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related thereto. 
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EPARTMENT OF THE ARMY 
S. ARMY AVIATION MATERIEL LABORATORIES 

FORT EUSTIS. VIRGINIA   23604 

[s report has been reviewed by the U. S. Army Aviation Materiel 
Laboratories, and is considered to be technically sound. 

The work reported is the culmination of research begun by the 
Aerophysics Department of Mississippi State University (MSU) in 
the early 1950's involving the phenomena of low-speed aerodynamics. 

Boundary layer control (BLC), a method of achieving slow flight 
while maintaining high lift capability, proved promising to MSU 
and resulted in their application of this principle on several 
test aircraft (including a sailplane).  This report presents the 
results of flight testing a modified Army L-19 aircraft with BLC 
installed and emphasizes the increase in take-off and landing per- 
formance gained through its usage. 

The report is published for the exchange of information and the 
Stimulation of ideas. 
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ABSTRACT 

A distributed suction i1igh-lift boundary layer control system fitted 
to a standard liaison L-19 aircraft incre~sed the aircraft c

1 
max to 5.74 

and decreased the take-off and landing distance over a 50-foot obstacle 
by 38 percent and 29 percent, respectively, with no increase in available 
power. The modified aircraft demonstrated acceptable stability, control, 
and handling characteristics in all flight phases, and the stalling charac­
teristics were good, with no rolling tendency. Considerable structural 
modifications were necessary to obtain the above results. The small holes 
in the boundary layer control system operated quite successfully for a 
period of 5 years without clogging due to dust or rain . 
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SYMBOLS 

c wing cliord, feet 

Cn induced drag coefficient 
i 

Cn profile drag coefficient uo 

Cf flat plate skin friction coefficient evaluated at local 
Reynolds number 

C.G. center of gravity 

CL aircraft lift coefficient 

C^ wing section lift coefficient 

Cp pressure coefficient 

F stick force, pounds 

H boundary layer parameter = S / ® 

q dynamic head = % Cu^ 

q/q ratio of local dynamic pressure to free-stream dynamic pressure 

RQ Reynolds number based on the boundary layer parameter 

THP 

ew 

xs 

u 

THPQ,.,      thrust  horsepower  required 

excess   thrust  horsepower available  for climb 

local  velocity in  the boundary  layer,   feet  per  second 

U local  free-stream velocity,   feet  per  second 

U1       local velocity gradient   In feet  per  second per  foot 

U^      initial   local velocity,   feet  per  second 

u/U    nondlmenslonal boundary   layer velocity 

\]y     skin  friction velocity ■ jTo/^ *   feet Per  second 

Uo*    free-stream velocity,   feet per   second 

ew equivalent airspeed, miles per hour 

Ix 

i i — 



% 

X 

x/c 

y 

s 
s# 

AF 

e 
©' 

ei 

7P. 

t 

inflow velocity in feet per second 

standard aircraft weight 

distance measured parallel to the surface, feet 

nondimensional distance measured parallel to the surface, feet 

distance measured perpendicular to the surface, feet 

boundary layer thickness, inches 

boundary layer displacement thickness ■  \ (l-"ü~)dy, feet 

f  u       2 
boundary layer energy loss thickness *    ^ -T7-(l-(u/U) )dy, feet 

elevator angle of deflection, degrees 

pressure differential, pounds per square foot 

boundary layer momentum thickness = jTT^'Tp^y» fect 
o u   • 

d8 
gradient of momentum thickness ■ —r 

boundary layer initial momentum thickness, feet 

kinematic viscosity, square feet per second 

propulsive efficiency in level flight 

propulsive efficiency in cl -ibing flight 

density of medium, slugs per cubic foot 

surface shearing stress, pounds per square foot 



CHAPTER 1.  INTRODUCTION 

For many years, aircraft designers have been attempting to decrease 
the minimum flying speed of fixed-wing aircraft to enable them to take 
off and land in short distances without incurring a severe drag penalty 
at high cruise speeds or requiring excessive horsepower.  The attainment 
of such STOL characteristics is primarily dependent upon increasing the 
lifting capability of the aircraft wings.  Many mechanical devices, such 
as flaps and slots, have been used to increase the maximum lift coeffi- 
cient of an airfoil to 3.0, whereas high-lift boundary layer control 
systems have demonstrated a capability of achieving lift coefficients 
much greater than 3.0. 

To prove effective, a boundary layer control system must not only 
increase the lift of the wings but also utilize sufficiently low horse- 
power to result in a net gain in take-off performance when the power for 
the system is taken from the main power plant.  Also, the system must be 
mechanically simple, light, reliable, and easily maintained. A study by 
Cornish (reference 2) has Indicated that the power requirements for a 
sucked or blown slot exceed the power requirements for distributed suc- 
tion boundary layer control systems, with the result that a distributed 
suction boundary layer control system was chosen to increase the lift- 
ing capability of the test aircraft wings. 

A distributed suction high-lift boundary layer control system was 
applied to a modified liaison L-19 aircraft, and this report gives the 
results of the flight evaluation of the modified L-19. 



CHAPTER 2.  DESCRIPTION OF MODIFIED L-19 AIRCRAFT 

2.1. Background History of Project 

In the early 1930's the Aerophysics Department of Mississippi State 
University was engaged in studying the biophysics of birds by means of 
trailing buzzards with sailplanes. Unfortunately, the sailplanes could 
not fly slowly enough to maintain formation with the birds, with the result 
that in cooperation with the Office of Naval Research, a project was 
initiated to decrease the flying speed and Increase the lifting capability 
of sailplane wings. A Schweizer TG-3 sailplane was modified by punching 
numerous small holes on the upper surface of the wing, and suction was 
provided by four axial pumps which were battery powered. The result of 
these experiments was that the maximum lift coefficient of the unflapped 
wing was Increased from 1.4 to 2.1. 

In 1956, in conjunction with the Office of Naval Research and the 
U. S. Army Aviation Materiel Laboratories, an L-2I was modified to accept 
a boundary layer control system similar to that in the TG-3 sailplane. 
However, in this particular case, the suction air was passed along the 
Inside of the wing through a double windshield and was used to cool the 
engine so that additional cooling was not required, and the engine air 
intakes were sealed. The pumps were mechanically linked to the engine, 
with the result that full boundary layer control was available for take- 
off at high engine r.p.m. but was not available for landing. This condi- 
tion made the aircraft unsuitable for STOL landing performance, although 
it did demonstrate that aircraft lift coefficients of 4.2 could be 
obtained with the expenditure of approximately 10 horsepower from the 
engine. With the results of the above research being used as a guide, an 
L-19 aircraft was modified with a distributed suction high-lift boundary 
layer control system which could be utilized both for short take-off and 
for short landing. 

2.2. Modified L-19 Aircraft 

The third aircraft used in the STOL research program at Mississippi 
State University was a modified L-19 (Figure 1) .  A boundary layer control 
system similar to those of the TG-3 and the L-21 was Installed together 
with pertinent modifications suggested by the previous research. Two 
hydraulically driven axial flow blowers, powered by a hydraulic pump at 
the main engine, were fitted to the aircraft, one under each wing (Figure 
2).  In this case, the boundary layer control could be varied Independently 
of the engine speed, thereby making the system suitable both for the 
take-off and landing modes. 

In the course of the research on this vehicle, it became necessary to 
perform certain modifications to increase the efficiency and safety of the 
operation in the STOL mode of the L-19 aircraft. The modifications are 



listed below. 

(a) To obtain adequate directional control at low forward velocities, 
the size and the shape of the vertical fin and rudder were altered, 
as shown In Figure 3. 

(b) Small end plates were added to the horizontal stabilizer to Increase 
elevator effectiveness at low speeds (Figure 4). 

(c) The flap was modified so that attached flow could be maintained on 
the flaps without Incurring a penalty of increased suction due to 
the severe adverse pressure gradient normally associated with sharp 
geometric discontinuities (Figure 5).  The slot was eliminated 
because it was found that, even though the flow could be attached 
on the upper surface of the flap?, there occurred a separation of 
the flow in a very small area at the trailing edge of the wing 
which rapidly expanded into a large wake.  It was found that the 
horizontal stabilizer lay in this low-energy flow so that the air- 
craft suffered from insufficient tall power with the slotted flap. 

(d) End plates were attached at both ends of the flaps in an effort to 
decrease the Induced drag associated with abrupt changes in spanwise 
loading (Figure 5). 

(e) Fairings were added at the intersection of the lift strut and the 
bottom surface of the wing (Figure 6).  It was found that, at high- 
lift coefficients where the front stagnation line is on the bottom 
surface of the wing, the flow from this stagnation line coming 
forward around the leading edge was being interfered with by the 
wing lift strut which in the L-19 is located at the 15-percent 
chord position on the bottom surface.  The fairings effectively 
minimized the Interference to the flow on the upper surface caused 
by the unfaired wing struts. 

(f) As the turbulent boundary layer separation was suppressed at the 
trailing edge by suction boundary layer control and as higher lift 
coefficients were achieved, it was found that the condition of the 
laminar boundary layer at the leading edge became increasingly 
important.  Because of the severe pressure gradients and the centrif- 
ugal forces Involved in rounding a relatively sharp leading edge, 
local laminar boundary layer separation occurred and, when reattach- 
ment failed to occur, the loss of lift was quite abrupt.  To over- 
come this condition, the leading edge was modified, as shown in 
Figure 7, to reduce the centrifugal forces and to maintain attached 
flow. 

(g) During the course of the flight experiments, it was found that 
appreciable flow separation occurred on the aft canopy of the cock- 
pit, which extends from the flap trailing edge to the fuselage. 
This flow separation, besides causing considerable drag Increase, 



was partially responsible for the loss in the effectiveness of the 
vertical stabilizer. The rrüdified canopy shown in Figure 8 success 
fully eliminated gross flow separation down tJ the minimum flying 
speed of the aircraft. 

2.3.  Design of the Distributed Suction Boundary Layer Control System 

The problem of designing the boundary layer control system can be 
divided into two parts:  (1) the determination of the required suction 
flow quantity and its distribution and (2) the determination of the 
required suction pressure and the size of the holes.  The amount and 
distribution of the porosity required for the wings of the L-19 were 
computed from the following von Karmin momentum equation: 

I CH-H*0-^QU 

The pressure distribution around an airfoil can be closely approxi- 
mated by using the potential flow methods of Pinkerton and Theodorsen 
(references 8 and 11) so that the unknowns (J and U' can be found if the 
angle of attack of the airfoil and the anticipated value of C, are known. 
The value of H generally varies between 1.5 and 2.0 for a turbulent 
boundary layer, so that a value of H =1.8 can be assumed and, due to 
its relationship in the above equation with other factors, any error in 
this assumption has a very small effect on the final result.  To maintain 
attached flow, M must be less than 2.5 and Q   must also remain reasonably 
constant.  In the case of the L-19, R© has been kept constant, thereby 
making 0 easy to compute.  The skin friction coefficient can vary over 
quite an appreciable range in a turbulent boundary layer with suction 
applied. An approach which has been reasonably successful is to assume 
that the impervious skin friction relationship is valid and can be 
calculated by using the relationship developed by Ludweig and Tillman 
(reference 7), which follows: 

C^f) -O..23 0£L)   .o- 

Also, values of Cp  can be obtained from the flat plate curves of Cc 
against Reynolds number.  The latter method was used in the L-19 computa- 
tions.  The remaining unknown is the value of Oi  at the position in the 
airfoil where suction begins. The value of Oj, can be calculated from 
Tani's equation when the local velocity distribution around the airfoil 
is known: 

X 

^ =   0.44 U^J U^x 
o 



The total flow quantity requirements were found by an integration 
process of the local suction velocity distribution over the entire wing; 
and, together witli the pressure differentials required for suction which 
were found from the external pressure distributions, a suction pump was 
designed 2or   the system. 

The porosity distributions calculated above must be applied to the 
wing in such a manner as to approximate the initial assumption of a 
continuous porous surface.  This was performed by drilling rows of holes 
(.018 - .030-inch diameter), ten per inch, with the rows of holes sepa- 
rated no more than by the local thickness of the turbulent boundary layer. 
The size of the holes and the row spacing needed to achieve the required 
inflow velocity distribution were determined from the local p-essure 
differential across the skin and from the porosity characteristics of 
the small holes drilled in the skin material.  The porosity of the skin 
is a function of the material used and of the thickness of the skin, 
which must be determined from samples of the skin material prior to drill- 
ing the wing.  Figure 29 gives the porosity distribution on the L-19 wing. 



CHAPTER 3.  PERFORMANCE 

The total reduction In take-off distance to clear a 50-foot barrier 
was reduced by 38 percent through the use of distributed suction boundary 
layer control, and the landing distance over a 50-foot barrier was 
reduced by 26.5 percent. The maximum value of lift coefficient determined 
from the measurement of the stalling speed In the take-off configuration 
was increased from 2.86 to 5.74.  The above Increases In STOL performance 
were achieved even though the power required to drive the boundary layer 
control system was taken from the main power plant.  The other Items of 
performance, such as cruise flight and rate of climb performance for the 
modified hlgh-llft L-19, were substantially unchanged over the standard 
L-19 liaison aircraft. 

3.1.  Take-Off and Landing 

The take-off and landing performance was measured by means of a 
35-mm movie camera with a telephoto lens which recorded the take-off 
and landing of the test aircraft from a position 500 yards from and 
perpendicular to the flight path.  The ground run was posted at 50-foot 
Intervals, and a 50-foot calibrated pole was erected at the end of the 
marked runway.  The camera timing Interval could be preset to any desired 
setting, depending upon the take-off characteristics of the aircraft. 
The results were corrected for parallax errors between the posts and the 
aircraft, and all data were reduced to a standard aircraft weight of 
2,400 pounds and to standard atmospheric conditions.  A typical series 
of L-19 take-off pictures is shown in Figure 9, and the results from 
these pictures are plotted in Figure 10 showing that a ground roll of 
200 feet to 220 feet is required for the aircraft to become airborne and 
that a total of 420 feet is required to clear a 50-foot obstacle. 

The minimum landing distance that was recorded without stalling 
the aircraft or indulging in any dangerous maneuvers was 580 feet over 
a 50-foot obstacle, which was 210 feet less than the minimum recorded 
at Edwards Air Force Base during the flight test of a standard L-19 
(reference 10) .  The technique for obtaining minimum take-off and landing 
distances is described in paragraph 5.4 in the handling characteristics 
section. 

3.2. Level Flight 

The aircraft was instrumented with a calibrated and balanced air- 
speed and altimeter system, the engine r.p.m. and manifold pressure gauges 
were calibrated, and an angle of attack indicator and pitch meter were 
Installed.  Position error measurements were obtained by means of the 
trailing static sonde method. Figure 11 shows the variation of aircraft 
lift coefficient with equivalent airspeed, and Figure 12 shows the 



relationship between CL and angle of attack.  From these curves it can 
be seen that C^ max ■ 5.7 at an aircraft airspeed of 3Ü.0 miles per hour 
and an ar.^le of 20 degrees with full flaps. 

3.2.1.  Power Required Tests 

Level flight performance data obtained at a 2,000-foot pressure alti- 
tude are presented in Figure 13.  The results have bten corrected to stan- 
dard conditions and an aircraft weight of 2,300 pounds.  All level flight 
performance was obtained with the hydraulic motor driving the boundary 
layer control system in operation.  The minimum power required to fly the 
modified L-19 with flaps up is 75 brake horsepower at an airspeed of 
67.5 miles per hour.  It is interesting that at low speeds,  i.e., below 
Uo0   = ^ miles per hour, the horsepower required to fly with 15 degrees 
of flaps is less than that required to fly with no flaps.  This can proba- 
bly be accounted for by a possible reduction in induced drag with 15 degrees 
of flaps due to changes in the spanwise loading of the wings at high air- 
craft lift coefficients.  The power required to fly at the minimum air- 
speed of 30 miles per hour is 154 brake horsepower, which is a considerable 
portion of the horsepower available from the engine. 

3.2.2.  Glide Tests 

Free-flight glide tests were employed to determine the drag coeffi- 
cient and thrust horsepower required to fly the aircraft in the absence 
of propeller interference.  In these tests, the propeller of the air- 
craft was removed and ballast added by attaching a flywheel to the air- 
craft and by using properly positioned lead weights to maintain a gross 
take-off weight of 2,300 pounds and a midrange C.&. position.  The 
reason for attaching the flywheel on the propeller shaft was to enable 
the aircraft engine to be run in flight up to an r.p.m. of 1,700 so that 
the boundary layer control system would be operating for the slow flight 
configuration.  The aircraft was towed to a maximum altitude of 6,000 
feet, to prevent overloading the suction pumps, and was released and flown 
back to the air base at various stabilized airspeeds.  The rate of sink 
was recorded, from which the thrust horsepower required to fly the air- 
craft at a given speed was computed by equating the change of potential 
energy to the kinetic energy.  Figure 14 shows the results of the glide 
tests.  From these curves, it is increasingly obvious that the power 
required to fly at low airspeeds is considerably reduced when flaps are 
used instead of the unflapped wing.  This could be due to the decrease 
in profile drag with sealed flaps and to the considerable reduction in 
the pressure gradients on the upper surface of the wings.  Therefore, 
the boundary layer thickness with a constant boundary layer control suc- 
tion would probably be less than that associated with an unflapped air- 
foil. Also, the changes in spanwise loading with the application of 
flaps would affect the induced drag of the wing. 



3.3.  Climb Performance 

The rate of climb performance was investigated to determine that the 
addition of the boundary layer control system had affected the operational 
characteristics of the aircraft other than 'he take-off and landing modes. 
Sawtooth rate of climb tests were performed by obtaining a plot of alti- 
tude against time for various aircraft airspeeds and flap settings at a 
mean altitude of 1,200 feet.  The data were corrected to standard sea 
level conditions for a standard aircraft weight of 2,300 pounds, and the 
results are presented in Figure 15.  A maximum rate of climb of 1,250 
feet per minute at an airspeed of 70 miles per hour agrees very well with 
the results of the unmodified L-19, where the rate of climb was 1,270 
feet per minute (reference 10). 

The excess horsepower available for climb was also computed, and 
the results were added to the power required for level flight, as shown 
in Figure 16. From these curves, estimates of the propulsive efficiency 
in the climb were calculated and added to Figure 16. 

8 



CHAPTER 4.  STABILITY AND CONTROL 

In the design of the boundary layer control system, the aircraft not 
only must have the capability of flying at very high lift coefficients 
but it also must have sufficient static and dynamic stability and control 
power to enable a pilot to fly the aircraft safely in the STOL mode of 
flight during take-off and landing and in turbulent air. From the initial 
flight tests, it was obvious that ample lateral control was available at 
all speeds down to and through the complete aircraft stall with boundary 
layer control applied to the ailerons.  Longitudinal control was suffi- 
cient except with full flaps and zero power settings and at low airspeeds 
where round-out to the three-point altitude in landing was marginal. 
This was not a problem when the propeller was on the aircraft, as suffi- 
cient engine r.p.m. had to be maintained to assure full boundary layer 
control so that the elevator power available was ample at all settings. 
However, when the propeller was removed, the maximum C^ that could be 
achieved was 2.4 because of insufficient elev tor power to rotate the 
aircraft.  Small end plates, as described in p ragraph 2.2, were added 
to the elevator to improve control effectiver ;ss. 

Directional control was marginal at low airspeeds just prior to 
take-off or in the landing phase with any crosswind; to overcome this 
problem, the vertical stabilizer area was increased as described in 
paragraph 2.2.  Since the major effect of a distributed suction boundary 
layer control system on the stability of an aircraft would be felt in 
the longitudinal phase, the flight tests were concentrated on the stick- 
fixed, stick-free, static longitudinal mode.  Qualitative checks on the 
lateral and directional modes and on the dynamic stability of the modi- 
fied L-19 have been thoroughly investigated by previous investigators. 

4.1.  Longitudinal Stability 

Stick force and elevator angle as functions of aircraft airspeed 
were measured on the modified L-19 both for the zero flap conditions and 
for the full flap conditions at three CG. positions.  These curves are 
presented in Figures 17 and 18. Also, a curve of stijk force against 
flap angle holding a constant trim speed is shown in Figure 19.  The 
stick force results (Figure 17) show that a 20-pound stick force is 
required to reduce the airspeed from the cruise to minimum flying speed 
with the flaps up; however, if full flaps are applied without retrimming 
as the aircraft airspeed decreases, the maximum out-of-trlm stick forces 
are reduced to +9 pounds.  The elevator angle results indicate that 
the effect of the flaps is to change the downwash angle so that down 
elevator is required to trim the aircraft.  This effect is obviously 
larger than the rearward motion of the center of pressure normally 
associate* with the application of flaps. 

Longitudinal control was adequate in all conditions with boundary 
layer control, since sufficient engine r.p.m. had to be maintained to 



jjroviüc boundary layer control in order that the propeller si ipstrean. veloc- 
ities were sulTicient to ensure that the elevators were ijuite etfeetivc. 
Problems arose only when the propeller was removed for gliding flight, 
and this would not be considered to be normal operating practice.  The 
effect of power changes on trim for the overshoot case when operating 
in the STOL mode, for Instance, U^-  40 miles per hour, was considerable 
as the stick force changed from +5 pounds (pull) in the landing mode to 
-8 pounds (push) at full throttle. Aircraft airspeeds below 60 miles 
per hour were unobtainable with flight idling power, as the boundary 
layer control system was lost and the aircraft scalled. 

The minimum trim speed of the aircraft at the 27.0-percent CG. 
positions is 45 miles per hour with no flap and 34 miles per hour with 
full flaps. 

The dynamic stability of the modified L-19 did not have any unusual 
characteristics; the aircraft demonstrated good dynamic longitudinal 
characteristics, with the controls fixed or free, for both positive and 
negative changes in pitch Induced by the elevator. 

4.2.  Lateral and Directional Stability 

Steady sideslips with full flaps at low airspeeds could be accom- 
plished only up to sideslip bank angles of 5 degrees before running out 
of rudder effectiveness.  Aileron control characteristics in the side- 
slip were acceptable with positive roll control down to the stall speed 
In all aircraft configurations. Considerable adverse yaw was evident 
In slow-speed flight; however, the additional fin area on the modified 
L-19 resulted in better directional stability characteristics than the 
standard L-19 at the same airspeeds.  Directional control was adequate 
In all flight configurations; however, in the STOL mode of operation, 
when the tail is raised to aid in the acceleration of the aircraft at 
speeds of 20 miles per hour, the rudder power Is just sufficient to over- 
come torque effects and Is Inadequate to overcome any lateral wind com- 
ponent.  Therefore, it Is recommended that optimum short take-off be 
performed directly into the wind.  Short landing presents the same 
problem of marginal directional control at low power settings, and the 
pilot must use large rudder Inputs to correct deviations from the path 
of flight. 

The dynamic lateral-directional    ility is very good in all config- 
urations tested, Including the low-speto phase, with the oscillations 
appearing to be critically damped. 
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CHAPTER 5.  HANDLING QUALITIES 

5.1.  Stick Forces and Control Response 

The longitudinal stick forces on the L-19 require continual retrim- 
ming if any of the variables such as flaps or power are used from one 
extreme to the other.  Under these conditions, when approaching at flight 
Idling with full flap, the application of power requires considerable 
stick forces to maintain airspeed.  Also, the elevator forces cannot be 
trimmed out with full trim. With this in mind, it is very necessary when 
flying the modified L-19 that the aircraft be trimmed for the proper 
take-off prior to flying, as the elevator stick forces required to main- 
tain the flight speed may be quite excessive and beyond the capabilities 
of the average pilot to hold. The longitudinal elevator control response 
is adequate for all flight conditions except those at very low airspeeds, 
i.e., at aircraft lift coefficients greater than 4.5.  It has been foun!, 
however, that insufficient elevator power is available if the engine is 
not operating at high r.p.m.'s. For example, during the glide test when 
the propeller was removed, the maximum lift coefficient that could be 
obtained with the aircraft was equivalent to an airspeed of 48 miles per 
hour, and the reason for the relatively low maximum lift coefficient of 
2.3 was due to having insufficient elevator power to rotate the airplane; 
i.e., the maximum lift coefficient of the aircraft was governed by the 
elevator movement and the control effectiveness of the longitudinal con- 
trols.  The lateral and directional control forces are within operational 
limits of this aircraft through all flight airspeed ranges; however, at 
very low forward velocities at lift coefficients greater than 4.5, ade- 
quate directional control is marginal unless high power settings are on 
the engine, whereby the slipstream artificially increases the control 
effectiveness of the rudder. 

5.2.  Stalling Characteristics 

Stall warning is Inadequate in that stall buffet is slight and 
occurs only at approximately 1 to 2 miles per hour higher than the stall 
speed even in the high-lift STOL mode of flight.  The complete stall 
in the STOL mode is mild, and rolling does not usually occur.  Recovery 
is made by decreasing the backward pressure on the stick, and the air- 
craft can be recovered generally in less than 100 feet. A sharp forward 
motion of the stick unloads the wings by means of the centrifugal forces 
applied to the aircraft, and flow reattachment is quite rapid.  Recovery 
from accelerated stalls is accomplished by a forward movement of the 
stick; however, if sideslip is present in these accelerated maneuvers, 
considerable wing drop occurs and much altitude can be lost before 
recovery is accomplished.  As can be seen from Figure 20, the stall in 
the high-lift condition generally starts at the outer edge of the propel- 
ler slipstream.  Obviously, the outer edge of the propeller slipstream 
disturbs the flow sufficiently to promote a thick boundary layer and 
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premature separation.  During the stall maneuvers, the separat- 1 flow 
spreads very quickly from the region of the outer edge of the propeller 
slipstream, and complete stall can occur in probably less than 1 second, 
thereby requiring a quick response by the pilot to prevent catastrophic 
results.  It is recommended that in an L-19 with a high-lift boundaiy 
layer control system, a stall warning indicator which is independent of 
flap angle, weight, power setting, and accelerated maneuvers be used. 

5.3.  Slow Flight Characteristics 

When the L-19 is in the STOL mode of flight with the flaps up, i.e., 
at an angle of attack greater than 35 degrees, the forward visibilitv of 
the pilot is greatly restricted.  However, when flying at 1 or 2 mile'' 
per hour above the stall speed, the control response is adequate in « LI 
three axes of flight.  It will be noticed, however, that sideslips can- 
not be accomplished in the STOL mode either with or without flaps when 
the airspeed is less than 40 miles per hour.  This is due to inadequate 
rudder effectiveness to hold a straight flight path at bank angles 
greater than 5 degrees.  Therefore, it is necessary to rule out the side- 
slip approaches in combination with a high-lift boundary layer control 
system for a steep landing approach technique.  Besides being difficult 
to see out the front while flying in turbulent air in the STOL mode of 
flight with no flaps, it is extremely difficult to maintain proper 
attitude control. A similar condition occurs with the full flaps, as 
attitude is difficult to control and there is ver> little aerodynamic 
stall warning; thus, continual monitoring of the airspeed indicator is 
required.  Also, as the aircraft is flying on the backside of the drag 
curve, which means that the aircraft is speed unstable in the STOL mode, 
considerable power changes are required to maintain either a constant air- 
speed or a constant angle of flight path.  These conditions make it very 
difficult to fly this STOL aircraft accurately in turbulent air at lift 
coefficients greater than 3.5. 

5.4.  Short Take-Off and Landing Techniques 

The shortest distance to clear a 50-foot obstacle can be obtained 
by taking off with full flaps and full throttle - with full throttle 
being applied prior to brake release.  The technique is to raise the 
tail off the ground as soon as possible by releasing the brake and 
applying full forward stick.  The tall lifts at approximately 15 miles 
per hour and aids the acceleration to the lift-off speed of 33 miles per 
hour; rotation is accomplished to maintain a constant airspeed of 35 
miles per hour, which is the climb-ouc speed to clear a 50-foot obstacle 
During the ground run, full right rudder is normally required to main- 
tain a straight ground path up to speeds of at least 23 to 30 miles per 
hour.  If rotation is attempted prior to obtaining minimum flying speed, 
the tail drags on the ground and thereby prevents the proper angle of 
attack on the airfoil being obtained, and the aircraft will considerably 
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extend its take-off ground run above normal operation.  Even in the opti- 
mum take-off condition, the tail wheel will touch the ground and will be 
the last thing to leave the ground; however, if flying speed is obtained 
before this happens, the aircraft will rotate and climb out.  In crosswind 
conditions, insufficient rudder power is available to correct drift if 
the crosswind is from the left and is greater than 5 miles per hour. 
Therefore, it is recommended that STOL approaches not be made in crosswind 
conditions unless the tail wheel is kept on the ground until the air- 
speed reaches at least 30 miles per hour, which would, of course, consid- 
erably extend the ground run beyond the optimum. 

Short landings are extremely difficult to perform in the modified 
L-19 aircraft, because in the STOL mode, forward visibility is very bad 
at high angles of attack. The addition of full flaps alleviates this 
problem somewhat.  However, as the approaches are quite steep, it is 
extremely difficult to see forward when clearing a 50-foot barrier, and 
slight sideslip of a few degrees to achieve visibility out the side is 
required for accurate flying.  The necessity of having high power settings 
to obtain high-lift coefficients, since the boundary layer pump is directly 
connected to the main engine, means that the rate of sink of the aircraft 
is relatively low, and considerable float will occur over a 50-foot 
obstacle.  Partial stall approaches can be performed whereby the aircraft 
is partially stalled, by a reduction of power on top of the obstacle, 
and is recovered prior to touchdown on the ground.  This kind of approach 
is very marginal in safety and is not recommended.  Minimum distance 
landings have been obtained through the use of a steep gradient approach 
started at 200 to 300 feet and flown at 40 miles per hour.  Just prior 
to landing, the airspeed is decreased and a burst of power is employed 
from the engine to effect round-out.  It is necessary that the throttle 
be closed immediately after the .urst of power to reduce floating to a 
minimum.  This technique requires careful judgement and considerable 
practice, as delay in application of power results in a tremendous land- 
ing load on the undercarriage and, with the application of power, con- 
siderable floating down the runway.  Premature application of power and 
rotation also extends the floating beyond the acceptable limits.  However, 
when the aircraft touches the ground at about 35 miles per hour and the 
throttle is closed, there is no tendency for the airplane to do anything 
but stop, as the airrjaft is fully stalled; and with the application of 
the brakes, the aircraft can be stopped in a very short distance. 

5.?-.    Acceleration Technique Between High-Lift and Conventional Flight 

Of considerable interest to the operational pilot of a STOL air- 
plane is the time required to accelerate the aircraft from its STOL 
condition to the conventional straight flight condition and the time 
and technique required to slow the aircraft down from the conventional 
to the STOL mode of flight. The modified L-19 after a STOL take-off with 
full flaps and power can be accelerated quite rapidly by maintaining full 
power, and by leveling off and retracting the flaps. Fortunately, the 
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flap position control is close to the propeller pitch mechanism which 
must be monitored as the airspeed increases; nevertheless, this requires 
the pilot to stop the retraction of the flaps while he adjusts the prop 
pitch control.  It is recommended that in this type of operation the 
flaps have a switch that operates continuously and that the pilot preset 
the position desired, thereby eliminating the continuous presence of his 
hand on the switch during operation.  The time required to perform this 
operation can generally be decreased somewhat if the aircraft is allowed 
to dive slightly to help accelerate the aircraft to maximum forward 
velocity. 

In the reverse phase, transitioning from normal conventional high- 
speed flight to the STOL mode requires the following operation:  the 
application of carburetor heat, the reduction of the throttle to flight 
idling, and the rotation of the airplane to maintain a constant altitude. 
As the aircraft airspeed decreases below the maximum flap angle air- 
speed condition, flaps are continuously applied.  As the airspeed continues 
to decrease and the power required for level flight increases with large 
applications of flap, the throttle must be reapplied to maintain level 
flight conditions.  This requires considerable dexterity and practice 
of the pilot to perform these operations skillfully and smoothly. 
Similarly, it would be nice if the flap could be preset to the full-down 
condition, thereby eliminating the presence of the pilot's hand on the 
flap actuator so that he could more usefully employ that hand in apply- 
ing the power to maintain level flight.  The time to accelerate the 
aircraft from the STOL mode requires 21 seconds, and the time required 
to decelerate from conventional flight to minimum flying speed in the 
STOL mode is 23 seconds; a constant altitude is maintained throughout 
the transition. 

5.6.  Boundary Layer Control System Failure 

If the boundary layer control system on this high-lift STOL aircraft 
fails in the STOL phase, then, of course, the aircraft will be completely 
stalled.  If this should occur, it would be of interest to the pilot to 
know the minimum altitude that is required so that control of the aircraft 
can be regained prior to contact with the ground. A simulated boundary 
layer control system failure was attempted in flight at 3,000 feet, both 
with the aircraft in the STOL mode at minimum flying speed with no flap 
condition at an aircraft angle of attack of 28 degrees and also with 
the full-flap condition and a minimum flying speed of 31 miles per hour. 
To simulate a complete failure, the engine was decreased to flight idling, 
the aircraft was stalled, and the altitude required to regain sufficient 
flying speed to flare the airplane was determined by a chase plane and 
long-range photographic cameras and also by recorded instrumentation 
in the cockpit of the L-19. When the throttle was retarded to flight 
idling, the aircraft immediately stalled; however, the stall was quite 
mild and the aircraft pitched forward with no tendency to roll off to 
either side.  The stall was quite complete, and the aircraft in the 
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flaps-up condition rotated from an attitude to the ground of 30 degrees 
nose-up to approximately a 60-degree nose-down angle.  However, in this 
condition with the flaps up, airspeed was regained quite rapidly and the 
aircraft rounded out with a maximum altitude loss of 250 feet.  In the 
full-flap condition, Mie aircraft stalled very abruptly and rotated round 
through a pitch angle change of approximately 60 degrees.  The aircraft 
airspeed increased quite rapidly, and the aircraft was able to be rotated 
at an approximate airspeed of 60 miles per hour.  The limiting factor in 
this case was the elevator control effectiveness required to rotate the 
airplane; also, in the full-flap condition the aircraft could be rotated 
and flared so that it would contact the ground or land on the ground so 
long as the complete system failure occurred at an altitude greater than 
230 feet above the surface.  It is obvious from this result that in STOL 
operation, if a power system failure occurred in a single-engine STOL 
aircraft below an altitude of 250 feet, the pilot would have considerable 
difficulty in getting out of the airplane; and as the attitude changes 
are so extreme, even an ejection might put the pilot in a hazardous posi- 
tion.  It is therefore obvious that the STOL mode of operation should not 
be performed below 250 feet above the ground except during the take-off 
and landing phases.  To recover from the stall, a small forward applica- 
tion of the stick is required to increase the airspeed and then a full 
backward motion of the stick is required to round the aircraft out prior 
to contact with the ground.  Throughout this whole operation, adequate 
directional and rolling control was available; however, it was not 
needed, as the aircraft did not have a tendency to drop a wing so long 
as the aircraft was in straight and level flight. 
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CHAPTER 6. AERODYNAMIC DATA 

6.1. Airfoil Pressure Distributions 

The pressure distributions on a high-lift wing at high-lift coeffi- 
cients are of interest to the aerodynamic 1st who must predict a pressure 
distribution from potential flow theory to enable him to design the 
distributed suction boundary layer control system. This being the case, 
it was necessary to measure the pressure distributions on the high-lift 
wing of the L-19 and, if possible, to compare them with the theoretical 
pressure distributions that were predicted by the theories of Theodorsen 
and Pinkerton. The pressure distributions were measured on a section of 
the port wing 50 inches from the wing root.  A pressure tape consisting 
of 20 multitube polyethylene tapes was attached to the upper and lower 
surfaces of the wing, and holes were drilled in the tape at positions 
where the pressure reading was required. A vast majority of the pressure 
tapes were located on the upper forward section of the airfoil, where 
the pressure gradients can be quite severe and pressure peaks occur at 
about the 5-percent chord position on the wing. The tapes were then 
routed to the rear cockpit of the L-19 and attached to a large multitube 
photomanometer which could be filled either with water or with tetrachlo- 
ride. Figure 21 shows the arrangement of the manometer in the back cock- 
pit of the L-19. To correct for differences in angle, an inclinometer 
was attached to the manometer so that when the aircraft was at high 
angles of attack, the manometer readings could be corrected for this 
angle of inclination. 

Pressure distributions were recorded over the wing section at various 
aircraft airspeeds and flap settings. Figure 22 shows a series of measured 
pressure distributions that were calculated from the manometer readings 
by use of a digital computer. These pressure distributions show the 
effect of airspeed on the local pressure distribution for the full-flap 
case. Figure 23 shows the effect of flap angle on the pressure distri- 
bution of the L-19 for constant indicated airspeed. The pressure distri- 
bution curves were integrated by means of digital computer techniques 
and the local sectional lift coefficients obtained and recorded on each 
pressure distribution chart. 

The pressure distributions given in Figure 22 clearly show the very 
high pressure peak associated with airfoils at high angles of attack with 
distributed suction boundary layer control. In the case where the sec- 
tional lift coefficient is 4.29, the minimum pressure coefficient reaches 
a value of minus 26.0. The pressure peak creates many problems in that 
it is a major factor in laminar boundary layer separation prior to the 
beginning of the distributed suction boundary layer control.  Also, the 
pressure differences required of the pumps to ensure inflow at these low 
pressure coefficients make the design of the pump difficult.  The flap 
section of the wing contributes quite significantly to the lift coeffi- 
cient. This is clearly shown where the airspeed is relatively large, 
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i.e., 45 miles per hour, where the shape of the pressure distribution 
curve shows the bulge at   the rear.  This low pressure region at the 
rear of tht airfoil ensures that for a constant wing lift the pressure 
gradients on the wing are much lower than they normally would be with an 
unflapped airfoil at a large angle of attack.  The effect of the power 
from the engine on the aircraft lift coefficient is very significant 
and can be clearly seen if the section lift coefficient is compared with 
the aircraft lift coefficient for any particular curve.  When the angle 
of attack is high, i.e., when the free-stream velocity is low, the dif- 
ference is approximately 1.4.  For example, at an airspeed of 31 miles 
per hour, the aircraft lift coefficient is 5.7, whereas the maximum local 
lift coefficient on the flapped wing is 4.3; these figures indicate 
that a considerable thn st increment is off-loading the wings.  The dif- 
ference between the aircraft lift coefficient and the local section lift 
coefficient decreases as the aircraft airspeed increases or as the angle 
of attack of the airfoil decreases, which would be expected. 

The effect of flaps on the shape of the pressure distribution at a 
constant aircraft lift coefficient was primarily to decrease the minimum 
pressure peak that occurred on the airfoil.  For example, at the 0-flap 
position, the minimum Cp was -16.0 (Figure 23); whereas, at the same 
aircraft lift coefficient at full flaps, the minimum pressure coefficient 
was -12.0.  This is a very important effect with regard to the design 
of the pumps required for a distributed suction boundary layer control 
system, which indicates that for the high-lift condition, full flaps or 
a highly cambered airfoil section should be used in the high-lift STOL 
mode of flight. A variation in the local section lift coefficient 
with regard to various flap angles was very small, the maximum variation 
being less than 8 percent, varying from 2.84 at 0-flap to 3.05 for the 
full-flap case. 

6.2.  Boundary Layer Measurements 

Boundary layer profiles were measured on the upper surface of the 
wing in the chordwise direction at all airspeed and flap positions.  The 
probes on the wing were multichannel, total head tubes vith an attached 
static tube; the total head tubes were in a vertical line to overcome 
the possible error associated with local spanwise differences in the 
boundary layer flow.  Figure 24 shows the boundary layer probe.  The 
boundary layer profiles were recorded on a multitube manometer; polyeth- 
ylene overlay sheets and a grease pencil were used to record the infor- 
mation.  A series of boundary layer profiles is shown in Figure 25. 

By means of a digital computer, the boundary 1. 'er quantities  \k 
%  ,  6  and the parameter H were calculated for each boundary layer 
profile; and plots of S* » 6 » and H agrinst X/C   for the two main 
flap conditions of zero flap and full flaps were made. 

The series of boundary layer profiles clearly show the thickening 
of the boundary layer across the chord of the wing; and at one position, 
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namely, the 50-percent chord position, an iniiection point appears in 
the profile indicating possible imminent separation.  This 50-percent 
chord position corresponds to a 3-inch gap in the porosity of the upper 
surface of the wing owing to a spar position.  The sudden loss in energy 
of the boundary layer at the 50-percent chord position with full flaps 
can be seen from the increase In loss of momentum thickness shown in 
Figure 26.  This critical point in the boundary layer at the 50-percent 
chord position is not observed in the no-flap case, where the pressure 
gradient without flaps is not as severe as in the full-flap case where 
higher section lift coefficients are achieved.  The increase in porosity 
aft of the impervious section of the wing was sufficient to suppress the 
imminent boundary layer separation.  The growth of the boundary layer 
in the zero-flap condition, as evidenced by the parameters plotted in 
Figure 27, shows the controlled growth of the boundary layer associated 
with maintaining a constant R6 in the boundary layer theory in design- 
ing a distributed suction boundary layer control system. 

6.3.  Boundary Layer Control System 

The two blowers mounted under each wing of the modified L-19 to 
provide the suction for the boundary layer control system are hydraulically 
driven from a hydraulic pump which is directly driven from the main 
power plant.  The pump was designed such that full output was available 
for boundary layer control at all engine r.p.m.'s greater than 1700 r.p.m. 
Figure 28 shows the variation of wing internal pressure as a function of 
engine r.p.m., and it can be seen that above 1700 r.p.m. the wing inter- 
nal pressure is constant.  This means that full boundary layer control 
is available at relatively low power settings for the landing phase of 
operation, which should assist in short landings.  The hydraulic system 
operates at 3,000 p.s.i.; and to ensure that the hydraulic pump is always 
primed, the hydraulic fluid reservoir is pressurized to 25 p.s.i. by air. 

The porosity distribution calculated using the techniques described 
in paragraph 2.3 and flight tested on the L-19 is shown in Figures 29 
and 30.  Figure 29 shows the row spacing on the uppe^r surface of the 
wing and the diameter of the holes.  The holes were drilled in rows, 
with 10 holes per inch, by a pneumatically operated drilling machine 
which could drill 40 holes per minute as it progressed along a .  1 on 
the surface of the wing.  Figure 30 shows the cumulative porosity of the 
L-19 wing.  Figure 31 shows the drilling machine used to obtain the 
porosity. 

6.4. Wing Wake Interference at the Tailplane 

It was found that, with the original L-19 wing which had a slotted 
flap, even though the flow could be attached to the flap, there occurred 
a separation of the flow in a very small area at the trailing edge of the 
wing which rapidly expanded into a large wake. Figure 32 shows the 
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details of the flow in a slotted flap where the boundary layer on the 
lower wing surface passing through the slot separates at point A, giving 
rise to a layer of low-energy air between the flow attached to the flap 
and the free-stream flow.  Figure 33 clearly shows the separated flow 
region on the L-19 by means of tufts on a rake; the detrimental effect 
that this low-energy air would have on the tailplane effectiveness if the 
tailplane at any time operated in this region is indicated. 

To overcome this problem of large wakes and also to ease the diffi- 
culty of providing suction to a separated flap section, the slot flap 
was modified to a sealed flap as shown in Figure 5.  The dynamic head at 
the tall of the L-19 was measured by means of a wake rake as shown In 
Figure 34, and typical plots of the result at various aircraft airspeeds 
and lift coefficients are drawn in Figure 35.  The survey at the horizon- 
tal tailplane indicates that the horizontal stabilizer is at the optimum 
vertical position that gives relatively high dynamic head for all flap 
and engine settings.  Displacement of the horizontal stabilizer either up 
or down would result in decreased tailplane effectiveness, either at zero 
flap settings or at full-flap settings in the high-lift configuration. 

6.5.  Aircraft Drag Analysis 

By utilizing the information obtained from the glide tests and level 
flight tests, it is possible to determine basic aerodynamical data such 
as the minimum aircraft profile drag coefficient, the maximum efficiency 
of the wings, the effective aspect ratio, the propulsive efficiency, and 
an estimate of interference drag. 

Propulsive efficiency is defined as the ratio of power required to 
brake horsepower generated by the aircraft engine; as such, it is not a 
measure of propeller efficiency, since it includes losses due to engine 
cooling and Interference drag. The propulsive efficiency of the test 
aircraft in level and climbing flight is presented in Figure 16. 

The linearized drag polar for the test aircraft in gliding flight is 
presented in Figure 36. Extrapolation of the curves to the CL ■ 0 line 
Indicates that the minlmuui profile drag coefficient of the vehicle is 
0.042 and 0.083 for the 0° flaps and 40° flaps configuration, respectively. 
A drag analysis for the two preceding configurations is presented in 
Figures 37 and 38.  The induced drag coefficient was computed on the 
basis of the effective aspect ratio listed in Figure 36.  The unusual 
shape of the aircraft profile drag coefficient in Figure 37 is due to 
the fact that the aircraft must fly at unusually high angles of attack 
at low speeds.  At speeds greater than 75 or 80 miles per hour, the 
boundary layer control system Is able to maintain an almost constant wing 
profile drag coefficient, and the reduction In angle of attack of the 
fuselage with Increases In forward speed effects a reduction In fuselage 
drag coefficient. These two factors offset one another In the speed 
range between 80 to 125 miles per hour, as Is evidenced by the constant 
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aircraft profile drag coefficient shown In Figure 37.  A similar inter- 
action occurs In the 40° flaps configuration (Figure 38). 

The profile drag of the aircraft wing was measured in level flight 
to determine the variation of the profile drag coefficient with airspeed. 
The profile drag was determined by measuring the velocity distribution 
In the wing wake with a remotely controlled traversing probe which meas- 
ured the dynamic and static pressure at each data point (Figure 39).  The 
profile drag was then determined by graphically integrating the velocity 
distributions.  The results of these measurements are presented in Figure 
40. 

6.6.  Wing Tip Vortex Investigation 

To determine the shape, approximate velocities, size, and movement 
of the wing tip vortices shed from the wing of the L-19 at high aircraft 
lift coefficients, a series of tests using the dust bomb technique were 
performed (reference 9).  Briefly, the dust bomb technique consists of 
injecting a small quantity (1/2 pound) of finely granulated dust or powder 
into the wing tip vortex by means of a small, flat box attached to the 
underside of each wing tip.  The entrainment of the dust into the vortices 
and the movement of the vortices in ground effect can be photographed, 
with telephoto lenses from the ground at the rear of the aircraft. 
Sequence pictures, photographed with a 35-mm camera with automatic rewind 
and an intervalometer, give a time scale on which can be plotted Lhe 
vertical and horizontal movements of the wing tip vortices. Figure 41 
is a plot of the results obtained from the photographs and shows the 
vertical and lateral movement of the vortex cores. 
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CHAPTER 7.  CONCLUSIONS 

The effect of adding a distributed suction boundary layer control 
system to a standard liaison L-I9 aircraft resulted in appreciable 
changes in take-off and landing performance with the same available 
power plant; i.e., 38 percent decrease in take-off distance and 29 percent 
decrease in landing distance.  The modified aircraft demonstrated adequate 
stability and control characteristics in all flight phases; the stalling 
characteristics were good, with no tendency for either wing to drop; and 
acceptable aileron control was available down to and through the stall. 
System failures, either in the blowers or in the engine, when operating 
in the STOL mode, resulted in complete aircraft stall; however, by off- 
loading the wings by prompt forward motion of the control stick to regain 
airspeed, the aircraft could then be flared for a landing in the 3-point 
attitude with a maximum altitude loss of 250 feet.  Adverse roll charac- 
teristics associated with the loss of one wing blower are alleviated by 
a crossover duct in the boundary layer control system between the wings. 
The decreases in cruise performance were negligibK, i.e., less than 3 
miles per hour, with the boundary layer control system off. 

In the STOL mode of operation, the aircraft is flying on the back- 
side of the drag curve which means that the aircraft is speed unstable; 
considerable changes in power setting are required to maintain either a 
constant airspeed or a constant angle of flight path. These conditions 
make it very difficult to fly this STOL aircraft accurately in turbulent 
air at lift coefficients greater than 3.5. 

To accomplish the above increases in performance, considerable modi- 
fications, such as the following, were made to the aircraft:  sealed 
flap, drooped leading edge radius, hydraulic pump installation, increased 
verticil stabilizer area, end plates on fla(.s and elevators, and modified 
aft canopy.  The small holes drilled in the upper surface of the wing 
did not suffer from blockage effects due to dust or rain over a 5-year 
period of flying and exposure to the natural elements.  The increase in 
the basic weight of the aircraft due to the modifications was 188 pounds. 

Due to the extensive modifications that had to be made on the 
L-19, it is not recommended that distributed suction boundary layer 
control systems be retrofitted to existing aircraft.  If true STOL per- 
formance is required, together with acceptable stability as well as 
control and handling characteristics, it is recommended that the boundary 
layer control system be incorporated in the initial design stages. 
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Figure  1.    Modified Cessna L-19 High-Li♦'t Research Aircraft. 

22 

ÜOK ■■       ■ ».   " » 



I 

23 

-— 



I 

i 

• 

Standard L-19 

*'«* 

Modified L-19 

Figure 3. Modifications to the Vertical Fin and Rudder of L-19. 
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Standard L-19 

Modified L-19 

Figure 4.  End Plates on Horizontal Stabilizer. 
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Standard L-19 

Modified L-19 

Figure 5. Modified Flaps of L-19. 
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Figure  6.     Fairing at Lift Strut and Wing Intersection. 
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Figure 7.  Modification of L-19 Leading Edge. 
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Standard L-19 

Modified L-19 

Figure 8. Modified Aft Canopy of L-19. 
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Figure 10.  L-19 Take-Off Measurements, Full Flaps, BLC Blowers On, Ws 
2300 Pounds. 
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Figure  11.     Aircraft Lift Coefficient Against Equivalent Airspeed. 
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Figure 12.  Aircraft Lift Coefficient Against Angle of Attack. 

Figure 13.  Power Required for Level Plight. 
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Figure 14.  Power Required in Gliding Flight. 
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Figure  15.    Climb Performance Tests. 
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Figure 16.  Excess Horsepower Available for Climb and Propulsive 
Efficiency. 

Figure 17.  Stick Force Measurements on Modified L-I9. 
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Figure 18.  Elevator Angle Measurements on Modified L-19. 
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Figure 19.  Stick Force as a Function of Flap Angle, Constant Power. 
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Figure 21.  Manometer Arrangement in Rear Cockpit of L-19. 
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Figure 22. Wing Pressure Distributions at Various Aircraft Airspeeds, 
Full Flaps, BLC Blowers On. 
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Figure 22  (Cont.). Wing Pressure Distributions at Various Aircraft 
Airspeeds,  Full Flaps,   BLC Blowers On. 

39 



Figure 23.  Effect of Flap Angle on Pressure Distribution at a Constant 
Aircraft Airspeed, BLC Blowers On. 

40 

• mmt****;—mt 



• 

<u 
Xi 
o 
»1 

u 
<u 
>> 
CO 

u 
to 

c 
3 
5 

u 
3 
00 

jfJT'T 
41 



1 • ^ "^S^ 0 
N 

^x 
\ 

\ 

«) »5 *> 
*) w *> 

\ 

w 
a. 

i IM 
7 » » ^j O 

Cv 
to 

. 1 

«         «          Q          «          <         4          « 
> 

("') * 1 
^                           •—- 1 

o 

■«<— x N 
•0 0) 

to 

M 

> 

o 
•H 
a. 

1; f ^ 

vA| 

• 
m 
CM 

■ 

Ü2 ^ 12 
•>> ^ ^ § 

.!• 9 & X ^ 
Q' 

i          i Q 

i 
1 >         i >         • 

i                                 ^ i      ' \ 

42 

• ^.   ' ' T^JLT- , — 



r 1 

^ A 
1 
«0 

i 

h SS 
^0: 

(V)  « 

V) c o 5 5! 
O     4 

J5 
4     0 

«0 N 
Q 

>» 
Q 8 5 *> 

s « Q 

% 
Q 

V» 

> 
Ö 

N 
Q 

51 

(0 

£ 
«A 
0) 

<«-i 

I 

I 
| <l— 

: hs s. N 
f   »0 '8 

1 
<») if 

0    < 

1 
a 

o- 
Q 

Oft 

>i 

^ 
Qi 

> 
Q 

^ 
^ 

M »0 > «h ^ X 

Q Q 

H* 
Q Q Q 

« 
4) 

•H 
U 

«0 
u 

c o o 

m 
CM 

0) 

I 

43 

•MM -■--*- 



H * 

o. 

3 

0) 

o 
u 

o 
■ 

eg 

I 

U 

00 

'-I 

c 
o 
U 

r, 

II 
U 
9 

rw/; ^ 

44 

»»«■^«•i 



// 

/.o- 

09 

Of 

0.7 

0.6 — 

to* 

0.4 

OS 

O.Z 

OJ 

s/sVo CHoeo 

\      o /AS SSMPM 
A /A 

\       a  /A 
S 34 M 
S 3S A f.PN. 

1 1 
i 
/ 

/ 

A 

**& 
^ 

O OJZ 04 O* OS 
u/o 

to 

Figure 25 (Cont.).  Typical Series of Boundary Layer Profiles, Full Flaps, 

45 

—   '•—•■•^p«*—« - 



OAfO 

O.OOi / 

f 

/ 
r^N V / 

* 

0.004 

0.002 

O 

_^_ 
^ J. / 

^ 

\S 

f 
AS/(MP.H) *fecp*fT CL 

o           33                    ¥.7C 
A          35                    4.Z3 

O Of 0.2 OS 0.4 OS 0.6 0.7 OS 0.9 /.O 
x/c 

9 

zo 

/.6 

/.2 

ööac ^ 

0004 / 

^ 

— 

^ 

r               J 

0.002 

O 

s^rS^  ^^ 

AS/ (MPH 
o           33 
A          35 

) A/eceAFT cL 

4.76 
4X3 

AS/(M.pH.) AieceAFr cL 
O    33 4.74 
A   35 4.23 

O OJ O.Z 0.3 0.4 0.5 O.t 0.7 O* 09 /jO 
X/C 

Figure 26.  Boundary Layer Parameters (Full Flaps). 
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Figure 27.    Boundary Layer Parameters  (Mo Flaps) 
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Figure 31.     Photograph of Pneumatic Drilling Machine. 
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Figure 32.  Details of Flow in Slotted Flap. 
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Figure 33.     Tuft Rake on L-19 Flap. 

Figure 34.    Wake Rake Used in Tailplane Studies. 
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Figure 35. Results of Dynamic Head Survey at Tallplane, Level Flight 
Power. 

53 



u 
"3 

o 
A4 

00 
(Q 
U 
O 
•o 
0) 
N 

•H 
Wi 

«0 
V 
c 

0) 
u 
3 
00 

54 

■-     ■   '■ ^m-*.-- r-v~r 
i - 

■»*«•—-- 



O* FLAPS 
*2SOO ISS. 

70 SO 90 /CO HO 
Vgyy       (M.*H) 

Figure 37.    Drag Analysis - 0° Flaps. 
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Figure 38.    Drag Analysis - 40    Flaps. 
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APPENDIX I 

DATA ON L-19 

The Cessna Army L-19 (111972) equipped with the distributed suction 
boundary layer control system is powered by a Continental Motors 0-470-11 
engine rated at 213 horsepower at 2,600 r.p.m.  The modifications to the 
aircraft are a smooth upper-wing surface with flush rivets and an increased 
leading edge radius.  The original single-slotted flaps were replaced by 
a sealed camber changing flap.  The upper surface of the wing and flaps 
was perforated to accommodate the boundary layer control system.  Hydraul- 
ically powered axial fans, driven by a pump mounted on an accessory pad 
on the engine, are mounted on each wing behind the strut, and the original 
strut has been replaced by a cylindrical pipe to improve the flow over 
the wing at high angles of attack.  End plates are found at the outboard 
extremity of the flap and horizontal stabilizer.  Dimensional data are as 
follows: 

Wings: 

Flaps: 

Aileron: 

Horizontal Tail: 

Elevator: 

Area 174  feet2 

Span 36  feet 
Chord at Root 5.33  feet 
Chord at Tip 3.58  feet 
M.   A.  C. 4.87  feet 
Airfoil Section NACA  2412 

Area 21.2  feet2 

Span 8.85  feet2 

Chord 1.605  feet2 

Max Deflection 42  degrees 

Area 18.3  feet2 

Span 8.85  feet 
Chord 1.03  feet 

Area 19.23  feet2 

Incidence -4  degrees 
Airfoil NACA  0006 

Area 15.95 feet2 

Span 10.55  feet 
Deflection 26  degrees up, 

20  degrees  down 
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APPENDIX II 

LIFT COEFFICIENT DATA ON L-19 

AIRCRAFT AIRSPEED AND LIFT COEFFICIENT DATA 

Aircraft Aircraft Loc al  Section 
Airspeed CL Cl 
(m.p.h.) 

30.9 5.76 4.30 

33.6 4.88 3.58 

39.0 3.62 3.20 

44.0 2.79 2.68 

49.7 2.23 2.46 

59.6 1.55 1.85 

69.8 l.lj 1.46 

79.6 1.30 0.86 

LIFT COEFFICIENT DATA AS A FUNCTION OF FLAP ANGLE 

Aircraft 
Airspeed 
(m.p.h.) 

Aircraft 
CL 

Loc a 1  Section 
Cl 

Flap 
Angle 

(degrees) 

39.5 3.52 2.84 0 

39.5 3.52 2.78 15 

39.5 3.52 2.73 23 

39.5 3.52 3.06 40 
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