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A FLIGHD IRVESTIGATION OF THE BOUNDARY-LAYER
CHARACTERISTICS AND PROFILE DRAG OF THE
NACA 35-215 IAMINAR-FLOW AIRFOIL AT
HIGH REYNOLDS NUMBERS
By J. W. Wetmore, J. A. Zalovcik, and Robert C, Platt

SUMMARY

Tsats have been conducted in flight to determine the
boundary-layer characterigbticsg and the vrofile drag of the
NACA 35-215 airfoil section at high Reynolds numbers. These
tegts were made cn a test panel of 17-foot chord mounted on
the left wing of a Douglas B~18 airpiane jJust outside of the
propeller alipstream, Tests were made to determine the tran-
sition polnts and the bowndary-layer velocity profiles for
various surface and. power conditions over a range of airplane
1lift ccefficlents from 0.20 to 0.6 for which the range of
corrosponding Reynolds numbsrs was 30,000,000 to 20,000,000.
The profile--drag coefiicient of the panel was determined for
the best surface condition both with power on and with the
engines and propellers vtopped over a range of airplane 1ift
coefficisents from 0.21 to 0.32 with a Reynolds number range
of 32,000,000 to 16,000,000, In addition, the profile drag
of the uppur surface alone was determined for the same power
and surface condition and over approximately the same renge
of alrplane 1ift coefficients and Reynolds numbers,

With the best surface condition and the left engine
stopped, the laminar boundary layer was maintained to 42.% ver—
cent of the chord on the upver surface at a lift coefficient of
0.220 and a Reynolds number of 25,700,000, The results of the
transition tests indicated a reduction of about 3 percent of
the chord in the laminar-flow run over the upper surface due
to operation of the engines and propellers. As a result of
reducing the ludiceted amplituds of the transverse waves on
the uppor surface from 0.005 to 0.001 inch, the transition
point moved back from about 32.5 to about L2.5 percent of the
chord. ) :



The velncity surveys in the laminsr boundary layer Indicated
that values of boundery-layer Reynolds nurber Rg (vased on the
distance abore the surface at which the dynamnic pressure in the
bourdary leyer is one-half that just outside the boundary layer)
erceeding 8000 are sttainable in flight on sultably desisned and
corefully finished sirfoils,

The proTile-~drag ccefficient of the test prnel with englnes
stopred was found tc remain substantially constant at a value
of about 0.00'8 for flight condttions ranging from an airplane
11ft coefficient of 0.721 and a corresnmonding Reynolds number of
about 30,000,000 to a Lift coeflicient of 0,32 and a Reynolds
number of 24,000,000, Over the came range of conditions the
pro~ile—drag coafficient of the vpper surface alone varied from
about 0.0022 at the lowest 1lift coefficient tested to 0.0028 at
the highest 1ift coefficient. With both engines operating at
full throtile the drag coofficient due to both surfaces and that
due to the upper surface alone were both increased on the order
or 8 to 10 percent.

The results of the tests indicate the desirability for
continued Tligcht research on airfoils at large scale to supple-—
ment the development work of the tunnels.

INTRODUCTTION

During the earlier stages of the Committee's work on the
deveiopment of laminar--flow airifoils (reference 1), it was
found that by suitably designing the orofile of an airtoil a
favorable or accelerating pressure gradient could be maintalned
over as much as 80 percent of the chord back of the lsading edge.
Tests of some of these airfcils in the wind tunnels and in flight
showed that within the lower flight range of Reynolds numbers
the laminar boundary layer extended as far back as 30 percent
of the chord from the leading edge, with the result that the
profile drag wag extremely low,

In the higher Reynolds number ranges, say, above 20,000,000,
it was expectcd that other methods might be required to obtain
the desircd extensive laminar boundary layers and resulting
extremely low drags. The present investigation was undertaken
with the obJect of investigating methods of prolonging the
laminar flow et high Reynolds numbors and to give dota for
comparison with wind-tunnel data. Consequently, a suitable wing
wes chosen with these obJects in view rather than with this
obJect of choosing an optimum section for any particular
practical application.




This report represents results of the tests of the »nlain
airfoil, These tests zovered a ranre of Reynolds numbers
between 20,000,000 and 30,000,000 and included variations in
power condition and surface cuadition.e An investigetion of

e effect of section slots for bowndary-layer control will
be covered in a subsequent revort.

The teczts were made with a B-18 airplane which was made
available for this vroject by the Army Air Corps.

APPAPATUS

The Douglas B-18 airplane is a bimotored, Tully cantilever,
midwing monoplane with a wing sres of 958.6 square feet and a
design gross welght of 23,200 pounds. It is powsred with Wright
Cyclone R-1820~435 enaines (€10 horsepowsr at 2100 rpm and
8700 feet) fitted with 3-blade propellers having a djameter of
11 feet 6 inches. Hamilton Standard, hydraulically controlled.,
constant—gpeed propellers are normally used on this airplane,
but for most of the present tests, they were replaced by Curtiss
electrically controlled full--feathering propellers in order that
the ongines conld be stopped during flight. The weight of the
airplane as flown was approximately 22,000 pounds.

A test panel having the NACA 35-215 airfoil section (table I)
was mounted on the left wing of the airplane. The chord of the
panel was 17 feet and the span was 10 feet at the leading edze,
tapering to 5 feet at the traiiing edee. It wes constructed of
laminated white pine in thc form of a hollow shell with walls
about 2 incheg thick; the outside profile wasz accurately shaped
to templet gize. The surfaces wers sprayed with several coats
of lacquer bage filler and rubbed down with various grades of
water cloth, the final finish being obtained with a No. LOO
water cloth. The panel was supported on the wing by rubber pads
running along the top and bottom of the wing spars and was secured
in place by means of steel straps. The position of the panel was
such that the inbosrd end of the leading edge was about 1 foot
outboard of the prepeller disk, the leading and trailing edpes
were normal to the plane of gymmetry of the airplans, and the
plane of chord lines coincided approximately with the plane of
chord lines of the wing. The panel was falred into the wing by
meang of fabric stretched taut over a wooden framework. The
weight of the panel and fairing was 1394k pounds; satisfactory
lateral balence for all conditions of flisht was obtained by
removing all fuel from the left--wing tanks and adding 390 pounds
cf bailast in the right wing tip. Fipure 1 ig a photogravh of
the test panel mounted on the wing; its dimensions and location
are shown in figure 2,
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The upper surince of the panel was refinished several
tineg during the course of the *este so that various surface
conditions ave represented in the results, An indsx of the
surface wavinsss, 1. e., ithe mageltvde of the trannvarse waved,
wes obbalned by measuring the curvature veristion along the
suriece by meens of the device shown In flgure 3, Findshing
tho lower gurface wes found to he very difficult so that no
attompt was meds to refinisih it and no waviness peasurements
were mnde on it. The condition of the lower surface through-
out the investigetion is velieved teo Lave bsen sbout the same
ae the initlal conditloa of ths upper surface.

Free—ctresm stetic and tobal nressuresgs wers measured by
means of gtatic— and total-preggure tubes which were celibrated
with a static heed gvspended below tho agirplens.

The characterletics of tha bourdary layer were determined
by meansg eltier of S=inbo or Z~tube racks. The 5--tube racks
were each composed of e gtatle-nressure tuba and fovr totel—
preggure tubeg arranged to meassure the gtatic preassure Juet
outaide the boundary layer .ud iLkhe totol pressure close to
the suriace and at varicus diegtances above the surface wltiin
the boundary laycr; tuey were used Lo determine tne velocity
profile of the voundary layer. In ceges where it wes desired
to determine only the point at whizh trensiticn cccurred the
2-fube racks, each congsisbing o a static tube localed Just
outaids the boundery layor and a total-pressure tube located
cleosge to the surface, were used.

Wake—pressure surveys for the determination of profile
drag were accomplished by means of a bank of 25 total-preessurs
and 6 static-pressure tvbes located 12 percent of the chord
back of the treliing edge on the panel center line and extending
thHrough the entire wake, The total-pressure tubes were spaced
0.60 inch apart, A bank of tubes cunsieting of 21 total-pregsure
tubes, spaced 0.25 inch anart, und 3 static~preoseure tubses,
mcunted at the center of the truailing edge and externding cnly
through the upper surfuce wake wes used Tor the determination
of *the proflle dreg of the upper surface slone.

All preasures were measured by mesns of a multiplie-tube
alcohcl manometer and were recorded photogrephically.




TESTS

Boundary—layer measurcments were made on the upper surface
of the test penel over a range of airplane 1lift coefficients
from about 0.20 to 0,45; the range of corresponding Reynolds
numbers wae from ebout 30,000,000 to 20,000,000. Several
conditlons of the panel surface, as indicated in figure b, and
.various power conditions were investigated. The power conditions
covered were as follows: both englnes full throttle; both
engines 1dling; left engine stoyped, right sngline full throttle;
right engine gtopped, left engine full throttle; both engines
stopped. Only a fow tegts were made on the lowsr surface of
the panel because of ite inferior condition,

The profile drag due to beth surfaces and that due to the
upper surface alone was dstermined with the panel surfaces in
the final condltion snd for two power conditlons: both engines
at full throttle and both engines stopped. The profile—drag
meagurements covered a range of alrplans 1ift coefficients from
0.21 to 0,32 with a range of corresponding Reynolds numbers
from 32,000,000 to 24,000,000,

Inasmuch as 1t was necegsary to dlve the airplane in order
to attain the low 1lift coefficients desired, the rclative lag
of the various pressure tubes and lines was determined by
special tests and the results were corrected accordingly.

RESULTS

Results of the investigation are presented in figures 5 to 10
and in tables II to V. In figure 5 the distributions of pressure
coefficlent, S, (S=q/q,), over the forward parts of the surfaces
are shown, All experimental points in figure 5 are for positions
. along the center line of the upper and lower surfaces of the tecst

panel and were determined by means of the boundary-layer racks.,
Trensition results are presented 1n tables II and III for four
gurface conditions as shown in figure 4, and for various engine
and propeller conditions. The ranges of 1lift coefficient and
Reynolds number covered 1n each test run are included in addition
to the particular 1lift coefficients and Reynolds numbers at which
transition occurred. The method of determining the conditions
for transition is indicated 1in figure 6. In figures 7 and 8 the
velocity distributions in the laminar-boundary layer are shown
for varlous chordwlse and lateral positions on the upper and



Lowar surfuces as’p;bts of u/U against %;[Ei whers u 1is

he veloclty within the bownd-ry layer, U 1s the vsiocity
Juet outeide ihs bawsiary lay.r, 7y 1s the digtance from the
surfucs at which u  ie seesured, ¢ - is the panel chord, and
R 18 tho Reyncl&s nunoey in temms of tho pansl chord and the
frec~giream velocity; this method of plotting eliminates tho
offoct of variotions in Reynolds nuwher, Values of Ry, the
boundary—laysr Reynolds number in terms of 7 and of the value
of y  at waick .v/J = 0,707, are ’isted in table IV for
various conditions urdei which transition to turbulent flow
wng probably imminent. The profile-drag coefficieuts foir both
gurifeces and for ths upper swrface wlone are glven in filgures 9
and. 10, regpectively, and in teble V.

DISCUSSION

The p**eﬂouM dist“*bation‘over the forward 53 percent of the
chord on the upper svuriface and over 40 percent of the chord on
tlie lower svriace wae determired from the stollic—pressure measure--
merits obtaired with the boundary--layer racks. Inasmuch as tle
section 117t coefficlents ¢ could not be vvalnated without
presourc—distribution lata cver the entlre panel chord, the
rosguwits of the investigetion mye presented in relation to tho
airplene lift coerfficient CL.-.A gnanvise variation 1n tie
sface proscwwres indicatad thet the soction 11ft coefficlen®
voried on the order of 4 or 5 porcant over the rrngs of epanwlse
positions covered in the teste, beiny highest inboard and lowest
outboard of the penel cornter 11ne The section Lift coefilcient
at the center of the test pancl 18 bstimated to be about 0. 90 of
the airnlane 111‘+ coefrlcic:rrt S

Tho experimontal pressure distriducion shown in figure 5
vgs'oTtajnod at an alrplane litt coefficient of 0.238 so that
lie sectlon 1ift coefficient was probably ebout 0.22 as compared
to the value of 0.20 at which the alrfoil 1s desj;nﬁd to operate. .
This emall difference in 1ift coefficient would probably not
materially affect the shepes of the curves, The minimum presuure

on the upper surfaco ia ghown to occhr at about hb perﬂen* of
the chord.,

The tran81tion'Cbﬂdit ong gummarized in taoles IT and III
are defined as the coniltions at which, for a given chordwis
position, a slight departure from the given 1ift covff*cionb*
Reynolds numboer combination would .cause tronsition from loaminar




to turbulent flew, The transltion wag generslly woll defined by
en chrupt ries in the velcclty close to the swface as illustrated
in figure 6.

Comparison of the transition resulte for the various con—
ditions tegted is rather uacertaln in some cascs owing to the
fact that there is no fixed relation betwesu airpisne 1ift
coefficient snd Reynolds number; 1. ¢., for a quantitative
evaluation of the effect, for example, of ths power or surface
conGition on the extsnt of the laminur-boundary laysr, com—
parison should be mede at the sems 1ift coefficlent and at
the same Reynolds number. There ars, however, ssveral con--
clusions indicated by the regults. With the best surface
condition tested (condition D, fiz. ') and with the Left engine
stopped the laminar bouvndary layer was maintained to L2.L4 percent
of the chord on the upper surface. As shown in table II, tran-
gition was obsarvaed at this station at several different combi-
nationg of C; and R owing to the vnavoldable varistion in
the relation of R to C;, Dbetween dilfferent test runs. At
en airplane 11ft coefficient of 0.22Q which most nearly approaches
the dselgn 1ift cosfficient of the panel (Cl = 0.20), the
Reynolds number for trensition at 12,4 percent of the chord
wag 26,7 millions. The transition point on the lower surface
was not determined for exactly the foregolng conditions but,
a8 chown in table I1I, at a 1lift coefficient of 0.247 and a
Reynolde number of 06.8 millions transition cccurred st 28.4
percent of the chord so that for C; = 0,220, revpresenting a
more unfavorable condition for the lower surface, the extent nof
the laminary layer would be somewhat less than 28.4 percent of
the chord. This resuwlt is an indication of the degree of
inferiority of the lowesr surface condition as compared to that
of the best upper surface condition.

The influvence of surface condltion on the position of
transition iz shown mors directly by comparison between the
transition results obtalned with the different upper surface
conditions. With condition A, for which the indicated ampli--
tude of the transversgs surface waviness was as much as 0.005
inch, and with the left engine stopped, transition occurred
at 32.5 percent of the cherd and 28 inches outhoard of the
panel center line at an sirplane 1lift coofficient of 0.247 and
a Reynolds number of 26.4 millions. TFor surface condition D,
with an indlcatcd waviness amplitude of 0.001 inch, and the
game powsr condition the transition occurred at 42.4 pesrcent
of the chord at the same Reynolds numbter and a more wnfavorable
11ft coefficient o 0.256. The result of the improvement in the
uppar surface condition was therefore an increese in thc extent
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of the lamin~r boundary layer of at least 10 percent of the
chord. The effects of the Intermediate suriece conditlons evre
not definitely indicabt.d by the reosults.

Operation of the englnes ard rropellers had an adverse
effect on the extent of the laminar laye:. Couparison of' the
reaults obtained with both engines opsracving at full throttle
with those obtalned with both en~ines stopped indicates &
reduction in the laminar-flow rv. of about 3 percent of the
chord.

In figures 7 and 8 houndary—laye:r velocity distributions,
determinod for several conditinora f ow the teste, sro compared
with the thecvreticol Blagius flap-vluts distributions. In
general, the experimeutal points conform to the theoretlcal
prof'ile shape within the nrobable limits of accuracy of the
measurenents, The effect of the fevorabvle pressure gredient,
which 1s maintained. over the forward 45 perceni of the
35-215 aivrfoll section, 1s evidencoed in Jigure 7 by the values
of equivalent flas-plate length, corregponding to the Biaslus
profiles, which are generally le~s than the ectual distance
along the surface from the stagration peint,

The values of Ry derivoc from the measured velocity
distributions in the laminer boundrry layer and licted in
table IV range from about 7500 to YCOO. Although Individusl
values may not be entirely reliable, the results, in general,
are sufficlently consistent to permit the conclusion thav
values of Ry of at least 8000 arc atteineblie bhefore tran—
gition occurs in flight on suitably designed and carefully
finished airfoils. The value 8000 represents a consider-ble
increase over the high.ast values obtained in the original
NACA low-turbulence tunnel on laminar~flow airfolls similer
to the 35-215 section; this comparison indicates that even
with extremely low turbulenco in tle tunnel air stream,
boundary-layer and profile—drag measurements may be.subject
to considerable revision when arnlied to flight conditions.
It is pointed out that while the vrlue Ry = 8000 may not
be the ultimate attniuablc, thie value hag been attained and
therefore miy be used ac a guide in estimating what may be
expected in the sxtent of the lominor beoundery layer and
hence in profile drag for airfolis taving presswe—distribution
characteristics gemerally similar to those of the 35-215 alrfell,

The profile-drag coefficieut of the penel was determined
from the full-wake surveys in sccordance with the momentum
mothod as developed by Jones. (See reference 3.) For the




power—-off condition the coofficisnt 13 substentially constant
over the range of 1lift coeflicient a_n«i Reyncids nunber investi-—
gated erd hag a value of about 0,00u3, 7ith power on the value
is increased to about 0.0052 or 8 pwrcent

In view of the inferior condition of the lower surface of
the penel the profile—drag measurements on the urper surface -
alone are coneldered as more nourly repreeontatlve of the capa-
bilities of . the airfoill., Tho dreg coefficlents wore evaluated
from the helf-wake gurveys by the method of Squlre and Young.
(See roference 4.) As shown in figure 10, for the power—off
condition the coefficlent increaged from about 0.0022 at an
airplane lift coefflclent of 0.23 and a Reynolds number of
29,000,000 to 0.0028 at a 1ift coeificient of 0.32 and a
Reynolds nmumber of 24,000,000, It is reasonable to assume that
for equally good surface conditlong the drag due to the lower
surface would bo lees than theht of the upper surface so that
the minimum drag coefficient of the airfoil would be somewhat
less than 0,COLL, The adverse effect on the drag coefficient
.due to snglne and propellsr cperation is substantisted by the
powor-on reguits which show an increase in crag coe.cficient '
of about O percent over thas power-off values.

In referonce 4, in eddition to the method of determining
profile dreg from wake surveys, there is developed a method
of predicting the drag from a knowledge of the location of
the transiticn point, the laminar boundary-layer velocity
distribution immediately forward of the transition point,
and the pressure distribution between the transition point
and the tralling edge. To make use of this method the ex—
verimental prossure-distribution curve for the upper surfacs
given in figure 5 was exbended. from 53 psrcent of the chord ‘
to the trailing edge where the pressuve was known from the half—
wake surveys. The profile-drag coefficient of the upper sur—
fece was then calculated for the cases of transition at 42.5
percent and 32.5 percent of the chord, both at a Reynolds '
number of 28,000,000, TFor the 42.5 percent location the drag
coefficient was 0.0023 which is In close agreement with the
value obtained by the wake~-survey method. With transition - _
at 32.5 percent of the chord the drag coefficient was calculated.'”_g
to be 0.0028, Theso resulte indicate a reduction of about o
18 porcent in the profile drag due to the improvement in gur—
f‘ace condition between condition A and condition : D. :

- The" s:Lgnificance of the values of‘ profile drag obtained
from the tests of the 35-215 airfoll section may becoms more
apparent from suitable comparisons. For example, the theoret—
ical turbulent skin-friction drag coefficient for two sides
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of a Tlat plate at the Reynolds number rt which the valuve of
0.0048 was obtained for the tosct ranel is 0.0052 or about O
percent grsater. The minimtm profile-drag coefflclent for the
conventional NACA 0015 airfolil ssction is cstimated to be
0.0057 at the same Reynolds mumber or about 20 porcent grester
than that of tlie 35-215 section. Comparison on the basis of
the upper surface drag indlcates that the single surface
turbulent skin friction of a (lat plate 1s about 12 percent
greater end the single surface drag of the 0015 section about
30 porcent greaster than the unper surface drag of the 35-215
airfoll section,.

CONCLUDING REMARKS

A laminar boundery layer was maintained over the upper
surface of the NACA 35~215 test panel to x/c = 0.42h where
trangition to turbulent flow occurred at a 1ift coefficient
of 0.220 and a Reynolds number of 26,700,000, Improving the
condition of the upper surfece so that the indicated emplitude
of the transvovse wavesg, as measured wlth the surface curvature
gago, was reduced from 0,005 inch to 0.001 inch resulted in
increasing the extent of the laminar boundary layer from 32.5
percent to 42,5 percent of the chord, thereby probably reducing
the profilo-drag coefficient of the upper surface about 18 per—
cont. The results of the transition tosts indicatod a forward
movement of the trangition point of about 3 percent of the chord

due to operation of the engines and propellers.

The velocity surveys in the laminar boundarvilayer indicated
that valucs of boundary-layer Reynolds number Ry~ (based . on
the distance from the surface at which the dynamlc pregsure in
the boundary layer is one-half that just outside the boundary
layer) excecding 8000 are attainablo in flight on suitablv '
designed and careiully finiehed airfoila. : .

The profile-drag coefficient with power off wasﬂvery nearly
constant with a valuve of 0.0048 for flight conditions ranging
from an airplane 1ift coefficlent of 0.21 and & corresponding
Reynolds number of about 30,000,000 to a 1ift coefficient of
0.32 and a Reynolds number of 24,000,000. For the same range
of conditlons the profile—drag coefficiont of the upper surface
alone variled frcm 0.0022 to 0,0028., The effect of full-throttle
operation of the engines and provellers increased the profile—
drag cocfficionts as measured for both surfaces and for the
uppor surface alone on the order of 8 to 10 percent.
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Comparison of the resvlts of the present {light teats on
the 35-P15 airfoil gection with dats obtainsd on gererally
gimilar airfoils in the original NACA low-turbulence wind
tunnel choved that in flicht the laminar boundary laysr wes
maintained to values of Rg considerably greater than the
highegt valuss that waie witalnsd in the tunnel. This result

indicated that sven in tunrel air gtreeams of extremely low
turbulence the effect of the residual turbulence might be
TCoN-

arnrecisble, and thereby dcmonstrated the necesgity of
tinued flight rezearch on airfeils of large scale to supnle-
ment the developuent work of the tunnels.

Langley ¥emorial Aeronautical Laboratory,
National Advisory Coamittee for Asronsutics,
Lengley Field, Va., May 5, 19Ll,
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