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RESEARCH MEMORANDUM

WIND-TUNNEL INVESTICATION AT HIGH AND LOW SUBSONIC MACH
NIMEERS OF TWO UNSWEPT WINGS HAVING NACA 2-006
AND NACA 65A006 ATRFOIL SECTIONS

By Stanley F. Racilsz
SUMMARY

An investigation hes been made in the Langley low-turbulence pres-
sure tunnel to determine the 1lift, drag, and pltching-moment character-
istics of two unswept wings with aspect ratios of L and teper ratios
of 0.2. One of the wings had airfoll sections designed for high maxi-
mum 1ift at low speeds (NACA 2-006) and the other wing had NACA 654006
airfoll sections. Each wing was mounted on a slender body of revolution.

The effects of varying the Reynolds number from 1.0 x 106 to 7.5 x 106
and of leading-edge roughness were determined at low Mach numbers for
the wings with and without split flaps. The aerodynsmic characterlistics
of the plain wings were determined at Mach numbers up to 0.92 at Reynolds

numbers from 1.0 X 106 to 7.5 X lO6

As was the case for a U45C sweptback wing previously investigated,
the increments in low-speed inflection 1ift coefficient obtainable by
the use of the NACA 2-006 airfoil section as compared with the NACA
65A006 airfoil amounted to about 0.3 for the wing with and without flaps.
Lower drag coefficients at 1ift coefficients ranging from 0.2 to 0.6
were obtained for Mach numbers up to about 0.65 for the wing with the
NACA 2-006 airfoill section as compared with those obtained for the wing
with the 654006 airfoil section. At Mach numbers sbove 0.65, the wing
with the NACA 65A006 alrfoil section had lower drag coefficients.

Varylng the Reynolds number from 1.5 X lO6 to 5.0 X 106 caused marked
reductions in drag coefficient for 11ft coefficlents between 0.2 and O. 6
at Mach numbers up to 0.85 for both wings.
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INTRODUCTION

An attempt to find thin sirfoll sections capable of producing high
maximm 1ift coefficients without use of high-lift devices resulted in
the derivation of the new sections reported in reference 1. These sec-
tlons were derived by finding an spproximste relstion between the air-
foll pressure distribution and the low-gpeed maximum lift coefficient
by anelysis of availasble airfoil data. Two-dimensionsl date at high
and low subsonic Mach numbers for several of the derived alrfoil sec-
tions (NACA 1-006, 2-006, 3-006, end 4-006) presented in references 1
and 2 show that maximum 1ift coefficients of the order of 1.3 may be
obtained with 6-percent-thick symmetrical airfoil sections.

The results of subsequent investigetions (refs. 3 and 4) indicated
that with a 45° sweptback wing composed of NACA 2-006 sections the low-
speed Inflectlion 1ift coefficient (CLi and meximm lift coefficient

were about 0.30 and 0.10 higher, respectively, than those for a similar
wing with NACA 65A006 sections, although there was little difference in
the high-speed characteristics of the two wings. Additional investiga-
tions are needed, however, to determine if gaine in meximm 1ift coef-
ficient and inflection 1ift coefficient are obtainable by the use of +the
NACA 2-006 airfoil sections for other plan forms.

In the present investigation the aerodynamic characteristlcs of a
straight wing with aspect—ratio of L, taper ratio of 0.2, and NACA
2-006 sections are compared with those of a gimilar wing composed of
NACA 65A006 sections. The investigation waes made in the Langley low-
turbulence pressure tunnel. The effects of Reynolds number for Reynolds

numbers ranging from 1.0 X lO6 to 7.5 X 106, end of leading-edge rough-
ness on the 1ift, drag, and pitching-moment characteristics of each wing
were determined. at Mach numbers below 0.2 for the wings with and without
half-span split £fleps. The effects of compressibllity were determined

for the wings without flaps at Mach numbers up to about 0.92 for several

Reynolds numbers ip to 5.8 X 10,

SYMBOLS
Cy, 1ift coefficient, L/qS
Cr maximum 1ift coefficient (measured at lowest angle

of attack at which Cr, = 0)
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CLi inflection 1ift coefficient, highest 1ift coefficient
obtained before the piltching-moment curve begins to bresk
' chr, lift-curve slope per degree, measured near zero lift
Cp dreg coefficient, D/qS
Cn pitching-moment coefficient measured sbout quarter-chord
point of wing meen aerodynamic chord, M/qsS&
%Ll slope of pltching-moment curve, measured near zero lift
L 1ift, 1b
drag, 1b
M pi‘b;:hing—moment » It-1b
o] free-stream dynamic pressure, %pvo2, 1b/sq £t

free-gtream mass density, slugs/cu £t

Vo free-stream velocity, ft/sec

S wing area including area extending through fuselage s 1.00 8q £t

b wing span, 2.00 £t

& mean gerodynasmic chord, 0.574 £t

A aspect ratio, b2/s

c wing chord at any spanwise station, parallel to

longitudinal axis, ft

o angle of attack of wing chord line, deg
Reynolds number, pVOE /p.

n coefficient of viscosity, lb-sec/sq £t

M free-stream Mach number, YV, /20

2o free-stresm speed of sound, ft/sec
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APPARATUS AND TESTS

Apparetus

The investigation was conducted in the 3- by 7%-—foot rectangular

test section of the Langley low-turbulence pressure tunnel (ref. 5).
Air and Freon-12 were used as test mediums for the low-speed and high-
speed tests, respectively. With Freon-12 as & test mediuvm and a stag-
nation pressure of 28 inches of mercury absolute, the corresponding

Reynolds number is G.75 X 106 per foot of chord for a Mach number of 1.00.

With air as a medium, Reynolds numbersg of the order of 12 x 106 per foot
of chord can be obtained at Mach numbers below 0.20. For the present
investigation, a balance equipped with electrical resistance gages was
used to measure the normel force, axlal force, and pitching-moment about
the gquarter-chord point of the mean aerodynamic chord. The internal
balance was supported on a sting and enclosed in a body of revolution.

Models

The two steel wings investigated had unswept quarter-chord lines,
aspect ratios of 4.0, and taper ratios of 0.2. The area of each wing
including the area enclosed by the supporting body was 1.00 square foot.
Sketches and photographs of a typical model installation are presented
as figures 1 and 2, respectively. The wing ordinates used were the
NACA 2-006 and 65A006 airfoil sections (see table I). For most of the
tests, the models had aserodynamically smooth surfaces. The condition
with leading-edge roughness was obtalined by spreading carborundum grains
of sgpproximately 0.003-inch dismeter over a coat of shellac extending
over.a surface length of spproximately 0.07¢ from the leading edge on
each surface. The carborundum greins were sgpread in such a menner as
to cover from 5 to 10 percent of the specifled aree.. For the tests with

0.20 ¢ split flaps, a Jg-—inch steel plate bent in the form of a "V"

1
with a deflection of 60° from the chord line in the streamwise direction
was used to simulste the flaps. As shown in figure 1, the fleps extended

from the wing-body juncture to the midpoint between the plane of symmetry
end wing tip.

Tests

The plein wings and wings with flaps were tested at Reynolds num-

bers ranging from 1 X 106 o' T.5 X lO6 at Mach numbers below 0.20 in
order to determine scale effects on the 1lift, drag, and pitching-moment

S—
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characteristica. The effects of leading-edge roughness were determined
et a Reynolds number of 3 X 106.

The high-speed tests of the plain wings were made for a range of Mach
number extending from 0.35 to 0.92 for several values of stegnation pres-
sure. The 1lift, drag, and pltching-moment characteristics were determined
for a range of angle of attack extending from -4O to about LO° for most of
the tests. For Mach numbers higher than about 0.8, the angle-of-attack
range was limited by the operationsl range of the tumnel snd related
equipment.

Corrections

The low-speed data obtalned with air as the test medium were con-
verted to equivalent free-slr daste by the application of the tumnel-wall-
induced upwash correction determined from reference 6. In addition to
the correction for induced upwash, a small correction for blockage and
conversion factors obtained from reference T was applied to the high-
speed data obtained In Freon-12 to correct the results to equivalent
free-gir data. -In cases where choking occurred, data obtained at Mach
mmbers within 0.0% of choke have not been presented. Although no
adjustments for base pressure have been made to the drag data, the com-
parison of drag coefficlients for the two wings should be unaffected
inesmuch as the same support system was used for both wings.

Precision of Measurements

The accuracies within which the forces and moments were measured
by the balance are estimated to be 3 pounds for the 1ift force, 1/4 pound

for the drag force, and 9% inch-pounds for the pltching moment. The

corresponding accuracies of the force and moment coefficients are listed
in the following table:
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Mach number Reynolds number
(approx.) (approx.) L Cp Cn

0.13% 2.0 X 106 +0.02 +0.001 +0.007
.15 6.0 t.o1 t.001 t.002
1.0 T.ok t.002 t.01k

35
3.0 +.02 +.001 t.005
1.4k t.02 +.002 +.009

.50
4.1 +.01 +.,001 +.003%
2.0 +.01 +.001 +.004

.85
5.9 +.01 t.001 1,001

RESULTS AND DISCUSSION

The wing with the NACA 2-006 airfoil section will hereinafter be
referred to as wing 1; whereas that with the 654006 airfoil section will
be referred to as wing 2.

Low-Speed Characteristics

Iift and pitching_moment of plain wing.- Data indicating the scale
effects upon the aerodynamic characteristics of the plain wings are pre-
sented in figure 3. From figure 3(a), it can be seen that, in general,

veriations of Reynolds number between 2.0 x 106 to 7.5 x 100 caused only
small chenges in the type of stell, angle of attack for maximum 1ift,
and lift-curve slope for each wing. The most apparent differences in
the 11ft curves for the two wings are slightly higher maximum 1i1ft coef-
ficlients for wing 1 in comparison with wing 2. The curves of pitching-
moment coefficient against 1lift coefficient (fig. 3(b)) indicate that
the inflection 1ift coefficlents for wing 1 are higher than those for
wing 2. In general, variations of the Reynolds number caused only small
differences in the nearly linear portions of the pltchling-moment curves.

For Reynolds numbers up to 6.0 X 106, the free-stream Mach number

was 0.16 or less. Inasmuch as the tests at a Reynolds number of 7.5 X 106
required e free-streasm Mach number of about 0.2, the gquestion exists as
to whether varliastions of Mach number between 0.16 and 0.2 have any
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slgnificant effects upon the aserodynamic characteristlics. The Mach num-

ber for s Reynolds number of 6.0 X 100 was therefore increased from 0.16
to 0.20 or 0.2l and, as may be seen from figure k4, this change in Mach
number caused a decrease in the meximum 11ft coefflicient and inflection
1ift coefficient for wing 1 whereas no significant differences were
obtained for wing 2.

Several of the more important 1ift parameters as a function of
Reynolds number for the two wings without flaps are shown in figure 5(a).

At s Reynolds number of 2 X 106, although the maximum 1ift coefficient
for wing 1 is only 0.07 higher than for wing 2, the difference in inflec-

tion 1ift coefficient is 0.20; at a Reynolds number of 6 X 106 the 4if-
ference in Cj is 0.15 and the difference in cLi is 0.33%. The

increment in inflection 1ift coefficient at the higher Reynolds number
represents a S57-percent increase in CLi for the wing composed of NACA

2-006 sections over that for the wing camposed of NACA 654006 sections.
The differences in the inflectlion 11ft coefficients of the two straight
wings of the present investigation are shown to be about the same as

those of the two swept wings with similar sections reported in reference 3.
The lift-curve slopes of the two straight wings of the present investi-
gation are essentially the same and independent of Reynolds number.

Effects of roughness on 1ift and moment of plain wings.- ILeading-
edge roughness (fig. 6) reduced Cry for wing 1 to neerly that for

wing 2. In the investigation reported in reference 3, the low-speed
values of CLi and Cgp obtained with the forward edges of the tran-

sition strips at the 0.05¢ station on the upper and lower surfaces of
the swept wing with the NACA 2-006 airfoil section were essentially the
same as those obtained for the smooth condition. Therefore, it is prob-
ably necessary to maintain smooth surfaces on only the leading-edge por-
tions of wings composed of NACA 2-006 or other thin relsted airfoil
sections in order to reslize the high values of CLi and Cy asso-

clated with those alrfoil sections.

Drag of plain wings.- The drag coefficlent as a function of 1lift
coefficient for each of the two wings investigated is presented in fig-
ure 3(c). The variations of drag coefficient with Reynolds number for
several 1ift coefficients are presented in figure 5(b). For 1ift coef-

flcients of O and 0.2, increasing the Reynolds number from 2.0 X 106

to 7.5 X 106 caused only smell varistions in drag coefflclent and the
drag coefficients were nearly the same for both wings. For 1ift coef-
ficients of 0.4 and 0.6, however, marked reductions in drag coefficient

for wing 2 were obtained by increasing the Reynolds number from 2.0 X lO6
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to 7.5 X 106 whereas only small reductions in drag coefficient were
obteined for wing 1. -

The dreg coefficients for wing 1 were much lower than for wing 2
for intermediate 1ift coefficients. For example, at a Reynolds number

of 7.5 X 106, the drag coeffilcient for wing 2 is about twice as much as
that for wing 1. The maximum lift-drag ratios for the two wilngs were

nearly the same for Reynolds numbers between 1.5 x 10° ana 4.0 x 105;

wherees at Reynolds numbers between 4.0 X 106 and 7.5 X 106, the maxdimum
lift-drag ratios were higher for wing 1 than for wing 2. Changes in
Reynolds number and alrfoll section had 1little effect on the 1ift coef~
ficient for meximum lift-drag ratio.

Effects of roughness on drag of plsin wings.- The drag data plotted
to two gecales in figure 6(b) indicate that leading-edge roughness
increased the dreg coefficlents at low 1lift coefficlents by about 0.005
for both wings. Although a somewhat more repid increase in drag coef-
ficlent with increasing 1ift coefficlent resulted from leading-edge
roughness on wing 1 than on wing 2, the drag coefflcients at moderate
1ift coefficients were lower for wing 1.

Wing with flaps.- As was the case for the wings without flaps,
increasing the Reynolds number for the wings with fleps had only small
effects on the linear portions of the 1l1ft and pitching-moment curves
(fig. 7) but resulted in increases in Clpsx @nd Cry; for both wings

(fig. 5(a)). The main effects of deflecting the flaps for both wings
were increases between 0.3 and O.4 in the values of 1lift coefficient at
zero angle of attack, maximum 1ift coefficient, and inflection lift
coefficlent, with large negetive increases in the pitching-moment coef-
ficlents (fig. 6). In general, the gain in inflection lift coefficient
obtainable by the use of the NACA 2-006 asirfoll section was nearly the
same as that obtalned without flaps and within 0.02 of the value obtained
for the L45° sweptback wing. As was the case without flaps, wing 1 had
lower drag coefficients at intermediate and high l1ift coefficlents and,
consequently, higher maximum lift-drag ratios (fig. 5(b)). The effects
of leading-edge roughness were generally simllar to those obtained for
the plain wings (fig. 6).

High-Speed Characteristics

The baslic wing data consisting of -the 11ft; drag, and pltching-
moment characteristics at constent values of the Mach number for three
stagnation pressures are presented in figure 8. TImasmuch as the effects R
of Reynolds numbers Upon some of the more lmportent aerodynamic charac-
teristics are not readily apparent from the basic wing data, the data



¢l

NACA RM L53729 " 9

were cross plotted in order to obtain the variatlon with Mach number for
several constant values of the Reynolds number (fig. 9). A comparison
of some of the data for the two wings is shown in figure 10.

Lift and pitching moment.- The data presented in figure 9 indicate
that increasing the Reynolds number generally caused larger increases in
Inflectlon 1ift coefficient for wing 1 then for wing 2. The data pre-
sented in figure 10 indicate that the meximum 11ft coefficient of wing 1
was higher than that of wing 2 by values ranging from gbout 0.1 at the
lowest Mach number investigated to only 0.02 at Mach numbers of about 0.7.
The inflection 1ift coefficient of wing 1 generally decreased with
increasing Mach number for Mach numbers between 0.13 and 0.70; whereas
for the same range of Mach number the inflection 1ift coefficient of
wing 2 varied not more than 0.05 (fig. 10(a)}). The increment of inflec-
tion 1ift coefficient ranged from 0.31 at & Mach number of 0.13 t0 O
at a Mach number of 0.65. At Mach numbers higher than 0.65, wing 2 had
higher inflection 1lift coefficilents than wing 1. A slightly higher lift-
curve glope was obteined for wing 1 than for wing 2 throughout the range
of Mach number investigeted. The slopes of the pitching-moment curves
(measured at zero 1lift) for the two wings shown in figure 10(c), were
nearly the same,

Drag.- For lift coefficients of O and 0.2, increasing the Reynolds
number generelly caused only small decreases in the drag coefficlents
for both wings (fig. 9(b)). For lift coefficilents of 0.4, 0.5, and 0.6,

however, 1t is spparent that increasing the Reynolds number from 1.5 X 106

to 5.0 x lO6 cauged lsrge decreases in the drag coefficlents of both wings
for an extensive range of Mach number. For a 1lift coefficient of 0.5,
which generally was below the inflection 1lift coefficient of elther wing

(fig. 8), increasing the Reynolds number from 1.5 x 108 to 4.0 x 10° at

a Mach number of 0.5 decreased the drag coefficient for wing 1 by nearly
30 percent whereas that for wing 2 was decreased by nearly 20 percent at
the same Mach number. For a lift coefficient of 0.6, which was generally
higher than the inflection 1ift coefficient, the drag coefficients of
both wings were reduced by approximately 50 percent by increasing the

Reynolds number from 1.5 X 106 to 4.0 x 106 or 5.0 x 105. At the low
Mach numbers where a 1ift coefficient of 0.6 was less than the inflec-
tion 1ift coefficient of wing 1, the reductions in drag coefficlent
resulting from the increases in Reynolds number were still considerable.
Of interest is the fact that the effects of Reynolds number upon the
drag coefficients for 1ift coefficients of 0.4 to 0.6 diminished as Mach
numbers of approximately 0.85 were approached.

The deta presented in figure 10 indicate that for a Reynclds numberx

of 4.0 x 10° wing 1 generelly had lower drag coefficients (fig. 10(b))
end higher 1lift-drag ratios (fig. 10(c)) for Mach numbers up to ebout 0.65
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in caomparison with those for wing 2. For Mach mumbers between about 0.65
and the maximum investigated, wing 2 generslly had lower drag coefficients
and much higher 1ift-drag ratios. It has been shown in reference 4 that,
at a Mach number of 1.2, the 45° sweptback wing with the NACA 2-006 air-
foil section had essentially the same aserodynamic characteristics as the
45° sweptback wing with the NACA 65A006 airfoil section. For that wing,
the gains in low-speed inflection 1ift coefficient obtalnable by the use
of the NACA 2-006 airfoil section should be obtainable without large
penalties in the high-speed characteristics for an extensive range of
Mach number. Additional data are needed to determine whether the use

of the NACA 2-006 airfoil section on an unswept wing may result in com-
promises in performance for Mach numbers higher than those investigated.

SUMMARY OF RESULTS

An investigation bas been conducted in the Langley low-turbulence
pressure tumnel to determine the 1if+t, dreg, and pltching-moment char-
acteristics of two unswept wings with aspect ratios of 4 and taper
ratios of 0.2. The wings having NACA 2-006 and NACA 65A006 airfoil
sections were investigated at Mach numbers from ebout 0.10 to 0.92 and

at Reynolds numbers from 1.0 X 106 to 7.5 X 106. Some of the more per-
tinent results of the investigation can be summerized as follows:

1. At a Reynolds number of approximately 5 X 106, the wing composed
of NACA 2-006 airfoil sections had low-speed inflection 1ift coefficients
of about 0.3 higher than those for the wing composed of NACA 65AOO6 air-
foil sections for the conditions with and without flaps. With leading-
edge roughness, the inflection 1ift coeffliclents were nearly the same.
The increases in inflection 1ift coefficlient obtainsble by the use of
the NACA 2-006 airfoil section decreased with increases in Mach number.

2. The slopes of the 1lift curves and of the pitching-moment curves
for both wings were nearly the same throughout the range of Mach number
investigated. The maximm 1ift coefficlents for the wing with the NACA
2-006 sections were up to 0.1 higher than those for the wing with the
NACA 65A006 airfoil sections st Mach numbers less than 0.70.

3. For Mach numbers between 0.l and about 0.65 for a Reynolds num-

ber of 5.0 x 105, the wing with the NACA 2-006 airfoil section had lower
drag coefficients at 1ift coefficients between 0.2 and 0.6 as compared
with those for the wing with the NACA 65A006 airfoil section. At Mach
numbers higher than 0.65, the wing with the NACA 65A006 sirfoil section
had the lower drag coefficients at 1ift coefficients between O and 0.6.

Increasing the Reynolds number from 1.5 X 106 to 5.0 X 106 reduced the
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drag coefficients for both wings by as much as 50 percent for 1ift coef-
ficients between 0.4 and 0.6 at Mach numbers less than 0.85.

Langley Aeronautical Laboratory,

National Advisory Cammittee for Aeronautics,
Lengley Field, Va., October 8, 1953.
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TABLE I.- ORDINATES FOR THE TWO SYMMETRICAL: AIRFOIL. SECTIONS

[:Stations and ordinates in percent airfoil c_:h_ora

NACA 2-006 NACA 654006
Station Ordinate Station Ordinate
0 o) o} o}
.501 937 500 RIS
2.008 1.769 750 .563
4.5h41 2.413 1.250 .718
8.114 2.818 2.500 .981
12.717 2.983 5.000 1.313%
18.292 2.962 7 .500 1.591
2. 727 2.810 10.000 1.824
%1.828 2.561 15.000 2.194
35,000 2.4h2 20.000 2.47h
40.000 2.254 25.000 2.687
45,000 2.066 30.000 2.842
50.000 1.878 . 35.000 2.945
55 000 1.601 40.000 2.996
60.000 1.50% 45.000 2.992
65.000 1.315 50.000 2.925
70.000 1.127 5% «000 2.793
75.000 939 60.000 2.602
80.000 .T51 65.000 2.364
85.000 .564 70.000 2.087
90.000 376 75.000 1.775
95.000 .188 80.000 1.437
100.000 o] 85.000 1.083
90.000 727
L. E. radius: 0.805 percent c 95 .000 370
100.000 .O13
L. E. radius: 0.229 percent ¢

T. E. radius:

0.01% percent c
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¥ing Details

ACA 2=006 (wing 1
Atrfoll section %AGL &5 8006 {Higg 23
Aspect ratio 0
Taper ratio 0.2
¥ing area 1.0 s8q. ft.
Incidence oo
Dihedral oo

e 13
0.80 o 600
Bection A -~ A 0.20 ¢ simulated epllit flap
formed from 1/16 steel
—-Ia.oo'——
[=]
[=]
-
E-3
(-]

12,00

te—— o/% line

3333

Body of revclutio

n
4 fineness ratio = 16.00

Figure 1.- Model details.

e .- ‘g Moment oente;xl

Al dimenslons In inches.
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Figure 2.- Photograph of one of the models mounted in the Langley low-
turbulence pressure tunnel.
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Figure 3.- Low-gpeed aserodynamic cheracteristics of two wings of similer

plen form with NACA 2-006 and WACA 65A006 airfoil sections.
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Figure 9.- Effects of varistions of Mach number upon the aerodynamic
characteristics. of two wings of similar plan form with the NACA 2-006
and NACA 65A006 airfoil sections for several Reynolds numbers.
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Figure 10.~ Continued.
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Figure 10.- Concluded.
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