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SUMUMARY

This thesis presents a study of the problem of
securing high lifts by means of boundary layer remov-
- al, together with first results of tests on the Bound-
ary Layer Model of the Ouggenheim Aeronautics Labora-
tory, California Institute of Technology (hereinafter
called GALCIT). Tt is divided into two parts: fipst,
a review and discussion of previaua work, and second,
presentation and development of methods used for
carrying out testé upon the GAICIT model, together
with experimental results obtained from the tests upon
the mbdel,

Previous researches show that boundary layer re-
moval is indeed successful in securing high 1ift co-
efficients. OStudy reveals also that results from cne
experiment may differ greatly from those of another.
Consequently, previous work is of little help in pre-
dicting results to be obtained for a design different
from the modsl tested.

Results on the GALCIT wmodel have not been favor-
able, but it is believed that flow tests have found
the difficulty. Ccns@quently, the experimental work
has value only for the light if{ sheds upon the future

course of this research at the Institute.



PREVIOUS WORK

THE BOUNDARY LAYER AND SEPARATION. The idesz of
controlling the boundary layer is as old as the bound-
ary layer concept itself. This concept dates back to
the year 1904 when it was introduced by L. Prandtl at
the Intérnaticn&l Hathematical Congress in Heldelberg.
Ag part of his proof that the retarded alr near a sur-
face could be ragarﬁ@d as a separste layer, he pre-
sented results of certaln simple experiments in removing
1t to secure potential flow.

The boundary layer is a layer of fluid next a sur-
face past which there is relative flow. This layer is
a layer of flow retarded by viscous shearing forces
arising from the relative motion between fluid and sur-
face. It has no definite edge since 1t theoretically
extepds to infinity, but as Prandtl showed, the l&yer
could be treated as one with a definite bounding sur-
face for all practical purposes. One common definiticon
is that the boundary layer extends to the point where
velocities are ©4.5% of those glven by pure potential
flow. Its thib£n633 as thus defined is ordinarily small.
Thus, effects of viscous stresses asrc confined to a

region close to the surface causing the layer. Figure 1



illustrates laminar and turbulent boundary layer

profiles on a thin plate.
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By controllling the thickness of the boundary layer
it is possible, in theory at least, to control the loc-
al skin frictlon coefficlent. The possibilities for
this use of boundary layer controel do not seem greatb
since indications are that any decrease In drag would
do little more than make up for power expended in con-
trolling the boundary layer.

By far the most important use for boundary layer
gontrol is to prevent flow separction. The mechanics
of separation will be illustrated by an example. Con-

sider flow over an ﬁirfoil, Pigure 2.

Fie. 2

At (1) the total head in the airstreanm is -H,=,b,+-2{-,0t72

Well above or below the sirfoil, becouse bthere has been



nothing toldecr@ase the energy of the air, the total
nead ab (8) is also equal to H. HNow consider flow along
the upper surface of the alrfoil. Due to the shape and
angle of attack of the alrfoil, pressure falls and ve-
locity rises from values in region (1) to new values in
recion (2) in accordance with Bernouilli's equation.
Next, the fluid must go from (2), a reglon of low press-
are, to (3}, & region of high pressure. The transitlon
can be accomplished conly by using up the high kinetic
energy found at {2). However, if friction retards the
flow, insufficient kinetic energy ls avallable. In this
case the fluid will proceed as far as it‘G&ﬂ against the
adverse pressure gradient and then follow a line of
least resistance, which is a path away from the airfoil.
Suchi a phencmenon is called separation. Thus, separa-
tion can occur only when pressures are changing froﬁ
low to higher values along the streamlines.

Figure 3 is @ mechanical analogy of flow over the
upcer surface of an airfoll. 1t is obvious from the
fipure that any friction will prevent the ball from re-

turning to its original level. Plow with separation 1is
£y B &

illustrated in Figure 4.
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The only reason there is not separation for all [lows
against adverse pressure gradients, since friction al-
ways exists, is that if the change is gradual enough,
energy smffieieﬂt to make up for the deficienc¢y can be
imparted from the outer, unretarded layers.
CONTROLLING THE ROUNDARY LAYER. Therefore, to
prevent separation, it is obvious thalt there nust be
some control over thls retarded layer. The two most
sucesssful methods have been either to reenergize the
boundary layer or to suck it off. Either method will
delay gseparation. Reenergizing has been most success-
fully accomplished by blowing alr out of a slot after
the method indicated in Figure 5, to speed up the re-
tarded layer. In most tests using this method, alr
is forced out of the slot at a speed roughly twice
free ailr speed. This method has been found to requlre
considerably more poﬁerkthan the method of boundary

layer removael and so will not be consldersd further.

Fic. 5

The usual method of boundary layer removal is in-
dicated by Figure ¢. Air is merely sucked in through

an opening in the upper wing surface in congiderable



quantities. Two effects of sucking alr through this
sloﬁ ooeur. Oneiis that most of the boundary layer 1s
token inside the wing. Hewevef, there is another effect
perhaps just as important. Alr flowing into the slot
ereates a change in pressure distribution of the type
shown in Figure 7. This change is toward a favorable
gradient that helps the flow along, and yet its net of-
fect on 1ift as given by the integral of the pressure
distribution eurve is sma}l'because the slot is merely
o sink. However, there is some gquestion as to whether
a sink of this type does not actually change the cir-

culaticn., A theoretical investigation of this problen

WiTH SucTioN

< WitHour Suctiown

could probably be made and would be quite useful.
~
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-

, ‘ ! —
Fiec. 6 | Flec 7

PRESSURE DISTRIBUTION ON UPPER
SURFACE ©oF A WING

FXPERIUENTS O WINGS. Pirst attempts at securing

high 1ift Qoeff;eiantﬁ by boundary layer removal were
made in Germany in 1622. Since then, considerable

work has been done upon this problem by British and
American investigators as well as the German sclentlists.
Yings experimented upon have been arbitrar&ly selected
as Lo pirfoil section and plan-form. The purpose in

gmeneral has been to find the effect of boundary layer



removal upom a glven wing. Most tesls were made upon
rectangular alrfoils, often of low aspect ratio, using
—end plates. The NACA and GALCIT are the only ofg&ni»
zatlons experimenting upon a wing of tapered plan-form.
Three types of profiles have been tested, -~ very thick
wings, thin wings, and thin wings with flaps. By thin
is meant wings of 10% to 15% thickness. Tor conven-
ience, references to the specific experiments are
liat@dvon Page 5.

Different types of results have been obtained for
nearly every wing tested. But in general it can be
sald that 1ift is considerably increased, drag is re-
duced slightly, slope of the lift aﬁ}ve is increased,
and monments are changed somewhalt, but in no definite
penner. Zffects are most marked on very thick wings
of 37% to 40% thickness. These develop & great in-
crease in Cp, for a small blower power and in addition
have considerably reduced drag. Thin wings do not
farc so well. Curves of Cp, vs Cq or Cpg (ef. Figure
8 or ¢) seem to indicate possibllity of lift‘caefficienb
values of the order of 3 with not too much power. But
for higher CL’S power becomes excessive. Drag on thin
wings is reduced only slightly. Data indicate that
the possibility of considerable drag reduction occurs

only when drag on the profile is abnormally high.



Geood wings}shew very little decrease in drag with suee-
tion. Flap profiles usually stand bstween results fer
thici wings and thbse for normal wings. Noprmally,
flaps reduce power and quantity of air required %o
reach a given Cp. One of the most useful benefits
given by flaps plus suction is that the angle of at-
tack Tor maximum 1ift is decreased, thereby decreas-
ing landing gesar length. |

An attempt to present a graphical comparison be-
tween various tests is shown by Figures 8 and §. Each
curve is- In the writer's opinion, typical of the best
results obtained from each of several investigations.
The curves have no common basis for ecmpabiscn;‘eaah
test has beaﬂ’maﬁe at a different Reynolds number,
and almost every one of these Investigations has been
made in a different tunnel from all the resgt. However,
qualltalively the curves serve as a simple comparisen
between various tests. They show that high lifts have
been obtained only with thick wings. It appears from
these curves also that for small increases in chai
thin wings requlre less ajir and powser than thick wings.
But for Cp's above 3, tests indicate that extreme quon-
titles of air may be required, since several of the Cy,
vs CQ.or Cpsg survasrapp&ar to run off almost asymptot-
‘ic&lly to C;, = 3. Thick wings curves show no such

sudden bending over at the higher GL'S. Curves for

-3
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wings with flaps have Cp vs Cp and C;, vs Cpg curves
roughly slimilar to curves for the basic gection ex-
cept that they are displaced upward slightly.

To show wshere the GALCIT tests fit into this ple-
ture, best results so far obtsined are also plotted
cﬁrFigures G oend 8. GALCIT results are scen to be
very poor. Suctleon inercases €y, rapidly up to a cer-
tain point, but then the curves bend over suddenly and
become almost horizontal, These curves show that if
improvement is to be made, something else besides ap-
plying more suction must be done.

As important as obtaining the €1, Cp, CQ,vamd
Cpg values 1s the part of the investigation determ1n~'
ing the best manner of obtaining high lifts, ﬁumerf
ous means of withdrewing air from the boundary layer
Into the interior of the wing have been tried. Alp
has been drawn in through s perforsted upper wing
surfaca, neny types of porforations belng used. A
véry wide slot'cevared with cheezccloth has been
tested. Single slots as well as multiple slots have
been tested. The woight of ecvidence indiecates that
slots are at least ag good as any other method, but
whether there sho&l& be a single slot or several of
them has not yet been decided. Ancither quegtion comes
u§ in comnection with nultiple slots. Some tests
have indicated that each slot should have its own

wing dubt, and a suction pressure in the duct adjusted



to the position of thé slot upon the wing. Other tests
Indicate that sueh a refinement ié unnecessary, mean-
ing that all slots can just as‘w@ll admit to a common
wing duct. Therefore, the problem is to learn what
method is best 1f multiple slots are used. This much
can be gald. If the effectiveness of a slot ig a func-
tion only of quantity of alr flowing through it, slot
widths can certainly be adjusted to get any rate of
low while exhausting into a common duct.

Posslbly the following explains why a slot is as
effective as a perforated surface. On first thought
the bost way of removing the boundary layer would seenm
to be to remove 1t continuously as it forms. With a
single slot such is ilmpossible. If it is well back, a
thick‘beundary layer builds up shead of it. If forward,
a new baundaﬁy layer of considerable thicknes:s can build
up behimd the slot., However, a slot is as effective as
a porous surface. As previously mentioned, the effects
of suetion are twofold, one effect being boundary layer
removal, the other being the creation of a favorable
pressure gradlient. A slot, due to this faverable press-
ure gradient, has @ large a sphere of influencs as a
porous surface. Thus, while it removes the boundary
layer at only one point, it is speeding it up over con-
siderable wing area. If boundary layer removal were

the only function of a slot, it could have nc cffect



upon conditions upstream. Experiments haeve shown, howe
ever, that a slot as far back as 956% of the chord still
has considerable effectiveness. It is this spherc of
infiuance then thet makes a single slot equal or sup-
erior to a perforated surface removing ailr continuously.
Figure lu illuatraneé some of the most common itypes

of slot cross gections tested.

~_‘fj§r . - ﬁ_-‘\j\(* — V[

b c

SN —\
J e
Fi. 10

Type 10z is most common. 10L has the rear face rounded

off. Tests indicated no differ@ﬁoe between 1ub and 1la.
10¢ has the upstrean edge rounded. It permita a greater
Tliow for a given mninimum width butbshows no improvenment
upon Gy 1if Cq is held constant. Slot 1lUa has a lower
orifice coefficient than 10¢. 1If it is widened to com-
sensate for this decreased coefficient, laé and 1dc

give identical reaulﬂs.k 10d shows no marked changes.
Slot L0e 18 intended ﬁoiutilize the dynamic head, there-
by decreasing Cpg for a given Cao Actually, it gives
negligible improvement. Humerocus olher types have been

tried bud all indicate that slot shape is not important.



ne only effect of alot shape seems to be in delermin-~
ing quantity of alr flowing through = elot of given
minimum widih., Slot width secms important primarily
ag a determinant of power requlired to move the alr.
Narrow slots require too mueh power. Slets 27 of the
chord in width appoar ample for quantities of ailr
handled to date. Wider slots increasc structural com-
plications and create slightly greeter drag. Inci-

"

dentally, 1f the ratio, slot widih to cherd widtih,

1

has the seome value as CQ? alr lg flowing through the
slot with a velecity equal to free stream veloelty.
L oprimsry purpose of all investipations has been

to determine the optimun slot locstion. Tests are all

in disapgreement; come work indicates forward locations,

3]

others rearward., Actually, the position appears to de-

pend upon the airfoll sectlion. Thick gections pglve

-

beat results with 2 sleot located at about 7074 chord,

e

‘

57

mpt thinner ones do bost with the slot at about mid-~

&

"
N

chord. Betwcen the 4Jp and 70/ statlions, however,
lifts are not far helow the optiuun.

Such is the nature of all investigatlions to date.
Research upon boundary leyer control is bagun, any
conivenlient design of wing 1s used, and then tesis are
made upon it to determine how CL varies with the five

parazeters:  slot leocation, glol size, slot shape,

C, and Gpm. There has been no consistency to resulis

L



50 far obtained. 1t would be unsafe Lo Lry to apply
regults frow these medel tests to o full scale airplane.
Hardly any conclusicns cen be draws from these tLests

except thalt boundary layer removal does incresse 1if%.

shen one thinks of the number of parameters determining
results, it is not surprising that nothing checks be-
cause all tests have had some of the varlables differ-
ant f&cm those of ©ll other tests. The most important
parameters involﬁeﬁ in the problem ore: (1) slot lo-
cation, (2) slot size, (3) slot shape, (4) Cq, (B) Cpg,
{6) alrfoll section, (7) wing plan~form, (8) Reynolds
number. The number of these Tactors shows bthe complex-
ity of the problem. An examlnatlon of the list shows
why 1t has been lmpesslible to check one investigation
anainst another, {or aone of the wings tested has had
common values of Lhe Gth, 7th, and &th {aclors glven

above,

- 14
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DAPERIMENTAL PROCEDURET AND TDSTS
0N THI GATCTT UODLL

INTRODUCTION. Part 1T of this thesis desoribes
the experimental precedure used for tests on the medel,
corrections of data, and results of tests. Opecial
emphasls is given to tle dilscussicn of experimental
methods and treaiment of the duats because this report
will probably serve as & guide for further ressarch

3
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Fig., 18
Fan Unit showing cne Fan and Countervanes

)

Some idea of the internal mechanism is given by
FPigures 12 and l8. The wing is cast of aluminum with
a copper plate in which the slots are cut, forming
the upper surface. The rear 204 of this wing is formed
of wood.

Figure l2 shows schematically the interior of the
cast alumlinum fuselage. A 10 h.p., 17,500 pr. p. m.
induction motor is the driving unit. OSpeed control
comes from a variable frequency power supply that gives
the motor a speed range of about 2,000 r.p.m. to

17,902 r.p.m. Cooling is accomplished by air flowing

in through the front of the cowling, through the duct
areas, and out at the rear of the cowling. Cooling

is good. The cowling has no harmful effects on flow.
The fans are driven as shown in Figure 12. Three

fan designs were bullt, fan 1B being the one used upon



Fig. 16

e

Yan Unit showing one Fan and Countervanes

some ildea of the internal mechanism is glven by
Pigures 12 and 16. The wing is cast of salwainum with
a copper plate in which the slnts}afa cut, forming
the upper surface. The rear 205 of this wing is formed
of wood. |

Pigure 12 shows schematlically the intericr of the
cast alwnlnum fuselage. A 10 h.p., 17,500 v, p. m.
induction motor is the driving unit. Upeed zontrol
comes {rom a variable frequency power supply that gives

the motor a speed range of about 4,000 r.p.m. Lo

17,507 r.p.m.  Cooling is accemplished by air flowing

in through the front ol the céwling, throush the duct

areas, and out at the rear of the cowling. Cooling

is good. The cowling has no hérmful effects on flow.
The fans are driven as shown in Figure 12. Threce

fan designs were built, fan 1B being the one used upon



the model. It ig twe stsge, of 7 inches dicmeter and

can be used to deliver about 20 cublc feet of alr per

P
.

second at &0 centimeters of water. For furiher details

of the motor and fans and their ¢haracteristics, to-

gether with the electrical systen used, see Reference 17.
Pigure 12 illusirstes also heow flow conditions

are measured. Statlc pressures ahead and behind the

4

fan are measured by Py and Py. At these stations pres-
sures are obtalned from 3/32" brass tube static rings

et into grooves as shown. WNear the tail of the model

jes}

pllot static rake is installed for measuring velocity

ped

at the gection and hence guantity of air handled. It
consists of 8ix pitot static tubes, of as near the
standard Prandtl type as possible, spaced at saual in-
tervals. Oddly enough, calibration teats (Reference 17)
showed that the rake averages the flow aliost perfectly.
Fro: glightly ahead of Py én back to the exit, the
nodel was so designed that duct ares remaing substan-
tially constant. Thus, no velocity changes occur. Rub-
ber Ltubing lesde coming from these Qaasuving devices,
together with electrical leads, arc carried out through
the small streamline strut shown in Figure l4. Pig-
ure 17 ghows the nenometers and speed control box.
REASURIMENTS. Specifically, the pressure neas-
uring arrangement is as follows: (1) Py to one side of

o U~tube wanometor; tunnel static (ef. Figure 1é- Verti-



¥lg. 17
Control Table
1. Wind tunnel control manometer
: v

1

. Selsyn angle of attack indicator

3. P, manometer
4. P; U-tube manometer
8 PT mancineter
€. Hodel Speed control

cal section through tunnel) to the cther. (2) P,

to the high pressure side cf - CALCIT micro-manometer;
statlic to the other. (3) Pp total head to ithe
1re glde of ancother CAICIT micro-manomater,
n 8tatic to the low pressure side. As the above ar-
rengement shows, all measurecments are made with ref-
erence to the tunnel static preessure. This system
gives the following readings: (1) gives static press-
ure ln the wing. It is only approximate, for it neg-
locts variations in volocity head and pressure drop

due to friction losses. However, velocity head is low,

the highest velocity head being about 3 D.fema” Loy a

-

ra

pressure head of about 55 gr./cm.&

ure below the fans with reference to tunnel static.




Pipg. 17
Contrel Tablo
nd bunnel control manomeher
lsyn angle of attack indicoator

P L‘u;O neher
% . PA U-tube manocnete
5. Pem z;:;u‘t;;"‘;{:ter

#odel Opeed control
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cal sectlon bthrough Lunnol) to the obller. VAl ok

PV ! ] - O T e cx gt - oF ' Lot ™o ¥ s -
te the high pressure side of o CALCIT silcro-ronome

Y

twnel wtatic to the olher. (4] Fp total hcad to the

YE by e vrey
ﬁ;;QL JRRAR PR

v g BT ey T e o M .
cenether CALCIT wicro-mooomete
P stutic to the low pressure side. £s Lhe above ap-

o 4 s

rengemncnt shows, all sesasurcements
ercnce to the tunnel stuotic yvressure.
gives the fellowing readings: (1) gives stalic press-

EN

ure in the wlng. Tt is only approximate, for it nep-

lects varlations in velocity hesd and
due to friction lossges. IHowever, velocity head is low,
about 5 or.fon.

head being

Yo

the highest velocity

o
LA,

R P TP . _— N - S / o \ '
pressure head of about 58 Ero/Cma oy gives prose-

ure below the Fans with reference to tunnel statio.
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It is not used alone but only to get pressure rise
across tire fansg by sublracting it {from (i). Hence,
three guantities are obtained from the above meas-

Y

urements: (a) Statle pressure within the winzg; (b)

Power put into air calculated from flow rate and press-
ure riée; (¢) Quantity of alr handled.

COMPUTATIONS AND CORRECTIONS. Testing a bound-
ary layorbmadsl in the wind tunnel gives rise t¢ sev-

ctiong which are Lo be

Lo

eral new quantities and corre

eﬁplained in this section.
One is a coefficient measuring quantity of air

taken 1n through the wing. It is: |

Q
VS - R

3

where © = quantity of air handled per second.

CQZ

V = Tunnel velocity (or velocity of flight)

S = Wing aren

For a given model, Cg can be varied by changing either
tunnel speed or 4. Cp 1ls the ratio of volume of ailr
taren in to the volume that would be swept out by an
outline of the wing plan-form set at ¢0° to the air-

gstream. For such a hypothetical case gt @ = $0©

=& - V-5 =
Cago™ Vs vs ! ‘ 1a)



Cp 1s a measure of pressurc in the wing. 1t is

civen by

n

Cp = Tg BREY

where

P = ststic pressure within the wing with rofer-
enice Lo free stresm conditions.
q = dynanic pressure of free stream

i
., together with wing statlc pressure, slot size, and
slot orifice coefficiont, determine quantity of air
flowing through & slot. GCp haz only 2 vague slgnifi-
cance. Whether Cp helps control the effectiveness of
boundiry layer rcmovel is not definitely hnown. 1In nll
work to date, CP has been of use only as an indiecation
of interior wing pressure. Ordinarily, 1t is measured
only at one point; hence, 1T preasures vary with span-~
wise location, it is possible that the Cp manometer
may not measure pressures even close to the average
for the entire wing. Moreover, model dimensions can

change it slightly. Consider the CALCIT model, Fig-

LasE

ire L2, If the duct ares at Py were Incroussed con-

gt

'

iderably, veleeities would decrease, causing the nep-

8

Fon

ative value of P1 to decreasse alsce, Hecause ol these
aefiects of model dimenglons and duct shape tare runs
have been taken outside the tunnel to determine Py

for various O, values,



Orne is a measurse of power suppllied Lo the air.
& i F

I
By definition

- o I’:M
Ups  Ev
()

R

Wihere B = power supplied to the alr. For any pump

£ = QAHzQ(HZ—H‘) V)

But H|= H+%__/OV;2

— 2
He =P+ %RV |
Fopr the GATCIT model V = V3. Therefore
AH= Q(H,~H)= P,— P \5)

Substituting in (o)
Cos= 45 L G)

vut. _% Thon () bocomes

SV

= Co

-3
L

Cps= Cq AP

%/; i

Hence, this method of deflning Cpg gives o measure of

energy supplied to the alr but says nothing ahout pgross
power recuired. Cpo varles somowhat xith the exit ve-
locity of the air. linirum total drag, considering Cpg
os an edditional drag, cccurs when exit veloelty euquals
free streas velocity, (Reference 11). Therefore, in
actual practice, the exit area should be desirned to

cive such a condition. Such 1s very nearly true at

high Cp values on the CALCTIT model,



Another dras term arlses on any model having air
flowing through it. 1t is one resultling from change
in momentwsa of this air. Reacticn values are founa

an follows: by

FUSELAGE

— @

Pip, 1w

Congider ?igure 1., Reaction equals the change in
momentum between points 1, the uniist&rbed velocity,
‘end 4, the exit velocity.
Mathematlcally, Lhe reaction is

R=pQa AV .8)
ahers ¥V = vector veloclty and R = reaction.
The above reoaction can be divided intc fwo components

E. o o L 4 (s i, . K PV "
since the Z conponent lg Zoro.

Ry=pL, Q A Vy (b) y
Ry is the drag reaction, Ry the 11ft reaction.

AVy =\U-V4 cos 6 (@)
AVy= Vg sin © (b)

EA VI



Consequently,

Rx=,Q(V=V4 cos ©) @)

RY:’/OQ V4 sin e (b) 1)
[ 9
Dividing byé;f>VZS w11l put eguation (i1l) into the
coefficient form :
Cpr = Ry — ~PQ(V-Vicos O)
=PV2S P VvES

A
2
— Ry _ ~QVasin 6
CLr=,—L = T 2
2PVSS Q_PV S ‘
Using the relation Cp= _Q the above can be put in
VS§

.

the following form

Cpr = 2 Cq( = 3% cos 6)

Vi2)
V. .
CLr= 2 CQ —\-}i ih © 13)

Cpr can be either negative or positive, depend ing upon
quantity of air flowing through the model and angle of
departing alr. Contrary to what might be thought, re-
actlon drags on the GALCIT model are positive through-
out nearly the entire range of Cp and © values. Cpp

is a correction of considcrable value, a maximum posi-
tive value of ..Ju8 being reached on the GALCIT model.

The 1lift qorractien is smaller in quantity, and in add-

ition is a correction to a larger quantity. Hences it



18 a correction thzt can in general be neglected. A

roment resction also arises because entering air is

o

not teken in on the center line of the departing air,

w2

Pigaur

4]

12

e

-

Other coefficients and tunnel correctlons are
those made on any normal model tested in the GALCIT
wind tunnel.

This research is being done on a small scale mod-
el. The question comes up as L0 whether or not the
model results are applicable to full scale aircraft.
In general, the answer is that they are. Certaln cor-
rections cen be made that make model results correlate
vepry well with full scale rosults. Thus, tests on the
GALCIT model can be used, with cerrections, for pre-
dictions of full scale results for all usual quantitlies.
But in this work, two basically new coefficients enter,
Cp and Cn. Cp is not affected by the scale of the
model. However, with Cp it may be different.

By definition, Cgp = Q/VS. hat determines the
value of Q@ required to prevent separation at a piven
1itt coefficient? The enswer 1s not well-known. Lt
is known that it is @t least a function of the energy
deficiency in the boundary layer because of the fact
that boundary layer removal experiments are success-
ful. The boundary lasyer thickness 1is proportional to

this energy deficiency. Then, for the sake of seelng



what happéns, let it be assumed that a piven 1lift co-
efficient will be attained if C, is just large enough
to suck off the boundary layer corresponding to this
Cp,. Let 8 = boundary layer thickness, b = wing span

= length of slot, V = free stream velccity. Then

g = KSVp Chd)
where K is a factor of proportionality. 1In general,
the boundary layer will be turbulent, Very littlé is
knouwn about tuvbulent boundary layer thickness for
curved flow wlth pressure gradient. Therefore, to
ca}ry oult the problem let us use the semi-empirical
formula for a flat plate

A
5.—:.375(—’1)5 X%
v {45)
in which x 1s the distance back froxm the leading edge.
Substitute (14) and {15) in C, and let x = A t, where

t is the average win; chord. Then

o
3 4
Cq= 375 K(E)® vb (A1)®
VS LG

Cancelling V, putting S = bt, and re-writing
!

Co= 375 KL)% b2ty

bt

1. o . . .
Eqg. 23.4, Durand Asrodynamic¢ Theory. Vol., ITT.

AT



This reduces Lo

4
co—_—___._f“Js/}s
17)
in which & = (375K and R m-%}— = wing Reynolds number.
Now assuie results are known for a model and are to be
extrapolated to full scale. Then A and A are the
same for both model and full scale. Find the ratio of

CQ’S, Let )i = model value; . )y = full seale value.

The ratio hecomnes

Caz ::(Rl )%
Ca, Rz CAB)

As the problem was stated, Cn measures the flow just
necessary to suck off the boundary layer at a given
Cr. (15) means that in order to get the saue O at

full scale as for the wmodel, the flow reqguired is re-
2

L R \5 . ,
duced by the factor (E; . If the above demonstra-

tion holds, it means full scale results are rmeh bet-

ter Shan model results, Consider the GALCIT model.

831

Tests on it are made at a Reynolds numbsr of H0o,000.
Reynolds number for a large airplane at landing

speed is about 12,500,:00. Then, in this case

[F™]
3
g



which weans Cn and, hence, Cpg are reduced to 55% of
the medel value to get a pglven Cr.

The shove is based on so many assumptions that it
cannol prove anythibg‘specifically, but it does have
vzlue In indicating that there may be a marked Reynolds

nunber offect,.

3

Cests should be paede to find cut 1T there is in-~

2

deed a variation with Reynolds number.



TESTS ON THE QALCIT BOUWDARY LAYER uODEL., Tests

“on the GALCIT wmodel have
similar to that used for

wind tunnel., Wing alone

of fuselage, fillets, and

adding these parts to the

the effect of suctlion wa

made &% flve valuss of Ggp

[ad
w3

been carrlied oul in o manner
ordinary models in the CGALCIT
was first tested, then éffects
tail cone were obtained hy
wing. 1In all tests in which
beinr determinad, tests werse

spaced at about equal inter-

vals frow Cn = 2 to nearly the maximum obtalnable.

ALY suction tests have been nmade treating Cpn as Lhe

independent variable. Hence, the model was run and

held at a2 pre~determined CQ by contrelling 1ts fan

speed to maintaln a constant reading upon the Fop wman-

ometer. Thus, the method is identical in principle

with that used for cperating the wind tunnel iltselfl.

Characteristics of wing alone arc shown by Fig-

ures Al, A2, A3, (Hote:

Large figures are segre-

gated at the end ol this thesis and are indicated by

a prefix "A".) Tesis were made at five speeds to de-

%

termine Reynolds number effect as well ss the usual

: . . o m 2
charscteristics measured at a q of 35 gr./em.*. The

wing is slightly below average as compared with norm-

al wings, but for one as thiek as it ig, its minimun

Cpp is good. HMaximun 1ift coefficient 1s about normal.

The only unusual quality of the wing is that it has a



reversc Reynolds number effect; drag increases with
Reynolds nusber. There is no rraat Intorest in moment
in this entire investigation, and go all moments sre
taken about the trunnicon axils to reduce computation.

dounting the fuselage on the wing mas found to
nave a bad effect on 1ift and dras characteristlces.
Separaticn occurred at the fillet. The original
metal fillet Xy, Fipure 27, aas found to be very
soor. Consequently, a short fillet investigation
was made. Results are shoan by Picure A4. Data on
fillets X, and Xg were incomplete and so .are not
plotted. lHowever, both these fillets were infer-
ior to any cf the others tried.

The method of test was to make fillets expand-
ing frow a given radius at the leading edpe to an-
cther radius 2t the trailinge edre. The last fillet,
£y, was very large, larger than X3, Fillet Xj; was
Tinally chosen as belng the besl one and wes used
in all the letter tests. No drawing cof it is given,
but 1Y can be scoen in Figu?gs 14, 20, and 21, This
fuselage-wing combination is very bad. The rodel
i3 a low wing type with o fuselape thzt raridly nar-
rows down towards the tralling edpe of the wing. Te-
céuge of such a Wiﬂ; fuselage junction. it wasg found

impossible to maeke & Filllet that would eliminate

local separation.



Flg. 2C
Rear View of Fillet X;

Flg. 21
W v ra < ~ R ll""‘t B
Front View of Fillet X;

i, 2%

Fillet X; and Cowl Replaced by Wax
Nose - Front View
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Rear View of Flllet Xj

Fip

-y

Pront View of Fillst X-

Plp, 22

Fillet X, and Cowl Replaced by Wax
Hose - PFront View



TR 28
Fillet X; and Cowl Replaced by Wax Nose
Rear View

Another minor investigatlion was made to determine

—

the effect of an open slot and the effect of the large
blunt tall. Four tests were made; with tall cone in
place, slot open and closed; with tall cone removed,

slot open and closed. Resulis are plotted in Filgures

A5 and A6. The slot tested was Gz, Migure 24,
Results are somewhat interesting. 4Sdlnlmun drag

is obtalned by having the tail cone ¢n and slot cov-
ered with celleophane tape, Figure AG. However, drag
increases only slightly 1f the slot is uncovered while
the tall cone is left on. Such a drag increase 1s
what would occur due to slotting a wing 1f some sort
of valve were Iinastalled in the exhaust duct to gpre-
vent any net flow out of the slot. The difference
between runs 35 and 37 represents the efiect of the

tail cone. It is conglderable. Run 36 compared with
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Pig. 23

Pillet Z; and Cowl Replaced by ‘ax Yose
Rear Vigw

Another minor investigatlon was made to determine
the eggsct of an open slot and the effect of the large
blunt tail. Four itests were made; with tall cone in
place, alot open and closed; with taell cene removed,
slot open and closed. Hesults are plotted in Flgures
AL wnd AG. The slot tested was Gy, Fipure Za.

Results are somewhal Intercsting. Linimus drag
is obtalned by having the tail cone on and slot cov-
ered with cellophane tape, Figure AS. However, drag
increases only slightly i the slot is uncovered while
the tall cone is left on. Such a drag increase i3
whialt would occur due to slotiing =2 wing if some sort
of valve were lins alléd in the exhoust duct to gre-
veant any net flow out of the slot. The difference
betwsen runsg <5 and 37 represents the effect of the

tail cone. It is conglderable. Run 36 compared with
ES



&7 shows the effect of a slot on drag when there is
net {low through the slot. 1In this ease drag increases
ngsiderabiya

Highest C, before stalling ls given by the slot

closed condition, buit it is highest by wnly a trifle.

o
3

fact, the open slot seeng to have no delebterious
effect upon the maximum C; for the normal wing.

Tests with suction on the plain wing using slot
Gy are shoun by Figure A7. Opgax 18 increased by
epproxliastely 5%, hut its value is still only Cy = 1.52.
Srall amounts of suction have considerable effsct, but
larger anounts do nct increase Cp in proportlion.

rogsible with slot

C, = .ull wes the hishest value g
Gy« One of the most noticeable =ffects of suctlion
ig the wuch higher L/D patic at high Cp values. An-
other is that the Cp, vs O curve is steepened snd
ofiset, thereby decreasing the angle of attack for

Crinnx On these tests the fillet is bad, but suction

holds the flow down uﬂtiW the stoll is resched so that
curves with suction are typlcal of those for an cx-
gczllent wing-fuselage intorsection. Mowents ure
changed slse, due to the air ?mgction in passing
through the model.

¥

One run wag made at ¢ = 25 gr./em.” instead of

re unsual g = 7. Regsulls us seen from the Tigure
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Fig. 25
Flap F1%° front view

Fl%. 26
Flap F12° gide view

Fig. 27
Fillet X;



, Fig. 25
Flap F1%° front view

Pig., 26
Flap F1%5 gide view

Fig., =7
Fillet X3
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are much more favorable. At g = 25, almost the same
1ift is obtained with Gy = .0CB as with Gy = ,00E for

g = 7. This indicates there may be the marked Rey-
nolds number effect already mentioned. Unfortunately,
no other Reynblﬁa number tests were made because the
possibility of such zn effect had not yet been realized.

Og}y one typ@‘cf’flap has so far been itried. It
was a 25% split flap, covering 58" of the $6" span.
Only one getting, 459, was used in these tests. Fig-
ures 25 and 26 aﬁe two views of this flap. It is
designated as F1%5.

Tests with this flap and Gy give good Cp, values,
but only because of the flap itself. Suction had
little effect. vFigure A& gives a false idea of the
effect of suction. BRun 26 is with slot open. Com~
paring it with Run 43, Figure All, where the slot is
el@sed, shows that an open slot with flaps down 1s
quite harmful in contrast with the effect on the
normal wing. Consequently, to get a true picture,
gompare Runs 27 and 20 with Run 43. The net gain
in Crpay is only 0.1, However, flaps decrease the
angle of attack for a given Cp, by about 10°,

chér tests were made using slot G; with the
poor original fillet, X; of Figure 27. Results are

much worse than with the better fillet, X3z. This

i



information indicates that an important reason for the
poor results is that the wing fuselage Junction 1s
causing trouble, since a better fillet raises Cypay
gongiderably.

The next tests were on slot Gg, Figure 4. Both
slots Gi and. Gg have the cross section illustrated in
Figure 10a. ©5lot Gy has 70% more area than Gy.. Thus,

higher Cp values could be reached.

=3 ]

ests on the‘plain wing are shown in Figure AlC.
Cimax Das been increased frem 1.52 with Gy te 1.64
with Gy. Otherwise, results are similar to those of
previous tests. On twe of these runs readings were
taken going down from the maximum sngle to find if
there was a sort of hysterises effect. The curves of
Runs 4% and 41 show there was indesd such an effect.

Ag with the plain wing, a slightly high%r Crmax
with flaps is obtained with G, than with Gp.

FPigure AlZ has been ﬁ&d@ solely to give a rough
comparison of drags of various configurations with
that of wing alone. The most Interesting curve is
that for Run 22, showing the effsct of boundary layer
removal. Parasite drag remains low, well up through
C;, = 1.4,

Comparliscns of the two slots are indicated by
Fipures 2¢ and 2¢. Por the plaln wing the narrow

slot produces higher Cy's for a given CQ, but power
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required fﬁr a given C; is slightly higher also. The
‘cagse with the bad fillet, X3, is much worse, either
for Cq or Opg. For the normal wing, the Cp vs Cq curve
is not flattening off so rapidly that higher C; values
sould not be obtained with higher Cg valuss, but &t the
. same time CQ would have to be extremely high because of
the poor type of results in general.

It is difficult to tell which slot is more effect-
iva wiih flaps because the data are too meager., Prob-
ably, however, the wide slot will give a certain CL
with less power but slightly more alr than the narrow
one. Points for these curves have considerable scatter.
(Figures28 and 25). Tests were made in the normal man-
ner to obtain meximum 1ift by taking readings at one d
degree intervals, Such a procedure is satlsfactory
for most tests but for work in which Cp .. is to be
plotted ageinst other functions, this method is in?
sufficiently accurste, leading to spprecliable scatter
of points. For future work, every Crmax Should be
found by more careful exploration of the region near

the stall.

FLOW VISUALIZATION EXPERIMENTS. HMaximum 1ift co-
efficient values on this model have been very poor.
Therefore, steps were tsken to find the reagson for this

by meens of flow visualization experiments, using tufts



of ailk floss glued to the upper wing surface. Obser-
vation of these showed where flow separation occurred.
Results are shown by Figures 30 to 35. It was felt

that the wing-fuselage junction was the worst offender,
and 80 tufts were placed upon the fillet and fuselage

as well as wing. Tufts were knouwn to make fillets

stall early, but since this wes the reglon of nmost in-
terest, they were placed In that region, ncotwithstanding.
Figures 30, 32, 34 indicete the effect of tufts. They
show it to be‘consiﬁerable. Hence, these tests cannot
be taken as lndicating the exact angles at which separa-
tion over the wing and fuselage occurs, but still they
show qualitatively what is happening.

Figures Sl, &3, and 456 indicate the separation
contours. Through an oversight, pictures for the
normal wing with suctlon were not made. However, its
fesulta were observed by eye to be similar to those
of the other three testis. ALl three figures show that
in every case there is bad and early separation at the.
fusselage intersection., All stalling spreads from this
location. 1t appears that otherwise the wing has good
characteristics, with little signs of tip atall.

Tﬁara was no indication that the four inchés of un-
slotted tip had a harmful effect. Neither were the

1/2" bridges over the slot harmful in the least.
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CCNCLﬁSIOH. ‘These tuft tests concluded the wrie
‘ter's experiments, If success is judged by the value
of meximum 11ft coefficlents obtained, the work has
been a -fallure. Nevertheless, more is known now than
before the start of the work. One r@aéan for the
trouble encountered has been found to be in the wing-
fuselage intersection. One of three paths for rem-
edying this trouble lies open: (1) Expand the fuse-
lage toward the trailing edge of the wing. (2) Slot
the fillet and usé suction to prevent separation on
it. (o) Turn the wing over and use the model as a
high wing. This third method is recommended for the
present. A high wing should be easler to work with
and should always give optimum pesulte beeaﬁse the
slot 1s s0 easily extended entirﬁiy acrogs the span. ’
Then, if satisfactory results are obteined as & high
wing model, it may be convart@é'back o a low wing
type and special investigations made to remedy the
disadvantages inherent in a low wing model. 1In such
a c¢ase, the high wing experiments should serve both
as a gﬁide and as a goal.

The author has not done enough work with the model
to be sure éf any definite method of attack for getting
best results but would use the following method unless
a better sclution develops. Try several slot loca-

tions to see the effect of lecation, and for every

- 51 -



slot location, set out to develop the best Lift
possible.

In all boundary layer control experiments the
flow is being held on artifieially. Experlience with
flow breskdown at the fillet and experlence with try-
ing to control the flow after it_has sep&rated'indi—
cate that flow can be maintained for only a few de~
grees after initial separation occursg. In other words,
it seems to the writer that the effectiveness of bound-
ary lajer contrel in preventing separation is only as
great as at its weakest point. |

#With such a working theory in mind, flow visuali-
zation tests should be made with cach slot to see
where stalling begins. The slot should then be re-
designed to pvevent'atalling in that portion. Then
test again and re-design anew until an optimum is
éypraached.'

- Regults sé far have been negative, but 1t is
haped that this thesis presents information that may
be of use in the future siudy of the problem of bound-~

ary layer control.
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