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WATIONAL ADVISORY COMMITTEE FOR AERONAUTIGS

- . TECHNICAL MEMORANDUM NO. 634

N

EXPERIMENTS WITH A WING FROY WHICH THE BOUNDARY LAYER
IS REMOVED BY SUCTION*

By Oskar Schrenk

Several years ago, when the idea of ‘a technical apnllu
cation of the removal of the boundary layer Dby suction:

first arose, it was expected to obtain from this applica~
tion the early realization of deflnlte,.tecnnically desgir-’
able forms of flow, which had long been tneoretlcally known
as potentlal flows, but were impossible in practice, be-
cause the streamlines separated from the surface of the ob-
ject in the strongly diverging fields of flow resulting
from .the great increase in pressure (e g+, on thick odb-
Jects and on wings at large angles of attack).

. Tne phys1cal~pr1nc1ple of preventlng_thls separation
by removing the boundary layer is simple and as old as the
boundary-layer theory itself, . The technical problem, how-
ever, could not be solved by a model tost dircctly adapted
to. the ‘special conditions, due to great difficulties of an
experimental, hydrodynamic and purely technical nature.

In part these difficulties manifested themselves in the
fact that the requisite quantities of air to be removed ap-
~peared technically and fundamentally too great for removal
by suction, an error which even clung to a few preliminary
basic tests intended to show the effect of the boundary
layer, After these experiments, the new tests wore made
very simple with the grecatest possible 1mprovemont in the
methods employed.,. We now have the results of the first
investigation of this nature. It was indeed aeronautical,
in that it :dealt with airfoils, dbut the results are of
very general application. In particular, the determina-
tion-'of the forces with the wind-tunnel balances is an es-
pecially simple way to arrive at conclusions regarding
flow condltlons along t e surface of any object.

*"Vérsuche‘mit'eineﬁ Absaugeflﬁgel." ZeitSChrift.f&r_
Flugtechnik und Motorluftschiffahrt, May 15, 1931, ppe.
259-264, Published by R. Oldenbourg, Munich and Berlin,
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Although not all the tests made in this investigation
have led to conclusive results, end although zreat diffi-
culties were encountered, nevertheless it was the first %o
~yield reliable data regard*ng the charactoristics of a
wing profile frorm walch the boundary 1&JGT is romoved by
suction, Thoese profile characteristics are, morecover,
considerably better than thosc obtained in previous tosts,.*

I, Apparatus

The wing model represented by Pigure 1, contains all
the suction apparatus, namely, two axial double fans,
made especially for the tcsts and bdlowing outward through
the cnd plates, and, two hlgh—spoed three-phase water-
.cooled induction motors. A strip of the suction side of
the wing. {between I and ¥ in Figuros 1 and 3), extend-
-ing. throughout the whole span, is exchangeable, so that
the suction openings, which are all located in this area,
can be easily varied. The wing model is provided with
end disks in order to obtain uniform 1ift distribution.

A few tests were made, howcver, without the cnd disks,
Tests werc made with the single slots shown in Figure 2
and also with the nerforated screens shown in Figure 3.

"Fo dircct measuring device, like. a Vonturl or Pltot
tvbe, could be used  in the llmlted spaceé inside the model.
This d4id not matter, however, since the amount of air ox-
peclled could be detcrdlnud indiroecctly. from the negative
pressure in the model and the rotational speed of the '
blowers, on the basis of preliminary tests and calibra-
tionse In Figurc 1 the wires and plipes for oporating
and cooling the motor and for mcasuring the rotational
spced and the pressures are secn . to issue through the
right-hand plate. Ian the wind-tunnel tests these wires.
and pipes were led through & conduit R, the connections
with the wing consisting of very soft rubber tubes .and
metal springs. The conduit R, which approached to within
one or two millimeters of the model and thus protected the
external wirecs and pipes from all appreciadble air forces,
was not suspended from the wind-tunncl balance, but (with

e
*Q, Schrenlk, "Tragf’ggel mit Grenzschichtabssaugung.®
Luftfahrtforschung, June 11, 1928, (For translation, sce
TeA.C,A, Technicel Memerandum o, B34: Experiments with a
Wing liodel from Walch- the Boundary “ayer is Renmoved Dby
Snction,) o
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the aid of o suitable suspension) automatically followed
all changes in the angle of attack of the wing, thus sav-
ing much time and greatly simplifying the tosts,

This saving in time was iImportant, in order to en-
able the completlon of the comprehensive test program in
the large wind tunnel and because the wear and the deteri-
oration of some parts of the model due to the high revo-
lution speed (mostly 30,000 r.p.m.) and the resulting vi-
brations were very great and, toward the end of the tests,
necessitated increasingly freguént repairs.’

II. Representation of the Results

“le As in the previous report,

Q@ = volume of air removed per second {suction volume),
cQ = 5% = nondimensional voiumetric coefficient,
p = negative pfessure in suction chamber,
Cp = R = nondimensional pressure cocfficient,
5V |
v = wind velocity,

P = wing aresa.

2o The exhaust porformance is composed of the true
suction performarce pQ and the discharge performance

% vbzlq, whoso magnltudo depends on the dlscnarge veloc~

ity vg. On the other nand, the propeller thrust.and ef-

ficiency also depend on Vi since, in order to utilize
the reaction, the exhaust air is usually discharged back-
ward, For technicalAreasons, however, this was not done
in the model test, The calculation for vy = v yields
the sum of “the mlnlmums of the two performances.®

*Ihls mininun calculation assumes identical aerodynamic¢ -

ef”1c1eacLes of. the propecller and blower, A similar cal-

culation can: bo nade fer ‘uncgual e¢f1c1cn01cs ani Jleld
n: blower G

T propeller

vb=‘v
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In this case the performance factor is

- -cls = CQ (cp + 1)

3. The reduction in the propeller load, whlch occurs
_in the correct backwa"d discharge of the air, amounts %o

A Cw. =, - 2 CQ,

and must be taken into consideration in connection with
the data which serve as the basis for the evaluation of
the test results.

4, As deotermined with the balance, the drag coeffi-
cient cyp consists of several components, one of which
is the "sink resigtance” with the coefficient

-

o] = &
WQ, CQ
and is induced by the accompanying momentum of the dig-

charged air, This component is pceculiar to thae suction
model,

5 A portion of the profile drag rosides in the
"sink resistance” (loss of momentum in the bourdary layer
beforec the romoval by suction) and requires no further
congideration, The remainder could not here be deter-
mined in the usual way by mecans of the induced drag, for
various rcasons, but was determincd for a sories of tost
pointe according teo the momentum mothod of Betz.* . It was
found t5 be very small and yiclded o mecan value of
c ~ 0,007, Only such cascs werec investigated, with a

vorable arrangement (fig, 2, slot IIT) and sufflczent
suctlo“, as were of practlcal interest.

6o If the sum cy t+ cy, is deducted from the meas-
ured cy', the remainder consists of the induced drag

and a small, not accurately determinable, secondary drag
due to the end plates. These are of no importance, as

*4, Betz, "Ein Vur;ahren Zur dlrenten Bestllmung des Pro-

'f11v1derstanﬂes Zeluscnrlft far Flugtecnn k und Motor~
luftschiffahrt, Feb, 14, 1925, (For translatlon, ‘see’
HeheCohoe Technical lemorandum Ko 37 A e*nod for the

Direct Determination of Wing Section Drag.)
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they are both,due to the special cxperimental arrangement.
0n the contrary, the value of cp' - Cy, = Cw is impor-
tant in. 1udg1ng the accuracy of the test, If'it igs deter-
ained Tor a11 goo& test points under the general assump-
tion of cwm=~ 0,007, the points for the various suction
strengths ‘and various good arrangements fall approximately
in a single o wrve which therefore represents the course

{ the marginal and sccondary drags. The siight scatter-~
ing is probably duc in part to small differcnces in the
marginal and sccondary drags. 'The remninder is the actual
tost scattering, which is lelded betwoon ‘

(o]
+h

t
Cas Cw Con
and ng'
7¢ In the calculation of the total reguisite perform-

) LY N ~ fas Er =

anee for the profile itself (disregarding the induced
drag) the Pformer profile-drag coefficicent was roeplaced by
the profile performance factor

c = c

]'OD Woo

+ CIS’

”

in which the components in paragraphs 3 and 4 cancel cach
other under the agsumption of the most favorable dis-
charge, R

8¢ On account of the low asnect ratio of the test
model at such high values .of ¢y, the 1ift itself ncods
to be converted for ianfinitely large aspect ratio, This

ig

1
C. =
B & cos A
in which
Copi .
w A
Ao = o
a

III. Results Obtained with Slot III of Figurec 2

Slot III of Pigurc 2, which was regardcd from the
first as the normal casc for purnoscs ofi.comparison, was
very accarately tested and the results were:frogubntly -
verified during the whole investigation., .In: the evalua-
tion of the tests, moreover, the expectation wagl con—
f1rmed that slot III is one of -the most favorable cases
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- investigated, Some of the other arrangements may be as
good, but none of them is manifestly better,

The immediate test results are plotted in Figure 4
without regard to the theoretical considerations of the
foregoing section. The accompanying table contains the
mean suction values for cach mark throughout the whole
angle-of~attack range investigated, Somec of the ox-
treme values differed therefrom by several per cent,

On account of the various "sink resistances" (Scc-
tion II, 4), it was to bé expected that the test points
of Figurc 4 would be scattered over a wide strip. Only
when cp' - Cw,, = Cw is calculated according to II, 6,

is there obtained a common curve,; which replaces the for-
merly customary curve of the induced drag and which is
represented by a line composed of long dashes,

The test points with v = 10 m/s (32.8 ft,/sec.)
are not plotted here, because they differ from the oth-
ers in various ways, Due to very irregular flow condi-
tions and to the smaller forces and pressures, they are
very inaccurate, and the results are much worse than for
20 and 30 m/s (65.6 and 98.4 ft,/sec.), between which
there is no appreciably systematic difference, The re-
sults with v = 10 m/s are plotted in Figure 5 only for
the sake of completeness, The difference between the two
groups.-is thus rendered very obvious,

The traansition from the laminar to the turbulent
boundary-layer flow on the suction side of the wing is
manifestly completed between v = 10 m/s and v = 20 nm/s.
The turbulent flow is considersbly more favorable than
the laminar flow for the removal of the boundary layer by
suction, The poorer results of earlier investigations
were probably due in part to the fact that the flow was
below the "Ycritical®" velocity, without the possibility of
determining the effect of the Reynolds Nuymber, In the
evaluation of the new results, the suberitical tests may
be cntirecly eliminated, since they are of no practical
significance, :

Figure 5 shows the maximum 1ift corresponding to any
volumetric coefficient. The curve & is the normal lim-
it which can be reached by pulling up in the wind and
generally also by starting the suction before the begin-
ning of the motion, while the curve b is the limit
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Soew .

which can be reached by suction after the flow has become
zdetached. ... he dated points indicate previous rniecasuro-
m@nt S' . ¢ - s N Lo . X . .

.~ . According to Section II, tho direct mecasurements do
not.givo a complet¢ picture of the profile charactoris-
.- ticse, The most important of 2ll is the relation betwecon

Cou And cy,, " in which the value 0,007 is taken as the

basis for "¢y . This relation is :shown in Figure 6, where
. the dash lineTindicates the location of the best values

obtainable with this position of the slot, . This curve
1ies somewhat above the test points for the following
reason., It was not possible to determine the limiting

values by careful experimentation with the rotational .
“specd of the exhaust fan or with the angle of attack, due

to the nced 6f economy in time and material, The previ-
ously determined suction strengths and angles of ‘attack

(in stages of 6°) had to be used. Somewhere within the 6°

from the last test point is the actual limiting vpoint and

the probable course of the limiting curve is obta%ned by
. the upward extrapolation of each test series by 3 . The

" same method was uscd to determine the limiting curves in

Pigure b. ' : '

IV. Comparison of the Differcnt Arrangements

Yo such closc succession of test points as with slot
IIT could be made with the other slot and scrcen arrange-
ments, With thom therefore only tho greater differences
could be recognized, and the results werce somctimes ob~=
taincd by the carcful consideration of relatively few test
paints, The lack of a few accurate limiting points (cf.
Section III),is especially regrettable, because the inter-
vals between the individual angles of attack are here 12
or 18° instead of 6°, so that an extrapolation, as in Fig-
urc 6, is not very accurate. It is assumecd that tho polar
of the wing from which the boundary layer is not removed
by suction goes to cy = 1 and has Cy values betwecen
0,05 and C,1l.

a

8) Comparison of the individual slots

. As regards the location of the slots (I to III), po-
sition I i the least favorable and position III the mos?t
favorable. Consideration of cp and cq gshows that
slot II is near the point of maximum suction and that slot
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I is partially before it, which explains the considerable
discrepancy, B S

Changing the width of the slot (III and IV), produces
two opposiig influences., Tho offect of the same quantity
of removed air is lesscgned by increasing the width of the
slot, but the quantity required for a given maximum 1ift
may be greater, becausce the whole flow sacrifices some of
its homogeneity and stability by the reduction in the pres-
sure differcnce betwecen the inside and outside. The re-
sults indicate, without sufficient test points, that botha
influences have their effect; c . over cq Deing obvi-

ously somewha? greater for slot III and over ¢y
» s

being somewhat smaller than for slot IV. (camax ig the

maximunm vealue attainable with every removal of the air by
suction, as in Figures 5 and 6.) If this provisional re-
sult is confirmed, then the limiting curve in Figure 6 is
not the best that can be attained with the previous ar-
rangements.

c
&max

Rounding the rear edge of the slot has no effect
within the limits of accuracy hitherto attainable, (Slots
II7,b and III; III,c and III,a.) Rounding the front edge
of the slot (III,a and III; III,c and III,b) has the same
effect as increasing its width because, by preventing the
contraction of the flow, it enables the utilization of the
full width of the slot. (Fig. 7.)

b) The perforated screens (fig. 3)

These screens, which consist of two groups (I, II,

'III, with different slot widths and IV, II, V with differ-

ent slot distribution over the suction area), show no sys-
tematic differences, so far as the test points go. None
of them, however, is righfly located. Tests with the in-
dividual slots show that the screens should extend nearer
the trailing edge,

It thus happens that the results obtained with the
screens are nearly all poorer than with good slots, al-
though logical considerations would indicate certain ad-
vantages from "continual! suction. The total amount of
air removed should be diminished by the right slot dis-
tribution and, most important of all, a partially de-
tached flow should be more readily restored. (Upper D
curve in Figure 5.) ¥o positive conclusion regarding the
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correctness of these considerations an&'no comparison of
the screens with the individual slots is possible until
further tests have been made.

c) Wings without end plates

For like values of c¢n, the values obtained for

Capax WOTO OVer 30% smaller without end platés, Such a

result was anticipated, because the wing tips with an out-
wardly decreasing 1ift distribution drew in too much air
at the expense of the middle portion, although they real-
1y required the removal of less air., (Fig. 8.) 1In Figure
8 the pressure.duc to the tonsion (py, - py) for the in-
flow is greater at the wing tips than in the middle.,

Py = outside pressure distribution at the suctlon ori-

fices., pl = pressure in suction chamber.

In practice this dlsadvantage can be avoided, even
without end plates, by such means as tapering the slots or
changing their location, changing the suction pressurse’,
and using wing tips entirely without suction, according to
Luftfahrtforschung, June 11, 19228, page 52,

V. Comparison of the Actuval Flow with

the Theooretical Honviscous Potential Flow

From the boundary-~layer theory it follows that the
removal of the boundary layer by suction produces unusual
forms of flow greatly resembling sinmple potential flows,
In ordeor that this conclusion might boe confirmed by tho
now results, the tests worec made with the theoretical
Karmen-Trefftz profile.* The four possibilitics of com-
parison are drag, lift, momcont and pressure distribution.
T™h¢ smallnass of cﬁm (Section II,5) with the slot 100 mm

(3,94 in, ) away from the trailing edge shows that, in
these cases, there is very little dev1at10n from the po-
tential flow behind the slot. :

*Karman and Tréfftz, "Potentialstrgmun en um gegebene
Tragflugelgtierschnitte, ! Zeitséh;if%;fur Flugtechnik und
Motorluftschiffahrt, 1918, p. 111, :
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Figure 9 shows ¢, = Dplotted against O (= a0 = A Q.

See Section II,8) for slot III as compared with the theo-
retical 1ift, Though the calculation of the angle of at-
tack in the tests is not very accurate, it is neverthe-
less evident that the discrepancios between the theoretical
and measured c¢, values are about the same as for ordi-
nary wings in the zone of undetached flow,*

Figure 10 compares the experimental and theoretical
travel of the center of pressure, which show satisfactory
agreement, h, is the distance of the center of pressure
on the wing chord from the reference point of the moments.

All these observations show that the actual flow ap-
proximates tho theoretical flow to the anticipated degrce,
The comparison of the pressure dlstrloutlon about the pro-
filc has not yet been attempted, because its experimental
and thecoretical determination are beset with especial dif-
ficulties,

VI, Physical and Technical Ipportance of the New Results

a) Physical importance

The chief importance of the new tests is in the prac-
tical field, because the theoretical aspects of the re-~
moval of the boundary layer by suction had long been
clear, DNecvertheless, 1t docs not secem entirely uscless
to establish the agrecment of the latest results with the
principles of the boundary-layer thoory.

Furthernore, the experiments show that, in the remov-
al of the air by suction, we arc really influencing the
flow with the aid of a thin boundary layer, i.¢., by a
kind of relay, instead of utilizing the direct coopera-
tion of the main flow with the suction sink, The only
direct action of this naturec has alrcady been included
in the "sink resistance" (Section II,4). Moreover, ac-
cording to the test results, the velocities induced by

*Q, Schrenk, "Sysuematlsche Untersuchungen an Joukowsky-
profilen," Zeitschrift fur Flugtechnik und Motorluftschif-
fahrt, May 28, 1927, p. 225, (Por translation, see
N.A.C.A. Technical Msmorandum No. 422: Systematic Investi-
gation of Joukowsky Wing Sections.?
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the sink'afe'very”émall in comparison with the wind veloc-
1+y v and, according to the tests, amount to only about
2a of tho 01rcu1at1on due to the induced valoclities,.*

That in fact only portlons of the: boundary laycr, at
any rate not more than: the total boundary-layer quantity,
Sis removed by suctlon, can” be Verlfled by comparison with
more reccnt boundary~-layer tests with an ordinary wing
pvofllo. "This profile had, shortly before the scparation
(g ~ 143) On tho rear half of the suction side, bound-
ary—layer quantities 30 to 50° greater than the suction
quantities necessary for the same value of «c¢g with our
thick suction wing, When the boundary-layer exhaustion
has attained sufficient practical importance, a more accu-
rate investigation of the relation between the.boundary-
‘layer quantity, the suction quantity, the pressure in-
creaseo and the boundary-layer profile will be mececssary.

b) Technical interpretation

he practical interpretation of the new results, as
already mentioned in the introduction, is based on the
:fact that we now have, for the first time, sufficient ac-
curate data regarding the profile characteristics of a
given suction wing which was never the case before, due
to the many experimental difficulties,- Progress, as com-
pare& with previous results, is shown, e.g., by the dated
points of comparlson in Figure 5, Mpreover, test results
have becn coumpiled which are of general importance for
the ‘suction problem, Lastly, we now have data Ffor the
first time on tho importance of the critical Reynolds Num-
ber (transition from the laminar into the turbulent beund-
ary layer) for the removal by suction,

As rogards the profile characteristics, it may be
safely said, however, that we have not yet secured the
best results obtainable with a suction wing. In the eval-
unation of tho tests, various ways have been noted for fur-
ther improvement of the profile charactoristics (wide in-
dividual slots, two individual slots, better perforated
screens, etce.)s Only the tests with slot III (fige. 2) can
yet be regarded as concluded, No final conclusion is pos-

*we =~v%§.; is the induced velocity of the sink at the

distance r from the sink (%t = wing chord). w =y Zﬁ :

is the portion due to the circulation at the distance
r from the center of the vortex,
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sible fdr”aii"the»other investigated arrangemonts; due to
the very limited number of test points.

.- Moreover, only a very definite profile type has thus
far becn tested, which was derived from an ordinary typo
simply by making it thicker. Some entirely different
type (perhaps with greater pressure increase and maximum
exhaustion) will yield still better results with removal
of bpoundary-layer by suction,

As regards any direct aeronautic importance of the
tests, the regults indicate the possibility of reducing
the wing chord of present airplanes without changing their
other dimensions. The customary speed range would be
attained at ¢y, values of 0,8 to 4,5. It is very doubt-
ful, however, whether such an airplane would be satisfac-
tory for all purposes, though it would offer two specilal
advantages, namely, a very small travel of the center of
pressure along the already rather short wing chord and a
very great rigidity with respect to gusts. As a criterion
for the excellence of the profile, we can take the ratio
cﬁx/ckb (Section II,;7), which closely correcsponds to the

former profile lift-drag ratio and, in the vicinity of

cg = 0.8, has a value of 40 to 50 for slot III, according
fo- Flgure 6e During the measurements, this region re~
ceived but little attention, so that the above-mentioned
value is not very certain and should be verified by fur-
ther tests,

~ Tpe first applications of the removal of the bound-
ary layer by suction may not be in the designm of complete
suction-wing airplanes, but in improving the flow about
individual airplanc parts (such as thick struts, cutaway
wings, etce.), as the removal of the boundary layer by suc-
tion for the production of special forms of flow has al-
rcady becen 1ntroduced into genoral acrodynamlc rescarches,

Translation b" Dwight M. llinecr,
National Advisory COmmlttoo
for Aeronwut¢cs. ~
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