct-drop
deflection through a small angle to provide forward
vision. A slight increase in the fuselage static pres-
sure will be necessary to prevent air currents from
blowing into these openings. A simple gutter ar-
rangement along the edges of the opening will prevent
the indirect drops from entering the cabin. This
design offers a relatively low resistance to the air
stream, and should be both satisfactory and practical
as it embodies very simple constructions.

LANGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NATIONAL ADpvisorY COMMITTEE FOR AERONAUTICS,
LancLEY Fienp, Va., May 23, 1934.
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4. PROPELLER SYMBOLS

D, Diameter

, Geometric pitch
p/D, Pitch ratio

V',  Inflow velocity

Vs,  Slipstream velocity

: T
8 Thrust, absolute coeflicient 0T=;7717‘

Q Torque, absolute coefficient O'Q=__—M§D5

- P
B, Power, absolute coefficient CP=;n—3D—5
78 5id
C,, Speed-power coefficient = ; %%2
7, Efficiency
n, Revolutions per second, r.p.s.
P, Effective helix angle = tan™! ( 14 )
2wrn,

5. NUMERICAL RELATIONS

1 hp.=76.04 kg-m/s =550 ft-1b./sec.
1 metric horsepower =1.0132 hp.

1 m.p.h.=0.4470 m.p.s.

1 m.p.s.=2.2369 m.p.h.

1 1b.=0.4536 kg.

1 kg =2.2046 Ib.

1 mi.=1,609.35 m =5,280 ft.
1 m=3.2808 ft.



