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BY SUCTION SLOTS ON AN NACA 35-215 LOW-
DRAG ATRFOIL AT HIGH REYNOLDS NUMBERS.
By John A. Zalovelk, J. W. Wetmore,
and Albert E. von Doenhoff

SUMMARY

An investigation of the effectiveness of suction
8lots as a means of extendlng the laminar boundary layer
has besn made in flight at high Reynolds numbers on an
NACA 35-215 airfoil. The test panel, having a _chord of
204 inches and sn average span o% a0 Inchee, was mounted
on the left wing of a Douglas 3-18 airplane provided for
the tests by the Army air Corps. the upper =urface of
the test panel was provided at first with nine spanwise

slots and later with ei-~ht additilonal slots, all loceated
between 20 and 60 percent of the chord.

Tests were made with normal operution of the ulrplane
englines over a range of service indicated airspeed from
147 to 216 miles per hour, which gave a runge of airplane

11t coefficient from 0.41 to 0.19 and a corresponding
ranze of Reynolds number from 21;1_5_19§_§9.30'8 x 10°.

The results of the Investli-~ation have shown that with
nine slots spaced ahout 5 percent of the chord the lamlnar
boundary layer on the upper surface could be maintained,
by withdrawing air from the boundsery layer, to or slichtly
beyond l}5 percent of the chord, or just about to the
minimum-pressure point, over a rance of alirplane 1ift
coefficient from 0.19 to about 0.35 with the corresgonding

range of Reynolds number from 30.8 x 106 to 23 x 10°.
Comparison with the results obtalned from tests of the
unslotted airfoil indicated that laminar flow at }j5 percent
of the chord represented an Ilncrease, attributable to the
effect of slots, of at least 5 percent of the chord at a
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11ft coefficient of 0.21 and & Reynolds number of

29.5 x 106 and at least 12.5 percent of the chord at s
11ft coefficlent of 0.27 and a Reynolds number of

26.5 x 106. The corresponding reductions 1n the
external proflle-drag coefficlent of the upper surface
appeared to be 0,000%21 and 0.00065, respectively. ‘These
effects were obtalned with an expenditiure of blower power
(blower efficlency assumed equal to propeller efficlency)
equivalent to a profile-drag coefficient of 0.00008.

In the tests with the slot spacing reduced to about
2% percent of the chord, the maximum extent of the laminar

layer was not definitely determined; however, it was
apparently less for all test conditions than with elther
the 9-slot arrengement or no slots.

INTRODUCTIOLN

The results of investigatlions associated with the
program of the Netlonal Advisory Committee for Aeroxnautlces
for the development of low-drag airfoils have I1ndlcated
that it might be possible, by meens of boundary-layer
control, to extend the laminar boundary layer beyond the
point at which trensition normally occurs on this type of
alrfoll at high Reynolds numbers and thereby further to
reduce the profile drag.

Results of a flighkt Investigation of suctlon slots
a8 a means of extending the laminar boundary layer are
presented herein. The tests were made with an
NACA 35-215 alrfoill sectlion built 1nto a test panel and
mounted on the wing of a Douglas B-18 asirplane. This
test penel 1s hereinafter deslignated the JACA 35-215 test
pansl. The tests covered an approxlimste ranse of

Reynolds number from 21 X 106 to 31 x 106. The 1lnves-
tigation of boundary-layer control by means of suction
slots in the NACA two-dimensional low-turbulence tunnel
is briefly reviewed in the appencix.

The Douglas B-18 airplane was made avallable for the
tests by the Army Alr Corps. The flight tests of this
investigation were made early in 19l1.



SYMBOLS _

free-stream total pressure, pounds per square foot
local statlc pressure, pounds per square foot

free-~-stream dynamic pressure, pounds per square
foot

pressure coefficlent [}Ho - p)/ﬁéi
alrplane 11ft coefflcient

chord of test panel

kinematlic vlscoslty

denslty of undisturbed alr

<-\éqg/0)
alrspeed, mph 1.467

Reynolds number (1.,67Vec/v)

deflection of curvature gacs having lercc spaced
L percent of chord

distance along chord from leading edge
distance along surface from leading edge

velocity 1nside boundary layer at distance y above
gurface su. 2

velocity in boundary layer at 0.006 inch above
surface

veloclty outslde boundary layer
area of test panel, aquare feet

totel pressure on intake slde of blower, pounds
per square foot

volume rate of flow through slot n, cubic feet
per second



< total volume rate of flow for first five slots

n=5

2%

cln volume coefficlent of rate ofalr intalte for slot n

S
spafa?iyé

CQ volume coefficlent of total rate of air intake for
first five slots [(——~
@P‘ﬁ q_°79

8cy reductlon due to slots In external profile-irag

o coefflcient of upper surfece of test psnel
c3 proflle-drag coeffliclent ejguivaelent to power
54 required to dischargs st free-stresm total
pressure ﬁir w&thqrawn from lawiner boundery
0
layer CQ %,

Ahp change in engine horsepower due to slots
"o propeller efficlency

™ blower efflclency

Subscript:

n slot number (slot 1 nearest leading edge)

ATPARATUS
Airplane and Test Panel

"he Dougles B-18 airplene used fer the tests (fig. 1)
was & twin-engine midwin~ monoplense with & wing ares of
958.6 square feet and & desifn rross weirht of
23%,200 pounds. The alrplane wes jpowered with “Tirnt
Cyclone R-1820-Ui5 encines (810 hp at 2100 rpm and u700 ft)
fitted with three-blede prcpellers havin~ & dlameter of
11 feet, 6 inches. » blower reted et 10,000 cubic feet
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per minute and 3/l inch of mercury and an 85-horsepower
" Ford -engine were installed in the bomb bay of the airplane
as part of the induction system for boundary-layer control.

A test panel having the NACA 35-215 alrfoll sectlon
(table I end fig. 2) was mounted on the left wing of the
alrplane. The chord of the panel was 20l inches and the
span tdpered from 120 inches at the leadlng edge to
60 inches at the trailing edge. The panel was con-
structed of laminated white pine in the form of a hollow
shell with walls about 2 inches thick; the outside
profile was accurately shaped to a templet.

The panel was supported on the wing by rubber pads
running along the top and the bottom of the wing spars
and was restrained chordwise and spanwlse by means of
steel straps. A number of wooden dowel pins extending
from the panel shell on the upper surface, through over-
8ilze holee-in the wing, and into the shell on the lower
surface were used to lnsure maintenance of the correct
panel profile. This method of mounting the test panel
permitted the alrplane wing to bend wlithout deforming
the panel. The panel was so located that the inboard
end of the leadlng edge was about 1 foot outboard of the
propeller disk, the leading and tralling edges were
normal to the plane of symmetry of the airplane, and the
plane of the chord lines colncided with the plane of the
chord lines of the wing. The panel waes falred into the
wing by means of fabric stretched taut over wooden frame-
work, The welght of the panel and fairing was
139, pounds; satlsfactory lateral balance for all condi-
tlons of fllght was obtalned by removing all fuel from
the left wing tanks and adding %50 pounds of ballast in
the right wing tip. Figure 1 shows the test panel
mounted on the alrplane wing; the dlmensions and location
of the panel are given in figure 2.

Suctlon Slots

After boundary-layer and profile-drag tests of the
plain panel were completed, boundary-layer suction slots
were fitted to the upper surface at vuaricus chordwlse
stations. Nine spanwlse slots were at first installed
between x/¢ = 0.20 and x/c = 0.60; the slot spacings

- were ahout 5 percent of the chord. (See tables II.) .
Bight additional slots were later Installed, one between
each of the previously installed slots (figs. 3, L(a),
and li(b)). .




The outlet orifices of the slots, which weve E-inch
holes drilled about 2 inch apart in the wooden panel

(fig. L(c)) opened into fabric ducts that had Venturi
tube outlets in & wooden manifold. A round metal duct
was used to connect the manlfold with the blower in the
bomb bay and was equlpped with a total-pressure tube
located at the center of the end next to the blower to
permit a messure of the total pressure ahecad of the
blcwer relatlve to free-stream totel pressure. The
grouping of the slots and ducts is shown in figure l(b).

The Venturi tubes were equipped with butterfly
valves, manually controlled from the ce&bin, to rugulate
the flow of alr through individual slots or groups of
two ‘or thrce slots. This arrangement ussd in conjunction
with a throttle control on the blower engine permittsd
control cf the distribution of the rate of intake among
the varicus slots as well as control of the total-intake
rate. Static-pressure oritices located in eaczh of the
fabric ducts and 1In the Venturl tubes were used to
measure the flow of alr through the slots., The cstatic
pressure In the fabrlc ducts was essentially total
pressure inasmuch as the veloclty In the fabric duct was
negligible 1n comperlson with the veloclity throush the
Venturi tubes.

Surface Tinish

After installation of the first nine slots, all
irrezgularities in the upper surface were removed by
filling and/or sanding and several coats of lacquer-base
palnt were applled; a final smooth filnish was obtalned
by carefully rubbing the surface parallel to the chord
wlith Wo. %20 carborundum paper. The resulting surface
condition is indlcated 1in figure 5 by & plot of the
surfice-waviness index d/c, determined from measuremsnts
with a curvature page of the Ltyps shown in ficure &,
against distance along the surface as & fraction of the
chord s/c. Comparlson of the zurface of cthe slotted
panel with the surface of the unslotted panel having
minimum waviness (fig. 7T) indicates a slignt ilmprovement.
It was found, however, that during the tests the metal
adapters incorporating the slots were rzlsed or lowered
relative to the surface, appurently because of humidity
and temperature changes, with the result that frejuent
sanding and/or filling weroe necessary.to remove the
resulting surface discontinultiles. ™e surface condition

—
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of the panel having 17 slots was comparable with that of

-—+the .panel having 9 slots over the region contalning the

slots; however, near the leading edge chordwise cracks
that could not be kept smooth and unbroken begen to
appear. -

Boundary-Layer Racks

The characteristlics of the boundary layer were
determined by means of elther five-tube or two-tube racks.
Each o1 the five~tube racks consisted of a statlc-pressure
tube and four total-pressure tubes arranged to measure
the statlc pressure just outslds the boundary layer and
the total pressure close to the swfuce and at varilous
distances above the suriacs within the boundary layer;
these rscks were used to determine the veloclty profile
of the boundary layer. In cases for which it was
desired to determline only the positlon of treansiltlon,
the two-tube racks, each consisting of a stutlc-pressure
tube located just outside the boundary layer and & total-
pressure tube located close to tho surlsce, were used.

All pressures were measur=d by meuns of a 30-cell NACA
miltiple recording manometer.

TESTS

Boundery-layer measurements wcre made on the upper
surface of the test panel over a range of service indi-
cated airspeed from 117 to 216 miles per hour, for whkich
the corresponding range of airplane 1ift coefficlent

was O.41 to Q.19 and of Reynolds number was 21.7 X 106

to 30.8 x 10°. A1l tests were mede with the sirplene
englnes opereting at or near full throttle. The speeds
In exceas of the top speed of the airplare for level
flight were attalned in shallow dives.

The tests covered verlations in the distribution of
the rate of air inteke among the varlous slots and in the
total Intake through ell the slots. The inteke distrl-
bution generelly was adjusted on the ground by means of
the butterfly valves in the Venturl tubes to approximate
one of three arbltrary condltlons: uwniformly lncreasing
rate of intake from the foremost to the rearmost slot,
equal intake through all the slots, or uniformly
decreasing inteke from the foremost to the rearmost slot.




During flight, control of the rate of flow through the
8lots wes confined in most cases to the control obtained
by varying the throttle setting of the blower engine.
with this procedure, however, tne slot-intake distri-
butions in flight, although very nearly the same for
highest intake rates as those obtained on the ground,
varied ccnslderebly with Intske rote, owlng to the
Influence of the varylng external pressure over the panel
surface (fig. 8). In & test st a glven sirspeed and
slot-intaie distrilbutlion, the alr-intake rate was adjusted
initially to & high or low velue. After steady condi-
tlons were attained, meesurements were neds. The egir-
Intake rate was then successively clanged (cdecreased or
increased derending on whethcr tue rate was inltially
high or low) to & new velue &nd each tims sllowed to
becoms cteady before mcasurements were made.

Poundary-layer messurenenta with the 9-clot arrange-
ment wcre made with filve-tube ricks at the following
locations: x/c = 0.45, 12 inches outuosrd of the penel
center lline; x/c = O.&95, o the center line; and %t = 0,535,
12 inches 1lnboard of the center lire. For the tests of
the nanel wlth 17 slots, a rack was loczted slightly
behind eech group of slots having & common outlet duct.
The locatlons were as follows: Gtwo-tube rack at
x/c = 0.2y, 36 inches outboard of the center line; two-
tube rack at =x/c = 0.33, 2!} iInches outboard; five-tube
rack at x/c = 0.41, 13 inches cutboard; flve-tube rack
at x/c = 0.L,95, 3 inches outboard; five-tube rack &t
x/c = 0.55, 6 inches inboard; and 1ive-tube rsck at
x/c = 0.59, 16 inches inboard. {Ses fig. 3.)

RESITLTS AWD DISCTISSION

The results of the flight investication of bcundary-
layer centrol cn the NACA 35-215 test penel with nine
suction slots are summarized in fi~ure 9. The plots
include the chordwise dlstribution of the coefficient of
the rate of air intake C, , the verlation of boundsry-
layer veloclty close to the surface wuy/U with the
coefficient of total rate of intake through the first
filve slots Cq, boundary-layer velccity profiles, and
the varlstion with Cy of the profile-drag coefficient
equivalent to the power required to discharge at free-
stream total pressure the air withdrawn from the boundary
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- - layep- . cdoga-u The-data for a glven value of ch_uat'a

given flight condition are correlated by use of the same
symbol. The arrows on the plot of uy U eagainst CQ

indicate the order in which the test polnts were obtalned.
Inasmuch as x/c = 0.}}5 was the rearmost ststion at ;
which positive effects due fto the slots were observed,
only the boundary-layer characterlstics at this station <;
and the flow through the five slots forward of this
station are considered in figure 9.

It wes found that the asir-intako distributions for
the highsest total-intake rates conformed fairly closely
to the nominal distributlioneg for which the controls were
set on the ground. For the lower intake rstes, however,
the distribution was considerpbly affected by the chord-
wise pressure variation over the panel surface; that 1is,
the lower external pressurcs &t the resrward slots
(apnroaching tne minimum-pressure point) ceaused & reduc-
tion in the rate of flow through thesze =lots relative to
the rcte throuch the forward slots.

—

The character of the boundery layer at x/c = 0.45
corresponding to the varlous slot-flow conditlons 1s
defined in figure 9 by the magnitude of the ratio u,/T,

where wu, was measured 0.006 inch from the surface

(values of the order of 0.2 indicete laminar flow and
values of the order of 0.), indicate turbulent flow), end
by the boundary-layer profiles. With a value of C

: as low ss 5.0 x 1072, laminar flow was maintained to at
least x/c = 0.4,5 over a range of airplane 1ift coef-
: fielent from 0.19 to 0.35 and6a correspon%ing range of

Reynolds nurber from 30.8 x 10° to 23 x 10°. In order
to obtain these results, 1t was appearently necessary that
the coefficlent of the intake rate should he at least

1.7 x 1072 through slot .1 and should thence decrease to
almost zero at slot 5 just forward of x/c = 0.L5.
Further reduction in the throttle setting to the point
where the flow through slot 5 reversed (lndicated by
negative values of CQn In fig. 9) resulted in a.falriy

abrupt transition to turbulent flow,

Increesing the -total-lntake. rate above-the minimum -
value required to sustain laminar flow to x/c = 0.5
had no apparent bensflclal.effect -on the extent of the
laminar layer but appreclably reduced the thickness of
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the boundary layer, as indicated by the veloclty profilles
of firure 9. For the intake dlistributions which gave
laminar flow et x/c = 0.5 - that is, with the intake
rate spproximately the same for all slots or decreasing
from the forward to the rearward slots - there was a
falrlw defirite upper 1limlt to the permissible intake
rate, v7ien the coefflcient of the rate of flow through

slot 1 exceeded ebout 3.5 X 10'5, transition to turbulent
flow cccurred, apparently regardless of the Illght con-
dition, with the inteke rats increasing towerd the
rearwerd slots, the bouvndary layer was fully turbulent

at x/c = 0.45 fer all the flipght conditions tested.

The laminer boundary leyer apparently never extended much
beyond x/c = 0.4}5 for any of the test conditions, as in
all cases the measurements at x/c¢c = 0.,95 revealed fully
developed turbulent flow. The position of transitlion
appeared to move forward with lncreesing 1ift coefficient,
es is indicated at x/c = 0.5 by the fully laminar
boundery leyer at 1lift coefficlents of about 0.19 to 0.23
(fizs. 9(a), 9(c), 9(d), and 9(e)), by the transitional
character of the bouncary layer at 1litt coefficients of
about 0.25 to 0.35 (figs. 9(f) and 9(g)) and by the
turbulent boundary layer at a 1ift coefficlent of about
Oyl {(fig. S(h)).

Tt 1s pointed out that, although the test-panel
suriface with the slote 1nstalled was initially smooth,
during the course of the investigatlon the metal strips
containing the slots were &lmost continually belng raised
or lowersd from thelr flush posltion in th:z penel surface,
apnerently because of variatlons in terperature and hu-
mldiity, vwhlch cauvsed sbrupt discontlnultles of as much
.88 0.00i inch in depth. Inasnuch as these changes
occurred to some extent during practically every flicht,
i1t 1s nossible that the test results were somewhat
affected thereby. Some =such effect is indicated in
fl~ures 2(a) and 9(b), which nresent the results for the
first and third runs, respectively, cof one flight.
Laminar flow was obtailned at x/c = 0.45 during the
first run (flrs., 9(a)); wheresas throurhout the third run
(fiz. G(b)), made under osatensibly the same conditions,
the flow was turbulent at the sane ztetion.

The results of tests of tne panel without slots for
nearly the same surface (flg, T7) and engine operating
conditions as for the tests with slots showed that the
position of transition on the upper surface varied from
x,’& = 0.40 to x/c = 0.325 as the airplane 1lift
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coefficlent varled from about 0.21 to 0.27. Over this
same: range of, 11ft coefficient transition or laminar

flow was obtalned at x/c = 0. &5 by the-use of-suction ...
slots, The suctlon slots consequently appear to have
increased the extent of the lamlnar boundary laysr by at

least 0.05c at COp = 0.21 and R = 29.5 X 1066 and by at
leest 0.125c at Cp = 0.27 and R = 26.5 x 10°; the gain

epparently increased as the 1lift coefflclent was increased.
That this gain 1s not due to a difference in Reynolds
numbaer between the two series of tests may be seen 1in
firure 10, in which the flight conditions for the present
tests are shcwn to be practicelly the seme as for the

tests of the panel without =lots.

The net reduction 1ln prct'ile-drag coefllcient
obtained with suctlon slots has heen determined from the
measurements of boundary-layer characteristics and chord-
wlse pressure distribution on the upper surfece of the
test panel with and without slots and from the measure-
ments of volume of eir withdrawn froa the boundary layer
and the measurements of total pressure ahead of the
blower rsferenced to free-stream total pressure. The
proflle-drs&; cosfflcients of the upper surface of the
test ptnel with and without slots wcre computed by the
method of reference 1, which invelves the use of the
measured chordwise pressure distribution, the measured
position of transition, and the messured velocity pro-
files of the lamlnar boundary layer &t the position of
trensition.

The results of the computatlions indicated reductlons
In the externsl profile-drag coofficient of the upper
surface, dus to the slots, of the order of 0,00031,
0.000/12, and 0.00065 at eirplane 1lift coefficlents of
ebout 0.21, 0.25, end 0.27, resnectively. These reduc-
tions in external proflile~drag coefficient were obtained
at a cost represented by the profile-drag coefflcient

- He - Hp
cdob = Cy -——E;-

which 1s equivalent to the power reguired to discharge
at freeo-streem total pressure the sir withdrawvn from the
laminar boundary layer. From figure 9 1t may be seen
that the value of cdo at which transition at

b
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x/c = 0.5 may be obtained is, in general, of the order
of 0.00006; the net reductions in the profile-drag
coefflclents of the upper surface &t airplane 1ift
coefficients of about 0.21, 0.25, and 0.27 are therefore
0.00023, 0.000%,, end 0.00057, or 9, 12, and 19 percent,
regpectively. The net reductions thus determined may
be obtained with a bhlower efficlency equal to the eir-
plans oropeller efficlency, &s may be seen from the
followlng considerations of change in engine horsepower:

anp = 22207 (A"do i cd%)
550 p b

If Ty = Mg
S.q.V -
Ahp = -é;il- Ac - C
P 25071, do do )

where Acy - cdo is the net reduction in proflle-drag
o
b
coefficient as determined by the method described in the
przceding paresgraph.

In the tests with the slot spacling reduced to about
0.025c, the maximum extent of the lerminar layer was not
definitely determined; however, 1t was appsrently less
for all test conditions then with sither the 9-slot
arrangement or no slots. There 1s & poselbility that
the resultes with the 17-slot arransegment were adversely
affected to some extent by seversl small chordwlse cracks
near the leadling ed~s of the nenel wvhich d1d not appear
during the tests of the 9-slot arrangement.

CONCLITSI OI1S

The results of the flight investicatlion of suction
slots on the upper surface of the UACA 35-215 airfoll
showed that, with a slot spacing of about 5 percent of
the chord, the laminar boundary layer could be maintained
to or slightly beyond 45 percent of the chord, or just
about to the uwminimum-pressure point, over e range of alr-
plane 1ift coefficient from 0.1% to about 0.35 with a
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corresponding range of Reynolds number from 30.8 x 106

ar e - .

to 23 x 106. Comparison with the results obtained ‘from
tests of the unslotted airfoll indlcated that laminar
flow at }5 percent of the chord represented an incresase,
attrihutable to the effect of slots, of at least 5 percent
of ths chord at a 1ift coefficlent of 0.21 and a Reynolds

number of 29.5 X 106 and at least 12.5 percent of the
chord at a 1lift coefflcient of 0.27 and a Reynolds number

of 26.5 x 106,  the corresponding reductions in the
external profile-drag coefficlent of the upper surface
avpeared to he 0.00031 and 0.00065, respectively. These
effects were obtained with an expsnditure of blower power
(blower efficiency assumed equel to propeller efficlency)
equlvalent to a profile-dreg coefficient of 0.0000E.

In the tests with the slct specing reduced to about
2% percent of the chord, the mexinw: eztent of the laminar

layer wae not definitely determincd; however, 1t was
apparently less for all test conditlons than wilth elther
the J-slot arrangsment or no slots.

Langley Iemorlal Aeronautical ILaborsatory,
Naticnal Advisory Cormittee for Acronautlics,
Tangley Wleld, Va,
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APPEMDIX
TaSTS CF SLOTS FCOR CONTROL OF LAITWAR BOUNDARY LAYER
IX FACA TWO-DIMENSIOAL LOW-TTURBILLNCE TUNNEL

In early tests in the NACA two-diimenslonal
low-turbulence tunnel (see refercence 2) 1t was ob-
servsd that, at high Reynolds numbers, the minimum drag
coefficient of low-drag sectlions increased with Reynolds
nunber end that this increase was always connected with
a corresponding decrsnse 1n the extent of the laminar
boundary laver. There wero some indicectlons that
trensition tended to occur 8t a fixed vslus of the
boundsry-layer Rewvnolds number.

In order to reduce the thickress of the laminsr
layer and thereby to decreesse the boundery-~leyer Reynolds
numher end to lncrease the cxtent of the laninar reglon,
a wind-tunnel investlzatlion wes mece of the effect of
suction slots on the lemlnar layer end of the possiblility
of delaying transition by the use of such slots. Tests
were run to determine sulteble slot shspes and dimensions
and to determine whether th2 extent of the laminer reglon
could wve lncreased.

The Investl ration was cerrled out in the FNAZA two-
dimensional low-turbulence tunnel. This tunnel hes a
sectlon 3 feet wide and 7& feet hlgh and is deslmed tc
test mocels in two—dimens%onal flow. At the tlme these
tests were made (123%9) the turoulence level of the tunnel,
although extremely low, was hlgh enough to cause premature
transltion when compared with results of flight tests.

The turhulence level of the tunnel has since been consid-
ereably reduced.

Severel types of slot w:re tested to find one that
shoved satisfactory characteristics cver & fairly wide
rante of ovperatings conditlons. Tirure 11 shows the
slots irvestigated. "he onerstiorn of the slots was
checkad by boundery-layer surveys and drag measurements.

Slot A wes tested with values of the height *h
varylnz from 1/16 to 1/6lL inch. Althoush laminor flow
could be maintained with thls tyne of slot, the flow rate
and power requlred were lsrge. Ir addition, control was
uncertein st hich tunnsl speeds.
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Slot B was tested with the dlameter d of the holes
varying- from 0.025 to-0.045 inch. - - -The holes.in-the two
rows were stagpered and spaced 1/8 inch. A layer of
60-mesh screening over the slot was also tried. In &ll
cases either transition occurred immediatsly at the slot
or control was extremely critical to flow rate and
alrspeed.

The most successful type tested was slot C. The
width w was varied from 1/16 to 1/6l. inch, and the
radili r; and r, were varled from zero to a length
equ:l to the width of the slot. The tests showed that
slots wider than 1/32 inch were appsrently too large a
fraction of the boundary-layer thickness because the
laminar flow broke down &t the slot for flow rates out-

side 2 fairly narrow range. Slots of i-inch width or

less showed satisfactory operating characteristics over
a wide range of flow rate. The pressure drop through

the slot was conslderably greater for the éh—inch width

than for the é%—inch width, Tariations in the radil ry

and r2 showed l1ittle effect. Tt wes felt, however,

that more stable opneration would result if »r were zZero
and r, were approximately equal to the width of the

slot. The slot X inch wide nhaving ry = 0 and r, = 35
inch was therefore chosen for further investigation.

Tests were made in the WACA two-ditensional low-
turbulence tunnel with a serles of slots having
W =r, = 1/32 Inch and ry; = 0 in & favorabls pressure

gradient and in an sdverse gradient to determine whether
the reglon of laminar flow could be extended, For the
favorable gredient, 1t was found that laminar flow could
be maintained over a length corresponding to a Reynolds

monber hipgher than 10 x 106 with a series of six slots
whereas trensition occurred on the same model at a
length corresponding to a Reynolds number of approximetely

5 x 10 wlthout the slots, There were 1ndlcetlons -that
the extent of the leminar region was limlted af the point

corresponding to a Reynolds number of 10 x 10° because
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of the spread of turbulence from the walls of the tunnel
and not bhecause of eny disturhbence due to the =slots.
Invsstigatlion in an adverse pressure gradient showed that
laminar separation could be delayed by the use of slots.

Beceuse the speed of the B-18 airplane 1s approxi-
mately twlce the speed at whlich the wind-tunnel investi-
gotion was carried out, the bouniary-laver thlclness for
the sams boundary-layer Reynolds number is only one-hslf
es large as that observed in the tunnel. The dimenslons
used In the flight Investicatlon were consequently one-
half those tested 1n the WACA two-diiensional low-
turbulence tunnel; thet 1s, w was 1/6l. inch and ry
and r, were zero.
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TABLE T

ORDINATTR QF NMACA 35—215 AIRFOIL
[A11 values in percent of chord)
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Upper surface

Lower surface

X Y x Yy
0 0 0 0
1 085 1.857 1. %15 -1.563
Z 2.61& 2 2& -2.101
h 7 | 3.67 5.2 -2.792
G U R o
13.7gg 6. 3Ly 15.212 -ﬂ.uﬁg
1?.b0 7.221 20.191 -L.973
6 | 5.899 25.162 -5.375
? 873 . 416 70.127 -5.660
5 i 8-72& 35.087 -5.886
.95. 8.961 1,0.042 -5.989
0.077 | 5.702 h9.923 -5.762
0.150 7.265 "9.g20 -+.Zos
0.1 ' 5.277. 9. -5.295
’%b.oéz | 3,123 .913 -1.81%
85.056 | 2.072d Lokl ~1.140
90.029 I 1.175 82 571 ! -.561
7.009 J136 9l,.991 -.148
100.000 | 0 0 0
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TABLE II

LOCATION OF SLOTS ON UPPLR SURFACE
O% MACA 35-215 T..3T PANEL -~
9~SLOT ARRAITGAMLNT

3lot

" e e — —— = ——— — —

Slot location
) (percent chord)

\O O0~3 oW\ O

-
i
1

20.0
25.
334
?7.0
2.3
LG.0
2.2
56.0
0.0




Figure 1.- The NACA 35-215 test panel mounted on wing of Douglas
E-18 airplane. 4
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Plane of symmetry
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F':gure 2.- SKetch shpw:ng position of test panel on wsg
of Douglas B-18 airplane and profile of NACA 35-21
a:rfoll section.
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Figure 10.-~ Comparison of flight conditions for wnich transition
from laminar to turbulent flow was obtained at several

chordwise positions on the HuCi 35-215 test panel without slots

vith tnoso for which laminar flow was obtained at 45 percent chor

on the panel with slots,
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