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as to show the details of the transition phenomenon more
clearly than would be indicated by time averaged velocity
or total-pressure boundary-layer measurements.

The investigation was made in the Langley low-turbulenee
pressure tunnel at Mach numbers ranging from 0.15 Lo 0.25
by use of an 85-inch-chord NACA 65 45-114 airfoil section
that completely spanned the 36-inch-wide test section. This
airfoil is the same model on which extensive laminar flow
studies were reported in reference 9. The occurrence of
transition at various chordwise positions for each roughness
position was determined by means of a hot-wire anemometer.
A great many qualitative indications of the nature of the
flow in the boundary layer, as well as a few quantitative
measurements of the level of the velocity fluctuations in the
boundary layer, were obtained by this method.

SYMBOLS

Y distance normal to surface of airfoil

= - (7 .

8 total boundary-layer thickness where f——.:l.ll in
the K4drméan-Pohlhausen method

I height of projection

¢ chord of airfoil

z distance from airfoil leading edge measured along
the chord

8 distance from airfoil forward stagnation point

measured along the airfoil surface
free-stream velocity
local veloeity just outside boundary layer
u local streamwise component of velocity inside
boundary layer

Uy value of % at top of roughness projection

u’ root-mean-square value of the streamwise com-
ponent of fluetuating veloeity

9o free-stream dynamic pressure

v coefficient of kinematic viscosity

R, airfoil Reynolds number based on chord and free-
stream velocity, U7 _e/v

B, projection Reynolds number based on roughness
height and velocity at the top of the roughness,
”j‘-gl ¥

B projection Reynolds number based on roughness
height and free-stream veloeity, U_k/y

R’ Reynolds number per foot of chord based on free-
stream velocity, U_/»

By Reynolds number based on momentum thickness
6 and local velocity, U8/»

f momentum thickness of the boundary layer,

S U

f {’(1_('.) dy

Subseripts:

¢ Reynolds number at which transition takes place

marn minimum value

APPARATUS AND TESTS

The tests were made in the Langley low-turbulence pres-
sure tunnel on an 85-inch-chord NACA 65.5-114 airfoil
section (fig. 1), which completely spanned the 36-inch width
of the test section. The turbulence level of the tunnel at
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Ficure 1.—Three-quarter view of 85-inch-chord NACA 6545114
airfoil section with No. 60 carborundum grains from forward stagna-
tion point to 12-inch station.

the speeds involved in this investigation is only a few hun-
dredths of 1 percent. A description of the tunnel is given
in reference 10 and a detailed deseription of the model is
The surface finish of the model was
such that laminar flow could be maintained to the 50-per-
cent-chord point up to a Reynolds number of 1410° a
value substantially the same as that obtained previously in

given in reference 11.

references 9 and 11 with the same model,

The pressure distribution of the model was measured from
the leading-edge region back to approximately 65 percent
of the chord by means of 0.008-inch-diameter pressure ori-
fices drilled into the surface. Particular care was taken to
provide numerous orifices near the leading edge so that the
location of the forward stagnation point could be accurately
determined. The nondimensional velocity distribution cal-
culated from the measured pressure distribution along the
upper surface is presented in fizure 2.
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A LOW-SPEED EXPERIMENTAL INVESTIGATION OF THE EFFECT OF A SANDPAPER
TYPE OF ROUGHNESS ON BOUNDARY-LAYER TRANSITION'®

By Ausert E. vox DoExsoFF and Ermer A. HorToN

SUMMARY

An anvestigation was made in the Langley low-turbulence
pressure tunnel to determine the effect of size and location of a
sandpaper type of roughness on the Reynolds nuwmber for transi-
tion.  Transition was observed by means of a hot-wire ane-
mometer located at various chordwise stations for each position
of the roughness. These observations indicated that when the
roughness is sufficiently submerged in the boundary layer to
provide a substantially linear variation of boundary-layer
velocity with distance from the surface up to the top of the rough-
ness, turbulent “spots” begin to appear immediately behind the
roughness when the Reynolds number based on the veloeity at
the top of the roughness and the roughness height exceeds a value
of approrimately 600.

At Reynolds numbers even slightly below the critical value
(value jor tramsition), the sandpaper type of roughness intro-
duced no measurable disturbances into the laminar layer down-
stream of the roughness. The extent of the roughened area does
not appear to have an important effect on the eritical value of
the roughness Reynolds number.

INTRODUCTION

An extensive correlation of transition data for individual
three-dimensional roughness particles was made by Loftin
in reference 1. This correlation was made in terms of a
local roughness Reynolds number based on the roughness
height and the velocity at the top of the roughness, a form
suggested by Schiller in reference 2 and employed by Tani
in reference 3. Reasonably consistent values of the eritical
roughness Reynolds number were obtained by Loftin in ref-
erence 1, so long as the ronghness was sufficiently submerged
in the boundary layer to provide a velocity variation that
was substantially linear with distance from the surface up to
a height equal to the height of the roughness. Schwartaberg
and Braslow in reference 4 showed that this critical value of
the roughness Reynolds number was not greatly increased,
even when the boundary layer was stabilized to small two-
dimensional disturbances by the application of area suction.
Similar correlations were obtained by Klebanoff, Schubauer,
and Tidstrom (ref. 5).

The difference in character for transition as caused by
three-dimensional roughness (spheres cemented to the sur-
face) from that caused by two-dimensional roughness (full-
span cylindrical wire laid on the surface parallel to the leading

edge) is clearly shown by Klebanoff, Schubauer, and Tid-
strom in reference 5. Most of the recent data dealing with
the effects of two-dimensional roughness on boundary-layer
transition have been summarized by Dryvden (ref. 6) for
the case of zero pressure gradient in the form of curves
of the ratio of the transition Reynolds number in the pres-
ence of roughness to the transition Reynolds number for
the model smooth plotted against the ratio of the height of
the roughness to the boundary-layer thickness. In this type
of plot, the assumption is made that transition will occur
some distance downstream of the roughness and will gradually
approach the roughness position as the Reynolds number is
increased.

The data of reference 1 suggested, and those of reference 5
confirmed, the conclusion that three-dimensional roughness
elements either had no effect on the boundary layer (sub-
ceritical condition) or, within a very narrow range of either
speed or height of roughness, caused transition to move
substantially up to the element itself.

A remaining problem is the question of the proper criterion
for the effects of roughness when interaction between the
elements is a possibility, as, for example, in the case of ran-
domly distributed roughness. Such randomly distributed
roughness corresponds to the practical case where the leading
edge of the wing may in effect become sand blasted or covered
with a sandpaper type of roughness. In this connection, it
may be noted that the results of tests of airfoils with rough-
ened leading edges (refs. 7 and 8) appeared to indicate the
possibility that such roughness would have an effect on the
airfoil characteristics only when the Reynolds number based
on the roughness height and the free-stream velocity exceeded
a critical value which seemed to be independent of the
roughness size and the size and shape of the airfoil. Tt is not
apparent that such a criterion is consistent with the concept
of a constant critical value of the local roughness Reynolds
number based on the velocity at the top of the roughness.

The present experiments were carried out for the purpose
of determining the transition-triggering characteristics of
such three-dimensional roughness particles when the rough-
ness particles are randomly distributed in a close pattern
such as in a sandpaper type of roughness, as well as of
examining the relation between the two previously mentioned
three-dimensional roughness eriteria. It was also desired to
obtain the necessary experimental information in such a way

1 Supersedes NACA Technical Note 3858 by Albert E. von Doenhoff and Elmer A. Horton, 1956.
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The appearance of transition was determined by use of a
hot-wire anemometer using a platinum iridium wire of 0.0003-
inch diameter and of ¥s-inch length. Figures 3 and 4 are
photographs of the hot-wire holder. The output from the
hot-wire anemometer was fed into an oscilloscope and the
traces on the cathode-ray tube were recorded on 35 millimeter
film by a special camera setup. The traces thus recorded
were correlated with the tunnel veloeity, wire position, and
roughness location. The type of wire used in this investi-
gation was one which was sensitive only to variations in the
u-component of velocity. The wire was compensated for
heat-capacity lag at one test condition, and this compensation
setting was used for all observations. The cutoff frequency
of the amplifier was about 12,000 cyeles per second.

The tests were made with the leading edge of }-inch rough-
ness strips 1 inch in span (fig. 4) located along the center line
of the model at various positions from % inch to 6} inches
from the forward stagnation point measured along the surface
and for full-span area-distributed roughness (fig. 1) from the
forward stagnation point to 6 inches and to 12 inches back of
the forward stagnation point. The roughness in all cases was
provided by an application of either No. 60 or No. 120 car-
borundum grains, of grit sizes that met the specifications of
reference 12. The grains were thinly spread over the surface
to cover 5 to 10 percent of the surface area and were ce-
mented by a thin coating of shellac applied before the rough-
ness grains were spread. A closeup of the roughness as
applied to the model is presented as figure 5.

In general, the No. 60 and No. 120 carborundum particles
projected above the surface about 0.011 inch and 0.005 inch,
respectively; however, the maximum particle height in each

Ficure 3. —Hot-wire holder used in investigation.

“Leading edge

: V290895
Ficvre 4. —View of hot-wire holder mounted on the airfoil surface
relative to a typieal }4-inch by l-inch roughness strip.

Fraure 5. Closcup of distributed No. 60 earborundum grains.

pateh is also of interest. During the course of the investi-
gation, although each roughness patch was examined care-
fully with the unaided eye, the height of the particles was not
measured. Following completion of the tests, a series of ten
patches % inch by 1 inch of both sizes of grain were applied
to a surface in the same manner used in applying the grains
to the airfoil surface, and each of these patches was examined
with a 15-power shop microscope to determine the actual
particle height. The results of this examination are shown in
figure 6, which shows the probability of finding at least one
roughness particle of a given height in one patch of roughness.
The curves of figure 6 show that, for No. 120 carborundum
grain of 0.005-inch nominal size, it is virtually certain that
each patch would have at least one particle projecting 0.008
inch above the surface, and about 50 percent of the patches
would have at least one particle 0.009 inch high, whereas the
chances of finding a particle 0.012 inch high would be very
small. Similarly, for the No. 60 carborundum of 0.011-inch
nominal size, it is virtually certain that every patch will
contain at least one particle 0.016 inch high and approxi-
mately 50 percent of the patches will have at least one parti-
cle 0.018 inch high, whereas the chances of finding a particle
0.021 inch high in any patch is very small. The probable
maximum height of a particle for No. 120 carborundum is
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FicurE 6.—Curves showing the probability of finding at least one grain
of a given size of ronghness in any ¥4-inch by 1-inch roughness area
when nominal size of carborundum grains is 0.005 or 0.011 inch.
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therefore taken as 0.009 inch, and the probable maximum
height of a particle for No. 60 carborundum is taken as
0.018 inch,

For each position of roughness, the hot-wire measurements
were made at a suflicient number of chordwise positions
back of the roughness to make possible determination of a
curve of Reynolds number for transition as a function of
chordwise position of the wire.

Some of the preliminary measurements were made with
full-span strips of roughness Y-inch wide. The relatively
narrow width of the strip was chosen in order to permit
correlation of transition with local boundary-layer conditions.
When these measurements were made, it was found that,
occasionally, the first indications of transition were obtained
at a substantially lower tunnel speed for a downstream
position than for more forward positions. In each such
case, reexamination of the strip of roughness showed one
or more particles in an off-center location projecting above
the general level of the roughness. Because of the manner
in which turbulent flow spreads, such unusually high pro-
jections affected the downstream observations but not the
upsiream ones. In order to facilitate inspection of the
strip of roughness, its spanwise extent was reduced to 1 inch.
Such small roughness strips were removed and reapplied
two or more times, and the initial appearance of turbulence
in each case occurred at very nearly the same Reynolds
number; these results indicated that such roughness strips
could be satisfactorily duplicated.

BOUNDARY-LAYER CALCULATIONS

In order to correlate the oceurrence of transition with local
boundary-layer conditions, it is of course necessary to know
the wvelocity distribution in the boundary layer for all
locations at which the roughness is placed. These laminar
boundary-layer characteristics were calculated according
to the method outlined in reference 13, that is, essentially by
the Karman-Pohlhausen method as modified by Walz (ref.
13, eh. 12, sec. B). This method is summarized in this
section.

The momentum thickness 8 of the boundary layer may
be computed from the following equation:

e A TN STCR
(T

The velocity distribution in the boundary layer may be
obtained as follows: The form parameter K is defined as

& U
“(;;)

: T]-.IT or as

K=o* -'J,) 2)
d( =
c

The form parameter A is related to the Pohlhausen shape
2 dly

parameter \=— —— as follows
v dz

1 37__)\ = AZ N2
1{"(315 945 9072

(3)

The parameter A may also be written as

i
,\EA;’(_f})
d (?)

&
=R
A AL

(4)

where

Equation (3) is then solved for A, and the velocity distri-
bution in the boundary layer may be obtained by using the
following expression

F=Fm 4N\ () (5)
where

=
13

F(n) =2n—29"+9n'
G(n)Zén{l—ﬂ)“

The measured velocity distribution over the airfoil used in
these caleulations is presented in figure 2. The boundary-
layer parameters A and A were calculated by the use of the
aforementioned relations and the measured velocity distri-
bution. The shape parameter X is plotted against s/e in
figure 7, and the nondimensional boundary-layer thickness
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Ficure 7.—Pohlhausen shape parameter A for a laminar boundary
layer on NACA 65u5—114 airfoil section at angle of attack of 0°.
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9
A or E—JIT, as & function of sfc 1s given 1n figme 8 In order

to faeihtate the caleulations involved 1n the analysis of the
data, the nondimensionsl veloeity distribution «/I7, 1 also

Y o
presented 1n figure 9 as a function of% /R, for various

chor dwise positions
RESULTS AND DISCUSSION

Hot-wire traces of the time vanation of velacity . the
boundary layer as observed for wvarous locations of the
roughness are shown in figure 10. For each location of
roughness, observations were made al various positions
downstream throughout the range of speed nceessary to
inelude the t1ansition phenomena at the point of observation
To the left of each hot-wire trace 13 a shoit tick which
mdicates the corresponding velue of the Revnolds namber
per {ook of chord as read on the verfical scale of the figure
The chordwise location of the pomt of observation of each
group of hot-wne tinces 18 indicated at the bottom of the
figure, as 18 the height of the wire above the smface m
thousandths of an mnech  Also shown in the figute 1s the time
scale for the traces Time mereases from left to mght
It should be noted that the amplhfim gamn setting for the
traces shown m figuie 10 (a} was the same for all tzaces
This procedure resulted mn substantially a straght hne for
the lammar taaces In paits (b), (¢}, (d), (¢}, and (f) of
figute 10, however, the amplifier gain was mcreased for the
conditions ecorresponding to completely lamuna flow, and
the traces for this condition, therefore, show some velocity
fluctuations. These fluetuations, however, are of a com-
pletely dufferent chmacter from those coirespondmmg to
tuibulent flow

In general, transition appears (o start as disturbances of
very shoit duration that oceur compaatively mfrequently
at & position just behind the roughness. As the position of
observation moves downstream and the speed 1s kept con-
stant, the [requency of the turbulent buists does not appear
to change, but the duration of each bwist becomes longer
This phenomenon 18 shown very cleaaly in figme 10 (b) at
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FiroURE 8 —Nondimensional lamimar-boundsry-layer thickness dis-
tribution for NACA 65¢s—114 airfoil sesfion.
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Freure 9 —Nondimensional velocity distribution within  Iamnar

houndary laver of WACA 65mp—114 awfoll section for varlous
positions along surface

o Reynolds numiber of 0 443<X10*  TFigure 10 also shows that
each buist of tucbulence 15 followed by a condition termed
by Schubauer and Klebanoff (1ef 14) as & “loganthmic
decrement’’ type of veloaty wvamation The inerease m
duration of mdividual bursts with distance downstream from
the roughness 18 consistent with the deseripfion of the ongin
of transition given m reference 14, that 1s, 1t is consistent
with the concept of transition beginning as twbulent spots
that start m the viemity of the roughness and grow as they
move downstream.

A quantitabive summar ¥ of the data of figure 10 1s grven by
the-data presented m figme 11 Tach part of Ggure 11 con-
sists essentially of a pawr of curves  The lower cui ve of each
pawr gives approxunately the lowest value of the Reynolds
numbei pe: foot at which any turbulent bursts weire observed
for a given location of the 1oughness plotted agamnst the
observation position  The upper curve gives the maxmmum,
volue of the Reynolds number per foot at which any traces
of laminar flow could bs detected  In other words, for con-
ditions corzesponding to the lower cuive, the flow was nearly
always laminar, and for those coriesponding to the upper
cuve, the flow was neamly always twbulent Examination
of the various paats of figure 11 mdicates thai the lowest
spead at whiek any turbulent fiow could be found was sub-
stantially mdependent of the position of obhservation This
15 generally t1ue except for the most fo1 ward obser vation posi-
tions where, because of the extremely short duration of the
bursts, they were difficult to observe and, as o result, these
pomnbs may be plotéed at too high a value of the unit Reyn-
olds number.
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Fi1cure 10 —Typeal oscillograph records at vanous chordwise positions through transition-speed range for 85-nch-chord
NACA 6B@my—114 airforl scetrion with various locations and sizes of roughness
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TFievrE 11 —Concluded

The value of the speed at which the flow 15 neaily eom-
pletely twbulent deereasss appreciably as the pownt of
observation moves downstream for the more forwaid 1ough-
ness locations (fgs 11 {(a) and (b)) This faend 18 as would
be expected if twibulence began as a semes of tuwrbulent
buwsts orgmating at or near the 10ughness and meieasing m
size as they moved downstream  IFor the more downstream
positions of the 1oughness (fige 11 (e) to 11 (f)), the upper
and lower curves almost coalesce, thab 1s, the speed range
between fully laminar and fully farrbulent flow almost
vamishes The date on which figwre 11 18 based ineclude
many more observations than those presented in figure 10,
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which n1e maerely 1epiesentative samples of the oscilloseope
1ecords.

Quantitative observations of the 1cot-mean-squaie values
of the fluctuations were made both with and without rough-
ness th1ough the speed 1ange corresponding to that for which
turbulence occuried when roughness was present Typical
examples of these measurements aie presented m figuie 12 as
functions of the free-stream velocity TFrom figure 12, 1618
seen that ihe root-mean-squaie level of fluctuations m the
laminar boundaiy layer, even at posifions as far downstieam
as 50 percent of the chord, 1= as Iow on the airfoil with rough-
ness present as on the smooth anfoif It thus appears that,
at speeds below those at which fuibulent bursts oceur, the
presence of the roughness does not 1¢sult 1 any measurable
disturbance 1 the boundary layer that would basten transi-
ton It 13 theiefore to be presumed that, at speeds below
the eritical speed for the 10ughness, no upstream movement
of the t1ansition region would oceur even o the model were
sufficiently long fo1 transition to occur natwally 1n the1egion
of favorable pressure gradient

This type of phenomenon, theiefors, appears to he stiongly
contrasted to the manner 1n which transition occurs when 16 1s
caused by two-dimensional distwmbances. The data for the
two-dimensional type of disturbance have been summarized
m 1eference 6 This summary indicates that, for the case
of two-dimensional disturbances, the 1oughness ntroduces
mto the boundary layer & measurable distmibance which
grows until tiansifion occurs,

Tf, as seems hikely from an exammation of the oscllogiaph
records (see fig 1), transition assosiated wih the type of
1oughress of the present mvastigation 1esults fiom the foi-
mation of discrete eddies or distuibances orgmating at the
1oughness particles, 1t should be possible to relate the occur-
rence of such disturbances to the characteristics of local flow
about the 1oughness That 1s, 1f all the roughness paitacles
are regaided as beng geometaically simlbar, and if the 10ugh-
ness 1s regarded as being sufficiently submerged m the bound-
a1y layer to provide substentially Linear velocity vailation
from the surface to the top of the 10ughness, discicte eddies
should form when the Reynolds number of the flow abeut
the 10ughness 1eaches a critical value This concept is not
new, 1t was proposed by Schiller (1ef 2) and used by Loffm
m analyzing the data presented m reference 1

This view 1= suppoited by the data presented i figure 13,
which 15 a plot of the cuitical Reynolds number R;,, based
on the height of the roughness and the velocity at the top
of the roughness as a function of the choidwise position of
the roughness The velociiy at the top of the roughness was
found either from the theotetical boundal y-Iayer caleulations
previously deseribed or, if the 10ughness projected completely
through the boundary layer, fiom the measured pressuie dis-
tuztbution  Tor all roughness positions moie than 0 025¢ fiom
the forwm d stagnation pont, the eritacal 10ughness Reynolds
number I . was substantially constant withm iather close
Junuts. For positions nearer the forwaid stagnabion pownt
than 0 025¢, the critical r1oughness Reynolds number £y,
mereased markedly It 13 to be noted that, for positions
nearer the forward stagnation point than 0 023¢, the 1ough-
ness protruded nearly through the boundary layer, and, for
the three positions closest to the forward stagnation pomt,
the roughness protiuded completely through the boundary
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F16GRE 13 —Roughness Reynolds number for transitton on NACA 65@pn—114 arfoil section as a functton of 1oazhness lozation

layer (Seefig 14) Itisentnely possible that for the range
of conditions of the present lests, the boundary layer over
the region of the airfoil mn the viemty of the forward stagna-
tion pomt was sufficiently stable to cause small cddies org-
matng at the roughness to be damped out before they
travelled downstream far snough 6o affect the less siable
larmnar boundary layer faither downstream. At any 1ate,
these results mdicate that if the height of the roughness
particle 15 so small that the 1oughness Reynolds number is
less than 600 based on maximum particle size o1 less than
250 based on nommal par tiele size, the 1 oughness 1s not lage
enough o cause transition. Tlus statement appeais to be
vahd even for roughness heights several times the boundary-
layer thickness The oider of magnitude of the critical rough-
ness Reynolds number 1s within the range of those found by
Loftm (ref 1) and 1s not mueh different from the value found
by Schwartzberg and Braslow (vef 4).
The extent of the roughened area does not appear to have
ap 1mportant eftect on the height of 10ughness necessary to
ause transifilon. When the grams of roughness were spread

from the leading edge to 6 1nches o 12 inchos back of the
leadimg edge (fig 1), the anfoill Reynolds number at which
transition occuired was substantially the same as for a spot
of roughness 1 mch m span and ¥ meh in chord located
from 2 to 2} mches from the forward stagnation pont
This location (that is, the position at wuch, for given free-
stieam conditions, the value of the 1oughness Reynolds
nuaber B, was a maximum) was approximately the most
critacal location for the height; of roughness 1sed.

ATPPLICATION OF RESULTS

An exammation of the consequences of the mnference drawn
from the preceding diseussion, namely, that transition oceurs
when the loeal 10ughness Reynolds number R; exceeds a
value of 600, 18 of mberest The natuie of these consequences
will be exammed with particular reference to the sirfoil
stucied m the present mvestigation by calculating the critical
conditions for various heights of roughmness Figure 15 shows
the vanation of the 1oughness Reynolds number &, for
0 018-1nch roughness particles with position along the surface
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roughness position for maxunum B, does not vary 1apmdly
with anfol Reynolds number and occmis when the height
of the roughness is shightly less than the total boundary-layer
thickness Tear fa1 forward 1oughness posiitons, R, 15 low
because of the low value of the potential flow velocity near
the forwaird stagnation pommt For far 1emiwaid 1oughness
positions, K 18 low because the roughness 15 deeply buried
m the boundamy laya

Seveial sets of caleulations of this natwe were made for
difierent haghts of 10ughness  The results a1e symmarized
in figuies 16 and 17 For each height of roughness, the
posttaon along the swface conesponding to 2 maxmum
value ot I; was found, and the value of 2, cormesponding to
2 value of By of 600 a6 {hus location was Ghen calculated
Tlus value of B, 1 the smallest value ai which a value of B,
of 600 can be obtamed with the 1oughness of a given height
situated ot any position along the surface Tiguie 16 gives
the 1elation between the rummum crtical anfoil Reynolds
number and the most sensitive location of the ioughness,
with the height of the roughness as a parameter for & fixed
valuc of the cutical roughness Reynolds number of 600
Tigure 17 plots the same mformation m a shghtly different
manner  Here the mummum value of the critical surfoil
Reynolds number for a roughness Reynolds number By . of
600 for roughness sttuated at the most sensitive location 1s
plotted agamst the ratio of the roughness height to srfoil
chord Trom figure 17, 1t 1s scen that the curve of B, me for
R, =500, when plotted as a function of /¢ on log log paper,
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1s nearly a straight line with a slope of —1  This 1esult, of
course, mdicates that Ey,., which is the product of %fe and
B, nn, 18 approximatcly constant and equal to about 630.
If thus value of Ry =080 1s used as & ciiterton for transition,
1t becomes & simple matter to determime whether a given
height of distrbuted 10ughness will cause transition for a
given airfoll Reynolds number  If this eriterion 1s expressed

m terms of the nominsal size of the roughness grain, the
corzespondmg aiitical value of Ry . 18 416 Tlis erterton
ag ees very well with the data presented m 1eferonees 7 and 8

Although a psiticular pressure distububion was mvolved
m the deterrmmnation of the simple enteiion &, =680, 1t
seems reasonable that the cificel value should not be very
sensitive to the particular type of pressure distubution. In
geneial, if 16 15 assumed that the value of K, 1s 600 for the
case where the height of the roughness 1s less than the total
boundary-layer thickness and 1s at least as laage or I ger for
roughness that piojects through the boundmy leyer, this
condition will ecrrespond Lo a value of R of about 680 af
the aufoil has a ressonably extensive 1egion of low pressure
gradient with a veloaty outside the boundary layer appiox-
mately equal to the free-stieam velocty Considex, for
cxample, tho case of a flat plate with unform pressuie It
the 1oughness 1s so far forward that 1t projeets thiough the
boundary layer, the value of R; will not change with furthel
for ward movemeont of the 1oughness The data of figure 13
seem to mdicate, however, that the value of R;, has its
lowest value when the roughness is just completely immersed
m the boundary layer For this case, the value of B, Is
600 and the correspondimg value of B; ., for & flat plate would
be only shghtly greater than this value and thus would not
differ greatly fiom the velue of 680 found for the present
aarfol

The mintmum size of roughness that can be easily detected
m the size of the splattered remams of msects aac 1elatively
fixed velues completely mdependent of wing size  In wiew
of these conditions, the significance of the unit Reynolds

number (IB’ —-—%“i) 1mmedia.te1.y becomes clear, For example,

if k13 the height of the splatbered remains of insecls, then if
R’ 1s so small that R,,, 1s less than aboul 680, the 1emams
of the msects should nob cause plemature tasnsitron. If,
for the sake of discussion, 1t 1s asswmned that the height of the
msect remains 01 the mimmum size of 1oughness that can be
easidy detected 1s about 0.001 mnch, the cuitical value of B’
will be shout 82x10° This value of the unit Reynolds
nuraber B for transition is in general agreement with values
considered acceptable on the basis of wind-tunnel expelience
1n the Langley veuable-density and low-twbulence pressure
tunncls  Tn the vanable-density-funnel tests, m which B’
was usually about 7X10% a far amount of difficulty was
experienced m mamtaming the leading edge of the anfous
smooth enough to obtan consistent results for the maximum
Ift coeffictents In the low-turbulence-pressure tunmel,
essentially no difficulty was expetienced m obtamung the
design lammar flow for & umt Reynolds number £'=1 &X 108
and only occasional difficulties for £/=33<10¢, however, for
R’ sbove these values, the difficulty of obtemung extensive
lamma flows increased markedly.

Figurc 18 translates this cuterion méo moie easily ap-
precated Germs The enihical size of 10ughness for an as-
sumed f1ce-stream Mach number of 1 0 has been computed
as a funchion of altitude by usmg NACA. standard almos-
phete (tel 15). At sea level, the erttical s1ze 15 about 0 001
meh., This mexeages to about 0 002 mch at 20,000 feet and
0010 inch ot 60,000 feet. For altitudes above 30,000 or
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40,000 feet, it does not seem hikely that accidental surface
roughness should make 1l difficult Lo obtam extensive lazunar
flows Of course, bwltan 1cughness such as lap o1 butt
jomnts, surface waviness, o rivet heads might still be suffi-
clently large to cause transition.

CONCLUSIONS

A low-speed mmvestigation in the Langley low-tuibulence
pressure tunncl to determine the effect of gram haght and
location on the transition chaiacterisircs of sandpaper type
of roughness on an NACA 65-series awrfod section indicates
the following coneclusions

1. If the roughness is sufficlently submerged in the
boundary layer ta give substantially hnesr varation of the
boundary-layer veloeity with distance from the surface up
to the beight of the roughness, twbulent spofs begm to
appear immediately behind the 1oughness when the Reynolds
number £, based on the velocity ab the fop of the 10ughness
and the roughness height, exceeds a critacal value By, of
approximately 600

2. At Reynolds numbers even shightly below the ciifical
value, the sandpaper type of 1oughness mtroduced no
measurable disturbances mio the lamunar layer downstream
of the 1oughness

3 The most sensitive position for roughness grams of a
g1ven size, thalb 1s, the roughness postion for which the cuitical

_value of the model Reynolds number is least, 1s that at which

the 1oughness height 15 slightly less than the total laminar
boundarylayer thickness

4 The choidwise extent of the roughened area does no
appear to have an mpoltant effect om the aitcal value of
the 1oughness Reynolds number 2,

5. T{ the airfoil has a ressonably extensive region of low
Plessme gradient with a veloaty outside the boundary laye:
spproxmetely equal fo the froe-strcam veloeiby and 1ough-
ness so disttibuted over the leading-edge region as to mclude
the most sensitive postbion, the condition. By =600 may be
appioximslely replaced by the more easly caleulated cond-
tion R, .=680, where ;. 1s-the Reynolds number based
on the size of the roughness and the free-stream veloaty.

LANGLEY ARRONAUTICAL JLABORATORY,
Nartowar Apvisory COMMITTEE FOR ARRONAUTICS,
Lawerey Frewo, Va, Adugust 15, 1956
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for sandpaper-type roughness the occurrence of
transition could be correlated on the basis of a local
roughness Reynolds number based on the size of the
roughness and the velocity at the top of the roughness
The extent of the roughened area does not appear to
have an important effect on the critical value of the
roughness Reynolds number.
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