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BOUUDARY-~-LAYER TRANMSITION ON TEE ¥.A.C.A. 0012 AdD 23012
AIRFOILS IN THE 8-FOOT HIGH~-SPEED JIND TUNNEL

By John V. Becker
SUMMARY

Determinations of boundary-laver transition on the
¥.A.C.A. 0012 and 23012 airfoils were made in the 8-foot
high-speed wind turnnel over a range of Reynolds Humbers |
from 1,600,000 to 16,800,000, The rcsults are of partic-
ular significance as compared with flight tests and tests
in wind tunnels of appreciable turdbulence because of the
extremely low turbulence in the high-speed tunnel.

‘A comparison of the results obtained on ¥W.A.C.A. 0012
alirfoils of 2-foot and 5~foot chord at the same Reynolds
Number permitted an cvaluation of the effect of comprcssi-
bility on tranmsition. The local skin friction along the
surface of the W.A.C.A, 0012 airfoil was measurecd at a
Reynolds Humber of 10,000,000.

For all the 1ift cosfficicnts at which tcsts were
made, transition occurred in the region of estimated lam-
inar separation at the low Reynolds Numbers and approached
the point of minimum static pressure as a forward, limit at
the high Reynolds Humbers. The effect of compreseibility
on transition was slight, Hone of the usual parameters

describing the local conditions in the boundary layer near
the transition point served as an index for locating the
transition point. As o conseguence of the lower turbulence
in the 8-foot high-speed tunnel, the transition points
occurred consistently farther back along the chord than
those measured in the F.A.C.A. full-scale tunnel.

An empirical reclation for estimoting the location of
the transition point for conventional soirfoils on the basis
of static~pressure distribution and Reynolds Number is pre-
sentede ‘

INTRODUCTIOR

The study of troansition from laminar to turbulent
flow in the boundory layer of airfoils has recently been
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stimulated by the dfscovery that extensive laminar layors
exist in flight over the forward portion of very smooth
wings (refercnce 1). The drag of an airfoil depends on
the location of the point of transition from the low-drag
laminar type of flow to the high-drag turdbulent condition;
and the prediction of drag from model tests therefore re-
guires that the transition point, both in the wind tunnel
and in fligzht, be known,

Most boundary-larer studles in the past have been re-~
stricted to flat plotes or to simple shapes such as spheres
and cylinders. (See references 2, 3, ané 4.) The results
have been of value os applied to 2irfoils chiefly in in-
dicating the powerful effects on transition of wind-tunncl
turbulence, surfacec roughness, and Reynolds Humber. On ’
airfoils opcrating through a wide range of angles of at-
tack, the correspornding large change in static-pressure
distribution is also important in controlling the extent

of the laminar layer. For all airfoils, two gecneral changes

in static-pressurc distribution on the upper surface take
placc ag the angle of attack is increased: The point of
minimum/static pressuvre moves forward and the adversc prose—
surc grédient behind this point becomes more severe., Ro-
cent tests in the ¥.4.C.A. full-scale wind tunnel (refer-
ence 5) showed that thesc factors cause the transition
point to move forward with incrcasing angle of attack.
. S

. Ianvestigations of houndary-layer traansition in the
N.A.C.A, 8~foot high-speced wind tuancl arc of particular
significance beceuse of the very low turbulence of the air
stream; sphere tests (reforence 6) showed approximately
the same critical Reynolds Humber in this tunnel as in
flight. The main purposcs of the present investigation
were: to locate points of trausition in this wind tunnel
on couventional, widely used airfoil sections as a basis
of comparison with results obtained in streams of other
furbulence; to obtoin the coffect of compressibility on
boundary-laver transition; and to determine the skin~fric-
tion distribution at a high Reynolds Number as a basis
for the prediction of airfoil drag.

In order to permit comparison with the tests made in
the HadelosA. full-scale tunnel, which has a furbulexnce
factor of 1.1 (reference 7), and with futurc flight tests,
the ¥.A.C.A. 0012 2irfoil was usged in the greater portion
of the present investigation. Less extensive tests of the
FeheCuAs 23012 airfoil were also made. By the use of
Y.A.C.A. 0012 airfoils of 2--foot and 5-foot chord, a



Reynolds ¥Yumber range of 1,600,000 to 16,800,000 was at~-
tainable and, by a comparison of the results obtained on
the two airfoils at the same Reynolds Number, the effect
of compressibility could be evaluatcd.

Because the prediction of airfoil drag demands a
knowledge of the skin frietion for the laminar and the
turbulent types of flow as well as of the location of the
transition point, complete determinations werc made of
boundary~layer velocity profiles at a Reynolds Number of
10,250,000 to allow computation of the local skin-friction
coefficicntse. Thesc coefficients are compared with the
approximations obtained by o suitable modification of the-
oretical flat-plate skin-friction coefficients, :

Force measurements showing the drag increment duc to
controlled forward movemcnt of the transition point were
also made and the results are correclated with those of
the skin-friction detcrminations.

APPARATUS AND METHODS

~ The W.A.C.A. 8-foot high-speed wind tunnel in which
the investigation was conducted is a single~return, closed-
throat, circular-scction tunnel. The air speced is continu-
ously controllable from approximately 75 to more than 500
miles per hour.

The airfoils cmployed in the tests spanned the test
section of the tunnel (fig, 1). Two 5-foot-chord airfoils
of N.A.C.Ae. 0012 and 23012 section werc constructed of a
wooden framework covered with 1/8-inch aluminum plate ex-
cept for a short section at the leading edge, which was
covered with steel and left unpainted to prevent erosion
at high speeds. The aluminum-covered portion of the air-
foils was spray-painted and finished with fine~grade water
sandpaper until it was acrodynamically smooth. Closec cx~-
amination of the surface revealed barcly perceptiblc sur-
face waves at the lines of attachment of the metal sheet
to the wooden formers, which could not be climinoated with
this type of construction. So that the effect of these
minute irregularities could be evaluated, another 5~foot-
chord N.A.C.A, 0012 airfoil was built of solid wood; the
surface of this airfoil could then be made aerodynamically
fair as well as aerodynemically smooth,



A 2~foot~chord N.A.C.A, 0012 airfoil was built of
solid duralumin. The surface of this airfoil was ideally
smooth andéd fair so that test results for it counld be di-
rectly compared with those for the solid-wood 5~foot~chord
¥.A.C,A., 0012 airfoil. o '

In the tests of the W.A.C.A. 0012 airfoils, velociw-
ties werc determined at four heights above.the airfoil
surface choscn to permit a study of the velocity distri-
bution in the boundery laycr. Pour small tosal-pressure
tubes were mountcd together with o single static tube in
an arrangcment similar to that described in refercnce 1.

The tubes used on the 5-foot-chord airfoils (fig. 2)
were of stainless stecl, 0.,040-inch outside diamaeter, with
a 0.,003-inch wall thickness. The ends of the total-pres-
sure tubes were flattened to an outside dimension of 0.012
inch for a length of one-half inch from the opening. The
tubes were 2 inches long and were soldered into 1/16-inch
copper tubes, which extended back along the surface of the
airfoll to rubber tubing that was led along the trailing
edge to manomecters. A hemispherical plug was inserted
into the end of the static tube and four 0.005«inch holes,
equally spaced around the circumference, were drilled in
the plane of the ends of the total-pressure tubes.  The
five tubes were soldered together on top of two 1/8-inch-
high bridges to facilitate handling, adjustment of height,
and attacament to the airfoill.

A similar set of survey tubes (fig. 3), approximatecly
two-fifths the size of thosc used on the 5-foot-chord air-
foil, was used for the tests on the 2-foot~chord airfoil.

© The mothod of 'installing the tubes on the N.A.C.A.
0012 airfoils is shown in figure l. Mecasurements were
made with the bank of survey tubes located at 5-percent—
chord intcrvals between 5 and 80 percent of the chord.
The entire installation was attached to the airfoil by
gummed cellulose tape covered with a thin coat of dope to
prevent raising at the cdges. In all the tests, the low-
cst tube was firmly sprung against the airfoil surfaces
The heights of the other tubes were set approximately to
the -dosired values by means of thickness gages and then
mengsured to the nearest 0.001 inch with a micromecter mi-~
CTOSCOPE. : : : L

The complete boundary-layer mceasurements required for
the skin-friction determination of the 5-foot-chord N.A.C.A,



alirfoil werc made by plocing two banks of survey tubes at
the same chord station and adjusting the cight total-pres-
sure tubes to include the full depth of the boundary laycr.

Owing to the foct that the tubes werc operating in o
vertical velocity gradicnt, the indicatced dynamic pressure
was slightly higher than the true dynamic pressure at the
geomedric ccnter of the tubes, The offective height, cor-
responding to the indicated dynamic pressure, was obtained
from the results of reference 8, which ghow that about 20
percent of the over-all height of the tube should .be added
to the geometric height.

A simplified method of detecting transition was em-
ployed in the tests of the WN.A.C.A. 23012 airfoil. Only
the total pressure near the surface was measurced by means
of single total-prossure tubes of the gsoame dimoensions as
those in the 4-tube survey heads used on the 5-foot N.A.C.A.
0012 .airfoil (fig. 2). .0uly one tube being required at,
gach station, it was possible to install tubes at all 14
gstationg at the same time. Care was taken to space the
tubes a sufficient distance. apart along the span so that
the wake of one tube did not poss over the adjoining tubos.
The theooretical static-pressurc distribution was used to
compute approximately the velocitics corrcsponding to the
total-pressure readings.

. The cffect of small surface irregularities in precip~-
itating tronsitvion is well known. In the measurement of
the drag increment associated with controlled movement of
the transition point on the B5-foot-chord W.A.C.A., 0012
wing, transition was fixed at the desired chord station by
a linen string doped across the span on both surfaces. Two
sizes of string, 0.035 inch and 0,017 inch (outside dimen-
sions after doping), were found to be equally effective in
fixing the transition point. The same result was obtained
by spraying a 1/3~inch strip of 0.,0037-inch carboruandum
grains across the span, transition being assumed to start
at the center of the strip.

TESTS

Determinations of boundary-layer %traanasition on the
N.A.C.A. 0012 airfoils were made at air speeds ranging from
the minimum attainable, approximately 75 miles per hour,
to 445 miles per hour. The section 1ift coefficients at



which the airfoils were tested were ~-0.57, -0.16, 0, 0.16,
0.33, and 0,65, Owing to structural limitations of the

. b=foot~chord airfoil, the maximum allowable 1ift cocffi-
cicnt decreased as the oir speed increased. Thus, at 445
miles per hour, only the zero-1ift condition could be
tested.s There were no restrictions on the allowable 1ift
coefficient of the 2-foot-chord airfoil in the speed range
covered in these tests. Most of the tests of the N:A.C.A.
0012 oirfoils were made with the metal-covered 5~foot~chord
airfoil and the all-metal 2-foot~chord airfoil, The tests
of the solid-wood 5-foot-chord airfoil were madec after the
main program had been completed and included only transi-
tion determinations at comparatively fow test conditionss

The. boundary-layer transition tests of the N.A.C.A.
23012 airfoil werc made over a range of speeds of 80 to
445 miles per hour, The section 1ift coefficients, sub-
“Ject to the same restrictions as for the b~foot-chord
N.A.C.A., 0012 airfoils, were 0, 0.15, 0.30, and 0.65.

The boundary-layer momentum~loss determinations uscd
in computing the local skin friction on the B-foot-chord
.N.A.C.A. 0012 airfoil were made at zero 1ift at an air
speed of 230 miles per hour. o

The drag of the metal-covered 5-foot-chord N.A.0.A.
0012 airfoil was measured for each of the following con-
‘ditions at speeds varying from 75 to 275 miles per hour:
¥ith the 0,035~inch string on upper and lower surfaces at
the 2-, B~, 10-, 15-, 20~, and R5~percent chord stations;
with the 0.0037-inch carborundum grains at the same sta=-
tions; and with the 0.0l7-inch string on upper and lower
surfaces at the 1i0-percent chord station.

STMBOLS
The symbols used in this report arc defined as fol=-

Vv, air spced {corrected for tunnel-wall coanstric-
tion effect). :

U, local valoclty Just outside boundary layer.

u,  local wvelocity in boundory loyer.
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docal skin-friction coefficicatb.

wing chord.

distance measurcd from leading edge along chord
line.

distance mcasured normal to surface.

distance measured from forward stagnation point
along surface. The relation between s and
x for the ¥.A.C.A. 0012 airfoll is shown in
table I.

boundary-layer thickness.

-~
fa X

. - &
isplacement boundary-layer thickness L /ﬂ <
)

kinematic viscosity.
cocfficient of viscosity.
Reynolds Mumber (Vc/vw).

local Reynolds Humber (Us/v).

local Reynolds Uumber based on boundary-layer
thickness (Us/Vv).

local Reynolds Wumber hased on displacement
boundary-layer thickncss (Us*/v).

scetion 1lift cocfficicent.

section profile~-drag coefficicnt.

=

scction skin-friction drag coefficiont.

&

U

T

cocfficient of static. pressurc.
: a
dynamic pressure (1/2 o V®).

mnass density of air,

momentum loss per unit span between boundary-

c
layer flow and o corresponding moss flow imme~

( Pioscal ~ Pstreom

dy

AN

)

/



diately outside boundary layer

6 ’ =1
[v/n pu(U - uw) ay | .
J o J

i, thickness number (1/3 Rg*) e

A, Pohlhausen'!s boundary~-laycr profil§~velocity shape

paramcter(
v ds

Subscripts:
T, at transition point.

m, at point of minimum pressure.

RESULTS AND DISCUSSION

Reduction of Data

Velocity calculation.—~ The method of computing the
speed of flow in the N.A.C.A. 8-foot high-speed wind tunnecl
is described in reference 9., - In the computation of the
local velocities near the surface of the airfoils, the com-—
pressible~flow form of Bermoulli's equation was used. The
local air density necessary for the calculations was ob-
tained by assuming adiabatic expansion from the low-speed
scction of the tunnel where the alr tcmperature is measurcd.
The usual assumption of constant static pressure throughout
the depth of the boundary layer was also made.

Constriction effect.~ The use of airfoils of large
size in comparison with the diameter of the wind tunnel rec-
sults in an air speed at the airfoil appreciadbly higher
than the speed that would cxist if the flow were not re-
strained by the tunncl walls. The magnitude of this effect
was determined by comparing the static pressurcs measured
‘: on the WeA.CiA. 0012 -airfoil with results obteined in the
f§{ full-scole tunnel and with potential-flow theory. For ex~—
ample, at an indicated tunnel air speced of 200 miles per
. hour, the effective speed at the 5~foot~-chord airfoil is

205 miles per hour. The corrcsponding value for the 2-foot-
thord airfoil is 200.8 miles per hour. Throughout this re-

A



port, the air speed TV has been taoken as the offective
spced obtalining with the airfoil in the tunnel; the dynanic

pressure usocd, in reducing the force and the pressure data
to coefficiont form was bascd on this effective specd.

[ SO
o

Transition

The transition points for the various 1ift coeffi-
cients were determined from curves similar to those shown
in figure 4, which may be taken as typical for both the
¥.A.C.A. 0012 and 23012 airfoil sections. _The transition
point 1s defined herein as the point at whi
locity near the surfac ‘beglns to show on abr 1 incre:
bw1ng to the onset of turoulent flow. The region of in=-

Creasing mean velocity immediatcly following the transition
point is called the transition region.

It will be noticed that the curve for the value of
1ift coecfficicent of =0.57 hes no well-defined position of
minimum velocity and that the behavior of the curve in the
cgion of increasing volocity. is very irregular. The
transition point for this condition cowld not be determined
except by a study of the shapes of the velocity~distridbution.
profiles, which showed a gradual transition over an cxtended
ceglion.

Upper surfaoces of N,A.C.A., 0012 nirfoils.~ The transi-
tion~point locations obtained on the b~foot-chord metal-
covered and solid-wood alrfoils arc gshown ftogether in fig-
ure 5 as o function of Reynolds Number for the various test
1ift coefficicnts. The slig wavin ss of the surfacc of
the mctal~covercd airfoil caused tro 1t10n to occur ome-

what nearer the %twnnatlon pblnt than for the Sgild~WOOd
“airfoil at all test conditions, At“+he high 1if% coeffi~
“cients where transition was controlled mainly by severe
adverse pressure gradients, the effect of the waves was
smalls at cq = 0.33, transition occurred only about 2
percent of the chord nearcr the stagnation point than on
the ideally fair solid-~wood airfoil. As the 1ift decrcascd,
the effect of the waves became more pronounced and, at a
value of ¢ of -0.16, coused transition to occur 7 por-—
cent of the chord nearcr the stagnation point than with the
ideal surface conditions, The effecct of the woves varied
only slightly with change in Reynolds Number. ‘

The transitioun-point results obtained on the 2~ and
the 5~foot-chord airfoils of so0lid construction arc shown
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together in figure 6. As the surfaces of both of these
alrf01ls were ideally fair and smooth, the results at a
given Reynolds Number are strictly comparablu. In the
range of Reynolds Numbers of 4,000,000 to 7,000,000, transw-
ition points were obtained on both sizes of a1r101l at
widely different speeds and the small differences in tran-
sition-point location shown (about 2 percent of the chord
on the average) are believed to be due to the effects of
the compressibility of the air. The Mach number (ratio of
the air speed to the speed of sound in air), upon which
compressibility effects depend, varied from 0.29 to 0,59
for the 2=foot-~chord airfoil and from 0,11 to 0.20 for the
b-~foot~chord airfoil in the overlapplng Reynolds Number

rrange of the tests. Compressibility appears to have no

e T

pronounced effect on the location of the transition point
lon o conventional airfoil'at,}ow 1ift coefficients, at
{least for Mach numbers below 0.60. It should be pointcd
out that the compressibility shoek, which has been found
to occur on a body when the maximum local velocity cxcceds
the local velocity of sound and which is accompanied by
radical changes in pressurc distribution over the body,
had not yet -appeared on the N.A.C.A. 0012 airfoil at the
maximun spced of the tests. ,

The static-pressure distribution as obtained by mcans
of the static tube in the boundary-layer survey head.is
shown in figure 7 for cach of the test 1ift coefficients.
The curves represent averages of all the data obtained on
the 5~foot-chord airfoils at specds below 275 miles per
hour. The only consistent change in the pressure distri-
bution for speceds grcater than 275 miles per hour was a
grecater negative value of the proessure COLlflGlcnt P at
ll stations, :

The region in which transition occurred for the
N.A.C.A. 0012 airfoils in the preseant tests is indicated
in figure 7 for the four 1ift coefficients that were tested
through the widest range of Reynolds ¥umber., At a given
lift coeofficicnt, transition never occurred ahcad of the

,point of minimum pressure and, from the behovior of the
¢ curves of figures B and 6, the transition point appears to

approach the point of minimum precssure, as an approximate
forward limit, at Reynolds Numbers of the order of
17,000,000, ¥From a consideration of the probable distance
that the laminar flow may extend along the chord at very
low Reynolds Numbers, it scems likely that the laminar
separation point is a disturbance of gufficicnt magnitude
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to precipitate transition under aany conditions. In sup-
port of this conjecture, tests on a flat plate (reference
10) showcd that transition in an adverse pressurc gradicnt
~t low Heynolds Numbers occurrced ot or very ncar the sepa-
ration point and resulted in a reattachment of the flow

to the surface., The theorctical laminar separation points
for the scveral 1lift coefficients were estimated by the
approximatc method of rcforcnce 11 and arc shown on figure
7. At the lowest Reynolds Numbers, transition occurrcd

in the vicinity, and gencrally somewhat ahead, of the the-
oretical separation poiants. The fact that the transition
points for the 1lift coefficicent of 0.33 fell as much as

5 percent of the chord to the rear of the estinmnated sepa-
ration points is probadly due o the lnaccuracy of estima~
tion of separation because 1o actuval separation was ob=-
served in the tests at these 1ift coefficients,

Upper surface of N,A.C.A, 23012 airfoil.~ Figurc 8(a)
hows the variation with Reynolds Number of the transition-
point location on the upper surface of the N.,A.C.A., 23012
airfoils It will be noticed that the transition points
are given in terms of x/c, chordwise distance from the
leading edges Uncertainty as to the exact stagnation-
point location on the W.A.C.A. 23012 airfoil made it in-
advisable to employ the paranmeter s/c uscd in prescnting
the N.A.C.As 0012 airfoil results. The thecoretical pres—
sure distribution corresponding to cach of the test 1ift
coefficients is given in figure 9(a). The gencral shapes
of tho pressure-distribution curves werc similar to those
for the N.A.C.A., 0012 airfoil, and a dircct comparison
with the N.A.C.4, 0012 airfoil results can therefore be
made., Although the analysis is somewhat handicapped by a
scarcity of test points near the extremcg of the range of
Reynolds FNumbers (fig. 8(a)), figure 9(a) shows that tran-—
sition occurred between the samc limits as obtained for
the N.A.C.A, 0012 airfoil, namely, the point of minimum
pressure and the cstimated laminar separation point.,

[42)

Lower surface of N.A.C.4. 23012 airfoil.~ The varilia-
tion with Reynolds Number of the transition points on the
lower surface of the N.A.C.A. 23012 airfoil is shown in
figure 8(b) and the corresponding thecoretical pressurc—
distribution curves are shown in figure 9(b). The approx-
imate method of reference 11, for estimating laminar sepa-
ration could not be satisfactorily applicd to this type
of pressure distribution.  The anomalous behavior of the
transition-point curves can, however, be satisfactorily
explained, by referencc to the reosults for the N.,A,Cuh,.
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0012 airfoil, on the basis of the pressurce-disiribution
diagrans, For all of the lift-coocfficlient values except
0.30, transition occurred, as on the ¥.A.C.A. 0012 air-
-foil, in the adverse pressure gradient back of the point
of minimum pressure in spite of the fact that (except at
cy = 0.65) there was a subscquent favorable pressure
gradient and another peak in ecach of the pressure-distri-
bution curves. The pressurc-distribution curve for ¢y =
0.30 is intermediate betwecen the type of curve with two
‘well-defined peaks (for ¢y = 0 and 0.15) and the type

with one peak (for cy = 0.65), The curve of transition-
point location against Reynolds Humber (fig. 8(b)) for
¢y = 0,30 was also intcrmcdiate between the corrcsponding

curves for these two types of pressure distribution.

Comporison with results for o morc turdbulent air
stream.- The difference between the transition-point loca-
‘tions obtained in this dinvestigation ‘on the 5~foot—-chord
netal-covered airfoil and the faircd results obtained in
the full=~scale tunnel on a 6-foot-~chord airfoil of similar
construction {referencc 5) is shown in figurce 10.  Since
the “test conditions and the models employed were made ‘as
nearly alike as possible, the difference in the transition
points is.intcrpreted to be mainly the result of the dif-
ference in air-stream turbulcnce. Figure 11 shows  the .
differcuaces in pressurc distribution on the ¥.A.C.A. 0012
airfoil as measurcd in the full-scale and the high-speed
tunnels.s Because the high-spced-tunnel data shown
were mcasurced at low speeds and have boen corrected for
the cffect of constriction, the differcnces shown are due
either to variations in shape and attitude of the models
employed or to variations in both. The discrepanciles are
slight and arc belicved to have a negligible effect on
transition and lominar separation. The greater turbulence
prosent in the full-scale tunnel air stream had a pro- ‘
nounced effect in causing transition tu occur nsarer the
stagnation point than in the present testse This effect
was largest on the pressure side of the airfoil at high
lifts and smallest on the suction side at high lifts. The
length of the transition recgion was considerably shorter
in the present tests and the transition point was much more
sharply defined than in the full-scnle-tunnel tests, as is
shown in figure 12. o »

" Application of results to frec-air conditions.~- Al-
though spherv-drag tests in the W.A.C.A, 8~foot high-spced
tunnel showed approximately the same critical Reynolds
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Humber os in flight, it cannot be assumed that the transi-
tion reosults presented in this rcport will be approximante-
ly the some as thosce obtained on identical airfoils in
flighte The small turbulence prescant in the tunnel head

on ingsignificant ¢ffect on tronsition on o sphere dut nay
have an apprcciable ianfluence on alrfoil transition., Un-
published results obtaincd in the model of the N.A,C.A.
two-dincnsional—flow ftunncl, which is belicved to have o
turbulcence level even lower than that of the 8-~foot high-
speed tunnel, showed the troansition points to lie from 2

to. b percent farther back on the solid-wood airfoil than
dn the present testse

~Local conditions at the transition point.- The bound-
ary—-layer date obtained by means of the four-tube survey-~
head mneasurenents on the 5-~foot-chord ¥.A.C.A. 0012 netal-
covered alrfoil nermitted an evaluation of parameters de-
scribing the local conditions existing near transition.
The local Rernolds Fumber Rg and the boundary-layer
Reynolds Kumber Rg were conputed and are plotted in fig-
ures 13 and 14, respectively, asg functions of the airfoil
Reynolds Tumber. It is at once apnparent that no single val-
ues of Ry and Rg occurred at ftransition, Ry varying
from 570,000 to 3,600,000 and Rg from abowut 4,500 to
11,000 with indicotion of still greoter walucs at larger
airfoil Reynolds Humbers. Vaolucos of the Reynolds HNunber
Hg* TDased on the alsplu enent thicknoss US*/D, which
can be obtained experimentally with a higher degrce of pre-
cision than &g, V&Tl 4 from 1,580 to 3,000, A wide range
of wvalues of these factors at transition was also reported
in refereunce 5.

The parameters ¥ and A were computcd for compari-

son with the flight-tost ro sults of referconce 1. The thick-
ness numbecr H is defined as
1 1 ,Us* \3
§ = Hg *° = “'( !
v 3N v/

Pohlhausen's boundary-layor velocity-profile shape poram=—
ey

ter A, having the characteristic value of =12 at the
separation point, is defined as

C

52|
o
©
<
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=
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@
o
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¥ oand AN, shown in figurc 15, had
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no consisteant values at transition. In genceral, the val-
ucs of both paramcters were numcrically less than the
values obtained in flight by Jones (refercence 1). The
values of ¥ lay bectween 800,000 and 3,000,000 and the
values of A lay between O and -6.,0. The corresponding
flight valucs (refecrcnce 1) for ¥ were 600,000 %o
4,800,000 and, for A, were O to =7.2.

‘There was also computed the nondimeansional pressure
gradicent at transition, which is defined as

o
2

R
e

|

T
(1——PT)\d>

o

at ST“

where o is the value of ¢ at the traonsition point.

3

sition point.

{

Pp. Ppressure cocfficient at the tra
The v~lues of this parameter lay between 0.05 and 0.54 and
showed no consistent variation with Reynolds FNumber.

It thus appears that the fundamental causes of tran-
sition connot be related in a simple way to thesc local
conditions existing at the transition point.

Corrclation of tronsition data on the basis of
Beynolds Number and pressure distribution.~ An attempt
was made t0 correlate the location of the transition
point with the principal controlling factors, Reynolds
Humber and pressure distribution. An approximate empiri-
cal relation between these variables based on the results
for the F.A.C.A., 0012 airfoil was obtained. It was assumed
that:

1. The laminar layer extends back of the point of
minimum pressure -a distance depending on the
local veloclity at thisg point and the airfoil
Reynolds Number.

2. The variation with Reynolds Wumber of the transi-
tion-point location, as experimentally obtained
for the zero~1ift condition, holds approximately
for the other 1ift coofficients. (See fig. 6.)

For the condition of gzero 1ift on the N.A.C.A. 0012
metal-covered airfoil, the following equation was found
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to fit the experimental curve (fig. 6) within the scatter
of the test poinits:

S bl
I 531(3)””“ + 0.05
(o] .

in which smp/c is the value of s/c at the transition
point. In terms of the location of the point of minimum
pressurec, sm/c, and the airfoil Reynolds Number modified
for the local velocity at this point, Uy, +the expression
is ~

ST Sm /RUm -1/2
— 7; + 584&*77-/ - 0.08
s
since, for the zero-lift condition, - B = 0,13 and
: : c
“m 1.21
V = - .

In figure 16, the valucs of this expression arc plot—
ted against the measured transition points for all the test
conditions of the W.A.C.A. OCl2 airfoils and all the upper-
surface results of the W.A.C.A. 23012 airfoil. On the same
figure are shown the results obtained from the H.A.C.A.
full=-scale wind-tunnel tests (reference 5), ¥.A.C.A, flight
tests (roference 12), and Jones! flight tests (refercnce 1).
It is sccn at once that, for transition points in the range
of values of sT/c from O to 0.35, which includes most
of the test conditions, the cquation can be used to osti-
mate the transition points on the airfoils tested with a
probable error of about 3 percent of the chord. For the
conditions of very low Reynolds Fumboers and the conditioans
existing on the pressure side of the a2airfoils at high
lifts, for which transition occurs in . the range of valucs
of ST/C from 0.35 to 0.75, the scatter of the points

about the mean curve increcascs but a definite corrclation
between the meoasured transition points and the valucs of
this ecxpression exists throughout the entirec range. The
fact that the flight-test resulte foll on the same curve os
the results from the 8-foot high-speecd tunncl is of particu-
lar intercst, the implication being that the turbulence
level in this wind tunncl is low enough to allow approxi-
mately free—alr transition points to be attained on conven-
tional airfoils., The test rosults from the full-scale tun-
ncl, however, fall on a well-definced curve considerably dis~
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placed from the results from the 8-foot high-spcod tunncl
and flight, and the indicated coffect of turbulcnce is in
gencral agreemont with the indications of figure 10.

Inasmuch as thetforcfoing method of estimating tran-
sition is bascd on the experimentally dotermined variation
with Roynolds Humber of tﬁu transition point on the
F.A.C.A. 0012 airfoil, it is obviously limited in applica-
ticn ‘to airfoils of convontional scction with proessure
distributions similar to that of the W.A.C.A., 0012 airfoil,
that isy with onc peak in the pressure-~distribution curve.
For ecxomple, the relation could logienlly be applicd to
the upper and the lower surfaces of the ¥N.A,C.A, 00, 24,
44, and 65 series, to %the Clark Y seriecs, and %o the
G8ttingen series of airfoils. It was successfully used
~to nredict transition on th: upper surface of the H.A.C.A,
23012 airfoil. (sce fig. 16), for which the pressure dis-
tribution is similar to that for the N.A.C.4i. 0012 air-
folil. 3But the pressurc distribution on the lower surface
of the WehAoCohs 23012 (sce fig. 9(Db)) is of a radichlly
different t¥ype and the anomalous behavior of the curves
of tr‘ns1t10n -point location ocgainst Roynolds Mumber (sce
fig. 8(D)) has alrcady beon discusscd. The oxnr~ﬂ31on
obv1ously cannot be employed in this i instance,

elotion is not appli-

n is controlled by lam~-
ry low Reynolds Humbers
t&. In other words,
to predict transition

It is .also apparcent thot ¢
cable'td éonditions where trans
inar séba"aﬁloa, for cxample, a
or on the upper surface at high
the expression should ncver be usec
back of the laminer sepafﬁtion point.

Skin Priction

Sitin~-friction dlStTlDuuloﬂ on the T.A.C.,A, 0012 air-
foile~ Thc momeantum loss per unit span in the boundary v
layer, I, was‘obtaiﬁod from the completc bouandory-layer
velocity profiles ‘shown ﬁ‘*i"u»ﬂ 17 for the condition of
zero lift at a Reynolds Fumber of 10,250,000, On a body
such as an airfoil, M may be considersd representative
of the drag, as a .qualitative approximation; and, for a
symmedtrical airfoill at zero 1ift, the coefficicant EM/qc
at any station of measurement thorefore reprosents roughly
the contvribution to the airfoil dr&& cocfficient of the
arco ahead of that stthoq.

t:‘, H-

;

A plot of the momontum cocfficicent  2M/qec is given
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in figure 18 to show the general effect of transition on
the drag of the airfoil; the estimeated momentum loss, had
transgition not occurred, is shown ags a broken line on the
figure. Although the values of M are somewhat lower
thmﬂ the drag, the coefficient dM/dx is nearly equal to
iD/dx over the turbulent-flow portion of the oirfoil.
Thes, at o given station, the difference between the ox-
perimentel curve, with transition occurring at 20 percent
of the chord, and the cxtended laminar-flow curve should
give a close estimate of the incrcase in drag cocfficien
resulting from a change in tronsition point from the sta-
tion under consideration to the 20-percent-chord station,.
For cxample, & movement of the itransition point of 10 por-
cent of the chord, from the 30- %o the 20-percent-chord
stotions, would result in an inercase in the value of the
drag cocfficicent of 0,00111 - 0.00053 or 0.,0006. The in-
creascs computed in this way arc comparcd later with ex~
perimentally determined increments.

The- local skin-friction coefficient, plotted in fig-
ure 19, was computed from the expression (derived in ref-
erence 13, sec. 17, pp. 106-108)

To
-9
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where T, 1is the local intensity of skin. friction. The
sudden increase at transition is followed by a gradual de-
crease toward the rear of the airfoil owing to the thick-
ening of the turbulent layer and the decrease in the local
velocity outside the boundary layer.

Total skin-friction and form drag.- The total skin-
friction drag cocfficient for the airfoil, cdf, is equiv=~-

alent to twice the arca under the curve of figurc 19 and
has the value O 0047, within limits of accuracy of £0.0005.
A comparison of this value with the best available cstimate
of the total profile-drag cocfficicent of the N.A.C.A. 0012
airfoil Cqg = 0.0056 at a Reynolds Humber of 10,250,000

o

(based on an extrapolation of thoe measurements of refercnce
14 corrected for transition=~point movbment) indicates a
pressure or form drag between 7 and 25 percent of the total
adrasge.

Estimation of airfoil skin friction.- The mceasurcd

skin-friction distribution shown in figurec 19 makes possible
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a comparigon of the merits of various methods of estimat-
ing airfoil drag when the transition point is kanown, ]
relatively small contribution to the total skin friction
of the friction of the laminar layer of conventional air-
foils at high Reynolds Numbers does not warrant the appli-
cation of laborious methods such as that of Pohlhausen in
computing the laminar skin friction. In the present col-
culations, the classical flat~plate theoretical velues,

modified to allow for the increased local velocity

potential flow, were employcd. For a flat plate,
local skin-friction cocfficient .is (rc¢efonce 13,

Do 89)
0.332 (upU2>l/a
Cf‘-:
o} ]
where U =;V. This . rclation was assﬁmpd to hold

mately for an airfoil where U # V and was appl

caonvenient form:

c. = 0.664 ;(U v)°

: T L g/c_

where U/V is the mcan value up to the station

1/2

The colculated laminar friction is shown in
and is seca to be’'a good average approximntion for the re-—
gion of laminar flow, The skin friction computed from tho
which could
be obtained with fair accuracy in the laminor~flow rcgion,
is oalso plotted in the figurce and indicates satisfactory
agrcement with the momentum measuremcnis The relation bo-

slope of the boundary-layer velocity profiles,

tween the slope and the surface Ir¢ctlon is

cp = B SBY
TN dy y=0

As o mattor of interest, the laminar boundary-layer thick-
ness was computed by the same method of approximation a
theoretical
equation

the agrcement between the experimental and the
thickn ss was good (fig., 20)., The approximate
for the. thckne s is:

5.5 s

1/2

<B.S U \

c v/
where TU/V is the mean value up to the station

the exact
sec., 1

figure 19

Se
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A method suggestcd by Dryden and Xvetho in rcfercnco
15 was used to compute the skin friction corresponding to
the turdulent flow. Thg_principal assumptions werec

(1) The boundary- layer veloc1tv distribution may be
deseribed by the relation u/U = (y/8§)1/7
at all stations in the turbulent-flow rezgion,

(2) The skin friction for a given local velocity do=-
pends only on the thickness Reynolds Number,
according to the results of pipe~flow tests.

Assumption (1) is substitutcd into the von 'Kdrmdn intcgral
equation and o solution for & is obtained; nomcly,

0.289 p % A% zo/4 4/5
=< 118758 U >
U -
0

&)

The velocity-distribution profiles (fig. 17) showed that
the cnd of the transition recgion was at about 30 percent
of the chord; that is, the profilcs baeck of this station
showed fully developced turbulent~flow characteristicse
Accordingly, & was computcd from the forcgoing equation
on the assumption that the developod turdulent layer start-
ed at o point sy (20 percent of the chord) such that the
momentum loss at the 30-percent-chord station cqualed the
measured value ot this station. The variation along Ehu
chord of the local volocity U was obtained from the ex
perimental rosults.

B; assumption (2), the skin- frlctlon coefflclcats
1 .

were ncn obtvained from

o
SL 2q

2
cp = 0.045 B2 —‘3-\
\ T8/

The rosults of the calculations of & ond cg arc shown

figurcs 20 and 19. It is secn that this method gave a
ir approximation to the thlck7 s of the turbulent laye

ig. 20) but that the computed skln friction CObfflClLﬂtS
. 19) were considerably higher than the measured cocf-
ienNt S ’
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Por small values of 8, +the preccding expression is
invalid since it gives the result c¢cy = o when 8 = O,
The computed turbulent-flow friction curve was thorefore
cxtended oaly to the center of the transition region. If
it is assumed th%t an instantaneous transition takes plece
at this ‘point x/c = 0.25), the arca under the computed
curves glves a computed Cap = 0.0053, which is about 11

EN

percent greanter than the measured value.

The foregoing calculations emphasize the fact that
cven if the trensition point is known, it is im oosslblo
to compute airfoil drag with sufficient precision. Ado-
quate dato on form drag and on the skin-frictioan coeffi-
cicnts corresvonding to the eddying flow on eirfoils must
et be obtoincd.

.Calcul;tion of scale offcct.~- The forward movemont
of the transition point with increasing Reynolds Fumber
(fizs. 6 and 8) indicates that the variation with Reynolds
Humber of the drag cocfficioent of o smooth airfoil will
not follow the skin-friction law for 100-percent turdulont
flow as is somciimes assumed for convenience in extrapo-
lating oirfoil data. In the calculation that follows, the
skin~friction drag cocfficient of the ¥.A.C.A. 0012 air-
foil ot zcro 1ift is computed for Reynolds Numbere ranging
irom 1;500 000 to 17,000,000, use being made of the experi-
-mentally OEClePLd 1oc ation of the tronsition point (fig.

6)}'.

The approxzimote mothod of computing skin friction
previou SWT described is considered adcequate for estimating
the variation in total skin friction with Reynolds HNumber
&1tnou0” the absolute velues of the coefficlents will be
somewhat high,  As before, the boundary-larer flow was con-
sidercd laminor up to the center of the transition region,
which was assumed to lie 5 porcent of the chord back of
the trensition point, i.c., at ST/C + 0,08, Beyond this

point, the flow was considered turbulent, An imugin L TY
starting point, 83, from which the turbulent layer wos
assumod to develop, was sclocted for cach Reynolds Yumber
so that the momeantum loss at the end of transition would
have the voalue 0.00035 ge + laminar drag, dotermined from

casurcments at R = 10,250,000, " The thickness of the
eddyiang layer was then computed from the Dryden-Xuethe

ti rewritten in terms of the Roynolds Humber:
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s/c
4/5
115/28

~ 0.289 , 1 N AT
bsfc = o | 7z <U/v/ (v/v) a(s/c)

/
/83, ¢C

=)
o
[¢]

airfoil drag cocfficient was finally obtained from

<U>3(ST/C + 0.05) 71/2 N
T

R |

édn = 2.66 '[

1.00

<%>7/4 Bil/é a(s/e)

(sf/c +o.o$)

where the quantity U/V in the term for laminar drag is
an average value taken between the leading edge and
ST/C + 0,05, and thc boundary-layer thickness & is ob-

tained from tac previous equation,.

The scale~effect curve thus obtained i1s shown in fig-
ure 21 where 1t is compared with thoe special case of 100-
percont turbulent flow, that is, where transition .occurs
at the leading edgo. It is seen that the curves have
greatly different slopes at the lowecr Reynolds Numbers and,
in addition, arc widely scparated. The anccessity of a
detailcd consideration of transition offeects in cstimating
the drag of a smooth airfoil is cmphasized. The increase
in drag duve to forward movement of the transition point is
morc than offsct by the decreasce of the local skin-friction
cocfficicnts with Reynolds Iumber througlout tihe range consid-
erct. At high Reynolds NWumbers, the slopes-of tho two
curves tend to become cqual owing to the fact that the mo-
tion of trensition becomecg small,

Results of force tests with controllod transition.—
The results of the force tcsts showing the increase in
drag associated with controlled movement of the transition
roiant arc prescnted in figure 22, The drag-coefficicnt
incremont . Acyg, corresponding to o change in transition-
point location A(xg/c), was defined as follows:




Acg = calwing with string) - cg(smooth wing) - cg(string)

The drag of the string at a given speed and station was
obtained as the difference in drag measured with the string
and the c@rborunaum strip Decause the drag of the carborun~-
dum strip, from an estimate bascd on tests with the wing
completely covored with carborundum was negligible. The
fact that the straight line through the exnorlmbntul points
docs not pass through the origin is probadly due to an -
error in obtaining thc basic wing drag, to 2 possible-ef-
feet of artificially induced transition by o surface irregu-
larity on the character of transition, or to a combination
of these factors. of paramount interest, however, is the
slope of the curve. A compoarison of the slope obtained

from thc momentum-loss diagram (fig. 18) with the slope of
the cxporimental curve shows good agrecement. There was
practically no change in the slope of tho curve, as deter-
minced cxporime ntally or as computed, w1th the Orl?lﬂul lo~
cation of traonsition, with the extent of the transition
movement, or with the Reynolds Number. The slope wos ap-
proximately cqual to the estimated profile—drag cocfficicnt
so that, as a general rule, for conventional airfoils the
drag—cocfficient increment in percentage of the proflle
drag 1s equal nunerlcallv to the chanmc in 1oc tlon 6f the
tra n51t10a §01nt in percentage of the cbord. Fox” exmmpIe,
a sma l1 surface irrcgularity ot the 5-~percent-chord station
on both surfaces of the N.A.C.A. 0012 airfoil would causec
transition to occur 37 percent of the chord anhcad of the
transition-point location on a smooth wing for the condi-~-
tion ¢y = 0 and R = 2,000,000 (see fig, 6) and would be
accompqnled by an increase in profile drag of approximately
37 percent. For R = 10,000,000, the increase would be
about 20 percent. ’

CONCLUSIONS

1. The transition point on smooth wings of conventional
section in an alr stream with turbulence approaching that of
free air may be expected to move progressively forward with
increasing Reynolds Number from the vicinity of the laminar
separation point at Reynclds Numbers of the order 1,000,000
to the vicinity of the point of minimum static pressure at
Reynolds H¥umbers of the order of 17,000,000, :

2. Stream turbulence of the magnltudo of 0.3 percent.
had a marked effect in canpsing transition to occur nearer
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the stagnation point, in increasing the leangth of the
transition rogion, and in recducing the sharpness of dofw
inition of the ftransition point.

3s The effect of eomprcssibility'on the location of
the transition point on airfoils at low 1ift coefficicnts
was slicht for Mach numbers at least as grcat ag 0,60,

4, Small departures from a fair profile in the form
of borely perceptible surface waves may causc transition
to occur necarcr the stagnation point than on an aerodynami-
cally fair surface, - :

ne of thé uvsual paramcters descriding the loce
in the boundary layer ncar transition served
x for locating transition.

[

@}

o
O w o

. 6. For a given stream turbulence, the static-pressure
distribution_and the Reynolds Humber werce the main factors
influencing the location of the freasition point on the
airfoils ”he trongition point on an airfoil of convene
tional seo ctlon with o pressurc distribution similar to that
of the N.A.C.A., 0012 may be expressed as an approximate
empirical function of the location -of the point of minimunm
pressure and the Reynolds Humbers ' '

7. Present knowledge of form drag and local skin-
friction cocfficients 1s inadequate for ths precise compu-
tation of airfoil drag even though the location of the
transition point is known.

Lapglev Mnmorlal Acronautical Laboratory,
Fotional Advisory Comnittec for Aeronautics,
Langloy Picld, Vo., Octobor 21, 1939.
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TABLE

I

Distances along the Surfacc (s/c) from the Theoretical
Stagnation Point, Corresponding to Distances along
the Chord Line (x/c) from the Leading Edge of the

N.A.C.A. 0012 Airfoil

sfc
cy
~0.57. ~0.33 |-0.16 10 0.16 10.33 |0.65
wfc
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.25 2501 .257| .263| .267| .271 .277| .286
. 30 \300| .307| .313; .317| .321| .327| (336
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.70 L700|  .707|  J7i3| .7lv|. .721| Jv27| .736
. 80 .801| .808| .814]| .81s| .s822| .e28| .837




H.#.C.h, Fige.1,2,3

chord W.4.C.4.

0013 so0lid-wood airfoil
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showing the method of
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Figure 2.—~Static~and total-pres-—

sure tubes used in sur-
veying the boundary layer of the
B5~-foot-chord N.A.C.A. 0012 air~
foils.

Figure 3.-8tatic-and total-pres -

sure tubes used in sur-~
veying the boundary layer of the
3-foot—chord W.4.C.4. 0013 air-~
foil. The tubes are approzimately
two-fifths the size of those used
on the 5-foot-chord airfoils.
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N.A.C.A. 0012 airfoils as affected by lift coefficient, Reynolds
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chord airfoil to show the effect of compressibility.
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Figure 7.~ Static-pressure distribution on the 5-foot-chord N.A.C.A. 0012 airfoil
for the test 1ift coefficients. The ticks indicate the location of the

transition points for the extreme test Reynolds Numbers, Estimated laminar

separation points are denoted by S.
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Figure 8.~ Variation with Reynolds Number of the transition point on the
N.A.C.A. 23012 airfoil for several 1ift coefficients.
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N.4.C.A. Fig. 9
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Figure 9.- Theoretical static-pressure distribution en the N.A.C.A. 23012 airfoil
for the test 1ift coefficients.
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Figure 10.- The difference between the transition-point locations on the
uppetr surface of the N.A.C.A. 0012 metal-covered airfoil as
obtained in the 8-foot high-speed and full-scale wind tunnels.
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Figure 11.- The static-pressure distribution over the N.A.C.A. 0013 airfoils (corrected for
constriction) compared with the results obtained in the full-scale wind tunnel.
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H.A.C.A. Figs. 12, 16
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Figure 12.- Comparison of typicai transition curves obtained in the 8-foot high-
.speed and full-scale wind tunnels. ¢;, 0; R, approximately 5,000,000,
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Figure 16.- Correlation of the transition point with pressure distribution and
Reynolds Number for the 8-foot high-speed-tunnel test results, and
comparison with full-scale-tunnel and flight-test results for several airfoils
over a wide range of Reynolds Numbers and 1ift coefficients.
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Fig. 17
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Figure 17.- Velocity profiles in the boundary layer of the N.A.C.A, 0012 airfoil. ¢y, 0; R, 10,250,000.
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Figure- 18.- Variation along the chord of the N.A.C.A. 0012 airfoil of the momentum-loss coefficient.
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Figare 19.- Variation along the chord of the N.A.C.A, 0012 airfoil of the local skin-friction
coefficient and comparison with theoretical approximations. ¢;, 03 R, 10,250,000,
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Figure 20.- The thickness of the boundary layer on the N,A.C.A. 0012 airfoil compared with
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Figure 21.- Variation with Reynolds Number of the skin-friction drag coefficient
for the N.A.C.A. 0012 airfoil. (From computations based on the 8-foot
high-speed-tunnsl transition measurements.) c;, O.
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Figure 22.- Drag~coefficient increment corresponding to change in location of the

trangition point on both surfaces of the N.A.C.A. 0018 airfoil. ¢;, O.





