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

By RUSSELLG. ROBINSONand JAMESB. DEtiNO

SUMMARY

The drag of c[08ed-coek~”t and -transportdype un”nd-
8hie[d8 wa8 determined jrotn t4?8t8made at Rpeed8 corre-

sponding to a Mach number range of approm”mately 0.$6
to 0.68 in the NACA 8-foot high-speed m“nd tunnel.

77uk 8peed range corre8pond8 to a te8t ~eyno[d8 number
range of I?,61O,OOOto 4,830,000 bwed on the mean aero-

dynamic chord of the fdLspan model (17..99 in.). The
8hapes of the un”nd8hieti proper, the. hood, and the tail

fairing were 8y8tematiedly oaried to inchuie common
types and a re$ned de#ign. Transport typee m-ieii from
a reproduction of a went type to a completely faired
wind8hietd.

The r& 8how that the drag of wt%d8hield8 of the
~amejrontal area, on airplane~ of ~mafi to medium size,

may account for 16 penxnt of the airpihw drag or maybe
reduced to 1 percent. Optimum value8 are gicen for wind
shield and tiil-fairing h?ngths; the e~ect, a# txrrhu8 air-

qweds, of rounding of 8harp corner8 to oariou8 radii i8
~hown. $!%8.kmgitudinal profle of a wind8hietd i8 shown
to be most important and the transcer8e pro~, to be much
le88 important. 2%e effects of retaining. 8trip8, of Wps
for telescoping hood8, and of rece88edwindow are deter-

mined. 17w rewlt8 8how thut the drag of tranqort4ype
~%d8hi.dd8 may amount for 91 percent of the fwe~age
drag or may be redueed to g percent.

INTRODUCTION

Prior to the present invedi@ion, no comparative
test results were available for obtaining the drag of
windshields at high speeds. Most windshield investiga-
tions were concerned with the fidd of view and the
adapt abiIity of windshields to bad weather (references
1, 2, and 3). Some comparative wind-tunnel teat9
(reference 1), however, show the drag of a certain family
~f windshields; these tests were made at appro.ximatdy
one-fifth scale, at 82 miles per hour, and at angles of
attack corresponding to maximum speed and no lift.
Wind-ttumel trots reported in reference 4 show. the
reduction in drag obtained by modifying a given for-
ward-aIoping V-type cabin windshield.

h the present investigation, the drags-of windshields
of t-he typea representative of present trends in design

for private, military, and transport airplanes were
determined through a wide speed i-ange. For ~
closed-cockpit types, tlm following geome@ic facto=.-
were investigate-d: nose shape, nose Iength, taiI Iength,
taiI shape, transverse profiIe, &continuities (retaining
strips and steps for tde~oping hoods), and radius of
curvature at juncture of hood with nose and taiI sec-
tions. In addition, surface premms were measured at
one point on a short conicaI nose seotion and at sew-id
pointa on a streadine nose section of medium Iength to
serve as an indication of critical speeds and of the air
loads to which windshiekis are subjected. The trmsport-
typc windshields incIuded in the i&estigation were
a reproduction of a commonly used windshield; wind-
shields with the same gIaas area but utilizing flush ffat
panels, flush singIe+mrved glass, and flush doubIe=
curved glass; and a design in which the windshield dis-
continuity was completely faired out.

These testa were conducted in the NACA 8-foot
high-speed wind turmeI (reference 5) at speeds corre-
sponding to a Mach number range of approximat@~
0.25 to 0.58 for fuselage angles of attack ranging from
—3.55° ta 0.03° giving airpIane lift coefficients from Oto
approximately 0.4, reapeoiively. The speed range cor-
responds to a ReynoIda number range of 2,51 O,OUOt~
4,830,000 based on the mean aerod~arnic chord of the
fti-span modeI (17.29 m.).

APPARATUS AND TESTS

The basic model is a )@xde model of the wing-
fuadage combination of a transport airpkuw witi the
windshield discontinuity mmpIeteIy faired out. The
scaIe of the modeI was large to facilitate accurfite drag
measurements of the windshield parts. Engine nacelles,
Ianding gear, taiI wheel, and taiI surfaces were omitted
so that the drag changes relative to the drag of the
basic model might be as large as possibIe. The wing
tips extended through the tunnel wdki and were uti-
Iized as a cmvenient means of support. The wing is
of steel covered with sheet ahuninum, and the fusehge
is mahogany with interchangeable nose sections for the
various transport-type windshiekls. AU surfaces were
maintained aerodynamiqalIy smooth.
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The windshields for the closed-cockpit tests were
mounted on the basic model (figs. I and 2) in tlyee
interchangmblc sections lettered N, M, and T that.
repreaen t, rmpcctively, the nose or windshield proper,
the middle or hood, and the tail or hood fairing. Each

FIWRE 1.—WlmlshMd combhmtlon 3-1-3 i-cady for tsstlng In the tmmel.

windshield is dcsignatd by three numbers correspond-
ing to the part numbers for N, M, and T shown in
figure 3. For exampIe, combination I–I-3 has nose
section 1, middle section 1, and triil section 3; O indi-
cates that the micldle section has been omitted and tlm t
the nose and the tail sections but t against each oLhm.
Most of tho windshields me easily reproducible because
of the regular geometric shapes on which they are based;
windshield 4-0-3 is one-half tlw. .strcandine body of

‘wrng arc approximately on~fourth full scale. For the
transport-type windshields, the scale is one-eighth. The
originaI transport-type windshield, the modificat ions to
it, and the locations of these winclshidds arc shown in
figure 4.

RESULTS

The drag results are presented as nondimmsional
cocflicicnts. For the cloeed+ockpit types, the wind-
shirkl drag coe5cienta am based on thl’ windshirhi
frontal area. For the transport typm, tlw drag of the
fuselage with various windshields is mpresswi as n
fuselage drag coefficient bused on the fusdagc frontnt
arm bccausc the windshir]d arm is not distinct fmm
the fuscIage frontal arm.

For the closed<ockpit windshiehis, tho windshield
drag coefficient is

whrre
AZ)W diffemncc in drag betwwm model with windshield

and modeI without windshield
F’w maximum croe+acct,ional area of windshield
q dymmnic pressure of free air stream (j(pln)

For the transport-type windshields, the fuscl~ge drag
coefficient is

ADr
%,==

whew
ADr drag of complete model used less drag of wing;

L?mt is, ADr is drag of fuselage and includes
interference of fuselage, windshield, and wing
fillets

F, mi..imurn cross-sectional area of fuseIagc

----”fH=++-
1“ I

.
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FIGUIE 2.—TpFdcal dwd-awkpIt wlnd$hieid Installation. Comhlnatkm 1-1-3.

revolution, NACA form 111, fineness ratio 5, reported
in refmxmce 6. The windshields were all so Iocated
tht the fmcmost part of the tail fairing was 39.69
inches lwhind the nose of the fuaelagc.

For the closed-cockpit windahieIds on one- and “two-
place airplanes} the windshidd, the fuselage, md the

The pressure coefficient P is give by tho equation

Y
where -.
AP local static pressure at a point on windshield lCSS

static prwwrc of free air stream
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The results for the closed-cockpit windshields are
presented as plots of C~,mof the windshield combination
against the fuseIage angle of attack a~ 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,

The results for the transport-type windshichls arc
presented as plots of Ca,, against aF for a sca-le~cl
speed of 265 miles pw hour (fig. 28).

PRECISION

The accuracy of the trots is best shown by thr scnttcr
of the experin-mntal points. For the closed-cockpit

retaining strips, rtnd steps for telescoping hoods. The windshields, the error in drag value is estimfitcd to bc

variations of drag with angle of attack of the fuselage not greater than 4 to 7 percent of 1110drag of the wind-

for the best and tho poorest windshield combtiations. shield and is smallest for the best windshields and

PIan view ‘-- .-

—
(8) (b) (c) (d) . (e) (f)

Plon view

.- —.— —.— .—. —.—— .—. —— --- -—- --—.

““-““.—.—,_.—-—--,-..
(a)Mred now
(b) Ortsb’Ieltremermktym windshield.

(d), (e) WindebfPl& with slogkurved fkb I@&
(f) WIndeideId with doubkoumed d=.

(o) OrIgInel tmrreporbtype wMehlcld with window ~ made flush.
FIOUItE 4.-Trfmsruwt-tym wtndehieldm

tested arc shown in figure 16 for values of q from – 6° I largest for the poor windshields. For the trunsport-
to 3.5° for a. setl-hmd;peed of 137 miles per hour.

Cross plots showing the effects of nose length, tail
length, radks 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 ‘ta 381 miles
per hour. The local pressures on two of the windshield
combinations am shown as plots of the pressure co-
efficient P wi~h Mach number M’ as a partuncter for
aF= –3.550, – 1.79°, and –0.03° (figs. 23 and 24).
The rcmdts for a few windehiekl combinations are
plotted against Lf for a~= —3.55° and —1.79° tC.ShOW

the effect of compressibility on the drag (figs. 25 tQ 27).

type windshields, the error is istirnrtted to be not
&eater than 1 pmcent of the drag of the busic fuselage.

It is realized, of course, that the most important
source of error in predicting full-scale characterkt ica
from the model results probably is the differencein
Reynolds number. Some transition effda mny be of
importance in the model tests; whereas W flow over
an actuql windshield wilI bc affected hy the prop[’llcr
slipstream and by the chmwcter of other parts dud of
the windshield, For comparisons under the most
unfavorable conditions, the results may apply at lmst “
qualitatively.
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DISCUSSION

lWect of nose shape.—For nose sections with lengths
approximately equal to the height of the windsbicld, the
drag of combination 9-1-3 with a conicaI nose (fig. 5) is
about the highest of any windshield tested and is ap-
proximately 15 percent of the drag of a small- or mcdium-
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-- .40 305
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.30 229

$ .

FmuaE Z3.-PressurC dfstdbutlon over stmamllne nose, nmdtum length.

W& airpkme of average proportions. The conical
nose is characterized by an obtuse angle between the
noso and the hood that is of constant magnitude and
continues around the complote transverse periphery of
the windshield. That the drag depends on the shmp-
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-.100

!1 .2 .3 .4 .5 .6 .7
h#och number, M

FWURMX.-%riatlon of Iwiii u&atiYo IumsIuw with tilml [w twu whIdJMd*.

ness of this angh: and the amount of windshiohl pvriph-
cry with an anguIar break is shown by Lho fw-t dmt
combination 6-l–3 with a cylindrical nose hus nhout
half the drag of combination 9-1--3 am{ thst~ co@imi-
tion l–l-3 with a spherical now and no break has still
less dng. Windshield drag depends largt4y on the
longitudinal profle and only slightly on the trmsvmse
profile, as is shown by tbc gmerai agreement in figure 5
of the curves for windshields having tlw samo dl’grcc of
edge sharpnees but having scmihrxagona[ or smnioctag-
onaI transvwe profh instead of semicircular. The
dmg of the streamline windshield 4-04 is tho lm+wst of
any windshield tested and is approxinmtdy 1 prrccnt of
the drag of a representative airplane. Rounding ofl tlw
win@ield corners, as in combination 90-lc-2, is W
best means of reducing the drag of a poor wind$hidd.
This effect is later discumcd quantit.ativcly.
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Effect of nose length.-The vsriaticm of wimIshieId
drag -with length is somewhat similer for stre~Iine
noses and for conical noses, as shown by &ures 6 and 7;
the drag of the windshiekis progreiveIy decreases as
the Iength of the nose increases. The cross pIots in
@ures 17 and 18 indicate that the optimum nose length
for a conicaI-nose windshield is about 2R for sea-IeveI
speeds up to 300 miles per hour and is greater than 3R
for higher speeda, that the length of a streamline-nose
windshield abould be greater than 3R, and that the
drag of .a streamlim+nose windshield Ionger than 3R
will be less than for a conical windshield.

EfEect of tail length,-l?igures 8, and 9 and the cross
pIots of figures 19 and 20 indicate that the kngth of
both streamline and conicrd tail sections should be four
times the height of the windshield. The optimum taiI
Iength, however, means little ~ a bad nose aeetion is
used, as a comparison of combinations 9–1-6 and 91–2
in @ure 10 shows. There appears to be IittIe choice
between a long conical tail and a long streamline tail.

~ect of radius at transverse junctnres.-Large
reductions in the drag of a windshield with a short
conical nose can be realized by rounding off the iharp
edge at the windshield-hood juncture (@. 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

- ----

-.

Ma& number, M

FICUILE$!6.-c0~m*u[tY 12ffL%+011 WhdSkfddS tih VdOOS Idfi 8$ MKe%OOd
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tions also. Tho drag of these compromise windshields
is, however, appreciably greater than that of windshield
4-0-3, which has “Qgood basic shape.

Rounding off the sharp trartsveme edge at tho I1oocI-
t.aiI juncture of a rather short conicrtl ttiil progressively
decreases tho drag as tlw radius is increased (fig. 12).
Thu cross plots given in figure 22 show that tho reduc-
tions in drag are much lees than those obtained by a
similar rounding off of the transverse edge on the nosg
section, Rounding O* tho sharp edge ta a radius
greater than 2R does not appear ta be important;
greater reductions can be obtained by increasing the
length of the tail.

Effeot of retaining strips.-Retaining strips located
at the windshieId-hood juncture produce larger drag
increments (figs. 13 arid ]4) for the spherical nose

(1-l+)e than for the streamline nose (3-1 -3)c. Tho
drag of combination (1-1-3)f is shown in f~urc 14 to
be Iower than that of I-I–3. This rcwdt is unexplain-
able but may be duo to the fact thtit the distribution of
pressure on a spherical shape is very sensitive to surfttcc
&continuities; b@, in auy case, (I1c Jifforwwes in drag
should be small, It is obviously advisal-h M make
retaining strips as nearly flush with the glass us poasilde.

Steps for telescoping hoods,-Steps may increase the
actuaI windshield drag from 25 to 50 pmcm 1, as shown
by figure 15. The accuracy of these particular tests
does not appear ta ho sufficient to indicato UM r&tivc
drags of the various kinds of step. The detrrimcnt.al
effect of a cylindrical hood section mtiy be seen in fgurr
6 by comparing comli.nutions 2-1-3 and 2-O-3.

Local pressures on windshields, -Although the maxi-
mum negativo pressures over nose 2 were not mmsu red,
extrapolation of the curves shown in flgur~ 23 indicates
that the peak negative prcswm occurs nt about 75 per-
cent of the nose length back of lhc fron~ of the nose,
The curve of criticrd preeaurc coefficient ~, ((INI pres-
sure cocfficicn$ at which tho speed of sound is locally
reached) mgainst M (fig, 24) was drrivud from Brr-
noulli’s equation for compressible flow. Extra point ion
of the pressure cocd!icicmts of tlLc two windshichh h’stcd
tQ the curve of criticul pressure cocfficirnL p. indicates
that, for ~r= —1.79°, the local vcIocity of sound wilI h
reachtid when ilf= 0.675 (515 mph at sea lCVC1)for thu
streandinenose and when M= 0.605 (460mph atscalcvcl)
for the short conical nose. The drag of the windshield
is expected ta increase excessively at these spmds.

Effect of speed.—The drag of windsbickls having a
short nose section with sharp transvusc junctures
increases-wry rapidly as the sped is incrcascd, as is
shown for two typical windshields in figurr 25. The
drags of windshields with fuirly good nose and tail
sections .va~ only slightly with SIX*WI,as dots the drag
of the beat windshkld 4-O-3 (figs. 26 and ?7). I?igurr
26 shows the critical speed at which the drag rises
abruptiy for windshield 9a-1a-2” to IM approximntrly
380 mlespcrhourat sea Icvel, or M= 0.50, which im]icnh!s
that SI@I radii at the junctures may bc mtisfuclury
at low speeds but unsatisfactory at high sprrds. An
increase in the radius at the juncture [o 100 prrcen Lof
the windshield height prcwcntcd thu occurrence of [he
comprmsihility shock within the range of tlww ids.

The efkt of comprmsibility on thr drag of a win{l-
ahiekl with a short conicwl tail (fig. 27} ch’crcascs pro-
gressively as the Lransvcrw edge nt” tlw h@-t ail juuc-
ture is rounded off to grmtrr radii. Fi&c 22 indirntus
that a radius of 2R is m’ar the optimum vahw tit nwdi-
um speeds (-14=0,30), but figu,rc 27 shows that tlw
compressibility effect is still grcaL. Tho wivcrsc effcc~
can be reduced by using a longer tail, as is sho’wn in
llgure 27 for combination 9c-lc-2. A gcmcral conclusion
appears to be that poor windshields bwmmc r&ttiveIy
poorer as the speed incrPases.
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Transport-type windshields.-The drag of the f~e-
hige 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 figure 28. The drag of the same windsbieId with the
window recesses made flush (c) is 14 percent higher
than the drag of the fuselage with the faired nose, which
is a saving of 7 percent of the fusehige drag as a result
of making the windows flush. The mindshieM with
singIe-curved gks and a sharp edge at the juncture of
window and roof (e) increased the drag about 4 percent
of the basic fusekge drag; fairing this sharp edge (d]
decreased the drag about 2 percent. The fuseIage with
doubIe+mrved glaes (f) showed a drag increase varying
from 2 to 3 percent of the basic fuseIage drag. These
results indicate that windshields using yingle-curved
glass may have as low a drag as ti&h.ieIds using
doubk-curved glass. This concision is probabIy 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 coet?iciente
as the speed was increased above 260 miles per hour;
the other cabin w-indshields are not affected by com-
pressibility, at Ieast up to 44o miIea 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 maybe ahead of
the windshield. The folIowing conclusions drawn from
these tests should neverthekss be usefuI as a general
guide in design.

For CIoseckockpit windshields:
1. The windshield drag for airplanes of smaU to

medium size may account for 15 percent of the airplane
drag or maybe 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
Iow at medium speeds; a Iarger radius should be used
for high-speed airplanes. ,

.-

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

4. TaiI fahings, whether conical or strewnhne, should
be about four times m long as their height.

5. Steps for telescoping hoods increased the drag of
B 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
genertdt had Iower critical speeds. The best windshields
rit Iow speed had the Ieast cornpr&biIity effect over a
wide speed range and had the highest critied speeds.

For transport-type windshiekis:
1. The windshield d~m may account for 21 percent of

the fuseIage drag or may be reduced to 2 percent without L
completely fairii-ig the widshieId mea.

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

3. Sharp edges between windshield paneIs and cabin ___
roof or sides added 2 to 14 percent to the fuscilwge drag.

IANGLIZYME~OR.IAL AERONAUTICALLABORATORY,
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