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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Sul Abbrevi Abb
: revia- - : revia-
Unit a0 Unit Teh
Length_ __ .__ l TeTeIEs ey sosmis N Tt m foot (ormile)cos i s at ft (or mi)
Time: . 2¥ee 2 t SeeoNAES SRR SR el o s second (or hour)_______ sec (or hr)
Foree="iu F weight of 1 kilogram______ kg weight of 1 pound______ 1b
Power-_..___ i horsepower (metric)_ .- |- ____-_-_ horsepowersc.__ - u= hp
Snand Vv kilometers per hour__ ____ kph miles;perhours-_ - - - mph
et < seseen meters per second________ mps feet persecond._ - _ . fps
2. GENERAL SYMBOLS
Weight=mg : v Kinematic viscosity
Standard acceleration of gravity=9.80665 m/s* p Density (mass per unit volume)

or 32.1740 ft/sec?

Mass=—

Moment of inertia=mk?,

(Indicate axis

radius of gyration k£ by proper subscript.)
Coeflicient of viscosity

Area

Area of wing
Gap

Span

Chord

2

i
Aspect ratio, S

True air speed

- i
Dynamic pressure, §pV Z

3. AERODYNAMIC SY

Lift, absolute coefficient CL——-£
qS

Drag, absolute coefficient (p=
Profile drag, absolute coefficient OD;=_S
Induced drag, absolute coefficient 0D1=qTS'
Parasite drag, absolute coefficient CD’=qD_S

Cross-wind force, absolute coefficient Co=

2626°

D
qS

D,

?

of

<
S

Standard density of dry air, 0.12497 kg-m~*-s* at 15° C
and 760 mm; or 0.002378 Ib-ft~* sec?

Specific weight of “standard” air, 1.2255 kg/m® or
0.07651 Ib/cu {t

Tw
(2

Q
Q

MBOLS

Angle of setting of wings (relative to thrust line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

) Vi Y 2 s
Reynolds number, pr where { is a linear dimen-

sion (e.g., for an airfoil of 1.0 ft chord, 100 mph,
standard pressure at 15° C, the corresponding
Reynolds number is 935,400; or for an airfoil
of 1.0 m chord, 100 mps, the corresponding

Reynolds number is 6,865,000)

’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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AN INVESTIGATION OF THE DRAG OF WINDSHIELDS IN THE 8-FOOT HIGH-SPEED
WIND TUNNEL

By RusseLn G. RoBinsoN and JamEs B. DELaNo

SUMMARY

The drag of closed-cockpit and transport-type wind-
shields was determined from tests made at speeds corre-
sponding to a Mach number range of approximately 0.25
to 0.58 in the NACA 8-foot high-speed wind tunnel.
This speed range corresponds to a test Reynolds number
range of 2,510,000 to 4,830,000 based on the mean aero-
dynamic chord of the full-span model (17.29 in.). The
shapes of the windshield proper, the hood, and the tail
fairing were systematically wvaried to include common
types and a refined design. Transport types varied from
a reproduction of a current type to a completely faired
windshield.

The results show that the drag of windshields of the
same frontal area, on airplanes of small to medium size,
may account for 15 percent of the airplane drag or may be
reduced to 1 percent. Optimum values are given for wind-
shield and tail-fairing lengths; the effect, at various air-
speeds, of rounding off sharp corners to various radii is
shown. The longitudinal profile of a windshield is shown
to be most important and the transverse profile, to be much
less important. The effects of retaining strips, of steps
for telescoping hoods, and of recessed windows are deter-
mined. The results show that the drag of transport-type
windshields may account for 21 percent of the fuselage
drag or may be reduced to 2 percent.

INTRODUCTION

Prior to the present investigation, no comparative
test results were available for obtaining the drag of
windshields at high speeds. Most windshield investiga-
tions were concerned with the field of view and the
adaptability of windshields to bad weather (references
1, 2, and 3). Some comparative wind-tunnel tests
(reference 1), however, show the drag of a certain family
of windshields; these tests were made at approximately
one-fifth scale, at 82 miles per hour, and at angles of
attack corresponding to maximum speed and no lift.
Wind-tunnel tests reported in reference 4 show the
reduction in drag obtained by modifying a given for-
ward-sloping V-type cabin windshield.

In the present investigation, the drags of windshields
of the types representative of present trends in design

470646—42

for private, military, and transport airplanes were
determined through a wide speed range. For the
closed-cockpit types, the following geometric factors
were investigated: nose shape, nose length, tail length,
tail shape, transverse profile, discontinuities (retaining
strips and steps for telescoping hoods), and radius of
curvature at juncture of hood with nose and tail sec-
tions. In addition, surface pressures were measured at
one point on a short conical nose section and at several
points on a streamline nose section of medium length to
serve as an indication of critical speeds and of the air
loads to which windshields are subjected. The transport-
type windshields included in the investigation were
a reproduction of a commonly used windshield; wind-
shields with the same glass area but utilizing flush flat
panels, flush single-curved glass, and flush double-
curved glass; and a design in which the windshield dis-
continuity was completely faired out.

These tests were conducted in the NACA 8-foot
high-speed wind tunnel (reference 5) at speeds corre-
sponding to a Mach number range of approximately
0.25 to 0.58 for fuselage angles of attack ranging from
—3.55° t0 0.03° giving airplane lift coefficients from 0 to
approximately 0.4, respectively. The speed range cor-
responds to a Reynolds number range of 2,510,000 to
4,830,000 based on the mean aerodynamic chord of the
full-span model (17.29 in.).

APPARATUS AND TESTS

The basic model is a J%-scale model of the wing-
fuselage combination of a transport airplane with the
windshield discontinuity completely faired out. The
scale of the model was large to facilitate accurate drag
measurements of the windshield parts. Engine nacelles,
landing gear, tail wheel, and tail surfaces were omitted
so that the drag changes relative to the drag of the
basic model might be as large as possible. The wing
tips extended through the tunnel walls and were uti-
lized as a convenient means of support. The wing is
of steel covered with sheet aluminum, and the fuselage
is mahogany with interchangeable nose sections for the
various transport-type windshields. All surfaces were
maintained aerodynamically smooth.
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The windshields for the closed-cockpit tests were
mounted on the basic model (figs. 1 and 2) in three
interchangeable sections lettered N, M, and T that
represent, respectively, the nose or windshield proper,
the middle or hood, and the tail or hood fairing. Each

FIGURE 1.,—Windshield combination 3-1-3 ready for testing -in the tunnel.

windshield is designated by three numbers correspond-
ing to the part numbers for N, M, and T shown in
figure 3. For example, combination 1-1-3 has nose
section 1, middle section 1, and tail section 3; 0 indi-
cates that the middle section has been omitted and that
the nose and the tail sections butt against each other.
Most of the windshields are easily reproducible because
of the regular geometric shapes on which they are based;
windshield 4-0-3 is one-half the streamline body of

wing are approximately one-fourth full scale. For the
transport-type windshields, the scale is one-eighth. The
original transport-type windshield, the modifications to
it, and the locations of these windshields are shown in
figure 4.
RESULTS

The drag results are presented as nondimensional
coefficients.  For the closed-cockpit types, the wind-
shield drag coefficients are based on the windshield
frontal area. For the transport types, the drag of the
fuselage with various windshields is expressed as a
fuselage drag coefficient based on the fuselage frontal
area because the windshield area is not distinet from
the fuselage frontal area.

For the closed-cockpit windshields, the windshield
drag coeflicient is
_ ADy

OI)FW_ (jFW

where
ADy difference in drag between model with windshield
and model without windshield
Fyy  maximum cross-sectional areca of windshield
q¢ dynamic pressure of free air stream (¥%pV?)
For the transport-type windshields, the fuselage drag
coeflicient is
_ ADg

OD e (l FI«'

where

ADy drag of complete model used less drag of wing;
that is, ADp is drag of fuselage and includes
interference of fuselage, windshield, and wing
fillets

Fr maximum cross-sectional area of fuselage

-~ 96—

34" radius

C{'///Z/{{/{mmm’m

F1cure 2.—Typical closed-cockpit windshield installation. Combination 1-1-3.

~

revolution, NACA form 111, fineness ratio 5, reported
in reference 6. The windshields were all so located
that the foremost part of the tail fairing was 39.69
inches behind the nose of the fuselage.

For the closed-cockpit windshields on one- and two-
place airplanes, the windshield, the fuselage, and the

The pressure coeflicient P is give by the equation
Ap
p==L
q
where
Ap  local static pressure at a point on windshield less
static pressure of free air stream

e

|

)
¢
i
i
}
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The results for the closed-cockpit windshields are
presented as plots of €' of the windshield combination
against the fuselage angle of attack ar for a sea-level
speed of approximately 260 miles per hour (figs. 5 to
15). These plots show the effects of nose shape, nose
length, tail length, radius at the juncture of windshield
and hood, radius at the juncture of hood and tail,
retaining strips, and steps for telescoping hoods. The
variations of drag with angle of attack of the fuselage
for the best and the poorest windshield combinations

The results for the transport-type windshields are
presented as plots of Cp against ap for a sea-level
speed of 265 miles per hour (fig. 28).

PRECISION

The accuracy of the tests is best shown by the scatter
of the experimental points. For the closed-cockpit
windshields, the error in drag value is estimated to be
not greater than 4 to 7 percent of the drag of the wind-
shield and is smallest for the best windshields and

Plon view

Plon view

Rclaﬂ\/e
W,md
(a) Faired nose.

(b) Original transport-type windshield.
(c) Original transport-type windshield with window recesses made flush.

(d), () Windshields with single-curved flush glass.
(f) Windshield with double-curved glass.

FIGURE 4.—Transport-type windshields.

tested are shown in figure 16 for values of ap from —6°
to 3.5° for a sea-level speed of 137 miles per hour.
Cross plots showing the effects of nose length, tail
length, radius at the juncture of windshield and hood,
and radius at the juncture of hood and tail are shown in
figures 17 to 22 for sea-level speeds of 229 to 381 miles
per hour. The local pressures on two of the windshield
combinations are shown as plots of the pressure co-
efficient P with Mach number M as a parameter for
ap= —3.55°,—1.79°, and —0.03° (figs. 23 and 24).
The results for a few windshield combinations are
plotted against M for ar= —3.55° and —1.79° to show
the effect of compressibility on the drag (figs. 25 to 27).

largest for the poor windshields. For the transport-
type windshields, the error is estimated to be not
greater than 1 percent of the drag of the basic fuselage.

It is realized, of course, that the most important
source of error in predicting full-scale characteristics
from the model results probably is the difference in
Reynolds number. Some transition effects may be of
importance in the model tests; whereas the flow over
an actual windshield will be affected by the propeller
slipstream and by the character of other parts ahead of
the windshield. For comparisons under the most
unfavorable conditions, the results may apply at least
qualitatively.
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DISCUSSION

Effect of nose shape.—For nose sections with lengths
approximately equal to the height of the windshield, the
drag of combination 9-1-3 with a conical nose (fig. 5) is
about the highest of any windshield tested and is ap-
proximately 15 percent of the drag of a small- ov medium-
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FIGURE 23.—Pressure distribution over streamline nose, medium length.

size airplane of average proportions. The conical
nose is characterized by an obtuse angle between the
nose and the bood that is of constant magnitude and
continues around the complete transverse periphery of
the windshield. That the drag depends on the sharp-

Air speed, m p h (sea level, 59 °F.)
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FI1GURE 24.—Variation of peak negative pressure with speed for two windshields.
ness of this angle and the amount of windshield periph-
ery with an angular break is shown by the fact that
combination 6-1-3 with a cylindrical nose has about
half the drag of combination 9-1-3 and that combina-
tion 1-1-3 with a spherical nose and no break has still
less drag. Windshield drag depends largely on the
longitudinal profile and only slightly on the transverse
profile, as is shown by the general agreement in figure 5
of the curves for windshields having the same degree of
edge sharpness but having semihexagonal or semioctag-
onal transverse profiles instead of semicircular. The
drag of the streamline windshield 4-0-3 is the lowest of
any windshield tested and is approximately 1 percent of
the drag of a representative airplane. Rounding off the
windshield corners; as in combination 9c—1c-2, is the
best means of reducing the drag of a poor windshield.
This effect is later discussed quantitatively.
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FIGURE 25.—Compressibility effect on windshield drag.

Effect of nose length.—The variation of windshield
drag with length is somewhat similar for streamline
noses and for conical noses, as shown by figures 6 and 7;
the drag of the windshields progressively decreases as
the length of the nose increases. The cross plots in
figures 17 and 18 indicate that the optimum nose length
for a conical-nose windshield is about 2R for sea-level
speeds up to 300 miles per hour and is greater than 3R
for higher speeds, that the length of a streamline-nose
windshield should be greater than 3R, and that the
drag of a streamline-nose windshield longer than 3R
will be less than for a conical windshield.

Effect of tail length.—Figures 8 and 9 and the cross
plots of figures 19 and 20 indicate that the length of
both streamline and conical tail seetions should be four
times the height of the windshield. The optimum tail
length, however, means little if a bad nose section is
used, as a comparison of combinations 9-1-6 and 9-1-2
in figure 10 shows. There appears to be little choice
between a long conical tail and a long streamline tail.

Effect of radius at transverse junctures.—Large
reductions in the drag of a windshield with a short
conical nose can be realized by rounding off the sharp
edge at the windshield-hood juncture (fig. 11). The
cross plots given in figure 21 indicate that the minimum
effective radius is approximately 25 percent of the
height of the windshield. Rounding off the sharp edge
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FIGURE 26.—Compressibility effect on windshields with various radii at nose-hood
juncture.
to a greater radius decreases the drag very little at
moderate speeds. A similar rounding off of the sharp
transverse edges of the windshields shown in figure 5
will undoubtedly decrease the drag for these combina-

. Air speed, mp h (sea level 59 °F.)
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tions also. The drag of these compromise windshields
is, however, appreciably greater than that of windshield
4-0-3, which has a good basic shape.

Rounding off the sharp transverse edge at the hood-
tail juncture of a rather short conical tail progressively
decreases the drag as the radius is increased (fig. 12).
The cross plots given in figure 22 show that the reduc-
tions in drag are much less than those obtained by a
similar rounding off of the transverse edge on the nose
section. Rounding off the sharp edge to a radius
greater than 2R does not appear to be important;
greater reductions can be obtained by increasing the
length of the tail.

Effect of retaining strips.—Retaining strips located
at the windshield-hood juncture produce larger drag
increments (figs. 13 and 14) for the spherical nose

(1-1-3)e than for the streamline nose (3—1-3)e. The
drag of combination (1-1-3)f is shown in figure 14 to
be lower than that of 1-1-3. This result is unexplain-
able but may be due to the fact that the distribution of
pressure on a spherical shape is very sensitive to surface
discontinuities; but, in any case, the differences in drag
should be small. It is obviously advisable to make
retaining strips as nearly flush with the glass as possible.

Steps for telescoping hoods.—Steps may increase the
actual windshield drag from 25 to 50 percent, as shown
by figure 15. The accuracy of these particular tests
does not appear to be sufficient to indicate the relative
drags of the various kinds of step. The deterimental
effect of a eylindrical hood section may be seen in figure
6 by comparing combinations 2—-1-3 and 2-0-3.

Local pressures on windshields.—Although the maxi-
mum negative pressures over nose 2 were not measured,
extrapolation of the curves shown in figure 23 indicates
that the peak negative pressure occurs at about 75 per-
cent of the nose length back of the front of the nose.
The curve of critical pressure coeflicient £, (the pres-
sure coefficient at which the speed of sound is locally
reached) against M (fig. 24) was derived from Ber-
noulli’s equation for compressible flow. Extrapolation
of the pressure coefficients of the two windshields tested
to the curve of critical pressure coefficient P, indicates
that, for ap= —1.79°, the local velocity of sound will be
reached when M=0.675 (515 mph at sea level) for the
streamlinenose and when M/=0.605 (460 mphatsealevel)
for the short conical nose. The drag of the windshield
is expected to increase excessively at these speeds.

Effect of speed.—The drag of windshields having a
short mnose section with sharp transverse junctures
increases very rapidly as the speed is increased, as is
shown for two typical windshields in figure 25. The
drags of windshields with fairly good nose and tail
sections vary only slightly with speed, as does the drag
of the best windshield 4-0-3 (figs. 26 and 27). Figure
26 shows the critical speed at which the drag rises
abruptly for windshield 9a—1a-2 to be approximately
380milesperhouratsealevel, or M=0.50, whichindicates
that small radii at the junctures may be satisfactory
at low speeds but unsatisfactory at high speeds. An
increase in the radius at the juncture to 100 percent of
the windshield height prevented the occurrence of the
compressibility shock within the range of these tests.

The effect of compressibility on the drag of a wind-
shield with a short conical tail (fig. 27) decreases pro-
gressively as the transverse edge at the hood-tail junc-
ture is rounded off to greater radii. Figure 22 indicates
that a radius of 2R is near the optimum value at medi-
um speeds (M=0.30), but figure 27 shows that the
compressibility effect is still great. The adverse effects
can be reduced by using a longer tail, as is shown in
figure 27 for combination 9c—1c-2. A general conclusion
appears to be that poor windshields become relatively
poorer as the speed increases.
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Transport-type windshields.—The drag of the fuse-
lage with the original transport-type windshield (b) is
the highest and is an increase of 21 percent over the
drag of the fuselage with the faired nose (a), as is shown
in ficure 28. The drag of the same windshield with the
window recesses made flush (¢) is 14 percent higher
than the drag of the fuselage with the faired nose, which
is a saving of 7 percent of the fuselage drag as a result
of making the windows flush. The windshield with
single-curved glass and a sharp edge at the juncture of
window and roof (e) increased the drag about 4 percent
of the basic fuselage drag; fairing this sharp edge (d)
decreased the drag about 2 percent. The fuselage with
double-curved glass (f) showed a drag increase varying
from 2 to 3 percent of the basic fuselage drag. These
results indicate that windshields using single-curved
glass may have as low a drag as windshields using
double-curved glass. This conclusion is probably true
only for windshields with a generous fairing above the
glass area, as in the present case. The sharp V-type
windshields, (b) and (c¢), had higher drag coefficients
as the speed was increased above 260 miles per hour;
the other cabin windshields are not affected by com-
pressibility, at least up to 440 miles per hour.

CONCLUSIONS

It is recognized that the results of this investigation
are limited in their application by scale and slipstream
effects and by the effects of parts that may be ahead of
the windshield. The following conclusions drawn from
these tests should nevertheless be useful as a general
guide in design.

For closed-cockpit windshields:

1. The windshield drag for airplanes of small to
medium size may account for 15 percent of the airplane
drag or may be reduced to 1 percent.

2. Sharp junctures at the front of windshields are to be
avoided. A radius of at least 25 percent of the wind-
shield height should be used if the drag is to be kept
low at medium speeds; a larger radius should be used
for high-speed airplanes.

3. The optimum length for a conical windshield nose
was twice the windshield height and, for a streamline
nose, was more than three times its height; noses should
be longer for higher speeds.

4. Tail fairings, whether conical or streamline, should
be about four times as long as their height.

5. Steps for telescoping hoods increased the drag of
a good windshield from 25 to 50 percent; retaining
strips added measurably to the drag of a windshield.

6. Poor windshields became relatively poorer as speed
was increased owing to compressibility effects and, in
general, had lower critical speeds. The best windshields
at low speed had the least compressibility effect over a
wide speed range and had the highest critical speeds.

For transport-type windshields:

1. The windshield drag may account for 21 percent of
the fuselage drag or may be reduced to 2 percent without
completely fairing the windshield area.

2. Recessed windshield windows added 7 percent
more to the fuselage drag than did flush windows.

3. Sharp edges between windshield panels and cabin
roof or sides added 2 to 14 percent to the fuselage drag.

LaNGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NarioNaL Apvisory COMMITTEE FOR AERONAUTICS,
LancLey Fienp, Va., May 22, 1939.
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