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SUMMARY 

An analysis has been made o~ the lateral control 

characteristics of a semi-span wind tunnel model equip

ped with a boundary layer control system. An estimate 

has been made as to the lateral control performance of a 

flight test airplane. The boundary layer control system 

consisted of blowing air over the aileron and blowing 

flap, and sucking air in over the suction flap . 

.It was fo u.nd that the rolling perf' o nance would be 

greatly improved by boundar :,r lav·er control. The est i mated 

ma.J< imum ~ increased 129 per cent when the boi.lndary layer 

control system was opera ted; however, at the s ame time 

the adverse yaw was increased. 

The use of boundary layer control increased the 

aileron hinge-moments h ut reduced materially t he wheel 

f orces. The landing speed of the flight test a i rplane 

as red L,..ced a bo t 10 percent because of the higher maxi

mum lift coefficients obtained f rom bo~ndary layer control. 
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INTRODUCTION 

From the day the Wright Brothers first flew at 

Kittyhawk until the latter part of the second decade of 

this century aeronautical research directed toward im

proving the lift characteristics of an airfoil was prima

rily one of changing the airfoil section profile. The 

aerodynamic characteris tics . of many airfoils were pre

dicted theoretically and then determined experimentally 

by wind-tunnel testing. The test data gathered in these 

and other investigations showed only a moderate variation 

in the maximum lift coefficient of the many different pro

files tested. With this knowledge in mind. other means 

were sought which would have the same effect and the 

early investigators such as Schrenk and Bamber turned 

their attention to the boundary layer. 

The boundary layer may be defined as a thin layer of 

air surrounding the airfoil in which the flow is retarded 

due to the viscous forces ·or the air near the surface. The 
' 

flow in the boundary layer may be either laminar or turbulent. 

A laminar boundary layer is one in which the paths of the 

air particles act as planes that slide upon each other but 

do not cross each other, while in a turbulent boundary 

layer the air particle paths are free to intermix. When 

a boundary layer is first formed it is laminar and remains 

in that state until the motion of the particles in the boundary 

layer cause a transition to the turbulent state . Some of the 
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causes of this ·transition are; surface irregularities, 

pressure disturbances, dust particles, and possibly other . 

factors yet to be flllly understood (reference 1). The 

fluid flow over the airfoil. may be either -laminar or 

turbulent .when the air stream separates from the surface, 

when this separation occurs the airfoil is 1tstalledtt. An 

examination of the fluid flow over an airfoil will show 

this more clearly. 

At high- angles of attack, the minimum pressure point 

on the upper surface or an airfoil is close to the leading 

edge. Ahead of this minimum pressure point the pressure 

gradient is favorable and tends to maintain a laminar 

boundary layer. Aft of the minimum pressure point the 

pressure gradient is adverse and steep, and the kinetic 

energy the air has gained as it flows from the leading 

edge to the minimum pressure point is utilized aft of the 

minimum pressure point as the air tries to overcome the 

adverse prefrnure gradient. When the kinetic energy of the 

air decreases to the point where it is no longer able to 

overcome the adverse pressure gradient the flow will sepa

rate from the surface and may even be reversed in -the 

boundary layer. After separation has occurred; that 

portion of the airfoil aft of the separation point is 

contributing nothing to the lift of the airfoil. If the 

separation point 1s very far forward only a small portion 

of the airfoil is producing lift and the airfoil is said 

to be stalled. 
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In order to postpone, or entirely prevent stalling, 

either the adverse pressure gradient, which the air par

ticles in the boundary layer i-;ave to work against, must 

be decreased or additional ~inetic energy must be supplied 

to the boundary layer. A suction slot located on the aft 

portion of the airfoil section was suggested as a means of 

accomplishing the former, and the addition of small pressure 

slots on the upper surface of the airfoil was suggested as a 

means of achieving the latter (re""erence 2). 

In . the latter 1920,s a number of successful experi

ments were made on airfoils incorporating the above sug

gestions; however, the great amo~nt of power required to 

produce the necessary pressure or vacuum was objectionable 

and most of the investigations ceased except in GerrJany 

where O. Schrenk continued his experiments (reference 3). 

In Germany during 1938 the first airplane ueing suction 

slots for boundary layer control was built and flown. It 

was not unt il a ter the end of World War II that it became 

_ known that a riLmber of airplanes with boundary layer control 

were constructed and flown successfully in Germany during 

the war. These successful experiments (reference 4) thus 

indicated that boundary layer control b the use of blowing 

or suction slots was a means of increasing the lift coef

ficient. It was during these tests that it was found that 

lateral control effectiveness could be increas·ect by boundary 

layer control. 

In the last fifteen years aircraft designers have 
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realized that cood low speed perfor:11ance is just as im-

portant a design criterion as good _erfo,mance at cru~sing 

and top speeds. As a result the h g! lift fla) came into 

use as a low speed device, at th expense of high speed 

performance; however, it was realiz d a corvro~ise had to 

be made between these two conditions. With the advent of 

lower landing speeds, accor:r- an ing the use of flaps, the 

problem o~ inadequate lateral control was encountered. 

In 1949 the -University of Wichita was designated by 

the o~r~ce of Naval Research to investigate the problem of 

low speed fli.c;ht. A review of the rese21:ich completed in . 

the United States, England and Germarrr was· made and a two

di ensional model incorporating blowi ducts and slots 

( reference 5) was constructed and tested in the Uni versi tr 

of Wichita 7 x 10 Foot Wind Tunnel. 

The results of this two-dimensional investigation 

showed an increase in lift charact ristics and als in

dicated the probabilit of incr~as~10 the lateral control 

effectiveness o; an airplane usin this type o~ bo1 ndary 

la· er control. 

At the end of the two-dimensional tests the University 

of Wichita and the Cessna Aircraft Co pany were awarded con

tracts by the Office of Naval Research to continue the low 

speed flight research program with the construction and 

testing of a three-dimensional model by the University of 

Wichita, and the ilding and testin of a flight-test air

plane by Cessna. This test program would place special 
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empha_sis on pressure distribution and lateral control as 

affected by boundary layer control. 
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SYMBOLS 

blowing slot width 

wing span (feet) 

aileron span (feet) 

airfoil or wing chord (feet) 

airfoil lift coefficient (L/tsv2 ) 

· aileron hinge-moment · coefficient (Aileron hi~e moment) 
qca ba . 

rolling-moment coefficient (Rolli; moment) 
. q b 

yawing-moment coefficient (Yawiris moment) 
. qSb 

aileron chord (feet) 

rate of c·hange of hinge-moment coefficient per 
degree change in angle of attack 

rate of change of hinge-moment coefficient per 
·degree change in aileron deflection 

rate of change of rolling-moment coefficient per 
degree change in angle of attack 

rate of change of rolling-moment coefficient per 
degree change in aileron deflection 

rate of change of rolling-moment .coefficient per 
unit change in yawing-moment coefficient 

rat-e of change of yawing-moment coefficient per 
degree change in angle of attack · 

rate of change of yawing-moment coefficient per 
degree change in aileron deflection 

rate of change of aileron deflection per degree 
change in wheel deflection 

wheel foree (pounds) 
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p 

pb 
7?v 

q 

r 

s 

V 

e 

d 

u 

~11 

T 

8 

dynamic pressure ratio (blowing duct to suction 
duct) 

rolling velocity (radians per second) 

helix angle {radians) 

dynamic pressure {'2v2 ) 

· wheel radius (equat 5 1/2 inches) 

wing area (square feet) 

aircraft or tunnel velocity (feet per second) 

airfoil angle of attack (degrees) 

aileron defl ction (degrees) 

blowing flap deflection (degrees.) 

s uction flap deflection (degrees) 

angul ar wheel def lection (degrees) 

Subscripts 

down-going wing or up-going aileron 

up-going wing or down-going aileron 

total 



CORRECTIONS 

- The following is an explanation of the correctioria 

applied -to the test data. 

It is sho n in reference 6 that when the boundary 

layer control system is in operation the effective 

angle of attack, the downwash angle and the circulation 

strength of the .·airfoil are increased, and the stagnation 

point 1a moved rearward. This is similar to what occurs 

when a flap is deflected. Therefore, in order to correct 

the data taken when the boundary layer control system is 

in operation 1. e., pressure ratio equals 1_. 08, the ad

ditional increment of lift obtained from boundary layer 

control will be applied as an addition to the lift coef

ficient of the flap (CLr) in the empirical equations for 

the Jet boundary and reflection plane corrections given 

below: 



( 4_) 

(5) 

(6) 

(7) 

· Equations (1), (2), (3), and (4) are the jet boundary 

and reflection plane corrections applied tocx, CL, CD and Cn 

respectively for symmetrical loading conditions. Equations 

(5) and (6) are the Jet boundary and reflection plane cor

rections applied to C1 and Cn for asymmetrical loading con

ditions. Se~ reference 6 for a . derivation of the above 

equations and ·for a more complete and detailed analysis of 

jet boundary and reflection plane corrections. The jet 

boundary and reflection plane correction to Ch was small 

enough to be neglected and was not applied to the data. 

Equation (7) is an additional correction applied to 

for the effect of rolling and was taken from reference 8. 

The flow of air as it enters the test section of the 

tunnel diverges from the horizontal slightly, therefore, 
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increasing the angle ot attack of the model .4 of one 

degree. To compensate for this upflow an additional . • 4 

of one d~gree was added to the angle of attack. 

No corrections were applied to the data for the small 

amount of ~ing twist produced by deflecting the aileron 

and flaps. 



DESCRIPTION OF THREE -DIMENSIONAL MODEL 

AND BOUNDARY LAYER SYSTEM 

- The flight-test airplane was · a Cesena Model 170; · 

therefore, the wing that was tested in the low speed 

fli ght research program was a semi-span model of the 

wing of the Model 170. 

The model had a span of 96 5/8 inches and a mean 

aerodynamic chord of 29 1/2 inches. The profile of the 

model was a NACA 2412 airfoil section, and was fitted with 

a 25 percent ohord :full span flap designed at the University. 

of Wichita; The plantorm of the model consisted of a rec

tangular section 38 5/8 inches long with~ 32 inch chord, 

and a tapered section 54 inches long with a 32 inch chord 

at the root, and a 22 1/4 inch chord at the tip (eee figure 

1). The 25 percent chord line wae perpendicular to the 

root chord or the model. The leading edge or the flaps and 

aileron laid along the 75 percent chord line. 

The full span flap was divided into three sections 

as follows: 

The outboard section constituted the aileron and was 

designed (to scale} to have the same area as the actual 

aileron. 

The center section of the full span flaps _ continued 

inboard from the inboard edge of the aileron to the root 

of the tapered eee-t1on. This center ection of the flap 

constituted the blowing flap • . The leading edge of the 

12 
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blowing flap was deai~ned so ·that it was tangent to the 

upper trailing edge of the wing panel at all deflection 

angles. 

The inboard or suction flap extended inboard from 

the root of the tapered section to the tunnel wall (or 

end plate _or the model). This suction flap was designed 

after one used at the Goettingen Wind Tunnel in Germany. 

Hinge bars fastened to the lower surface of the 

model (see figure 7) were used to attach the blowing 

flap and . ai~eron to the main section of the wing panel. 

These hinge bare ran chordwise aft ~rom the 30 percent 

chord line. The forward ends of the bars were anchored 

to the model, and the rearward ends were a t tached to the 

f laps. The bars were made from 1/2 by 1/4 1020 bar steel. 

The suction duct within the model was placed just 

f orward of the suction flap and extended from the r oot 

of the tapered section to the tunnel wall. The blowing 

duct extended the entire length of the semi~span, the 

-outboard part being just forward or the blowing flap 

and the aileron. Inboard from the root of the tapered 

section the blowing duct was forward of the suction duct, 

the two being separated by a rectangular block of mahogany. 

The blowing and auction duot outlets at the root section 

of the model were designed to permit an even flow across 

t he span without a large pressure dirferential. 

The model was fitted with tw-o trunnion mounts which 

were on the 25 percent chord line and attached to the 
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struts coming up through the floor of the tunnel from the 

balance room. These struts provi~ed support for the- odel. 

The pitch strut which attached Just forward of the flaps 

at the root of the tapered section moved up or down to 

allow the angle of attack of the model to be changed. 

As it was not practical to cut a hole n the per

manent wall of the tunnel, the wall was fastened n the 

open position and a temporary wall was built to the same 

dimensions as the permanent wall. The new wall was made 

from 3~4. inch plywood. A 4 foot 1/2 inch diameter hole 

was cut into the wall ·and the end plate of the model was 

installed in this hole. Since this temporary wall did not 

open after installation it was necessary to install a door 

to enable personnel to enter the test section of the tunnel. 

A circular end plate 4 feet in diameter which fitted 

into the circular cutout in the tunnel wall was fas ened 

to the inboard end of the model. This end plate was made 

from 3/4 inch plywood and was rein£orced with three 2 x 4 

-strips of mahogany, two of which were parallel and at right 

a les to the third. Two holes the same size as the auction 

and blowing ducts were cut in the end plate. Two transition 

pieces were designed and fabricated from SAE 1020 sheet steel 

to insure a smooth flow from the transmission pipes, which 

were 6 inches in diameter, into the ducts of the mo~el. A 

flexible rubber seal joined the transition pieces and the 

transmission pipes. 

The pipes which transmitted the air from the compressor 
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to the model were made from 28 gage galvanized steel 

gutter pipe. _ They were fitted with orifice plates, .re

gulating gates, pressure taps and thermometers. The pipes 

were 8 feet 5 inches long and they extended from the- end 

of the transition pieces ·to the compressor. 

The _air compressor consi_sted of a supercharger which 

was removed from an Allison engine and was driven by a 

sixty horsepower electric motor. The motor and supercharger 

were connected by means of a gear box and six V-belts. 

A transition section, which fitted on the top of the 

supercharger, was designed to direct the air, with a mini

mum of losses, .from the supercharger to an elbow which 

changed the direction of the air about 90 degrees and 

directed it into the blowing transmission pipe. The air 

. rrom the suction transmission pipe went directl into the 

supercharger inlet. 

The quantity of air flowing through the supercharger 

was controlled by the fluid coupling between the super

charger and the power-take-off and by butterfly valves in 

the supercharger. 

AU-tube manometer board was used to measure pressures 

during the test runs. Two water manometers were used to 

measure the pressure differences across the orifice plates, 

These pressure differences determined the pressure ratio 

between the suction and blowing transmission pipes. Two 

mercury manometers were added to the water manometer system 

so as to include a reference to barometric pressure. In 
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order to measure the pressure differences in the blowing 

and suction ducts of the model a set of tubing lines. ere 

extended from a manifold box into the ducts of the model. 

The open ends of the lines ~ere spaced at about 4 inch 

intervals along the span of the ducts. The manifold 

pressure in each duct was measured by mercury manomet rs. 

The hinge moments of the aileron were measured by 

a strain-gage .built at Beech Aircraft Corporation . It 

is similar to the SR-4 strain-gage manufactured by the 

Baldwin .Locomotive Works (see figure 9). A small beam 

was clan~ed around the bolt that held the aileron to the 

hin e· bar. The end of the beam fit into the groove of a 

U-shaped bar bolted to the lower s~rface of the wing panel 

( see .figure 10) • The arm of the beam was 6 inches in 

length. The strain-gage was calibrated and a zero 

reading taken before each run. 



. SUMMARY OF PRELIMINARY TESTING 

The first series of tests that were run on the model 

were of a preliminary nature and were performed in order 

to select a blowing slot width to be used in the lateral 

eontrol and pressure distribution tests, to discard any 

data and conrigurations that were found to be of little 

or no value and to establish a procedure to be used in 

the testing program. 

The compressor, unit used in the wind :tunnel testiD,g 

was obviously too large and heavy to be used on an air

plane; therefore, it was necessary to design another system 

that would be capable of being installed in the full-scale 

wing and also furnish an adequate amount of high energy air 

to the boundary layer. A jet pump has been designed to meet 

this requirement and its characteristics have been estimated. 

It has been estimated that a pressure ratio of 1.08 and a 

flow coefficient of .02 at full scale Reynolds Number would 

be obtained from the je·t pump. 

The blowing slot width is a function of the pressure 
p 

ratio between the blowing and suction flaps J, and the 
s . 

quantity of air moving through the system; therefore, a 

group of tests were made with the blowing slot width set 

at various · percentages of the airfoil chord. At each 

different blowing slot width the pressure ratio was varied. 

An angle of attack of 10 degrees and a flap deflection of 

45 degrees were maintained throughout the tests. 

17 
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From the data obtained in these tests and from the 

estimated character:tstics of the jet pump a blowing slot 

width of 1.2 percent of the airfoil chord and a pressure 

ratio of 1.08 were selected ~s those values to be used in 

the subseq~ent tests. 

Another group of tests, in which the configuration 

of the model was changed, w~re made in an effort to in

crease the lift coefficient of the model. The following . 

changes to the configuration were made; a split flap was 
~ 

added to_ the blowing and suction flap, a separation plate 

was placed between the suction and blowing flaps so as t o 

restfict the flow between the flaps, the s~ction slot width 

was narrowed by screwing a sheet of aluminum to the upper 

surface of the s uction flap so that the le~dl ng edce of 

the aluminum sheet was forward of the 1e~a1ng edge of the 

suction flap, shims of various thickness were added be

tween the intermediate piece (see figure 3) and the upper 

surface of the main wing panel, and the blowing and suction 

flaps were raised and lowered from the flush position (see 

figures 2 and 3 ) so that the upper and lower contours of 

the airf oil were changed. A separate run was made for each 

of the above config~rations. 

None·of the above changes had any great effect on the 

maximum lift coefficient and were rejected ; consequently 

none were used in the lateral control or pressure distribution 

tests. 



· LATERAL CONTROL TESTS PERFORMED 

The lateral control · tests consisted of eight runs. 

In the first seven runs the angle .of attack of the model, · 

the pres·sure ratio, and the angle of deflection of the 

suction flap, blowing flap, and aileron were varied. At 

the same time the lift, drag, roll, and yaw forces and the 

aileron hinge moments were measured. In the eighth run 

the aileron was used as a flap and a spoiler was added to 

provide lateral control. The same procedure was used in 

this run as in the first seven except that aileron hinge

moments were not measured. 

-A complete set of data were obtained for a pressure 

ratio of 1.00, but for a pressure ratio of 1.08 with the 

flaps deflected 45 degrees down, the aileron deflected 10 

degrees or more down and with the model at an angle of 

attack near the stall angle, buffeting of the end plate 

due to the ~igh lift loads on the model prevented accurate 

readings fro~ being taken; consequently, no data were re

corded. 

A summary of these lateral control tests will be 

found in Table I. The angles of attack listed in this 

table are necessarily uncorrected since the amount of 

the correction to each angle of attack was unobtainable 

until after the run was completed and the lift coefficient 

computed. 

From the data obtained as a result of these runs 

19 
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the effect of this particular type of boundary layer 

control system on the low speed lateral control charac

teristics of the model wiil be shown and an estimate 

will be made as to the low speed lateral control per

formance of the flight test airplane. 



EFFECT OF BOUNDARY LAYER CONTROL ON c1 

In order to produce · a rolling moment .about the longi

t .udional axis of an airplane in steady flight the spanwise 

load distribution of the wing must be changed. The most 

common method of accomplishing this is by the use of plain 

flaps mounted on the trailing edge of the outboard wing 

•panel which are usually referred to as ailerons. The nodel 

used in this test program was equipped with these plain 

flaps or ailerons. The ailerons on each wing deflect asym

metrically, one going up and one going down. This asym

metrical deflection alters the apanwise load dis•tribution 

so that a rolling moment is created about the longitudional 

axis. 

To evaluate the effect of boundary lay-er control on 

the rolling moment, the rolling moments obtained from the 

tests were reduced to coefficient form' and plotted against 

angle of attack. These curves are represented by the plots 

of figures 13 and 14. A crossplot was then made with the 

rolllng moment coefficient determined at each aileron de

flection angle for various values of angle of attack. These 

curves are illustrated by figures 15 and 16. These runs 

were made at a low Reynolds Number (965,000); therefore, 

the results may be somewhat optimistic. 

A positive (or downward) aileron deflection on the 

right wing panel was considered to produce a negative 

rolling moment. 

21 
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Figures 13 and 15, which were plotted from data taken 

at a pressure .ration of 1.00, agree favorably with figure 

6, reference 10J the only difference being the displacement 

of curves in this paper from zero rolling moment, at -zero 

degrees aileron deflection, due to the additional rolling 

moment ·caused by the deflection of the flaps on the semi

span wing model. In reference 10 a complete model was used 

and the rolling moment of the flape on each side of the wing 

balanced each other. 

Figures 14 and 16 show the rolling moment data obtained 

at ·a pressure ration o'f 1.08. 

A definite indication of the effect of boundary layer 

control on rolling moment coefficient can be seen by com-

paring figures 13, 14, 15 and 16. From figures 13 and 14 • 

-it can be seen that as the angle of attack of the model is 

increased the rolling moment coefficient increases for both 

a pressure ration of 1.,00 and 1.08. This is also true when 

the angle or ·aileron deflection ·1s varied from a negative 

· to a positive deflection as is shown in figures 15 and 16. 

From figures 13 and 14 at an angle of attack of 12 1/2 

degrees and with the aileron deflected 45 degrees the in

crease in rolling moment when boundary layer control was 

applied was found to be -.155, which represents a substan

tial improvement. At the same angle of attack but with the 

aileron deflected ,. 0 degrees and -10 degrees the gain in 

rolling moment coefficient was found to be -.120 and -.080 
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respectively .. Thus it can be seen from these values, and 

the fact that the curves or figures 13 and 14 are es~ential- _ 

ly straight lines, that the increase in rolling moment coef-
.. 

f1c1ent with boundary layer .control is directly proportional 

to the aileron delfection angle. There:rore, the boundary 

layer control system is more efficient, as far as C1 is 

concerned, at the higher aileron deflection angles. 

From figures 15 and 16, at the same angle of attack 

and aileron deflection as used above, the increase 1n roll

ing moment coefficient was found to be -.155. At this 

aileron .deflection (45 degrees), but with an angle of 

attack or eight degrees and two degrees the gain in rolling 

moment coefficient was -.160 and -.155 respectively. This 

indicates that the effect or boundary layer control is inde-

pendent of the angle of attack or the model at any given 

aileron deflection. 

The value of dC1 remains essentially constant with and 
. . a.ex"" 

dC1 without boundary layer control, but the value of df>a is 

· doubled when boundary layer control is applied. Thia would 

indicate that boundary layer control has a more pronounced 

effect on a change in configuration of the wing {change in 

aileron deflection angle) than a change in attitude (angle 

of attack) of the wing itself with any given configuration. 

Perhaps the most significant fact to be found in regard 

to the rolling moment coefficient is that a rolling moment 

can be produced without any aileron deflection through the 
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use of boundary layer control. For instance, from figures 

15 and 16 at an angle of attack of 12 1/2 degrees and _with _ 

zero aileron deflection the increase in rolling moment coef

ficient by boundary layer control was found to be -.094. 

The reason. for tlis being the fact that the lift on the 

wing pane~ using boundar layer control is greater than 

the lift on the panel without boundary layer control. 

This condition of unbalanced lift vectors produces a 

moment about the longitudional axis which tends to roll 

the airplane. Thus it is possible to roll an airplane by 

applying boundar7 layer control to only one-half of the 

wing at a time. 

It must be remembered however, that the flaps were 

deflected 45 degrees during the tests, and their de-

_flection is a necessary part of the boundary la er 

control system. No tests were run with the flaps up 6 

but undoubtedly a rolling moment could be produced that 

would roll the airplane at zero · aileron deflection with 

. the flaps up. This would necessitate a change in the 

design of the boundary layer control system from that 

which was used in these tests. 



EFFECT OF BOUNDARY LAYER CONTROL ON en 

The manuever of yawing is a result of a moment pro

duced about the vertical ax-is of an airplane. A yawing 

moment was induced on the model in the lateral control 

tests as a result of a rolling moment produced by .aileron 

deflection, the two being dependent on each other. The 

yawing moment due to rolling. arises from the increase in 

angle of attack ·of the down-going wing and the decrease 

in angle of attack of the up-going wing. As the lift 

vector tilts forward with respect to the wing chord with 

angle of attack, the down-going wing will have a forward 

component·from the 11ft vector, while the up-going wing will 

have a rearward component from the lift vector. The 

result of this is to create a positive yawing moment for 

a negative rolling velocity as will be shown l a ter. 

The yawing characteristics of the model due to 

aileron deflection are shown in figures 17, 18, 19 and 

20. In figures 17 and 18 the yawing moment coe f ficient 

was plotted versus angle of attack for various ci.ileron 

deflections, and in figures 19 and 20 a crossplot of 

figures 17 and 18 was made with the yawing moment coef-
N · 
~ ficient plotted against aileron deflection f or various 
\J) 

~ angles of attack. These r uns also were made at the 

Reynolds Number of 965,000, therefore, these results 

may be somewhat optimistic. 

A positive ( or ~·d~~:n~~i~ Ip'ia:i)L~,l,~n ki~fl1Ef~t).c/n: on the 
> ), ) • •• ) .) J _:, .> ? J J J '.) ~ J O .) ) d ·J ? 

}J J ; ; ) } J ) ~ ~ "I.).) / J 

' ',.) J ) ) -? J 
.) ) ) '-' • .) ,;) J -

) .) '2 } 
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right wing panel was considered to produce a positive 

yawing moment. 

From fig es 17 and 18 at an angle of attac of 

12 1/2 degrees and with the ·aileron deflected 45 degrees 

down the values for the yawing moment coefficient are 

. 0530 and . . 1175 res pee ti vely. . Thus, the use of boundary 

layer control increased the yawing moment coefficient 

.0645. At the same angle of attack, but at aileron 

deflections of 20 degrees and -10 degrees the increase 

in yawing moment coefficient was found to be .0355 and 

.0150 respectively. These values show then that the 

yawing moment coefficient is increased through the use 

of boundary layer control and that it is a function of 

aileron de lection angle. The greatest gain in y wing 

moment coefficient occurs at the larger positive aileron 

deflection angles. 

In figures 19 and 20 for an aileron deflection of 

45 degrees and an angle of attack of 12 1/2 degrees the 

· increase in yawing moment coefficient by boundar · layer 

control s .0645 as shown above. With the same aileron 

deflection, but with angles of attack of eight and two 

degrees the increase 1n yawing moment coefficient is .0550 

and .0495 respectively; hence, it is seen that the yawing 

moment coefficient is not changed greatly by a change in 

angle of attack. 

In figures 19 and 20 at an aileron deflection of -20 
dCn . 

degrees th values of c!6:- are about equal. As the aileron 
a 
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deflection angle is increased positively the value of 
dCn 
ct& shows a larger increase with the boundarJr layer 

a _ 

control system in operation than without boundary layer 

control indicating the greater effectiveness of boundary 

layer control at the higher aileron deflections. 
dC 

In figure 17' the value of dcxn for -10 degrees aileron 

_deflection is less than for the other deflections. The 
dCn -
co< value for -10 degrees in figure 18 agrees favorably 

however, with the other deflections indicating that an 

experimental error produced the results shown by the 

curve for -10 degrees in figure 17. 



EFF~CT OF BOUNDARY LAYER CONTROL ON ADVERSE YAW 

As was stated previously the yawing moment due to 

rolling will create a positive yawing moment for a negative 

rolling -velocity when conventional ailerons are used (see 

reference 9). When the sign of the yawing and rolling 

moment are opposite the yaw is said to be adverse . Figures 

21 and 22 show that on the semi-span wing teated the yaw 

-was adverse both with and without bo undary layer control . 

~l ( The value of~ without boundary layer control figure 
uCn 

21) changes only slightly with a change in aileron de-

flection and angle of .attack. This small chan&e does, 

however, increase the adverse yaw at the larger aileron 

deflections and angles of attack. 

dC1 The change in __ with boundary layer control ( f igure 
dCn 

22) is moderate, but unfortunately also increases the 

adverse yaw with increasing aileron deflection and angle 

of attack. 

A comparison of the two shows an increase in adverse 

.yaw when bo undary layer control 1s applied. For instance, 

from f i gure 21, dCi for an angle of a tta ck of 12 debrees 
dCn 

and an aile r on de lee ti on of 45 degrees is -3 .64, ·but 

figure 22 dCi for t he sam de f lection and angle of a ttack 
' · dC n 

s -3. 01. · 

This ca n also be seen by showin the yawing moment 

res ulti ng f rom a given rolling oment a a cert c;... n 

28 
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aileron deflection and angle of attack . Using the 

above values of aileron deflectio~ and angle of attack; 

without bo·ndary layer control, a yawing moment of .055 

will be produced for a rolling moment of -~200. With 

the boundary layer control system in operation, for a 

rolling moment of -.200 a yawing moment of .0665 will 

result. 

Thi s increased adverse yaw 1s a result of the added 

lift produced by the boundary layer cont rol system. The 

effect of this added lift is to create a more positive 

yawing moment for a given rolling velocity thus making the 

yaw more adverse. 

An increase in the vertical tail s urface is indicated 

in order to compensate for the increase i n adverse ~aw. 



EFFECT OF BOUNDARY LAYER CONTROL 

ON AILERON HINGE MOMENT 

.The pressure distribu~~on over an aileron, or a chang~ 

in pressure distribution .over the aileron, produces a moment 

about the hinge of the aileron. This moment is called the 

hinge moment of the aileron. Such a moment will cause the 

flap to rotate about its hinge line or will require an 

equal and opposite moment be applied to the aileron so that 

the flap will remain in any given position. 

The two maJor variables that change the magnitude of 

the hinge moment are angle or attack and aileron. deflection. 

It has been assumed and it is well justified, that the total 

hinge moment can be thought of as an addition of the hinge 

moments produced by a change in angle of attack and aileron 

deflection. These two components of the total hinge moments 

are both increased when boundary layer control is applied. 

Figures 23 and 24 show the hinge moment coerr·icient 

plotted versus angle of · attack ror various aileron de

flections. Figure 25 is a crossplot or figures 23 and 24 

and showa the hinge moment coefficient plotted against 

aileron deflection angle for an angle of attack of 12 degrees. 

· The other angles of attack are not shown here because the 

range of values between the different angles of attack were 

small. A graph showing any other angle or attack would be 

similar to figure 25. 
dCh The value of 00< at any aileron deflection is of the 
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order of -.005 without boundary layer control (figure 23) 

and -.075 wit~ boundary layer control (figure 24). ~he 

value of~ varies as th8 aileron deflection angle changes. 
- a 

At an angle of attack of 12 .degrees (figure 25) with - the 

aileron deflected 45 degrees the increase in hinge moment 

coefficient caused by boundary layer control is -.300, a 

large increase (56 percent). Using the same angle of attack 

but with aileron deflections of 20 degrees and -10 degrees 

the increase amounts to -.433 and -.045 respectively. From 

the above it can be seen that aileron deflection produces 

moat of the increase in hinge moment coefficient when 

boundary layer control is used. 

These increased hinge moment coefficients are due to 

the change in pressure dist~ibution caused by boundary 

. layer control and also to the additional ener y, added 

by the air in the boundary layer control system, -Which 

the aileron must act a~ainst. 



EFFECT OF BOUNDARY LAYER CONTROL ON A SPOILER 

In order to study the effect of boundary layer control 

on~ spoiler the aileron was deflected 45 degrees down and · 

was useq as a flap (see figure 8). To this configuration. 

of full span flaps a spoiler was added. The spoiler was 

7.5 percent of the chord in height and extended from the 

outboard end of the aileron to the inboard end of the blow

ing flap. It was placed on the 70 percent chord line just 

forward of the blowing flap and aileron (see figure 11). 

Figures 26, 27, and 28 show the rolling and yawing charac

teristics of the spoiler. 

A spo ler type lateral control device ~sually has a 

favorable yawing moment. In figure 28 it is seen that 

the yaw is adverse; this is due to the action of the full 

span flaps on the semi-span model and not the s oiler. 

The spoiler used alone would probably produce favorable 

yaw. Fig~re 26 shows that with the spoiler type ·control 

the rolling moment coefficient increases when boundary 

layer control is applied. At an angle of attack of 14 

degrees this increase is -.0850 or 66 percent greater 

than the rolling mo~ent coefficient obtained without 

. boundary layer control. By comparing figures 13, 14, and 

2o it is seen that the rolling characteristics of the 

spoiler are almost the same as those for -10 degrees of 

aileron. 

The yawing moment coefficient also increases when 

32 
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boundary layer control 1s used as shown by figure 27. At 

the same angle of attack {14 degrees) the increase is _.0345. 

or 77.5 percent greater than the ·yawing moment coefficient 

obtained without boundary layer control. 

The inGrease- in rolling and yawing moment coefficients 

is a function of angle of attack; the lar est increases 

being at the higher angles of attack. This would indicate 

that the boundary layer control system is more effective 

at the higher angles of attack. 

The value f dC1 from figure 28 is almost the same with 0 ac:-
n 

and without boundary lay r control. This •being the case 

the yaw is changed only slightly when boundary layer control 

is applied. 

By comparing fi u.res 22 and 28 it is seen that the 

-tendency for the yaw to be advel'se is nullified when a 

spoiler and full span flaps are used instead of ailerons 

and partial span flaps . . The value of~ (from figure 22) 
uCn 

for the aileron deflected 45 degre s (or ~ull span flaps 

·without the spoiler) and with boundary layer control is 

-1.6. The dCi value (from figure 28) when the spoiler is 
dCn 

. added is -2.53. When it is remembered that the roil due 

to the full span flaps on the semi-span wing would be 

nullified on the flight-test airplane because of flaps 

on each wing panel the above values show that the yaw 

would be favorable since the adverse aw (from figures 22 

and 28) is reduced when a spoiler is used instead of an 
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aileron. 

The action of the spoiler is to reduce the lift o one 

wing panel; thereby, reducing the overall lift. In a 

rolling manuever this result~ in loss of altitude and, 

therefore, is objectionable when manuevering close to 

the ground. This is true whether or not boundary layer 

control is used; however, the loss of lift is greater 

when the boundary layer control system is in operation. 

It is also doubtful whe t her a spoiler and full span 

flaps al.one could provide adequate lateral control. 



APPLICATION OF WIND TUNNEL DATA 

TO A FLIGHT TE: T AIRPLANE 

. The airplane used in the flight test of the boundnr y -

layer control system was a standard Cessna Mo el 170 (see 

figure 12) except for the fact that the wing was ~odified 

and the bo undary layer control system was installed. The 

wing was modified to includ~ the flap and aileron ar1•ange

ment shown in figure 1. A jet pump, gas turbi ne and the 

necessary accessory equipment were installed. 

The ailerons used were differential ailerons, the 

maximum ·up and down deflection being 20 degrees and 14 

degrees respectively. ·To increase lift the ailerons 

were drooped 30 degrees when the flaps were l owered. The 

maximum ailerons deflection would then be 10 de rees down 

on one aileron and 44 degrees down on the other a ileron. 

·The aileron movement was controlled by the angular de

flection of the wheel which was 11 inches in diameter . 

Using this data an estima te will be made as to the effect 

of the boundary layer control system on wing tip helix 

angle, wheel force, and velocity. 
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EFFECT OF BOUNDARY LAYER CONTROL ON~ 

The nondimens1onal term~ (helix angle) which repre

sents the lateral displacement of the wing tip in a given · 

forward travel of the airplane is a measure of the rolling 
pb . 

performance of an airplane. · The helix angle 2V for the 

rolling velocity produced by a given aileron deflection is 

C1 equal to-,;-. The value of c1 which is a function or as-
v1P p 

pect ratio and taper ratio was taken from figure 1 in ref-

erence 11. A value of .46 was used for c1 . For an air-
p 

plane with conventional ailerons the minimum value of~ 

for maximum aileron deflection should not be less than .07 

as stated in reference 12. 

Figure 29 shows the helix angle versus total aileron 

deflection angle for various angles of attack as estimated 

for the flight test airplane. The total aileron deflection 

of the differential ailerons was 34 degrees (20 degrees up 

and 14 degrees down. T~e value of pb at 34 degrees total '-V 

aileron deflection exceeded the minimum value .07 at all 

angles of attack measured. 

The value of~ for 34 degrees total aileron deflection 

and 14 degrees angle of attack without boundary layer control 

was .083. When boundary layer control was applied the value 

of~~ increased to .190. This represents an increase in~ 

of .107 or 129 percent of the value obtained without boundary 

layer control. This increase alone ia larger than the value 
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of the maximum~ without boundary layer control. The great 

significance of this can be seen from the calculation of the 

actual rolling velocities of the airplane with and without 

boundary layer control. For . an airplane w1.th a span .of 

36 feet (the span of the flight test airplane) and with a 

forward velocity of 50 miles per hour, the rolling velocity 

of the wing tip for maximum aileron deflection and at 14 

degrees angle of attack ia 5.40 feet per second. For these 

same conditions, but with the boundary layer control system 

in opeat-ion the rolling velocity is 12,4 feet per second. 

This means that the pilot could, in an emergency, lift the 

wing tip an additional 7 feet in one second through the use 

or boundary layer control. This added rolling velocity 

would be especially beneficial in gusty weather. 

The actual values of~ obtained in f'light ·may be con-

siderably leas than that theoretically predicted .from wind 

tunnel data, because of .wing twist and deflections in the 

aileron control system (such as cable stretch)J however, 

it can be said that the use of boundary layer control will 

substantially increase~ over that obtained without its 

use. 



EFFECT OF BOUNDARY LAYER CONTROL ON WHEEL FORCE 

It is ·evident that the force required to move the · 

aile.rona is of extreme 1mp~rtanoe ·in obtaining satisfactory 

lateral control. It seems desirable to have the control 

force as light as possible and yet maintain 11 feel" in the 

controls. 

In order to estimate the _ wheel force of the flight test 

airplane the formula: 

was applied. Thia formula is the same as formula 4 in 

reference 11. 

Figure 30 shows the lift coefficient for a configu

ration having the blowing and auction flaps deflected 45 

degrees and the aileron deflected 30 degrees,_ the 30 de

grees down aileron being the amount of aileron droop that 

was used. It was from this configurat5on that the ailerons 

were deflected. 

Figure 31 shows the wheel force needed to derlect the 

ailerons a maximum (34 degrees total) at various angles 

of attack. It can be seen from these tables that the 

wheel force decreases when boundary layer control is used. 

At an angle -of attack of 12 degrees this reduction amounts 
,_ 

to 2.74 pounds of 56 percent of the force required without 

boundary layer control. This reduction is due to the fact 
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that the forward velocity is reduced when boundary layer 

control is used and also to the fact that the ratio be

tween the hing mome.nt coefficients decrease when boundary 

layer control is used. The .hinge moment coefficient for 

total aileron deflection (one aileron down 44 degrees and 

the other down 10 degrees) at 12 degrees angle of attack 

without boundary layer control are .512 and .108 re

spectively. ' This is a ratio of 4.74. With boundary layer 

control in use these values are .818 and .429 and the ratio 

is 1.90. When these values are used in the wheel force 
d6a d6ad 

equation and are· multiplied by the constants T and cm-, . 
the pair of values with the smaller ratio will give the 

smaller difference. 

Table II shows the variation of angle of attack., helix 

angle and velocity for maximum deflection. A curve of 

wheel force versus ~ for all aileron deflections· would 

show increasing ~heel force ae ~ and total aileron de

flection increased. Table II ahows this wheel force for 

maximum~ at various angles of attack. 



EFFECT OF BOUNDARY LAYER CONTROL ON VELOCITY 

Although a change in velocity is not a lateral rnanuever 

it ~s interesting to note that the velocity decreases -when · 

boundary layer control is used (see Table II). This is 

due to the higher lift coefficients obtained when boundary 

layer control is in use. Because CL is in the denominator 

of the equation: 

the velocity will be reduced as the maximum lift coefficient 

is increased. Figure 30 shows the lift curves for both with 

and without boundary layer control. The lift coefficient 

without boundary layer control at 14 degrees angle of 

attack is 1.95 and with boundary layer control at the 

same angle of attack it is 2.49; thus, with boundary layer 

control in use the velocity is reduced. The reduction at 

14 degrees angle of attack 1a 5 miles per hour or about 

10 percent of the velocity before boundary layer control 

was applied. 
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CONCLUSIONS 

The following conclusions are 1n~icated from the 

resqlts of a wind tunnel investigation at low speeds of 

the lateral control characteristics of a semi-span wing 

model equipped with a boundary layer control system. 

1. The rolling moment coefficient was increased 

when boundary layer control was used and this increase 

. was proportional to the aileron deflection indicating 

that boundary layer control was most effective at the 

higher angles of attack. It was shown that an airplane 

could be · rolled without using ailerons by the use of 

boundary layer control. 

2. The yawing moment coefficient also was in

creased by using boundary layer control. As in the 

case of rolling moment coefficient the greatest in

crease in yawing moment coefficient occurred at the 

higher aileron deflection angles; however, a change in 

angle of attack had little effect on yawing moment coef

ficient. 

3. The adverse yaw resulting from the use of con

ventional ailerons was increased when bound~ry l aye r 

. control was applied. This increase was a result of the 

added lift produced by the boundary layer control system. 

4. Boundar:,r layer control increased the hinge 

moment coefficient of the aileron. ChangeS' in angle of 

attack and changes in aileron deflection angles both 
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effect the hinge moments, but a cnange in aileron de

flection caused moat or the increase in hinge moment 

coefficient resulting from the use of boundary layer 

control. 

5. It was indicated that a spoiler would produce 

favorable yaw. Boundary layer control increased both 

rolling and yawing moment coefficients of' the spoiler; 

therefore, the yawing characteristics were more favorable 

with the use or boundary layer control. 

6 . . The increase in helix angle by the use of 

boundary layer control ia most significant. By more 

than ·doubling the helix angle the angular movement of 

th!! wing tip 1a also more than doubled giving the air

craft a great deal moxae versatility. The increase in 

helix angle alone is more than the maximum helix angle 

of many light airplanes today. 

7. The pilot•e wheel force was out in half when 

boundary layer control was used even though at the same 

time the aileron hinge momenta increased. Aileron droop 

and the fact that differential ailerons were used were 

in part responsible for this. 

8. In _general, ·it can be said that the success of 

this type of boundary layer control system depends on 

the efficiency of the jet pump and turbine used on the 

flight teat airplane since the aerodynamic character1stios 

of this system seem to be satisfactory. 
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TABLE I -

Summary of Lateral Control Tests Performed 

PB Variables 
'Fs Measured '.Ail 

-·-~-----rrr-- -----1rt, drag, 
o,4, 1.00 roll, yaw, 

45° 8,10, & & hinge 
12 1 1.08 moment 

._ -----l-----i---1-----.,__ ___ +--1 --+--l -1.-f-t -, - d-r_a_g,......, --; 
1 0, 4, 1 1 • 00 

1 
roll, yaw, 

032-154-48 30° 18,10, & & hinge 
i 12 l.08 1 moment 

1--------- -----4------1------,f---------+ -; i -lift, drag, 
I 
4,- 0 

'.) 4,- 0 
:J 

1 0, 4, · 1 • 00_ , roll, yaw, 

, 12 1 1.08 moment 
20° · 8, 10, & l & hinge 

l--------t----+---1------i--- - --·-+--- ---
1 00 : l ift , drag, 

o, 4 , I · o. I roll, yaw, 
032-l j0 - 50 45° 45° 10° 8,10, ~8 I !rhinge 

1---------+·---+---- __ I 12 ! l_._~~--t,-/}~~n~----
! lift, drag , 
0, 4, 1. 00 

1 
roll, yaw, 

0 O 8, 1 0, & , & hinge 
12 1.08 moment i------------~--+----+--·-+- - ·-- ,_ ·-- - I - --· - --

Q 4 1 00 I 11ft, drag, 

45 o 45 0 o 8 ' o' • & ! ro 11, yaw , 
l•• -10 , 1 , 8 I & hinge 

12 l. 0 mcment ---..,,--~----+---t --·---- __ .. ___ ~- - -----

032-15 7-::,1 45° 

1 ift, drag, 
O, 4, 1 • 0 0 roll, s,--aw, 

45° 45° -20° 8,10, & & hinge 
12 1. 08 moment 

032-159-53 

----- -···- - --- ------1--· ---- -- - - ---· - ----
1 ift, drag, 

0,4, 1.00 roll, yaw, 
45° S-, 10, & & hinge 

12 1. 08 moment 
---- ----.....J 

*Spoiler added to model. 
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TABLE II 

Variation of Helix Angle, Wheel Force and Velocity with 

Angle of Attack for Total Aileron .Deflection 

6 Fs • 450 SFB -= 450 

PB 
JS"; = 1. 00 
s .. 

C>< ~ F V 

degrees radians pounds mph 

4 .0848 1.09 63 .0 

8 .0843 5.91 57 .7 

10 .0837 5.14 53 .1 

12 .. .0834 4.90 51.5 
-

14 .0832 4.84 50.1 

6A11 = 34° 
T 

PB . 
-p-;- = 1.08 

s 
p b 

F 2v 
radians pounds 

C 

.2043 3.14 .· 

.2001 2.62 

.1963 2.36 
~ 

" 

.1929 . 2 .16 

.1897 

V 

mph 

49.6 

46.9 

45 .6 

45 .1 

46 .1 

! 
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Figure 3 . 
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Fig·ure 4 
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Figure 6 

TRANSMlSSION PIPES AND END PLATE 

VIEW FROM OUTSIDE TUNNEL 
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Figure 7 

VIEW OF MODEL AND END PLATE WITH BLOWING AND SUCTION 

FLAPS DEFLECTED 45 DEGREES 

NOTE, HINGE BARS AND MODEL SUPPORTS 
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Figure 8 

REAR VIEW OF MODEL SHOWING ALL MOVEABLE SURFACES 

DEFLECTED 45 DEGREES 
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Figure 9 

STRAIN-GAGE USED TO MEASURE AILERON HINGE-MOMENTS 
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Figure 10 

VIEW OF LOWER SURFACE OF MODEL SHOWING ATTACHMENT ' OF HINGE

MOMENT BEAM TO AILERON HINGE BAR 
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Figure 11 

VIEW OF MODEL SHOWING SPOILER ATTACHED TO 

UPPER SURFACE OF _WING 
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Figure 12 

STAN.OARD CESSNA MODEL 170 

PHOTOGRAPH OF MODIFIED AIRPLANE UNAVAILABLE 
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