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- INVESTIGATION OF DRAG AND PRESSURE DISTRIBUTION
OF WIKDSHIELDS AT HIGH SPEEDS

By James B. Delano and Ray H. Wright
SUMMARY

Tests were conducted in the NACA 8-foot high-speed
wind tunnel to determine the loads and the load distribu-
tions at high speeds for a number of windshields of the
coekpit—canopy. type: Drag data were obtained simultane-
ously with the load data. Ten windshields of various de~
signs similar to thecse in general use were included in
these tests. A new windshield designed to give low local
loads and low drags was also tested. These windshields
were mounted.on a DC-3 fuselage and wing model. - Pressure
distributions were obtained for the wing alone and for the
fuselage mounted on the wing. From the pressure data an
analysis was made of the interference effects between a
windshield and the model. The tests were made at Mach
numbers. ranging fpom V.12 o 0,71, ahbd & d46uly ofgh hoiiet-
fects of compressibility on loads and drags wes thereby
permitted.

The load and drag data obtained in these tests are
presented graphically. The pressure coefficients are pre-
sented at a wing angle of attack of -0.67 (lift coeffi-
cient = 0.10) for Mach numbers ranging from 0.19 to 0.71
and at wing angles of attack up to 6° (1lift coefficient =
0.82) for a Mach number of 0.19. Windshield drag coeffi~-
cients are plotted against Mach number at wing angles of
attack of «0.670 and ~1.:550 and against wing angle of at-
tack'at a4 Mach number of 0.19.

The results of these tests show that both the local
loads and 'the drags vary greatly among different wind-
shields. 'The drag of a good windshield was found to be
small, only about 2 percent of the drag of a good airplane;
but the drag of a bad windshield might easily be ten times
as great. . Blunt noses and blunt tails 'or sharp corners
transverse to the flow were generally found to be respon-
sible for both high drags and high local loads. Windshields
having high drags also had high local lcads; some of the

- windshields heving low drags had moderately high local
loads. Low local loads are favored by large fineness ratios
and by shapes that tend to distribute the lcad uniformly

- over the main body of the windshield. For the bad wind-
shields the drags and for the good windshields the local
loads increased greatly with increase in Mach number.



Interference from the wing and fuselage is shown to have i
an important effect on the windshield and usually serves

to increase the loads. Predictions of lcads at high speeds

made from low—-speecd data may be greatly in error unless

the effect of both compressibility and wing interference

is taken into account. The new windchield, designated the

X-2 windshield, was found to have both low drag and low

locali losds.

INTR GDUCT I ON

The windshield or cockpit caropy is designed to pro-

- vide head room, vision, and proctection to occupants of the
cockplt of a pursuit or a similar type of airplane. The
disturbance to the flow over the fuselage should, of course,
be a minimuom. The increase in drag due to the cockpit en-
closure should be as small as possible and, in order that
sufficient strength may be provided, the lcads should be
small and of known magnitude and distribution. It is es-
pecially important that the high loads attained at high
speeds be known with a reasonable degree of accuracy. The
entire cockpit enclosure, including the nose or windshield
proper, the middle piece or hood, and the tail, will be .
referred to in this report as the "windshield."

Most of the windshield data in existence up to the >
time of the present investization had been obtained at low
speeds. Low-speed drag data had been obtained in the in-
vestigations described in refersnces 1 and 2; whereas other
windshield investigations had been concerned mainly with
the field of wview and the adaptability of windshields to
bad weather (references 3 and 4). Undoubtedly much low-
speed load data had been obtained by manufacturers, but
this work is generally unavailable. No high-speed load
data had been obtained. The caly high-speed windshield
data available were the results reported in reference 5,
and that investigation was limited to finding the effect
of varlous geomctrical factors, such as nose shape, nose
length, tall shape, tail length, and others on the drag of
windshields. The failure of several windshields in high-
speed dives served to emphasize the necessiiy of obtaining
information on the magnitude and distributicn of loads at
high speeds.

Thls investigation was conducted primarily to obtaia
high-speed load data, including the effect of compressi-
bility on loads for a number of representative wilndshield
shapes. Secondary considerations included determination
of the critical speeds of the windshields, measurement of




the windshield drags for comparison with those obtained

in reference 5, and study of the flow over the windshield-
fuselage—wing couabination for correlation with the drag
an'd’ leard “data . " A short dilscussion “of the rather: laroe
mutual—interferenze effects between wing and windshield
and between the wing—fuselage combination and the wind-—
shield 1s “given in an appendix,

These tests included drag and pressure measurementsﬂ
covering a speed range roughly from 100 to 500 miles per
hour on several of the windshield combinations of refer—
ence 5 and on two windshields of more advanced decign.
For use in the flow and interference study, pressures
about the wing 224 fuselage were also measured, This
work in conjunntion with reference 5 gives comprehensive
drag end load data Jrom which dregs and loads for most commonly
used windshields can be reliably estimated.
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This investigation was made in the NACA 8-foot high-
nd tunnel, which is desecrited briefly in reference
basic model on which the windshields were mounted
was a 1/8-scale model of the IC—23 airplare used in previous
tests (reference 5)., The inboard panel of the wing employs
the NACA 2215 section. Engine nacelles, landing gear, tail
wheel, and tail surfaces were omitted in thése tests and
the discontinuity at thke cabin was completely faired out so
that drag changes relative to the drag of the basic ‘model

might be as large as possible.

The 11 windshields shown in figure 1 were used in this
investigation; nine .of these were used in previous wind-—
shield tests (reference 5) ard are based on simple geometriec
shapes. The remaining two, the X-1 and the X-2, are of a
later and more advanced design. TFor purposes of comparison
all the windshields were designed to have a maximum cross-—
secticnal area of approximately 0.152 square foot. Table I

with figure 1 gives the ordinates for the component parts

N, "M " and "T "for the first Mine windshiclds shown: iaef ig-
6 il e Thegse letters Tefer to the nose|,” middle , and tadil
rieces, respectively, the combination being designated by
three numbers in the same order. THe® B ynbiol 30 s 989s wn the
combination 4-0-3, indicates that the middle piece M has
been omitted and that the nose piece N and the tail piece
T  Dbutt against each ‘other. "Figures 2 &nd 3 give the ordli-
nates’ faor the X4 ‘and ‘the X-2.windshields and figure 4 show:
the X—2 mounted on the fuselage. Both the X-1 and the X-2
windshields are characterized by two basic airfoil sections;
the X-1 has straight-line elements connecting these sections



in & transverse vertical plane and the X-2 has straight-—line
elements connecting equal percentages of chord on the two

basic alrfoil sections. . The. top part. of bothwindshields is
rounded to varabolic sectiocns in transverse vertical planes.

The lcoccation of the windshields on the fuselage is shown
figure 5. 'Tre beginning of the tail jpiece .ecame in the
me position, about 39.69 inches from the nose of the fuse—
ey fioml sl the windshields. The windshields were all so
ted, similarly with respect to the. flow over the fuselage,
t the results are vractically comparable. ' The direction
the axes of the windshields coincided with that of the
elage axis, which made an angle of —-2° with the chord of
wing.
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Fressure orifices were installed on only one side of the
windehield, *he wing, and the fuselage. Figure 1 shows the
location of lines along which orifices were located on the
windshields. These lines are designated ty numbers that
agree with the numbers shown in the pressure—distribution
plots presented later. No attempt was made to give the lo-
cation of all:the -individual orjfices on the windshields.
These locations can be deterumined from the pressure plots
where pressure coefficients at each orifice are plotted. The
location of the orifices on the wing and fuselage is shown
in"figure 6. '

o

The set—up of the model in the tunnel is shown in figure
7. The pressure lines were installed completely inside the
model , running cubt .of the tunnel at the wing tips. They were
connected to a multiple—tube manometer filled with tetrabrom-—
ethane. A camera was ussd to record the liguid lewvels in the
manometer. '

The force and the vpressure data were taken simultane-

ously; the drags obtained therefore exactly correspond. to

the pressure data. Since the windshield drags wvere small in
comperison with the drag of the entire model, it was neces—

sary to assure that the model drag remain nearly constant
between runs. In order to minimigze any error due to fluctu—~

ation of. the transition point, trazsition -was fixed ron the

model by means of 1/4~inch transition strips. placed*at 178
vpercent chord on the upper surface and at 6-percent chord

from the leading edge on the lower surface of the wing and

in a ring around the fuselage at 12 inches from the fuselage

nose. IZxcept for the strips to fix the transition location, m
the surfaces of the model were maintained aerodynamically

smooth. The drag caused by the windshield was determined by
taking the difference between the drag of the model wth a
well—faired windshield and a basic drag obtained for the

wing and fuselage alone. Two later additional basic—drag

rung checked well with the original.
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These tests lncluded 1ift, drag, pitching moment,
and pressure-distribution measurements for the wing and
fuselage alone and in combination with the 11 windshields.
The Mach number ranged from 0.12 to 0.71, corresponding to
a Reynolds number range from 1,300,000 to 5,300,000 based
on the mean serodynamic chord of 17,3 Ineches. Laflt, ‘drag,
and pressure measurements were made at a2 Mach number value
of 'approximately 0.19 for a range of 1ift coeffaeiecnbs
from approximately -0.2 to 0.8, corresponding to angles
of attack from -3.5° to 69, The lift-coefficient range
was limited at high speeds by the strength of the wing.
Most complete data were obtained for a 1ift coefficient
of 0.10, corresponding to an angle of attack of -0.67°.

PRECISION

Systematic errors affecting the windshield drag and
the pressure measurements arise principally from buoyancy
and constriction effects. The results for comparative
purposes, however, are unaffected to any important degree
because the sizes of all configurations tested are prac-
tically the same. The absolute values, on the other hand,
tend t6 be somewhat less than the values presented. These
errors are small and at a Mach number of 0.65 are believed
to be not greater than 5 percent oa the dynamic pressure
and 4 percent on the Mach number. At lower speeds the
errors are much smaller. :

Accidental errors affecting the drag results to any
important dezree may be present at the lowest speeds and
at the highest speeds after compression shock is formed.
At the lowest speeds these errors occur because of the
difficulty of measuring the very low loads and are great-
est for the best windshields. At the highest speeds when
compression shock is formed on the wing, these errors occur
because of the unsteady nature of the flow and because of
the difficulty of determining drag increments where the
slopes of the drag curves are extremely steep, that is, in
the region where the drag curves are rising almost verti-
cally beyond the critical speed of the wing,

RESULTS

In the presentation and the analyses of the results
of this investigation the following symbols are used:

Pg static pressure in air stream



6 a
P, local static pregsure on model surface g
P mass density of air stream
v true air-stream velocity
q dynamic pressure (1/2pV=®)
a speed of sound in air stream
M Mach number (V/a)
Moy Mach number corresponding to attainment of local
speed of sound
s e 8. = }.;"q\«
P pressure cosfficient o ki |
S q o
B3 low-speed pressure coefficient
Por pressure coefficient corresponding to attainment of
local speed of sound
Sy drag coefficient of model based on wing area
Cy, 1ift coefficient :

Cmc/é pitching-moment coefficient at quarter chord

a angle of attack of wing ;
AD,, difference between drag of model with and without
windshield at same angle of attack and Mach
number : 3
Fw maximum cross-sectional area of windshield
A uby, X
. drag coefficient of windshield | ;
Dy g \ aF, /
AV velocity increment or induced velocity
AV/V velocity-increment coefficient
v local velocity (V + AV)
Y ratio of specific heats cp/cv for Ajr

The method of determining the dynamic pressure q,
the Mach number M, and the Reynolds number are described

in vefexrence 7. The symbols Cy» CD’ and . € repre-

Mo fa




sent the usual nondimensional coefficients with the pitch-
ing moment taxen about the quarter-chord point. _Pressure
coefficients were calculated from the photographic records
of the pressure differences and the dynazmic pressures

measured on the muitiple-tube manometer.

The presented data are plotted agains? t?§ predgmi—
nating parameter, the Mach number. The Peyno_gs numbers
are shown for the corresponding Mach numbers oI ﬁge§e
tests in figure 8. Figure 9 shows the 1ift coel Fficient
of tke model plotted aéainst angle of attack' o ?f the

wing and figure 10, the :ift coefficient against Mach
number. The data esented herein apply only to smooth
windshields mounted in the particular location relative
to the particular wing and fuselage used in these‘tests
and in the absence of propeller slipstream. In the ap=
plication of the data to design problems, therefore, de-
partures from these conditions should be kept in mind.
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c/4
erent wi:dshields and for the model without wind-
ld is skhown plotted against M. The windshields in-
se the absolute value of the pitching-moment coeffi-
cient, whiech is negative. The effect is small at low
speeds but increases with Mach number. It is evidently
due to the fact that higher negative pressures act over
the windshie¢ld than exist on the fuselage in this region
without the windshield. The pressures add 2 negative
moment much greater than the positive moment produced
by the drag. With the three windshields shown, the pitch-
ing-moment coefficients are about the same up to a Mach
number of 0.60. For Mach numbers greater than 0.60 the
7-3-4 windshield, which has the highest drag and also the
highest negative pressure peak, also gives the greatest
increase in negative moment. The change in moment for
any given windshield installaticn evidently must depend
g« bsl position.

The pressure-distribution data for the 11 windshields



are presented as pressure coefficient P plotted against distance
in irches, measured along the lcagitudinal axis, from the foremost
point of the windshield.” TFigures 14 to 24 give pressure distribu—
tions at o = -0.67° for six values of M from 0.197 to 0.710.

The approximats locations or the orifice lines on the models and

the symbols representing them are shown cn the plot. In order to
avoid confusion, only points in the orifice line having the highest
negative preusure coefiicient are connected. The peak negative
pressures are seen to be widely differer’ for different windshields;
in most cases, they increase rapidly wita Mach number. The pressure
coefficients corresponding to the atteinment of the local speed of
gound are indicated as P,p. Pressure ccefficients for several
angles of attack up to 6° are piotted for eight windshields in
figures 25 to 32. These date were taken at a Mach mumber of approxi-
mately 0,192, except in the case of the 10-1-2 windshield for which
the Mach number is 0.339. A separate plot is chown for every orifice
line, the symbols in this case indicating the wing angle of attack.
As might have been expected, negative pressures increase with
Increase in angle of attack, an effect dus at least partly to wing
interference, as shown in the appendix. The pcak negative pressure
coefficients for the 11 windshields are shown plotted against M

in figure 33, The point at which the peak negative—pressure curve
intersects the curve marked P,, determines the critical Mach
number M,;, of the windshield in combination with the wing and

the fuselage. The critical speeds are evidently considerably dif-
ferent for different windshields. The windshield pressure data

are discussed in detail in the section of this report on loads.

DISCUSSION

Drag.— From figures 11 and 12 the drag coefficient of a

good windshield, based on the cross-sectional area, is ssen to
be about 0.035, For a usual ratio of windshield cross-sectional

rea to wing area, this value corresponds to about 2 percent of
the drag of & good airplane. The drag of a bad windshield may
be 10 times this value or 20 percent of *:e airplene drag.

In order to gain some idea of the approrimate magnitude of the
drag that should be expected on a windshield, a rough estimate was
made of the skin-friction drag that was added when the 2~0-3 windshield
was installed. This estimate showed a windshield drag coefficient of
0,026 for wholly turbulent flow or 0.020 with laminar flow over

*in figures 14 to 32 the distance scale was originally intended
to apply to the sketch of the windshield as well as to the pressure
distribution, The windshields are drawn to this distance scale and
therefore should be shifted so that the nose of the windshield is
placed at zero.
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the forward 18 percent of the windshield. It is evident
that measured drags substantially higher than these values
must have been largely pressure drag, such as would bdbe
obtained with flow separation. Severe separation should,
in fact, be expected for forms such as the 6-1~2, the
9-1-2, the 7-3-4, and the 8-4-5 windshields, which have
short noses terminating at sharp corners transverse to
therfdew: dlicures 18, 19,21, ,.and 22 8how thaththese
windshields have high, sherp negative pressure peaks Jjust
back of the corners. These peak: are followed by large
positive pressure gradients conducive to separation of
thet flow.l. For the 10~-1-2 windsbiald the separation is
less severe because the nose is longer and Lessi bluntg

but at high Mach numbers, becaus oi the steepening of
the pressure gradiernts (fig. 2C), the senaration becomes
pronounced. The 3-1-1 windshield has a long nose with-
out the sharp edge, but it has too short and too blunt a
a tail. Figure 16 shows the resulting rear pressure peak
and the following steep positive pressure gradient, The
flow separates in this regicn because the kinetic energy

in this boundary-layer air is insufficient to overcome

the gradiegnt. . The separation region is smaller, however,
and ths.conseguent drag increase less than for those
windghields for which the flow separates near the noses
The effect of increase in angle of attack is somewhat
sinilar to that of increase in Mach number in increasigg
separation. (See fig. 11l.) Thig increased separaticn
occurs Jecause, as seen -in figures 25 to 32, the pressure
gradients increase with angle of attack, though at least

part of the effect'is plobubly due to 1nterforence from

the wing. (See the appendix.)

A glance at figure 1l2(a) .in conjunction .with fig-
ures 1, 2, and 3 will show that the windshields having
low drag are characterized by long noses and, especially,
long tails .and by the absance of sharp corners transverse
to the flow. Reference 5 shows that the radius of curva-

.ture of the surface on the shoulder between the nose and

middle pieces cf a windshield should be not:less than
one~fourth - of theée windshield héirut:  Higures 14,355 17,
23, and 24 show further that these windshields are char-
acterized by the absence of high, sharp negative pressure
peaks and. by low positive pressure gradients over the
ail. Of the windshields represented in figire 11, the
same ones, except for the 4-0-3, show low drag throughout
the angle-of-attack range that show low drag at o = -0.679,
The bed windshields become worse as the angle of attack
is increased. Tor the 4-0-3 windshield at the. highest
ngle, 60, some separation has probably developed around
the tail in the windshield-fuselage juncture.

The effect of compressibility is to increase the
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drags, particularly of the windshields having high drag
already, because for these windshields the flow is sep-
arated and compressitility increases the severity of
separation; and because also, ex . cpt Jor the 3-1-1 wind-
shield they have high peak negative pressures and there-
fore low critical speeds. A comparison of figure 12(a)
with figure 33 shows, however, that as the Mach nuntber
is increased large increases in drag occur before the
critical speed is reached, indication being thus given
that the increased severity of separation may be the
primary cause of the drag increase.

ase parallel to a condition that
fo s that of the"10-1-2
er of sbout 0.60 this wind-
ws a low drag, indicating little .separation;
is Mach number, which is far below the critical
value indicated in figure 33, the drag suddenly begins
to increase. The probadle explanation is that even at
low speeds the flow is on tl
back of the no n t
produced by increase 1
complete separation with
drag-.

n rumber is regquired to induce

+
he increase in pressure gradient
c
onsequent large increase in

ted to reduce the peak nega-
¥ e, to incrsase the critical
speed as indicated for ad windshields, 7-3-4, 9-1-2, !
8+4-5, 6-1%2;"10-1-2; ‘and B-1+1 la figura 33, where it
is seen that for three of the windshields having the
highest drags the peak negative pressures actually de~
crease with Mach number, but the drag of the bad wind-
shields is already so high that *= respect to drag the
critical speed has little meaning.

Seperation may be
tive pressures and, th

7

For the five good windshields, the 3~1~-2, the 2-0-3,
the 4-0-3, the X-1, and the X-2, the negative pressure
) e :
peaks increase very rapidly with Mach number, but even

with the interference (see appendixl the eritical Mach
numbers of the best of these are well above M,y = e

which is as high as that of any wing with which they are
likely to be used. The turning up of the drag curves
around M = 0.65 does not indicate the critical speeds
>f these windshields, and this drag increase -is prob-
ably not due to any characteristic of the windshields
themselves. Instead, it is probably due to interference
of the windshield or the wing, whereby the apparent erit—~
jcal speed of the wing is shifted to a lower stream Mach
number. The sharp increase in wing drag that occurs at
he critical spe=sd then ccmes at a lower stream Mach num-
ber with the windshield in place than without and, when
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the two corresponding drag curves are compared at equal
stream Mach numbers, the difference in drag above the

wing critical Mach number, about 0.61 with fuselage, may
be very great. As-is pointed cut in the appendix, the
windshield interference will affect the wing over only.a
limited region; but, if only half of the estimated pos-
sible 2-percent lowering of the apparent critical speed

is assumed, the effect, even if operative over only a
small portion of the wing, is cuite sufficient to explain
the observed turning up of the windshield drag curves.
Because of the steepness of the drag curves in this region,
a similar effect, operating either to reduce or to increase
the apparent windshield drag coefficient, may be produced
by ‘any. - smalldlerror dn determining the stream Mach number.
The general unreliability of the drag curves above the
wing critical speed alresady has been commented upon. Ac~-
tually, the real drag of the windsnield is better indi-
cated by the values for Mach num :rs below the wing erit~
ical speed, and the critical speed of the windshield 36—
gself, as well as the speed &at which the.drag of the wind-
shield itself may rise rapidly, is given in better approx-
imaticm as the speed at which the curve of peak negative
pressure against Mach number intersects the critical-
pressure curve. j

Loads .- Figures 14 to 32 show that the local loads
on different windshields varied greatly and in certain
cases were extremely high. The loads on the side, closer
to the fuselage and wing, were generally slightly higher
than those on the top. A consideration of the interier=
ence (see. the appendix) indicates that this result might
be expected. .Although the actual magnitude of the loads
was. influenced by .interference, relative values were
probably little affected, because the interference must
have been the same for different tests and also did not
vary much along the windshield length. - As might have
been expected, both from 2 consideration of the windshield
shapes and of the interference effect, the loads increased
with angle of attack (figs. 25 to 22

The pressure«distribution_curves fell generally into
three classes: distributions with a single peak as illus-
trated by the 2-0-3 windshield (fig. 14), distributions
with two peaks as the 3-1-1 wirdshield in figure 16, and
approximately flat distrivutions as shown in figures 15
and 24 for the 4-0-3 and the X-2 windshields, respective-
3y . In general, where strecam st=vic pressure iqsiﬁe the
windshield was assumed, the forces ‘were such as 0 tend
to pull the canopy off.and to push the nose in.
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Examination of figures 14 to 24 shows' that the wind-
shields having high local loads are characterized by short
noses, short tails, or sharp eorners.. Phe ‘highest peak
negative pressures occurred behind sharp corners itrans-
verse to the flow. Other factors that tend to increase
loads are interference, compressibility (to be discussed
presently), and low fineness ratio. The effects of in-
terference and low fineness ratio are similar in that
both tend to produce higher total loads but only small
¢hanmges In the distributiond ~“TFhus, in‘erderitoravoid
high total loads, the interference should be made small,
a8 by using a thin'wing, ‘'ard 2§ thinia, K wind'shield should

> !

be used as is consistent with spéce regquirements. In
addition, loeal loads may be redn 248 Tyrtusing wells
rounded shapes similar to the 2~0%3 and. the X-1 wind-

gshields (figé. 14 and 23) and, firally, by wusing better

forms designed for approximately flat pressure distribu-
tions, such as the 4-0-3 and the X-2 windshields (figs.

15 end 24).' The possibility of taking advantage of fa-

vorable interference is discussed in the appendix.

The relation between large positive pressure gradi-
ents and separation, with consequent large drag ‘increase,
already has been pointed out. Because these large posi-
tive pressure gradients followed high negative pressure
peaks, the windshields having high drag also had high
local logds (fige. 12, 16, 18 to 22), ' 1f sepuretion does
not occur, the drag will be low even if the negative
pressure peaks are high, though possibly not so low as
though the negative pressures were better distributed.
This condition existed for the 2-0-3 and X-1 windshields
(figs. 14 and 23), which had moderately hizh negative
pressure peaks but low drags. If for the ‘high~drag
windshields the flow had follcwed the surface instead of
separating from it, the drag would have been greatly
decreased, but the local loads would have been much
higher. Thus, separation, which causes the high drags,
tends to reduce the local loads. The effect of separa-
tion at the sharp corners is to cause the flow to follow
8 path hawing a large radius of curvature. The curvature
here largely determines the negative-pressure coefficient.
If .the sharp corner is replaced 'by a small ‘radius Cof
curvature, the peak negative-pres:-ure coefficient will
not be much affected until a radius equal to that fol-
lowed by the separated flow is reached; consequently,
for equal changes in flow direction, the peak should be,
up to a moderate value of the radius of ecurvature at the
surface, not much different from those measured. In
reference 5 it was found that considerable drag increases
occurred with radii of curvature less than about 25 per-
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centia0f sthe windshield height. "~“This result indicetes
separation, and it may therefore be deduced that this
value is approximately the corner radius below which the
pressure data obtained for the windshields having sharp
edges avply. Radii of curvature larger than this value
are probably needed to reduce the local loads.

The two windshields having the lowest peak negative
pressures also showed -low drags (figs. 12, 15, and 24).
This result may not always be the case, ‘because a wind-
shield having too blunt a tail and, therefore, high
drags might also have fairly lcw loads,

The effeect of compressibility on.the loads may be
seen from figures 14 to 24, In every case for which
separation (as indicated by high drag) did -not occur,
the negative-pressure coefficients increased mark edly
and continuously with Mach number. The peaks increased
more rapidly than the general pressures, thereby in-
creasing the concentrated loads, a circumstance favorable

to local failure. The increase anounted to as much as
100 percent between M = 0.20 and M = 0.70. In cases
for which separation occurrei, the peaks did not always
increase with Mach number, but they broadened out and
the general negative pressures increased with the result
that the total loads were increased. The effect of com-

pressibility in increasing the pr:ssure gradients, thus
inducing separation with consequ.at drag increase, has
already been discussed. i

At speeds above the critical value (crticial pres-
sure coefficient indicated by Pcr)’ the peaks show a
general broadening, usually accompanied by an increase
in peak negative-pressure coefficient, as expected from
two-dimensional investigations. (See figs. 14, 18 to
29.) “Thigiresult means that, as.the Mach number is”in-
creased beyond the eriticcl value, a2 considerable in-
creage dAnrloads =»both loecal and total - occurs.

The increase in peak negative pressure with Mach
number, shown in figure 33, was more rapié for the wind-
shields for which separation did not oceur. Parts of
this increase was due, as shown in the appendix, to in-
terference from the wing and fuselage. The increase was
much more rapid than that given. by the factor lﬁfl - M=2.
This fact should be kept in mind when attempting to esti-
mate loads at high speeds from low-speed data. The crit-
ical speed was nvt attained in these tests for those
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windshields having the lowest peak negative pressures
(figs. 15,-17, and 24), ard the efrect of compressibility
on these windshields was less. At higher Mach numbers
these windchields would probably show the same effects

that the other windshields showed at the Mach numbers of
these tests. :

Design considerationes.~ Th
fronted with a number of con
windshield that meets the us
same time, aerodynamidally P

;¥

designer will be con-
rations in designing a
quirements and dev aksth

-
H o
® o 0O

P

ermissible. One of~ the im-
portant consideraticns is s rengtnh. TFrom the results of
these tests, it is apparent that local loads vary greatly
among different windshieids and that these loads increase
rapidly with speed, high Zocal ioads increasing more
rapidly than low local iloads. Trhese loads-and their in-
crease with Mach number must be allowed for in design,
particularly if the airplane is to be used in a dive
where the windshield, the wing, oOr both may be operating

at supercritical speed.

Requirements of vision may dictate either a flat

region near tae nose of the winé nieii or single-curve
surfaces. The pressure results of these tests indicate
that it should be possible to provide a small flat region 2

at or very near the nose 0f the windshield without dele-

terious effects, but 1if the flat region is too large or

is placed back in the high-velocity region, the local -
loads may be greatly increased and separation with conse- ‘
guent high drag may result. Windshields with single-

curve surfaces may be designed with no sacrifice in per-
formance.

Another design consideration ig ease of construction.

The. results of these tests jndicate that simple, easily
designed forms are quite as saticsfactory both for low
drag and for low 1oads as more complicated shapes. Flat
plates, however, can £ind only limited use in a good
windshield. They may pcssibly be used on the side or on
the tail where the designed surface may be approximately
flat already; and small flat plates may be used very
close to the nose. ODtherwise they are likely to cause

increased local loads and high drags. mhe use of a de-

sign with single-curve surfaces should simplify the con-
struction of the framework and its glass or metal cover-

ing. Retaining strips transverse to the air flow increase -
the drag (see reference 5) and may cause separation if

placed near a negative pressure peak. They should there- !
fore be avoided, and the surface of the windshield should <
be made smooth. 1f retaining strips must be used, they

=
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should, where possible, run in. & direction parallel to
the air flow and, in any case, they should be as thin as
is consistent with strength requirements and as well
faired as possible.

. "Satisfactory shapes may be designed by use of the
shape characteristics of the five low-drag, low-load
~windshields,'2-0—3, 4-0-3, 3-1-2, X=1, X2 présented in
this report. (See fig: 1.) MThese characteristics,
which already have been discussed, aret: large fineness
ratio, long noses and long taills, and, except at the nose
and tail, well-rounded surfaces with no sharp corners or
small radii of curvature. mhe 2-0+3, the 4-0-3, and the
. 3-1-2 windshields have double-curve surfaces and may
therefore offer some difficuity in ccnstruction. The
"x-1 windshield has single-curve surfaces except for the
top and should therefore be easy to build., The shape
characteristics of the X-2 windshield will presently be
discussed in detail.

A modification of the X-1 and X-2.windshields that

is permissible and probably desirable is the rounding of
the nose. A very smeall radius may also be given the tail
“without affecting the performance. " Unless the stream

flow i's parallel to the axis of the windshield, the sharp
nose on the X-1 and X-2 windshields may. cause burbling
with conseguent drag increase, though for small angles of
the flow the increase may be small. If the nose is round-
ed off to a small radius, it will be less sensitive to
angularity of the flow.

: If a windshield is desired having low peak negative
pressures, that is, low peak loads and very high critical
speed, particular attention must Dbe paid t'o- the shape.
The 4-0-3 windshield is sean from figure 33 to meet this
requirement reasonably well, although, as has already
been pointed aut, . this windshield may be more d 15 Beudst
to construct than 2 windshield with single-curve surfaces.
A new windshield, designated nere the X-2 windshield, was
designed to be constructed nearly similar to the X-1 wind-
- ghield but with a negative pressure peak as low as that
of the 4-0-3 and with drag as low as that of the X-1 wind-
shield. These objectives were attempted in two ways:
first by increasing the fineness ratio nearly to :that of
the 4-0-3 windshield, and second by modifying the form to
ive an approximately flat preséure distribution over the
middle forward part of the windshield. An attempt was
made to insure that the positive pressure gradient over
the tail should be not greater than that over the tail of
the X-1 windshield. The ordinates for this windshield
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and the manner of its construction have already been
given. TUnfortunately, the windshield was not construct-
ed accurately according to these orcdinates. The most
important divergence was a fullness in the nose amount-
ing to as much as 0.09 inch at the B-B plane (see fig.
3) just forward of the front negative -pressure peak. ¥

The main objectives soughthave, nevertheless, been
attained, as shcwn in figures 12, 24, and 33. Except for
the unreliable upper and lower parts of the drag curve,
explained previously, the drag is about the same as that
of the X~1 windshield. Tigure 24 shows that the pressure
digtribution ¥ig dlimast flat over~the main  fopward pert of
the windshield; whereas a comparison with figure 23 shows
that the pressure gradient is slightly less than that over
the tail of the X-1 windshield. Figure 33 shows that the
peak negative pressures on the new windshield were less
than those on the 4-C-3 windshield and less than those of
any of the other windshields tested. The peak negative
pressure would probably have been somewhat lower if the
windshield had been built accurately according to the or-
dinates given.

The X-2 windshield is ccnsidered to meet the require-
ment .for a windshield having low local locads, high criti-
cal speed, and low drag. At the same time it should be
reasonably easy toc construct.

The pressure and drag results presented herein are
strictly applicavle only to the windshields in combina-
tion with the particular wing and fuselage used in these
tests., They apply to windshields of the cockpit-canopy
type as used on pursuit or similer types of “‘@irplane:

From the data obtained in the tests, the following
conclusions were drawn:

1. The drag of a good windshield was found to be
about 2 percent of the drag of a good airplane; the drag
of a bad windshield might easily 'be 20 percent of the
airplane drag.

2. The good windshields were characterized by long
noses and tails and by the absence of sharp corners trans-
versesto taed £1.ows
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3. The effect of compressibility within the range of
Mach numbers of these tests was to increase greatly the
drag of bad windshields.

4. Those windshields having high drags were also
characterized by high local loads; some of those having
low drags had moderately high local loads. The local
loads varied greatly between different windshields.

5. Those windshields having low local loads were
characterized by lonz noses and tail aznd by the absence
of ‘gharp corners transverse “to' the fliow: ' Tn’ addition:,
the shapes of these windshields were such as to tend to
distribute the load uniformly over the main body of the

windshield.

€. The loczl loads on all windshields not having
excessively high drags were found to increase markedly
with increase in Mach number.

7. Interference from the wing and fuselage was found
to have an important effect on the locads over a windshield.
For the position of the windshield relative to the wing
and fuselage as represented by these tes'ts, the effect of
interference was to ihcrease the loads.

8. By the design of a new windshield, the X-2, re-
duction in both drag and local loads was found possible.

Langley Memorial Aercnautical Laboratory,
National Advisory Committee for Aeronautics,
Tangley FFeld, ¥Va.



APPENDIX

THE INFLUENKCE OF WING AND FUSELAGE INTERFERENCE

ON THE PRESSURES ACTING ON A WINDSHIELD

In any analysis of flow about windshields the effect
of interference must be considered. Both loads and drags
are dependent on the interference velocities due to the
wing, the fuselage, and any other bcdies near the wind-
shield. Application of tke results of these tests will
depend on the interference experienced by the windshield
on the airplane as compared with the interference due to
the wing and fuselage on which the similar windshield was
tested.

An estimate of the interferexnce experienced in these
tests and an example of the effect cf this interference
on the lcads over one of the winishields tested will serve
to skow hcw *he interference velocities 'for any combina-
tion may te approximately determined and, at the same
time, will indicate the magniftiude of the interference
effects on the results presented in this report. :

The gensrzl nature of the interference to be expect-
ed may be seen from figure 34, which shows the relative g
positions of the windshield, the wing, and the fuselage
and their respective surface pressure distriobutions. As
negative pressure coefficients correspond to positive
velocity increments: AV, it may be immediately deduced
that the field of the wing and fuselage, extending out-
ward, will produce at the position of the windshield,
without the windshield in place, velocities v greater
than the stream velocity. These induced velocities de-
crease with distance from the surface and follow a curve
somewhat resembling an exponential damping curve. Thus,
the closer the windshield is to the wing and fuselage,
the greater is the effect of interference. The wind-
shield is closer to the fuselage than to the wing, but
the velocities over the wing are much greater and, as a
result, the effect of the wing may be as great as or
greater than that of the fuselage, particularly at high
speeds, because of the extension of the field with Mach
number.

In the quantitative discussion of interference, it
is convenient to consider the velocity-increment coeffi-
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cients AV/v and the resultant velocity coefficients
v/V. The resultant velocity v is obtained by the vec-
tor addition of the velocity increment AV to the stream
velocity "V or to the velocity-otherwise existing at

the point, but for small values of AV and for usual
positions of the windshield, & sufficiently good approx-
imation may be obtained by adding these quantities arith-
metically. The velocity increment v/V may be obtained
accerding to Bernoulli's equation from the pressure coef-
ficient P "0y .the'relation
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or at low speeds by the incompressible-flow relation
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Béfore the effect of interference due to the wing
and fuselage can be quantitatively estimated, the veloci-
ty increments due to these bodies must be determined.
Velocity contours, that is, lines of equal value of v/V
fow & portion of the fdedd—of the -HACA: 2218 abrfioil: at
a = -0.679, have been cdetermined by the method of refer-
ence 8 and are given in figure 35. It may be remarked
that the velocity field as much as one chord length from
the surface will be nearly the same for other wings of
the same thickness ratio and at the same lift coefficient
as for this-one.. Thus, the dnterference on. a-body.locat-~
ed as much as a chord length away from a2 wing could be
abtained to a sufficiently good approximation from the
field of a Joukowski airfoil of the same thickness ratio
and with the sgame lift.coefflicient, the . Joukowskil aiprfoil
having the advantage of being mathematically tractable.
Closer to the wing the velocities are more and more in-
fluenced by the particular profile form.

As seen in figure 35, the velocity coefficient falls
off rapidly with distance from the surface. 1f. 8. lins
through the point on the surface corresponding to peak
velocity is drawn parallel.to the chord line, the decay
of peak velocity with distance perpendicular to this line
is as shown in figure 36 for M = 0. About the same decay
curve was found theoretically for the 11.9-percent-thick
symmetrical Joukowski airfoil at C° and 4° angle of attack
and experimentally for the 18.8-percent~-thick airfoil at
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Cr, = 1.6 given in reference 9. The decay curve is probably not
much different for any other airfoil of approximately similar
shape.

The compressibility effect on the field shown in figure 35
may be obtained by increasing the distances from the wing chord

for all points on the velocity contours in the ratic 1/ T
(references 10 and 11). The corresponding values of the velocity—

\
increment coefficient &N _Y¥_3 may then be increased in the

same ratio to obtain the-%onﬁgur plot for any given Mach number
(reference 10). The compressibility effect was applied in
figure 36 for M = 0.40, 0.60, 0.70, and 0.80 by shifting all
points on the curve for M = O to the right in the ratio of

abscissas 1/ Ml i

The pressures measured on the fuselage are subject to inter—
ference from the wing and consequently cannot be directly used for
the estimation of fuselage interference. Approximate interference
velocities may be obtained by replacing the body by its equivalent
prolate spheroid, as shown in figure 37. The peek velocity-
increment coefficients AN/V are 0.21, 0.12, 0.08, and 0.03
for prolate spheroids of fineness ratios 2, 3, 4, and 8, respectively.
Figure 37 gives the corresponding decay curves. The extension of
the field with Mach number is given only for the fineness ratio L.
In the absence of any rigorous theory concerning the effect of
compressibility on the velocity field about a body of revolution,
the same compressibility effect will be assumed for the fuselage
as is used for the wing.

The velocity—increment coefficients at the surface of the
fuselage without the wing interference were actually obtained,
however, by deducting the velocity coefficients in the field of
the wing (fig. 35) at the positions of the fuselage orifices
from the corresponding velocity cwefficients determined from the
pressures measured at these orifices. The velocity coefficients
from the measured pressures and the estimated wing interference
from figure 35 for the top and side orifice lines on the fuselage
are shown in figure 38. The difference, shown as the velocity—
increment coefficient AV/V, is less for the top than for the
side meridian. This result may be partly due to overcorrection,
but the velocity over the top should be somewhat smaller because
the fuselage is more nearly flat at the top. Also, the dip
in the curves is expected because of the near flatness of
the fuselage in this region. The decay curves of figure
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37 may be applied to the AV/V values of figure 38 for
estimating the interference velocities off the surface.
The particular decay curve corre.ponding to the fineness
ratio of the prolate spheroid that can be most nearly
fitted to the fuselage should be used.

As an example, the interference effects with the X-1
windshield have been estimated. Since the velocities are
highest at orifice line 4, the velocity coefficients at
this line will be reduced to the approximate values char-
acteristic of  the'windshield alone, that is, Do inteniier-.
ence. The loéation of thHe windshield with orifice line 4
ig® given dn figure 35, from which #the ‘co¥ resplondificlisins ey~
ference velocities from the wing at low speed can be ob-
tained. For the fuselage interference, the diameter of
the fuselage is 12 inches ‘and the length of the equivalent
prolate spheroid about 75 inches, and the ‘fineness ratio

therefore about 6. Windshield orifice line 4 is ‘about 2
inches or about 0.17 .the fuselage diameter from the sur-
fiace of the fuselage. "Thusg, By interpdlation foris fines

ness ratio of 6.in figure 37, the AV/AV,_ . ratio at 0.17

the diameter from the surface ‘is about 0.80. By multi-
Plying the velocity ratio AV/V at the top meridian (fig.
38) by 0.80, the velocity-increment coefficients due to
the fuselage interference at windshield orifice line 4
may be detgrmined. The interference velocities
<§¥=1%~%¥).are shown with the velocity distribution on
the windshield in figure 39. The total interference ve-
locity, shown in the same figure, is obtained by adding

to unity the increments dve to t e wing and to the fuse-
lage,

- S AN

Total interference~yelocity coefficient = 17+ == % S g1

\V swing \ V/ fuselage
Curve A, which shows the windshield velocity distridution
with the interference removed, was obtained by dividing
the windshield velccity ratios given in the top curve by
the corresponding velocity ratios v/V taken from the
curve showing total interference.

Figure 40 shows somewhat the same effects, complicat-
ed, however, by compressibility. The wing interference
was obtained by increasing the distances perpendicular to
the wing of all points on the velocity contours of figure

e

35 in the ratio 1/,/1 - M® and increasing all AV/V

values by the factor 1//1 - M®, thus changing both the
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position and the values of the velocity contours. The
fuselage interference was obtained by increasing the

AV/V values of figure 38 in the ratio 1/ /L - M5  and
interpolating among the decay curves of figure 3. for &
fineness ratio of 6 and Mach number 0.688 at 0.17 the
diameter from the surface. The total interference was
obteained as before by adding the wing and fuselage

induced velocity coefficients. The windshield velocity
coefficients could then have been. corrected as infignm"39,_
but actually the rcversc procoes was applied. Because of the-

interference the windshield is sudject to a Mach number
approximately equal to the product of the interference:
veloeity -v/7 with the stream Mach number, which in ~
this case is 0.688. . The interfer-znce Mach numbers are
given on the total-interference curve of figure ‘40,

Curve A, from figure 89, . was then raised by multiplica-~
3ion-of the velocity-increment coefficients

%%l =L41; with "1//1 - M%, asing the local.Mach

&V v o ,

numbers shown.. The resulting curve wag raised again by
multiplication with the interference velocities v/V to
give a curve of the final estimated velocity ‘on the wind-
shield. The proximity of this curve 'to the curve of we- -
ldcities obtained .from the pressure measurements is an
indication of the validity of the assumptions conceraning
the effect of compressibility on interference. “'Figure 40
shows that the interference effect may become very great
at high speeds. At still higher speeds, above the criti-
cal speed of the wing, the effect is still greater; but
since at speeds above the critical the Mach number ef-
fect,either on the interference or on the velocities
without interference,is gquantitatively unknown, it can-,
not be estimazted with any degree of accuracy.

As 2 check on the approximate correctness of the
estimated interference effect, the velocity coefficients:
for the 4-0-3 windshield were adjusted as for the X-1
windshields. This windshield is approximately.one-half
the 111 body of revolution cut along the longitudinal
axis (reference 12), and the calculated velocity distri-
bution for this body is given along with that of the
measured and adjusted distridutions for the 4-0-3 wind-
shield in figure 41. Although tr= shape of the windshield
velocity-distribution curve departs considerably from the
theoretical shape for the 111 body, the fact that the ad-
justed curve falls near the theoretical indicates that
the estimated interference was approximately equal to the
interference actually experienced.
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The effect of interference on loads has not been spe-—
cifically given in this example since it was convenient to
discuss velocities rather than pressures; but the pressure
coefficients may easily be obtained from the velocity coef-—
ficients either at low speeds by the incompressible flow
relation

/ \2
3
% A
v/
or” abt high speeds by v
- Ry N o -
P = 3 19" e Bk le: i ; o 1]'}Y—1 —
yiu=® 1 2 EXY J Y vi3
where for air Y is approximately 1.4. The pressure coef—

ficients P are roughly double the velocity—increment

coefficients ( éz g, l\
v v ¥

The windshield drag results are not considered suffi-
ciently accurate to justify the gquantitative estimation of
interference effects, but an approximate value of the wind-
shield drag coefficient referred to the increased velocity
field due to the interference velocities may be obtained by
dividing the windshield drag coefficient CDvw by the

square of the interference velocity coefficient vf V. Thug,
if the interference velocity coefficient is 1.05 (as shown
in fig. 39), the windshield drag coefficient is reduced by
about 10 percent. That is, the drag coeffiecientigiven s
about 10 percent greater than would have been obtained if
the interference velocities had been zero.

The interference effect of the X-1 windshield on
the model will now be considered. The drag and negative
pressure coefficients on the wing and fuselage, except
for the part of the fuselage covered by the windshield,
are generally slightly increased by interference veloci-
ties due to the windshield, but the most important effect

is the lowering of the critical speed of the wing. The
interference velocities in the field of the windshield
can be found in the same way as for the fuselage. T

the thickness of the X-1 windshield is taken to be 6
inches and the fineness ratio of the equivalent prolate
spheroid to be 3, a peak surface velocity coefficient et
1.26 being assumed (fig. 40), the velocity off the sur-—
face may be estimated from figure 37. The distance from
the surface of the wing to windshield orifice line 4 is




is about 12.4 inches or slightly over two windshield diam-
eters. From figure 37. the corresponding AV/AVpax value

for M = 0.688 "was found to be 0.085. The velocity-
increment coefficient 0.26 was multiplied by this value

to obtain 0.022 for the increment due . to interference of
the windshield on the wing. Thus, the effective velocity
at the wing might be as much as 2 percent greater than the
stream velocity. The effective Mach number is increased
by approximately the same percentage, from 0.688 to 0.702,
or otherwise the apparent eritical speed of the wing is
lowered by this amount. The 'windshield interference will,
of ecourse, affect the wing cver only a limited region;

but the resulting drag increase when tae critical speed

of the wing is Teached locally in this region will be of
the same order off maghitude ss the increase that would
have been experienced nad the eritical speed of the wind-
shield itself been attained. ’

The methods herein presented for estimating the ef-
fect of interference a2are based on smooth flow, If sepa-
ration oecurs, the effect of interference cannoct be de-
termined.
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BACA Table I

TABLE 7
ORDINATES FOR WINDSHIELD NOSE AND TAIL PIECES

[All dtmensions are i1 inches, r is the radius of the circumscribed circle]

N-2 N-3 N-4
X |.r o X o
023 [0.73 0.34 073 0.440.73
45| 110 | .68/ 1.10 88| 1.0
90 | 1.65 1.35| [.65 1.75| 1.65
1.80 | 2.35 | 2.71 5 350 2.35
36/ | 311 541 |3.11 7.00 | 3.11
' 5.41 | 3.43 8./2 | 3.43 50 "343
{7.00 3.50 10.50 | 3.50 1359 |3.50 |
1-1 T-2 T =3
PR EY . o0 o N
0 [3.50 0 |350 0 |3.50
/.28 |3.40 2.56 | 340 391 | 340
1242 131 | 485 3.1 741 | 3.11
357 |2.57 | 7l 2 57 1091 | 2.57
47/ |1.80 942 | 1.80 1441 | 1.80
527 |/.38 1053 | 1.38 eI 158
586 | 93 | 171 | 93 1791 93]
64! P 1282 | 47 19.61 | 47|
700 |0 | 400 |0 | 21410
T-4 T-5
o F X0
O 15966 sl
391|355 39/ 1 3.67
p L 741 3.35 |
1091 | 2.69 1091 | 2,78 |
1441 | 1.88 1441 | 195 |
1641 1.44 16J 1| 149 |
1791 | 97 | 179/ | 100 |
1861 | 45 I 1961 | S5 |
2141 o~ | 2i4l |0 |
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Fig. 1

Plane A-A of all
windshields is
located at same
position on fuselage.

Figure 1.-
Windshields
and
orifice

locations.
All
dimensions
are

in

inches.







Figs. 2,3
X —1 Ordinates
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Figure 35.- Theoretical velocity contours for the NACA 2215 wing section.
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Figure 38.- Correction of velocity distribution on fuselage for wing
interference. M , 0.194.
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