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

By Russell G. Robinson and James B. Delano
SUMMARY

The drag of closed-cockpit and transport-type wind-
shields was determined from tests made at speeds from
200 to 440 miles per hour in the N.A.C.A. 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 aerodynamic chord of the fullwspan model (17.29

~inches). The shapes of the windshield proper, the hood,

and the tail fairing were systematically varied to include
common types and & 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 pereent of the airplane drag or may be
reduced to 1 percent. Opitimum values are given for wind-
shield and taile-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 determined. The results show that the drag of trans-
port-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 adapt-
ability of windshields to bad weather (references 1, 2,
and 3). Some comparative wind-tunnel tests (refsrence 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 1lift.,- - Wind-tunnel tests reported

in reference 4 show the reduction in drag obtained by mod-

ifying a given forwardwsloping V-type cabin windshield.
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In the present investigation, the drags of windshields
of the types representative of present trends in design
for private, military, and transport airplanes were deter-
mined through a wide speed range. For the closed-cockpit
types, the following geometric factors were investigated:
nose shape, nose length, tail length, tail shape, trans-
verse profile, discontinuities (retaining strips and steps
for telescoping hoods), and radius of curvature at junc—
ture of hood with nose and tail gections. In addition,
surface pressures were measured at one point on a short
conical nose gection and at several points on a stream-
line nose section of medium length to serve as an indica-
tion 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 the
Douglas DC-3 windshield; windshields with the same glass
area but utilizing flush flat panels, flush single-curved
glags, and flush double~curved glass; and a design in'
which the windshield &iscoatinuity was completely faired
out.

These tests were conducted in the N.A C.A. 8~fo0t
highwspeed wind tunnel (reference 5) at speeds from 200
to 440 miles per hour for fuselage angles of attack’ rang-

'ing from =3.55° to 0,03° giving airplane 11Tt coefficients

from O to approximately 0.4, respectively., The speed
range corresponds.to a Reynolds Number range of 2,510,000
to 4,830,000 based on the mean aerodynamic chord of the
fullwspan model (17 29 1nches) '

APPABMUS AND TESTS

The basic model is a 1/8~scale model of the Douglas
DC~3 wing~fuselage combination with the windshield dis-
continuity completely faired out. The seale 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 utilized as a convenient means of

support. The wing is of steel construction covered with
sheet aluminum, and thé fuselage ig of mahogany with in-
terchangeable noge sections for the various transport-
type windshields. All surfaces were maintained aerody-
namically smooth,. AT '

....................



The windshields for the closed-cockplt tests were ‘
mounted on the basic model (figs. 1 and 2) in three inter-
changeable sections lettered N, M, and T that represent,
respectively, the nose or windshield proper, the middle or
. hood, and the tail or hood fairing. IXach windshield is
designated by three numbers corresponding to the part num-
bers for N, M, and T shown in figure 3. For example,
combination 1-1-3 has nose section 1, middle sectiom 1, and
tail section 3; O designates that the middle section has
been omitted and that the nose and tail sections butt
against each other. Most of the windshields are easily rew
producible because of the regular geometric shapes on which
they are based; windshield 4~0-3 is one~half of the stream-
line body of revolution, NeA.C.Ad, form 111, fineness ratio
5, reported in reference 6. The windshields were all low
cated so 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 scale of the windshield, the fuse-
lage, and the wing is approximately one-fourth full scale,
For the transport-type windshields, the scale is one-
eighth; the original DC-3 windshield, the modifications to
it, and the locations of these windshields are shown in
figure 4. .

RESULTS | Wil

The drag results are presented as nondimensional coefw-
ficlents. - For the closed-cockpit types, the windshield
drag coefficients are based on the windshield frontal area.
For the transport types, the drag of the fuselage -with var-
ious windshields is expressed as a fuselage drag coeffi-
cient based on the .fuselage frontal area because the wind-
shield area ig not distinct from the fuselage frontal area.

. TFor the closeducockpit windshields, the windshield
drag coefficient is =
ADy

Dpw -~ oFy

where,"ADW" is the difference in drag betwasen the model
' - with the windshield and the. model without
~the windshield.



Fg, maximum cross-sectional area of the wind-
gshield.

4, dynamic pressure of the free—air stream
(3 o v2).

For the transport-type windshields, the fuselage drag
coefficient is

4Dy

I ememeiee

¢ =
Dpy ~ qFp

where ADy  is the drag of the complete model used less
the drag of the wing; i.e., ADp 1is the

drag and the interference of the fuselage,
the windshield, and the wing fillets.

Fp, " maximum cross-sectional area of the fuselags.

The pressure coefficient P 1is given by the equation

fi}
P = =2
q
where Ap is the local static pressure at a dpoint on

the windshield less the static pressure
of the free air strean.

A The Mach number M 1is the ratio of the air speed to
the speed of sound 1n air. :

The results for the closed-cockpit windshields are'.
" presented as plots of Cppg of the windshleld combination

.against the fuselage angle of attack - mF for a 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, ra-
dius 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 .tested are shown in fig-
ure 16 for ap = =6° to 3,5° for a speed of 137

miles per hour. OCross 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 speeds of 229 to 381 miles



per hour, The local pressures on two of the windshield
combinations are shown as plots of the pressure coeffi- o
cient P with M as a parameter for ay = ~3. 559, «1,79

and =0,03° (figs. 23 and 24), The results for a’ few w:nd-
shield combinations are plotted against M for ay =

«3.55% and «1,79° +to show the effect of compressibility
on the drag (figs. 25 to 27).

The results for the transport-type windshields are
presented as plots of GDFF against ay for a speed of

265 miles per hour (fig. 28).
PRECIS ION

The acecuracy of the tests is best shown by the exper-
imental scatter, 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 windshield and is smallest
for the best windshields and largest for the poor wind-
shields, For the transport-type windshields, the error is
estimated to be not greater than 1 percent of the drag of
the basic fuselacge.

It is realigzed, of course, that the most important
source of error in predicting fullwscale characteristics
- from the model results probadbly is the difference in .
Reynolds Number. . Some transition effects may be of impor-
tance in the model tests whereas.the flow over an.actual.
windshield will be affected by the propeller slipstreanm
and by the character of other parts ahead of the winde
shield, For comparisons under the most unfavoradble condi-
tions, the results-may apply at least gqualitatively.

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 hishest of any windshield tested and is approxie
-mately 15 percent of the drag of a small- or medium-~sigze

airplane of average proportions. The conical nose is char-

acterized by an obtuse angle between the nose and the hood

that is of constant magnitude and continues around the comw



plete transverse periphery of the windshield, That the
drag depends on the sharpness of this angle and the amount
of windshield periphery with an angular break is shown

by the fact that combinatiom 6-~1-3 with a cylindrical nose
has about half the drag of combination 9-1-3 and that com-
bination 1l=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 semioctagonal
transverse profiles instead of semicircular, The drag of
the streamline windshield 4-0~3 is the lowest of any wind-
shield tested and is approximately 1 percent of the drag
of & representative airplane.,  Rounding off the windshield
corners, asg in combination 9c¢~lc-2, 1g the best means of
reducing the drag of a poor windshield., Thig effect is
"later discussed quantitatively.

Effect of nose length.-~ The variation of windshield
drag with length is somewhat similar for streamline noses s
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 2
17 and 18 indicate that the optimum nose length for a '
conicalenose windshield is about 2R for 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 stream=
-line<noge windshield longer than 3R Will“be less than-
for a conical. windshzeld. ce ' o

Effect of tail lengthe= Flgures 8 and 9 ‘and the cross
-plots of figures 19 and 20 indicate that the length of -
both streamline and conical tail sections 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 to choose be-
tween a long conical tail and a long streamline tail,

Effect of radius at transverse junctures.- Large re=
ductions 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 (fige 1l). The cross plots given :
in figure 21 indicate that the minimum effective radiusg is
approximately 25 percent of the height of the windshield,
Rounding off the sharp edge to a greater radius decreases




the drag very little at moderate speedss A similar round-
ing off of the sharp transverse edges of the windshields
shown in figure 5 will undoubtedly decrease the drag for
these combinations also., The drag of these compromise
windshields is, however, appreciadbly 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-—
tiong in drag are much less than those obtained by a sim-
ilar rounding off of the trangverse edge on the nose SeC
tion, DRounding off the sharp edge to a radius greater
than 2R does not appear to be important; greater reduc-
tions 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 incre-
ments (figs, 13 and 14) for the spherical nose (1-1-3)e
than for the streamline nose (3-l-3)e., The drag of combiw
nation (l=1-3)f is shown in figure 14 to be lower than that
of l=l=3, This result is unexplainable but may be due to
the fact that the distribution of pressure on a spherical
shape is very sensitive to surface discontinuitiess 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.

Siﬂnﬁ_ior telegscoping 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 detrimental effect of a
cylindrical hood section may be seen in figure 6 by come

paring combinatlons 2~-1-3 and 2—0-3.

Log&l_g;gsgggg on. windshiel@g.u Although the maximum
negative pressures over nose 2 were not measured, extrapo=
lation of the curves shown in figure 23 indicates that the
peak negative pressure occurs at about 75 percent of the
nose  length ‘back of the front of the nogse. The curve of

critical pressure coefficient P, (the pressure coeffi-

cient at which the speed of sound is locally reached)

against M (fig. 24) was derived from Bernoulli's equation
for compressible flow, Extrapolatlon of the pressure coefw-
ficients of "the two windshields tested to the curve of crite

idal pressure coefficient Pc indicates that, for ap =




-1,79°, the local velocity of sound will be reached when

M = 0,675 (515 miles per hour at 59° F,) for the stream-
line nose and when M = 0,605 (460 miles per hour at 59°
F.) 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 nose gection with sharp transverse junctures in-
creases 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
windghield 4-0-3 (figs. 26 and 27). TFigure 26 shows the
critical speed at which the drag rises adbruptly for wind-
shleld 9a~la-2 to be approximately 380 miles per hour at
59° F., or M. = O, 50, which indicates that small radii at
the junctures may be gsatisfactory at low speeds but unsat-
isfactory at high speeds. An increase in the radius at
the juncture to 100 percent of the windshield height pre=
vented 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 (figz. 27) decreases pro-
gressively as the transverse edge at the hood-tail juncture
is rounded off to greater radii. Figure 22 indicates that
a radius of 2R is near the optimum wvalue at medium
speeds (M = 0,30), but figure 27 shows that the com-
pressibility effect is still great. The adverse effects
can be reduced by using a longer tail, as is shown in
figure 27 for combination 9c=lec-2. A general conclusion
appears to be that poor windshields become relatively ‘
poorer as the speed increases,

Irangport-type windshields.-. The drag of the fuselage
with the original DC-3 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 figure 28, . The
.drag of the same windshield with the window recesses made
flush (c) is 14 percent higher than the drag of the fusew
lage 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; fair-
ing this sharp edge (d) decreased the drag about 2 percent,
‘The fuselage with double-curved glass (f) showed a drag ine
crease varying from 2 to .3 percent of the bagsic fuselage

N



drag. These results indicate that windshields using sin-
gle-curved glass may have as low a drag as windshields
using double~curved glass. This conclusion is prodbabdly
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 hourj the
other cabin windshields are not affected by compressibil-
ity, at least up to 440 miles per hour.

CONCLUS IONS

It is recognized that the results of this investiga~
tion are limited in their application dy scale and slip
stream effects and by the effects of parts that may de
ahead of the windshield. The following conclusions drawn
from these tests should nevertheless be useful as a gen-
eral guide in design.

For closed-cockpit windshields:

1. The windshield drag for airplanes of small to me=
dium 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
windshield height should be used if the drag is to be kept
low at medium speeds; a larger radius should be used for
highwgpeed 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 gen=-
eral, had lower critical speeds. The best windshields at
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low speed had the least compressibility effect over a wide
speed range and had the highest critical speeds.

For transport=type windshields:

1, The windsghield drag‘may'account for 21 percent of
the fuselage drag or may be reduced to 2 percent without

-completely fairing the windshield area.

2e 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 fugelage drag.

Langley Memorial Aeronautical Lahoiatory,
National Advisory Committee .for Aeronautics,
Langley Field, Va., May 22, 1939,
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FIGURE LEGENDS
Figure l.- Windshield combination 3-1-3 ready for testing

irn the tunnel.

Figure 2.~ Typical closed-cockpit windshield installation.
Combination 1-1-3.

Figure 3.- Component parts of the closed-cockpit windshield
combinations., All dimensions are in inches,

Figure 4.- Transport-type windshields,

Figure 5.~ Effect of nose shape of short length, M, O0,34;
V, 260 m.p.h.

Figure 8.- Effect of nose length, streamline shape.
i, 0.34; Vv, 250 m.p.h.

Figure 7,- Comparison between streamline and conical noses.
M, 0.34; V, 230 m.p.h,

Figure 8,- Effect of tail length, streamline shape. M,
0.34; Vv, 260 m.p.h. ‘

Figure 9.~ Effect of tail length, conical shape. M, 0,34;
V, 260 m,p.h.

Figure 10.- Effect of tail length, M, 0.34; ¥V, 2560 m.p.h,.

?

Pigure 11,- Bffect of radius at windshield-hood juncture.
i, 0.35; V, 265 m.p.h,

Figure 12.- Effect of radius at hood-tail juncture. M,
0.35; V, 265 m.p.h.

Figure 13.,- Bffect of retaining strips, combination 1-1-3,
M, 0.34; Vv, 260 m.p.h,

Figure 14,.,- Effect of retaining strips, combinations 1-1-3
and 3-1-3. M, 0.34; V, 260 m.p.h,

Tigure 15.~ Effect of stops for telescoping hoods. M,
0.34; V, 260 m.on.h.

Figure 16.~ Variation of dragz with angle of attack. U,
0.18; V, 137 m.p.h. ‘
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Figure 17.,~ Bffect of nose length, streamline shape.

b=
et
a2

ure 18.- Effect of nose length, conical shape.
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33
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]

12.- Effect of tail length, streamline shape.

b=

igure 20.- Effect of tail length, conical shape.
Firure 21.- Effect of radius at windshield-hood Jjuncture.
Figure 22.- Effect of radius at hood-taill juncture.

Figure 23.- Pressure distribution over streamline nose,
medium length.

Figure 24.- Variation of peak negative pressure with
speed for two windshields,

Figure 25.- Compressibility effect on windshield drag.

Fizure 26.~- Compressibility effect on windshields with
various radii at nose-hood Jjuncture.

Figure 27.- Compressibility effect on windshields with
various radii at hood-tail Jjuncture. dy, -1.790,

Pigure 28.~ Drag of fuselage with transport-type wind-
shields. M, 0.35; V, 265 m.p.h.
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