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EFFECTS ar° Si’EGIFIC -mrr‘"s oF SURFAOE ROIGHNESS
.ON :BOUNDARY~LAYER. TRANSITION
By Lgurenoe K. Loftin, Jr.’ °

SUMMARY : B

‘Pests were conducted with two typical low~drag air-
foils of 90-1inch chord to ‘determine the effects of surface
projections, grooves, and sanding scrdtches on boundary- _
layer transition. The Reynolds number at which 'a spanwiss
row of cylindrical projéctions would cause premature ,
transition was determined for e raage of Reynolds -number

from approximately 3 x 106 to 10 x 10¥, Data were
obtained for projections of varlousa alzes and chordwlae
locaticns on both low-drag alrfoila. The results were
analyzed on the assumption that the critical airfoil
Reynolds number for a glven projeotion was a function
only of the local-flow conditlons around the projection.
This assumption negleoted possible effects of tunnel tur-
bulence, pressure gradlent, boundary-layer Reynolds .
number, and the original extent of the launinar flow. The
data correlated on the basis of this aaaumntion within &

range of critical airroll Reynolds number of *0,5 x 106
and within a range of projection height of +0.002 inch.
The tests of surface grooves and sanding scratches indi-

* ovated that, for the range of Reynolds number investigated,

the laminar boundary layer ¥as much leas senasitive to
surface - grooves and sanding acratchea than.to projections
above: the aurface. C

INTRODUCTION Lo

The development of the NACA low-=drag airfoils has -
aroused a great deal of interest in the problem of dater-
mining the amount of surface roughness necessary to cause
premature boundary-layer transition from laminar to tur-
bulent flow. A considerable amount.of data has besn
pubtished (references 1 an? 2) pertalining to the effects
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on alrfoll charactenristics-of the appllication of carbe-
rundun grains to ‘airfoll surfaces., Little data have been
published, however, concerning the Reynolds number at
which surface projectlons of a given slge and chordwise
locatlion would cause premature transition. Fage has con-
dueted tests to determine the-allowable s8lze of three
forms of surface ridge -~ flat, arch, and wire - located
at various positions on low-drag alrfoils (references 3
and l}) and later extended the work to include the effect
of smooth bulges and hollows (reference 5). Tanl, Hams,
and Mitulsi (reference 6) have investigated the effect of
spanwlse wires on premature transitlon.

The purpose of the present investigatlon was to
determine the Reynolds number at which surface projections
of a glven type but of varlous slzes and chardwlse loca-
tlons would cause premature transition and, 1f posslble,
to esteblisk a general relatlion between the projection
silze aud critical Reynolds number., An attempt was also
made to determine the effects of sanding scratches and
imperfect sheet-metal dbutt Jjolnts.

The tests-of this lnvestlgatlion were conducted in
the Langley two-dimensional low-turbulence tununel. Two
typlcal low-drag alrfolls were tested and data were
obtalned for various comblnations of projectlon size and
chordwise locatlon through a range of Reynolds number

from appraximately 3 x 10° to 10 x 10, Data were also
obtalned with the airfoll surfaces flnlshed with varlous
grades of sandpaper ané carborundum paper. The lmperfect
sheet-metal butt joints were simulated by grooves cut
into the surface. Tests were made with spanwlse grooves
of varlous sizes and chordwise locatlons.

Although the projections tested simulated no definite
type of roughness, the results of thls investligation
should prove useful as an indication of the order of mag-
nitude of the 1ndividual specks that may be tolerated on
a low-drag airfoll of gilven chord and pressure distri-
butlion, The Reynolds numbers of these tests were low
compared wlth usual fiight values; however, application
of the analysls to the prediction of allowable projection
slzes at higher Reynolds numbers appears reasonsable, par-
ti:ularlly for projections on the forward part of the
alrfolil.
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SYMBOLS AND COEFFICIENTS

”eaum'éiffali’sebtiﬁﬁ?diug“eoefficient P

.distanoe normel to surfaoe of 1ow-drag airfoil

boundary-layer thicknese, defined as. that distance
normal to the surrace at which (U)

' height or projection '
~dlameter of projection

ochord of low-drag airfoil

distance from alrfoll leading e&ge meesured-along .
chord line

distance from airfoll leading edge measured along
surface

free-stream veloclity -
local velocity Just outside boundary layer
local velocity inside boundary layer -

local velocity inslde boundary lawer -at top of a
projectlon

free-stream dynamic pressure

local static pressure . ' )

local total pressure Just outside boundary layer
free~stream total pressure

local total pressure_inside boundary layer

'H. -
.p:oessure .coefficlent . (—3——-—-) _

9%

“noeffieienx o:_kinematie viscoslty

B _
i . .
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R airfoll Reynolds mutber; based on chord of low-drag

U,C

airfoil and free-stream veloclty —%—

R! Reynolds number per upitllength; based on veloclity
Just outsids boundary layer

cl

Rg boundar}alayer Reynolds number; based on boundary-
layer thickness and local veloclty Jjust outside
boundary layer (R16)

Ry projection Reynolds number; based on helght of pro-
Jection and velocity in boundary layer at top of

projsction ‘-:?a

R, Reynolds numbsr basgad on distance x and local
veloeclty Just outslde boundary layer at
position x (R'x)

3 .
T boundary-layer transitlion parameter yﬁ:E:é

vE - p
A constant for any chordwise location of '
Ugc &l/ﬁ'i
proje_ction ( T )(0.76[4.
Subscript:

cr indlicates conditions jJust before transition from
laminar to turbulent flow.

TEST METHODS

¥odels.- The tests were conducted 1n the Langley
two-dimensional low-turbulence tunnel. The-tsat sectlon
of this tunnel measures 3 by 7.5 feat and when mounted
the models completely spanned the 3-foot dimensilon.

Tests were conducted with two typlcal laminar-flow
ailrfolls which hereinafter wlll be referred to as low-
drag airfoll 1 and low-drag alrfoll 2. On both airfolls
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the position of minimm pressure was at 0.Tc; however,
the pressure gradient was more favorable on low-dra, air-
foill 1 than on low-drag airfoil 2.  Low-drag airfol

- was cambered far an. 1dea1.11tt coefficient: of. 0. Z.with a-
'maan 1ine of the type. a = 0,7; low~-drag airfoll 2 was a
symmetrical section. Expenimental pressure dilstributions
are: presented for the.two airfolils at the given test con-
. ditions in figures 1 and 2. . The models were constructed
of wood and were painted and sanded to have aerodynami-
cally smooth rinidhes. Each model had a ohord of .

90 1nches. . T

Tests.- The projeotions were - cylindrical anmd. con--

sisted of headless nalls driven perpendicular into the
surface until the desired helght. was attained. - The pro-
Jection helghts were determined with an Ames dlal gage..
Tests were performed with one spanwlse row of projeotions
of constant size located at the. desired 'chordwilse station
on_the ypper surface ‘of the ailrfoll; the spanwlse spacing
was 3 inches in all testa. . Projections of 0.035-inch
dlameter and varilous heights were employed in the tests;
check tests were conducted with projectlons of 0.015-inch
dlameter. The varlious combinations of projectlion slze
and chordwlse locatlon tested with low-drag alrfoils 1
and 2 are presented 1in table I. DIrag data were obtalned
for airfoll Reynolds numbers varylng from approxi-

mately 3 x 106 to 10 x 100 for the airfolls with smooth
surfaces and with each combination of projectlion aslze
and locatlon. The drag measurements wers made at a
single spanwlse location by the wake-survey method, a -
complete-description of which appears 1ln reference 1l.
For each prcjection combination, the Reynolds nurber at
which the drag coefficlent showed a deflhite inecrease
over that of the smooth airfoll wag cohsidered to be the
critical Reynolds nmimber. ‘The drag data were often .incon-
clusive, partiocularly when the projections. were located
at lerge distances behind the leading edge. 1In these
instances the boundary-layer transition parameter (refeor-
‘ence T) was determinsd from measurements of the velccity,
profile in the boundary layer. These measurements were
made. with -a rack of total-pressure tubes (reference. 7)
located 2 inches .behind the projections. The Reynolds
mumber at which the boundary-layer transition paramater
showed a deflnite increase was cqnsidered.the. critical. -
value. The drag of the airfoll without projections was
_determined at frequent irtervals ta insure that all drag
increments were aaused by the projentions and not sama
pther surface 1mperfection. . _
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Imperfect. sheet-metal butt: Joints were slmulated by
grooves of several sizes cut into the surface of low-drag
airfoil 1. The .various combinations of groove size and
conflguration that were tested are presented in table II.
Grooves of X-plan form are 1llustrated 1ln figure. 5. The
procedure Followed in performing the tests of the airfoll
with grooves was the same as that for the airfoils wilth .
projections. )

The varlous grades of sandpaper and carborundum
paper used for determining the effeots of sanding scratches
on transitlion are indicated in table III. Not only were
various grades of abrasive used to- determine the effects
of sanding but the directlon of sandling relative to the .
alr stream was also varled. Enlarged photographs of sur-
face areas sanded with circular and cross-hatched strokes
are shown in figure L. The method for applying the rough-
ness 1s shown in figure 5. The roughness area was pro-
gressively lncréased from a strip from 0.7c to 0.5¢ to
include the part of the airfoll between 0.7c and the
leading edge. Drag data were taken through the range of
Reynolds number after each area was sanded.

RESULTS

ProjJectlions.- The results of the investigation of
the effects of surface projectlions on transition are pre-
sented in figures 6 to 10. The variation of section drag
coefficlent with airfoll Reynolds number for the two low-
drag airfoils with smooth surfaces is given in figure 6.
The increase in drag coefficlent for low-drag alrfoll 2
at the higher airfoll Reynclds numbers 13 belleved to
have been caused by the increase 1ln alr-stream turbulence
wilth Reynolds nmumber. The drag of low-drag airfoll 1 was
not affscted by the increasing alr-stream turbulence
because of the more favorable pressure gradlent of this
ailrfoll. The results 'of the analysls given later 1in the
dlscussion appear to indicate that the turbulence of the
alr stream had only a secondary effect on the Reynolds
number at whlch the projJectlons caused premature
transition.

The increments of drag induced by projections of
varlous sizes and chordwlse locatlons are plotted against
airfoil Reynolds number in figures 7 and 8. The boundary-
layer transition parameter (reference 7) 1s plotted as a
functicn of airfoll Reynolds number in figures 9 and 10.
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Surface grooves end sapding acratches.- The results
of the invectigation.of the. effacts of. suriace grooves
end  sanding soratches on transition’ together with the
test conditions at which the. results wers obtained ‘are

1presented 1n tablea IT and III, reapeotively__

DISCUSSION AND ANAL!BIS-

Projections.~ As has already been lndicated, the
airfoll Reynolds number at which either the drag increment
or boundary-layer transition- perameter shows a definite
increase 1s considered to be the oritical Reynolds number

-at which premature transitlon occurs., .The accuracy wilth

which an increase in either of these peramsters estab- -
lishes the critical Reynolds number 1s indicated 1ln flg-
ures 7(c) to 7(f). Several values of the ‘critical
Reynolds number were obtained with each size of projection
at 0.20¢ on low-drag airfoll 1. The values of the
critical Reynolds number obtalned wilth each conflguration

generally agree within 1 X 106 “Although better agreement
might be conslidered desirable, the results presented are
thought to give a good indilcatlion of the order of magnl-
tude of the Reynolds number at whlch premature transition
may be expected with projections of a glven slze and
location.

The general effects of projection size and location
on. transition are indicated by the experimental curves.
As might be expected, the crltlcal airfoll Reynolds number
at a specified chardwise station decreases wlth lncreasing
projectlion height and dlameter. As projectlons of a glven
slze are moved toward the leadling edge, the critical
Reynolds number decrsases untll the ‘projections almost
reach the stagnation point and then beglns to lincrease.
The lower critical Reynalds numbers for projectlions of
given height at 0.65¢c as compared with those for projec-
tions of the same helght at 0,50c (figs. 7 and 9) may be
due to the combined effects of a‘ zero or slightly unfa-.
vorable pressure gradlent and larger.values of the. _
boundary-layer Reynolds number. The results obtained
with projections nesr the stagnation polnt are explained
by the low velocity over the surface and the steep
velooity gradient at _the. stagnation point, The increéase
in oritical Reynolds numbser as projections, are placéd
near the stagnation point shoéuld not however, be taken
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to mean that lerge projestions may be tolerated near the
leading edge. At some angles of attack, the veloclty

near the leading edge would be very high arnd, consequently,
the criticel projection size small. Although the value

of the critical airfoll Reynolds number variles with chord-
wise locatlon of the projections, the results indicate
that the critical Reynolds number 1s much more sensitilve
to variation in projection size than to varlation 1n pro-
jection ckhordwise location. A comparison of the results
obtained with the two low-drag alrfolls lndicates that

the symmetrical ailrfoil has a higher critical Reynolds
number for a given configuration than the cambered air-
foill.. This result is quite reasonable since. the local
veloclty over the upper surface 1s higher for the cambersd
section than for the symmetrical section and the boundary
layer 1s therefore thinner.

The menner in which the drag coefficlent varles wilth
airfoll Reynolds number depends on the way in which pre-
mature transition occurs. The movement of the transitlon
point from its original position to the position of the
disturbance may extend over a consliderable range of
Revynolds numoer. Thils process occurs as a result of an
unsteadlness or waviness induced in the boundary layer
that grows 1n amplitude as the dlstance behind the dis-
turbing element 1s increased., If the original length of
laminar flow 1s sufficlently great, the unsteadlness
induced by the disturbance wlll increass to such a degres
as to cause premature transition before the original
transition point i1s reached (references 8 and 9). As the
Reynolds number 1increases, the poslition of critical
unsteaediness moves forward and causes a progressive
decrease 1in the extent of laminar flow in the boundary
layer so that the drag shows a gradual increase over a
considerable range of airfoll Reynolds number.

In the present tests, however, (figs. 7 to 10) the
transition point seems to move, at a particular value of
the alrfoll Reynolds number, abruptly forward from its
original position. In some of the flgures, the value of
the -drag rises abruptly and then contlinues to rise with
increasling Reynolds number but more slowly than before.
The ultimate value of the drag corresponds presumably to
transition at the projection. The continued rise 1in drag
after the filist abrupt increase may indicate either that
the transition polint dild not necessarily move all the way
to the distwrbance as soon as the critical Reynolds number
was exceeded or that all the projections in the-single
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gpanwise, row across the dlrfoil-did not have: exactly ‘the
same helght and shape: and- therefqre the ‘same .critical
Reynolds - mumber. In any dasd; the sharp nise in dras
seems oharaoteristio of the projections tested.

‘An attempt was made to oorrelate the oritioal ‘airfoil
Reynolds mumbers @t which the projections cdused préma-
ture. transition with 1ooa1-flow conditiona around thée"
projection (reference 10). - In such an analysis of the
results, cértain variables are neglected, such as tunnel -
turbulence, preasure gradient, boundary-layer Reynolds .
number, and the ariginal extent of laminaer flow, except
inaofar as these variables affect looal-flow conditions.

Similarity of local-flow conditions about projectlons
in similar flelds of flow 18 obtalned if the projectlons
are geometrically simllar and if the Reynolds number of.
the flow about the projections is the same. 'In the fol-
lowing analysis, the projectlons are taken to be suffi-
clently small to make 8u/dy 1n the absende 'of the pro-

Jectlon essentially constant from the surface to a helght

equal to the helght of the projection. Cylindrical pro-

Jections ares geometrically similar if thelr fineness

ratios 4/k " are the same. For each value of d/k " the

local~flow pattern 1s therefore completely determlned by

the Reynolds number of the flow about the projectilon.

The, Reynolds numoerkof the flow sbout the projection Ry
u

was taken to be —%—. The critical project on.Reynolds

number Rk .was calculated frém the experimental data
cornesponding to the oritical alrfoil Reynolds nmumber as

indicated by the curves of flgures 7 to 10. The Blaslus

relation for &u/dy. expressed in terms of the boundary-
layer ‘thickness was employed for calculatlng w,. The

variation of the boundary-layer thickness with chordwise
position at Reynolds numbers cof 3 x 106 and 9. x 106 is

- glvenr in figure 11 for low-dreg-airfolls 1 and 2. The

boundary-layer thickneases were calculated by means -of’
equation (Bl) of appendix B. The final .equation for the

.oritioal projection Reynolda numher is as follows:

Re, = 076h(5E) Ry 1 . D)
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The derivation of equatlon (1) 1s given in appéndix A
and the method -of reducing the expérlimental data to
obtain chi'-is outlined 1in appendix B.:

Values of X are plotted against the corre-

or :
sponding values of the projectlion fineness ratlo d/kx 1in
figure 1l2. - In thls figure ,ﬁﬁ:. was ‘used as & varilable

rather than chr bscause \/Riir is directly propor
tional to the oritical projection height. '

. The considerable scatter of the points shown in

- flgure 12 .appeers to be unsystematic. The scatter may
have been caused primarily elther by the neglect of some
of the varlables previocusly mentioned or by experimental
inaccuracies 1n determining the critical alrfoll Reynolds
number for a glven projection. Check tests of the
critical Reynolds number have been shown to differ by
approximately 1 X 10”., In order to indicate the practical
slgnificance of the scatter of the data shown 1ln flgure 12,
.curves of projection helght agalnst critical ailrfoll
Reynolds mumber have been calculated from the faired curve
of figure 12 by means of the relatlon presented in :
appendlx C. The comparison of the experimental polnts
with the calculated curves (figs. 13 and 1) shows that
virtually all the experlmental points of the critilcal
Reyrolds mumber can pe made to agree with the calculated

curves by shifting the polnts not more than 0.5 X 106 on
the Reynolds number scale and not more than 0.002 1lnch

on the helght scale. The results therefore lndicate that,
wlth the exception of the points obtalned for projectlons
close to the stagnation point, the effects of small pro=-
Jectlons on transition can be correlated with local-flow
conditions within the limits of experimental error in
thls investigation. .

The data from which \/R'k'c"x; was correlated with d/k
were taken at Reynolds numbers from approximataly 3 x 106

to 10 x 106. It 1s reasonable to belleve, however, that
the correlatlon would be valld at highor Reynolds numbers.
A consideratlon of the parameters descrlbing the boundary
layer 1lndicates that conditions near the leading edge at
high Reynolds numbers are equlvalent to conditions farther
back at low Reynolds numbers. The analysls presented 1s
then particularly applicable when small values of x/c
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are consldered with relation to high Reynolds numbers.
‘Inasmuch as all tésts were made wlth ore spanwise row of
-..0ylindrical projeotions, the critical -Reynolds number may
be somewhat optimistic'fbr“iro]éhtions likely-to-oecur .An
practlce because of variations in the shape of the . pro-
Jections fiom the type investigated and possible combined
effects of a number of projectlons at varilous chordwise
- locations., It should also be noted that the analysis was
based -on data in which the helght of the projection was
small compared to the boundary-layer thickness and can be
expected to apply only ihen_this-oondition 1s fulfillled.

"Fage has presented the results of. .experiments con-
ducted for the purpose of determining a eriterion far the
erlitical helght of either a single arch or a flat rildge
located 1in a spanwise dirsctlon at various chordwlse
posltlions on a low-drag alrfoll {reference 3) and a flat
plate (reference l). &he criterion as detérmined from
the alrfoll tests was prasented In the form of a corre-
lation of Ry . . with k/c, where ¢ 1s the airfoill

chord and k .the ridge height. The values of Rit o

determined from the flat-plate teats were correlated
with k/I, where I 18 the original length of laminar
flow. Although the drag data presented in reference 3
show that the oritlical Reynolds number 1s somewhat
dependent upon the deslgn length of laminar flow, the

valucs of \/chr determined from these two investigations

were plotted 1n figure 15 as a function of d/k, where 4,
in this case, was taken to be the ridge width. The
parameter d/k 1s simllar to the projection finensss
ratio in that 1t describes the form or geometry of the

boundary-layer disturbance. The values of ‘/ﬁkcr

obtalned from tests made with projections and ridges are
not strictly comparable, since ridges represent a two-
dimensional disturbance and projections are three-

dimenslional. Values of chr obtalned from the lnves-

tigation of three-dimensionel projectlons are, however,
also included in figure 15 and show the similarility between
the results obtalned with the two distinctive types of

aisturbence. . Although the, values of \fRi . obtained

with the two types of disturbance do not form a con- .
- tinuous curve, they are of the same order of magnitude.




12 “ NACA ACR. No. I5J29a

- 'In order to check Fage's results, a strip of "Scotchh
cellulose tape simulating a spanwlse ridge was applied.to
low-drag airfoll 1. - Two thloknesases. were employed and
the results, which are plotted in figure 15, are 1in falr
agreement with Page'!'s results. -Fage also made tests with -
a spanwise wire located at variocus chordwise positians -
(reference 3). Wires of three diameters were tested;. the
value of d/: wes, of course, 1 in all cases. The values

of \/chr obtained were 13.1, 13.5, and 8.6. 'Tani, Hama,

and Mituisi (reference 6) conducted :similar tests with
wires located on an airfoll and .a flat plate. The values

of ‘/Rk:cr .were 13 for & flat plate and 15 for an airfoil.

Surface grooves hnd:sandingfscrhtches.é-The results

of the inveatigation of the effects of surface grooves
and sanding scratches 1ndicgte that within the range of
Reynolds number from 3 -x 10° to 10 x 10°, at which these
tests were conducted, the boundary layer is relatively
insensitive to surface scratches. Only deep X-plan-form
grooves located near the ‘leading edge caused premature
transition (table II). No definite indications of pre-
mature transition were notlced with any of the types of
sanded surface. The drag was somewhat high when the

surface was finished with No. 1%.sandpaper, but there

was no definite break 1n the drag curve. It 1s thought
that at higher Reynolds numbers than those at which the
tests were made the type of sanded surface would show a
more deflnite effect upon transition. A comparison of
the results obtalned with varlous types of surface imper-
fections indlcates clearly that, within a glven range of
Reynolds number, the laminar boundary layer 1s muchk more
sensltive to surface projections than to indentations in
the surface. ’

CONCLUSIONRS

From tests conducted with two typlcal low-drag alr-
folls of 90-inch chord to determine the effects of surface
projectlons, grooves, and sandlng scratches on boundary-
layer transition, the following conclusions were reached

1. The Reynolds rnumber at which one row of spanwilse
projectlions causes premature transition is primerily a
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function of the projection geometry and' the Reynolds
number baSed on the height of the projection and the
veloclity at the top of the projection, provided the

height of the projection 1s small campared with the

boundary-leyer thioknese._ -

2 The laminar boundary layer is more sensitive to
surface projectibne ﬁhan ‘to surface grooves or sanding
scratches, .

Langley Memorial Aeronautlcal ILaboratory .
Natlonal Advisory Committee for Aeronautics
Langley Fleld, Va.
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IERIVATION OF Rkyp = 0.761;(3—~> Rg,p

The parameter Ry may be ‘thought of as & Reynolds
number tased on the projection helght and the boundary-

layer veloclty at the top of the projectlion; that is,

Rk?B'k;

For smell values of 7y, the veloclty u 1in the lamlnar
boundary layer may beo oxpressed as a linear functlon
of y by

du
u = ydy
then
::'EB
uk d'y
so that
i du
Rk =% ay

In order that Rj; may be more sasily calculated,

the Blasius relation (reference 1ll) for the slope of the
laminar boundary-layer veloclty proflle 1s introduced

du
35‘053‘\/— (a2)

The substitution of equation (A2) into the expression for
the projection Reynolds number glves

v ¥

Ry = k20.332; (43)
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The Blasius expression (reference 1ll) for the boundary-
-layer thickness, which 1s defined as the distance normal

to the wing surface at which oy 0 707, 18 .

o
5:%_
Sincein-equabtorr—{2%) v
Vx| 2.3
x 8
equation (A3) may be written as
e = .xiy
k = 6 v
bhut
U _
v = R
therefore
K>
= —
Rk.0.76l|.6R

If the numerator and .denomlnator are multiplled by 6
. . 2
Ry = 0.764(% ) Rg (k)

If & 1s taken as the boundary-layer thickness Just
before transition from laminar to turbulent flow, then
Rg 18 the critical boundary-layer Reynoclds number and

equation (AlL) may be written as followa:

- Xk S .
. Rieon 7_0'76h 60;> Rogp (45)



16 | GRESBMERS  ACA ACR.No. I5J29a

APPENDIX B

DETERMINATION OF Ry .FROM EXPERIMENTAL DATA

From equation (45), it 1s seen that the values .of R
and & which correspond to the alrfoil Reynolds number ag
transition must be calculated. A suitable equatlion for &
1s obtained by assuming a Blasius velocity distribution
and integrating the von Karmdn momentum relation. The
following equation results (reference 12):

52 = 5.3.93. %9_) ) 7‘/;3/0(%)8.17

A more convenient relatlon 18 obtained i1f equation (Bl)
is multiplied by R!

f 2 = y Eg- fs ¢ ..E. * 7 .§.
(avir) 5.50<U> ; (%) as  (B2)

The numerical value of squation (B2) is a constant far
any chordwise position and need be calculated only once
for each positlion at which tests are belng coenducted.

The critical values of 6 and Rg may be calculated
from equation (B2) when the critical Reynolds number R,

has been experimentally determined. By definition,

U
Rl = v
but : : _ O
) . . . Doc . . .
Rep =%

(Y
0 ju

(B1)

therefore,

R! = FoRer . (B3)

The boundary-layer thickness is then obtalned by dividl
the square root of R', as determined from squation (B3),

into the constant B&YR'. In order to obtain Rg, 1t 1s

only necessary to multiply 6 by R'. All the variables
in equation (AS) are now known, and Ry op W8T be calculated.
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- .. APPENDIX C
. - V Eop
DERIVATION OF Rep = AT/

Slnce

then
R
Kop ~ R'ep
x20.764  Yer

If both sides of equation (Bl) are mltiplied

3
by 5cr"§'or°3/2<%?>

(c1)

(G el e ANV VR
U 0.76}4 2 v/ cr er

o - '
but ??5\/§'cr 1s constant.for any given chordwise
poslition so that
yu <333
2 ‘/R
/Py /3 - Kep ’

where - -

A =3 (8\!{&)2/3
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o TABLE 1 B
COMBINATIONS OF SIZE AND caoanw:su LOCATION OF PROJECTIONS

TESTED ViITH LOW-DRAG A;REong'; AWD 2

Low-drag airfoil 1 Low-drag airfoll 2
Chordwlse |'Diam, | Helght || Chordwlse ;, Dlam. I Helgnt
locatlon | (in.){ (4n.) "location | (in.)| (in.)
0.0007¢ | 0.035 o.o% 0.05¢ 0.035! 0.010

«0007c . 035 . .05¢c . 035 .C15

.0007¢c .035 .08 .05¢ .035 .020

.05¢ 035 . 025
.05¢ . 035 .030
0.058¢ 0.035| 0.005
.058¢ .035 .010
.056¢ . 035 .C15 0.20c 0.035! 0.010
.20c . 035 .011
.20¢ . 055 .012
0.20c 0.035| 0.009 .20c .035 .015

.20c . 035 .015 .20c . 035 .C20

+20c .035 .020 .20c . 035 . 025

.20¢ .035 024 .20c .035 .030

.20c . 035 . 025 .20¢c .035 .0§5

.20c « 035 .0L0
0.35¢ 0.035| 0.019 .20¢ .0 .050

.35¢ . 035 .015

«35¢ . 035 .020C 0.20c 0.015! 0,01

«35¢ .035 . 025 .20¢c .015 .013

«20c .015 .015
.20¢ . 015 .016
0.50c G.035 | 0.010 .20c .G15 .018

.50c .035! 015 .20c .015 .019

.50¢ . 035 .025 .20c .015 .021

.50c .035 .030 .20¢ .015 .023%

«50c . 035 .00 200 . 015 . 025
0.65¢ 0.035: 0,010 0.50¢ 0.035| 0.020

.65¢ .0%5 .015 «50¢c . 035 .025

.65¢c .035 .020 .50¢ . 035 .030

.65¢ .035 .025 .50¢ . 035 .035

.65¢ .035 .0%0 .50¢ . 035 .oﬂo

65¢ 035 | ~ ,035 «50¢ . 035 .050

65¢ .035 .040

.65¢c . 035 045 |

JATIONAL ADVISORY

COMMITTEE I'OR AERONAUTICS
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TABLE II
EFFECTS OF UPPER-SURFACE GROOVES ON DRAG CHARACTERISTICS
OF. LON-DRAG AIRFOIL 1

Groove description .

Remarks

Spanwise groove 0,005 in.
deep and 0,005 in. wilde
at 0.20¢

N¥o measurable increase in

drag over that of smooth
wing for range of Reynolds

number from % x 10
to 10.57 X 106 -

Sparwise proove 0.008 in.
deep and 0,010 in. wlde
at G.20c

Do.

Spanwise grooves 0.008 in.
deep and 0,010 in,. wlde
at 0.,20c and 0.058c

Do.

Spanwise grooves 0,008 in.
deep and 0.010 in. wlde
at 0.20¢, G.058c,
and 0.00c

Do.

Spanwise groove 0.009 in.
deep and o. 015 in. wide
at 0.058¢c

Do.

.| Spanwise groove 0.009 in.
deep and 0.021 1in. wilde
at 0.058¢

Do.

Grooves 0.030 in. deep
and 0,05 in, wide in
X-plan form at
approx. 0,050¢
(see fig. 3)

Proemature transitlion indi-

cated by sudden lncrease
in drag at a Reynolds

mmber - of 6.95 x 100

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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TABLE ITT

STUMMARY OF DRAG RESULTS FROM TESTS OF LOW-DRAG AIRFOIL 1
FINISHED WITH VARIOJUS GRADES OF SANDPAPER

AND CARBORUNDUM PAPCR

11 tests were made of 1oi-dfég airfzil 1l at Reynold

mumbers from approximately 3 x 10

to 10.57 x 10

Chordwlse

Sanding Effect on
Abraslive :ﬁzegt of strokesa drag
ghness
No. 320 0.7¢c to 0,0¢ |Parallel to (No measurable
carborundum| sanded 1in wind increase in
paper steps as direction ‘drag over
indlcated 1in ' that of "
figure 5 smooth: wlng
No. 320 wewew-Q0-=-=+-(Perpendicular Do,
carborundum to wind
paper direction
No. 320 = |===== do==-=== - |45° to wind Do.
carborundum direction
paper :
No. 280  |-==-- T — parallel to Do.
carborundum wind
paper direction
No. 280,  |===-=- do==w==- Perpendicular Do. -
carborundum to wind
paper direction
No. 280 Complete Erratic Do.
carborundum| surface
paper

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE III - Concluded
SUMMARY OF DRAG RESULTS FROM TESTS ~ Concluded-- —- -
Chordwlse
Abrasive extent of Egﬁgigg Effgszson
roughness
No. 180 Complete Erratic No measurable
carborundum{ surface increase 1in
paper dr over
that of
smooth wing
Yo, 120 2 |eeee- d0o~=~=~={Croass~-hatched Do.
carborundum (see fig. L)
paper
Mo, 120 | |ece-- Lol Circulser Do,
carborundum (see fig. L)
paper
Ho., 1% 0.7¢c to 0.3c |Perpendicular {Drag slightly
to wind high at :
sandpaper direction Reynolds
number of 6
10.57 x 10
No. l% s [ - |Brratic Do.
sandpaper .

NATIONAL ADVISCRY
COMMITTEE FOR AERONAUTICS
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Figure 3 .~ Grooves of X-plan form 0.030 inch deep and 0.050 inch wide
at 0,05c on low-drag airfoil 1, 5 P 50 inel o
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(a) Circular strokes. (b) Cross-hatched strokes.
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Increment of seotion drag coefficlent, Aod
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eynolds number for projeotions of various sizes and ohordwise
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locations on

‘006
) 3 O
00 (1n.) '
’ 0.08
.06
.00k Ol — 11—
. o]
<003 ]
- ' lf |
- f(' /
] <
3.0 .0 5.0
Reynolds number,
(a) Prajestions of 0.035-inoh dlameter at 0.0007c.
006 M
(1n.)
+005 ©  0.015
¢ .010
+00ky/ : <005
.00%¢
.002
|—1
,001 [
| _
0 i -
3.0 4.0 5.0
Reynolds number,
(b) Projeotions of 0.035-inoh diameter at 0.058e.
.006
U test |
@ 1
«005 + 2 '
* 3 NATIONAL ABVISOR
COMNITTEE FOR AERONAUTICS
.00l :
003
N 0002
001
)
§.o 4.0 5.0
Reynolds number,
(o) Projeotions of 0,035-inch diameter and
0.009~inch height at 0.20¢.
Figure 7 .= Inorement of section drag ocefficient as a funotion of




NACA ACR No.

Fig. 7d-f -LL6J29a
.006 | T T T 1
Test L
o]
.o05— . 1
00,
b |l |
1003 {/
.002
001 ‘j
o) - . —— - 6
3,0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0x 10
Reynolds number, R
o (d) Projections of 0,035-inch dlameter and
32 0.015=inch height at 0.20c,
£ 006 )
g [ ‘
3 . :
o .005+— o Teat
9 1
o v+ 2
© .00kt
w0
5 /—_-_Jj\ oH—--
.003 [ <
E ] L
5 .002 — L
2 [“
b .fwl
+
$ o
§ 3 ) 5.0 6.0 7.0 8.0 9.0 10.0 11.0 x 106
[+ b
g ” Reynolds number, R
(e) Projections of 0.035-inch diameter ana
0,020=-1nch height at 0.20c.
.006
P
kX mest
<005 - (in.)
°© 0.855 1
+ . 2
.OOh ~  x .02 0¥
T " e
.003%
_———/7
.00z A .
NATIONAL ADVISORY
COMMITTEE FOR AERONAVTCS
.001
a
L]
0 i ] i
3.0 ) 5.0 6.0 7.0 8.0 9.0 10.0 11.0 x 106

Reynolds number, R
(r) Projecﬁions of 0.,035«inch diameter at 0.20c.

Flgure 7 .= Continued,



boy

Increment of section drag coefficlent,

' NACA ACR No. L5J29a Fig. 7g-i
006 ——T T 1
x cllllllllllllllL
(4n.)
-005F o - o.010
+ .015
.00}
.003
.002 ' _
[ . F ¥ .
.001 u/
%5 4.0 5.0 6.0 7.0 8.0 . 9.0 10.0 11.0 x 106
Reynolds number, R
(g) Projections of 0.035-inch diameter at D.35c.
T T
| x
+005 (in.)
° 0.020
oogt— -02
.003
.002
] m—
.001 =
4 /’ J
Q - 6
3.0 h.o 5.0 6.0 7.0 8.0 9.0 10.0 11.0 x 10
Reynolds number, R
(h) Projections of 0.035-inch diameter at 0.35c.
.006
k
(in.)
0051— o 0.010
* .015
.00k x .02
.00%
.002
NATIONAL ADVISORY
F ) COMMITTEE FOR AZRONAITICS
.001 : '
A - [+
Ve
0 . - e - 6
3.0 L.0 5.0 6.0 1.0 8.0 9.0 10.0 1.0 x 10

Reynolde number, R

(1) Projections of 0.035-inch diameter at 0,50c.

Figure 7.

- Concluded.



NACA ACR No. L5J29a

Fig. 8Ba-c
. ’.._/-
<006 B T
(]
(15.) |
«005 — ® 0.01
.01
.ooly
.003%
.002 )[
.001
o} 6
3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 x 10
Reynolds number, R
(a) Projections of 0,035-inch diameter at 0.05¢,.
&
<

Increment of section drag coefficient,

.006
k
(in.)
005 1— o 0.020
+ 015
x .012
004 — 3 .o11
© .010
.003
e
.001 [ / Hd JA
0 & J L 4 " Yt .
3.0 © 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 x 106
Reynolds number, R
(b) Projections of 0.035-inch diameter at 0.20c.
.006 m ’ ] T
(1n.) ]
0051 o 0.025
+ .02%
2ok f g 1019
o .01
.003| & .016
v .01 | o———] NATIONAL ADVISORY
g '8%# | = COMMITTEE FOR AEROMAUTICS
.002 L y /* L
¥
.001 j / //
ol el ool +id HC’J a Al
3.0 5.0 5.0 = 5.0 7.0 8.0 9.0 10,0 11.0 x 106

Reynolds number, R
(¢) Projections of 0,015=inch diameter at 0.20c.

Figure 8 .~ Increment of section drag coefficient as a function of
Reynolds number for projections of various sizes and chordwise
locations on low-drag alrfoll 2.

o

“



NACA ACR No. L5J29a Fig. 9a,b

-5 T T k' ) T T T
(in. ‘ |
L 0.0L0 A
+ .030
3 ® .025 g”a £
& .2 N
N
.1
0 6
0 1.0 2.0 3.0 k.0 5.0 6.0 7.0 B.0 .0x 10

Reynolds number, R
(a) Projections of 0.035=-inch diemeter at 0.50¢.

Boundary-layer transition parameter,

.5
k
(in.) $
b4 o 0.045
+ .0L40

3 2 103
. o .

IREE IRy E
2 v .01 = % ﬁ%

r—_ 4 .018 l—J‘T‘{ 9 —EA —w __wr
1

L NATIONAL ADVISORY
G COMMITTEE FOR AERONAUTICS

0 I ) U T W 6

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0x10

Reynolds number, R
(b) Projections of 0.035-inch diameter at 0.65c.
Figﬁro 9 .= Boundary-layer transition parameter as a functlon of -

ynolds number for low-drag airfoil 1 with projections of
various sizes and chordwise locations.



n [N m 1 mimmig EID umaL om 11 Rlum i
Fig. 10a-c NACA ACR No. L5J29a
L
. (in. )
e f o 0.030
i + .025
17 PR
.3 b o
2
.1
0 - - c —t ———l. e —
1.0 2.0 3.0 1.0 5.0 6.0 7.0 8.0 9.0x 106
& Reynolds number, R
. (a) Projections of 0.035-inch diameter at 0.05c.
s .6
:
5 x
E‘ (1nl;)
g ) o] 0.040
§ N * .828.
f= Heod S
t .2 5
g
E' .12
T o0
g 1.0 2.0 3.0 4.0 5.0 6.0 7.0 "B.0  9.0%106
Reynolds number, R
(b) Projections of 0.035-inch dlasmeter at 0,20c.
.6
.5 X
o (1nq)_
A 2 O:ORP
g1 4 o 030
3 G/ore( J ' < = ® .025F
J o ] J i [ l_.QZ_O_
-2 ~3 ‘#rﬁiqxé gg H—
m NATIONAL ADVISORY.
1 COMMITTEE FOR AEROMAUTICS
~—+
0 [ ! 1 g
6.0 7.0 ~ '8

1.0 2.0 3,0 4.0
Reynolds number,

5.0
R

X

{¢) Projections of 0.035-inch dlemeter at 0,.50c.

Figure 10 .~ ‘Boundsry-layer transition parameter as a function of
eynolds number for. low-dreg alrfoll 2 with projections of
various slzes and chordwise. locatlons,

T9.0X 106



.08 AS—
SDNTOTNR.

- ~———Low~drag airfoil 1 ,—"/ — |
h . --=----Low=-drag airfoil 2 . /V *>‘< |

.06 ' i Sg= 6
- . L f=3 %10
@
g
: T
+» /
] o
% R = 9 x 106
E
[ ]
§
5 NATIONAL ADVISORY

CONN"?EEIﬂIf!N”MHTKS
0 «10 «20 «30 110 «50 «60 70
Chordwise position, x/c

O ‘ " .__L 1 4

Figure 11,- Variation with chordwiese position of upper-surface boundary-layer
thickneeeg (calculated by means of equation (Bl) of appendix B] on low-drag
airfoile 1 and 2 for Reynolde numbers of 3 x 106 and 9 «x 106.

*ON HOV VOVN

B63IGT

‘314

11



R
Kep

Boundary-layer Reynolds number factor,

r—— Low-drag airfoll 1

Diam,

40.0 . 0‘; ‘5’ (in. )
. o. )

+ .20 .032

x .20 .015

a 50 .035

30,0 Low-drag airfoll 2

. Diam,

¢ oxo/sca (oin'g,)

L4 y .0

7 I N
+ © 4 * 032

20.0 3 2 *20 -035

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
LY
0 1 1 -
0 1.0 2.0 2,0 4.0 5.0 6.0 7.0
Projection fineness ratio, d/k

Figure 12 .- variation of boundary-layer Reynolds number factor with
projection fineness ratlo for low-drag airfoils 1 and 2.

*ON ¥DV VOVN -

3T

863LG1



NACA ACR No. LbH5J29a Fig. 13a,b

.06 ©
g \
L al
- .05 .
’x \

: : o
4;‘ -0).‘. \
o . .
o
o 05 -

\ e G g XUl ated
g . © Experimental
ot 102 - =
2
(4]
2 \\
o ,01 .
f-‘!-: \_
99710 2.0 3.0 5.0 5.0 6.0 7.0 8.0 9.0 10.0x 105
Critical Reynolds number, Rcr
(a) Projections at 0,0007c.

.07
. 106
s ———Calculated

+ Ezxperimental
. .05
}5 0l \\
0
B
g .03 N
o] NATIONAL ADVISORY
a 02 COMMITTEE FOR AERONAUTICS
‘p L]
(3]
E% _ \\\\\,+
[1 — 1

Critical Reynolds number, R.p

(b) .Projectibna at 0.058¢c.

0
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 x106

" Flgure 13 .- Calculated and experimental values of maximum allowable
projection helight as a function of Reynolds number for projections

of 0,0%35«1nch diameter at various chordwise locations on a
chord model of low-drag airfoll 1.

90-inch<’

g



Fig. 1l3c,d NACA ACR No. L5J29a:

07 T T T
.06
: Calculated
A x Experimental
- .05
M
- .0l
®
T .0
& 03
g
E 02
% oL \ X
é_: . \‘Q
0 . 6
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10,0x 10%
Critical Reynolds number, Rcr
(c) Projections at 0.20c,
007
S .06
A Calculated
N 8 Experlmental
'& 005
iy \
& «Oh
Ll
2 N\
o .03 AN _
65 \ a NATIONAL ADVISORY
pe N COMMITTEE FOR AERONAUTICS
9 .02 <
2 ~—|
g \E!
A L01 a
0 I 1 L

0 1.0 2.0 5.0 L0 5.0 6.0 7.0 8.0 9.0 10.0% 108

Critical Reynolds number, . R..

(d) Projections at 0.35c,
Plgure 13 ..~ Continued.



NACA ACR No. L5J29a

k , in.

Projection helght,

’ in.

k

Projection helight,

0T

.06
.05
.0l
.03
.02
.01

0]

.01

(0]

Fig. 13e,f

———Calculated
¢ Experimental

>
N\\<2

o 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0x 106

Critical Reynolds number, R

(e)

cr

Projections at 0.50c.

Calculate
A Experimental

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

4 \\

&\

L ] 4o

ta

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 x 10°

Critical Reynolds number, R.n

Figure 13 .=

(f) Projections at 0.65c.

Concluded, .



Fig. lda,b NACA ACR No. L5J29a

07 — T
g .06
- —Calculated
- © Experimental
& 05
+;\ -
g .ol
o
Qo
< .03 ©
5
S o}
L .02 —0
5
5 o
& .o ©
\
0 6
0O 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 x 10
Critical Reynolds number, Rcr
(a) Projections 0.035 inch in dlameter at 0.05c.
<07
S .06
Calculated
- \ + Experimental
X .05 \
; \
5 b \<\
o
g F
.0% - Nt
g NATIONAL ADVISORY
b N COMMITTEE FOR AERONAUTICS
o ,02 >
2
o 4
& .01 s +
L ]
0 [} | |

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.010.0 x10®
Critical Reynolds number, Rgp

(b) Projections 0.035 inch in diameter at 0.20c.

Figure 14 .~ Calculated and experimental values of maximum allowable
projection height as a function of Reynolds number for projections
af vario;s chordwise locations on & 90-inch-chord model of low-drag
airfol .
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Figure 14 .- Concluded.
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Figure 15.- Variation of boundary-layer Reynoids number factor with fine-
neaa ratio for three low-drag airfoils end a flat plate, (The symbol 4
refers to both ridge width and projection dliam.)
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‘The Reynolds Number at which surface projections of a given type but of vari-
ous sizes and chordwise tocations, would cause premature transttion was de-
termined. This number is primarily a function of the projection geometry and
the Reynolds Number based on the height of the projection, and the velocity at
the top of the projection. The laminar boundary is more sensitive to surface
projections than to surface grooves or sanding scratches,
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