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Preface 

I became Interested in Ground Effect Machines x.'hen 

reports on them began appearing in the technical periodi- 

cals, and the dream of a flying automobile has inspired 

every one v*io has ever been caught in a traffic Jam, When 

Professor Bielkowicz told me of his idea of a ground effect 

machine that could be capable of flight, I was so fasci- 

nated with the concept that all other suggested thesis 

topics seemed hopelessly dull by comparison. 

The thesis explores the concept, proves its practi- 

cality, through wind tunnel testing and analytical esti- 

mation. All assumptions were purposely made on the con- 

servative side, because an idea of this magnitude will 

attract many critics. For this reason, it was hoped that 

no estimation would be required and that all data would be 

the result of wind tunnel testing. Only when the large 

APIT tunnel was closed for repairs, did it become necessary 

to use any analytical prediction, I personally feel that 

if such a vehicle were built tomorrow, its performance 

would be significantly better than predicted by this 

analysis, 

I would like to express my sincere gratitude to 

Professor Bielkowicz for his trust and his assistance, and 

special debts of thanks to Messrs, Barringer, Whitt and 

Lokal of the AFIT wind tunnel, and to Mr, Joseph Huff at 

the AFIT School Shops, who built the complicated models. 

11 
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Abstract 

Professor Peter Blelkowlcz conceived the idea of a 

ground effect machine that could also fly.  This thesis 

tests the concept and Improves on the original design. 

Two wind tunnel models were built to determine the aero- 

dynamic characteristics of the vehicle.  When the wind 

tunnel was closed because of safety problems after the 

test program had Just begun, a third, sub-scale, model was 

built and tested In a smaller tunnel to test Improvements 

dictated by first tests. 

The results from these tests were combined with some 

analytical techniques to predict the performance of the 

full scale vehicle. 

The final vehicle will carry one pilot and two 

passengers (If necessary). When armed with two 7.62 mm 

machine guns, carrying a full fuel load and a 200-lb. 

pilot, the gross weight of the vehicle Is 2400 pourft 

Its dimensions are 7.2 feet wide, 17.9 feet long and 13,0 

feet high, Including the end plates necessary for such a 

low aspect ratio wing.  This small size will allow the 

vehicle tc travel over back trails or unimproved roads. 

Despite the severe limitations Imposed by the dimensions, 

the vehicle will become airborne at 99 feet per second, and 

clear a 50-foot obstacle 545 feet from the take off point, 

when powered by the 300-horsepower Curtlss-Wright RC-2-90-y 

rotating cylinder engine. 

*L 
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OPTIMIZATION OP A 

GROUND EFFECT MACHINE 

I,  Introduction 

A need for ground effects machines exists In the 

military services. The advantages of a vehicle Which can 

go anyvÄiere has been effectively demonstrated by the per- 

formance of helicopters In Korea and Vietnam. 

The ground effect machine has thus far In Its develop- 

ment not approached the versatility of a helicopter. This 

Is primarily because the ground effect machine was limited 

to very low ground clearance. Obstacles, such as ditches, 

walls, and fences forced the early experimental models to 

look for routes around these obstacles« Therefore, the 

successful ground effect machines have been those that 

operate primarily over water. The British series of 

"hovercraft** are excellent examples (Ref 2). 

Professor Peter Blelkowlcz of the Air Force 

Institute of Technology conceived the Idea of a ground 

effect machine with an air foil-shaped structure that would 

produce aero-dynamlc lift whenever required. A wall could 

be negotiated simply by flying over It, a ditch would be 

Jumped, a low bridge could be hopped and rough terrain 

could be negotiated by Increasing the ground clearance with 

the aerodynamic lift. 

Professor Blelkowlcz performed a preliminary design 
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analysis of such a vehicle. This thesis Is concerned with 

the optimization of this original design. Its objectives 

are: To determine through wind tunnel tests, the feasi- 

bility of the concept by determining the maximum weight 

and minimum velocity at which the vehicle could become air- 

borne: to perform a preliminary design, including duct 

performance, weight and balance estimates. To improve on 

the original design to Improve performance. Increase 

simplicity and reduce costs. 

Specifically not Included as part of this thesis is 

a detailed stress analysis and a stability and control 

study. 
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II, Miaalon 

The mission envisioned for this vehicle is primarily 

reconnaissance, but the versatility of the crafft would also 

allow for general transportation and  evacuation of wounded. 

This mission, together with considerations for flexibility, 

imposed certain design restrictions, which are as follows, 

1, The vehicle should be relatively small, carrying 

one pilot, with a capability for two passengers, 

2, The vehicle should be as simple and uncomplicated 

as possible for ease of maintenance and high reliability 

under combat conditions, 

3, The vehicle must be able to operate continually 

over unimproved roads, water, and open fields for six 

hours, at speeds up to 85 feet per second.  It must also 

be able to fly over an obstacle. Jump a ditch and negotiate 

uneven terrain for shorter periods of time, 

4, The vehicle must be less than 8 feet wide, to 

follow narrow roads, and less than 14 feet high to pass 

under bridges and overpasses, 

5, The design of the vehicle should be such that it 

is not vulnerable to small arms fire, 

6, The vehicle should be capable of carrying light 

armament, such as machine guns. 

If all these restrictions can be successfully met, 

the resulting vehicle would have the performance of a light 

aircraft and the versatility of a helicopter with the 

maintenance record of a station wagon. 

I 
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III. Baalc Dasign and Taat Philoaophy 

The basic design scheme Is to utilise a peripheral 

jet ground effect machine, the upper surface of Which Is an 

airfoil. This airfoil would then be a wing with a very low 

aspect ratio. To Increase the effectiveness of the wing, 

the aspect ratio must be artificially Increased by the use 

of large end plates. Because the wing must operate near 

Its maximum coefficient of lift. I.e., at high angles of 

attack, separation and stall Is likely. This suggests that 

a boundary layer control system Is required. 

For protection from small arms fire, the engine 

should be Internally mounted. For small overall size and 

high power to weight ratio, the wankel rotating cylinder 

engine was selected. Similarly, but also for the reason of 

greater efficiency, a ducted fan was chosen for propulsive 

power, rather than a conventional exposed propeller. 

P2tZX f^^> ^Jhr 
rLfcNUM "^ ANNULAR        IPERIPHERAL 
CHAMBER JET JET 

FIG. 1 i GROUND EFFECT SCHEMES 

t- 

The air for the ground cushion Is to be provided by 

two fans, also duct mounted and powered by the sane engine 

which powers the propulsion fan. The ground effect scheme 

Is to be of the peripheral Jet principle. In order to In- 

. . 



GiW/AE/67-1 

crease the efficiency of the lift fans. The normal pro- 

cedure in ground effect machines is to draw the lift air 

through an inlet in the upper surface of the vehicle. As 

this would ruin the aerodynamic lift in this design, the 

inlets must be placed in the front of the vehicle. This 

will require a duct system with a 90-degree turn. 

With this philosophy, and with the constraints im- 

posed by the mission, it is now possible to visualize how 

such a vehicle would look. It would be about the size of a 

light panel truck, with the side panels extended to serve 

as end plates, and the roof shaped as an airfoil. Rudders 

and a stabilizer might be added at the rear. The front of 

the vehicle would be rounded to reduce drag, as would the 

rear, and the "grill" would consist of two or three large 

inlets. 

The testing philosophy is equally straight forward 

and logical.  It was decided to build two models for wind 

tunnel testing. The first model would consist of an air- 

foil with end plates and control surfaces. The fuselage 

would contain no ducting. 

The second model would have all ducts in the fuse- 

lage and Incorporate any changes found necessary from the 

testing on the first.  If the tests were successful, then 

a detailed preliminary design could proceed immediately. 
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IV,  Design of Wind Tunnel Models 

Original Design 

The starting point was the original design of Pro- 

fessor Blelkowicz. During the initial portion of this 

study; several changes were made to the original design# 

which make it somewhat difficult to establish exactly what 

was the original design. 

For the purpose of this thesis, the "original design" 

will be taken as shown in Figures 2, 3 and 4.  Among the 

changes Included in this version are the introduction of. 

the forward wing, and a rear auction slot. The propeller 

is positioned near the forward end of the engine nacelle, 

rather than the rear end of the nacelle where it had been 

placed in earlier versions. Although the wing suction slot 

is not shown in these drawings, suction boundary layer con- 

trol was a part of the concept from the beginning, 

A turning vane is present in the propeller duct and 

the angle of duct divergence behind the pilot's chair is 

quite high. The center of the propeller and the center of 

the fans are at the same longitudinal station. 

The overall length of the vehicle is 17 feet, the 

width is 7,2 feet and the height is 10,2 feet.  The in- 

cidence angle of the airfoil is 8 degrees. 

Selection of Scale 

The first step in the design of the model was the 
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selection of the scale.  This is determined by the size of 

the tunnel and the parameters to be duplicated.  In this 

case, the parameters are Reynolds numbers and Mach number. 

The selection of a scale is, at best, a compromise. 

The model should be as small as possible in order to reduce 

blockage in the tunnel.  Conversely, the model should be as 

large as possible to duplicate Reynolds number without en- 

countering compressibility effects of high Mach number. 

The diameter of the AFIT subsonic wind tunnel is five 

feet, thus the absolute maximum cross sectional dimension 

for the model Is five feet.  This, of course is impracti- 

cal.  In addition to blockage, another consideration is 

that the model must travel through a range of angle of 

attack.  Additionally, an arbitrary value of two inches 

was determined to be the minimum clearance, to allow for 

any fittings and attachments that might be needed. 

The proportions of this model arei 

1 « 1.75h 

w « 0.76h 

and the pivot point,   when placed at the quarter chord of 

the wing  is  0,68h above the bottoit of the model.     Then, 

referring to Fig.  5,   the maximum dimension h.   In  inches, 

can be calculated from Bq  (1). 

900-.1296h2  =   .68h cos 10oi".75(1.75)h sin  10o+2 (1) 

simplifying yields the quadratici 

1.1246h2* 3.992h-896-0 

10 
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and solving for h, h=26,51 inches. Which would result in 

a scale factor of 0,224, smaller than one-fourth scale but 

larger than one-fifth.  If this scale would not create too 

much blockage in the tunnel, then one-fifth scale would be 

selected. Pope, gives the blockage factor as 

K^ (model volume) (2) 

'sb^      C~375 

vÄiere * g^ is the ratio of the velocity increment due to 

blocking to the tunnel velocity, C is the cross-sectional 

area of the tunnel and K is a shape factor ranging from 

0,5 to 0,75 when the dimension used are feet (Ref 15), 

Taking the highest value of K, gives a value for «sb of 

,0378,  This means that the true velocity of the air pass- 

ing the model would be 103,78 feet per second when the 

tunnel instruments indicate 100 feet per second. This is 

an acceptable blockage factor. 

The only remaining question is now the simulation of 

Reynolds number and Mach number, Reynolds number is given 

by R * Vc (3) 
9       v 

where V is the velocity, c is the chord length and v is the 

dynamic viscosity. The actual Reynolds number of the 

vehicle at a take-off speed of 100 feet per second under 

standard conditions is 

R . 100 (17.2 . 10#9axX()6 (4) 

1.551X10-4 

12 
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vÄiere the chord is measured in feet, the velocity in feet 

per second and the dynamic viscosity in ft2 per second. To 

duplicate this number with a one-fifth scale model would 

require a test velocity of 500 ft per second. The dynamic 

pressure at this velocity is 29/.2 pounds force per square 

foot. If the lift coefficient were 1,0, then the model 

would generate a lift of 1486 pounds, which exceeds the 

measuring capability of the tunnel. Additionally, at this 

speed compressibility effects would be encountered. 

Therefore, exact duplication of the Reynolds number 

is not possible. However,experience has shown that aero- 

dynamic characteristic do not vary significantly at high 

Reynolds numbers (Ref 5),  That is, if the test number is 

greater than a million, the test is generally valid for all 

higher Reynolds numbers until Mach number becomes signifi- 

cant.  The test Reynolds number is (1/5) (10,98x10*) « 

2,196 x 106 at 100 feet per second. The one-fifth scale, 

then, can simulate the Reynolds number acceptably well. 

The scale for the model was then chosen as one-fifth. 

This scale fits the tunnel, does not cause excessive block- 

age, simulates the Reynolds number and exactly matches the 

Mach number of the full size vehicle. 

Wing and Flap Design 

Selection of Airfoil, The airfoil NACA 8318 was part 

of the original design by Professor Bielkowics. It was 

picked for its high lift coefficient, its thickness which 

13 
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facilitates interior design, its smooth stalling charac- 

teristic and its flat bottom surface (Ref 8), The im- 

portance of the flat bottom is that little lift is gener- 

ated by the bottom surface.  In this design the bottom of 

the airfoil is displaced downward by several feet. An 

undercambered airfoil would be impractical in that tho 

installation of a peripheral jet in the lower surface 

would greatly increase the difficulty of fabrication and 

correspondingly the cost. 

The NACA 8318 airfoil shows a remarkable similarity 

to the vintange Clark-Y-20 (Ref 20). The coordinates of 

the Clark-Y-20 at one degree angle of attack an<3 the NACA- 

8318 agree to within 1/2% at all stations.  The aero- 

dynamic characteristic are practically identical, when 

displaced one degree.  It appears that the NACA-S318 is a 

"modernized" Clark-Y-20, Considering the tolerances 

necessary in making a wooden model, the airfoils are, for 

all intents and purposes, the saune. 

Boundary Layer Control. The suction slot is po- 

sitioned at 55%  of the chord, as pr.rt of the original de- 

sign. The slot is inclined at 55 degrees to the hori- 

zontal. A model allowing for experimental change in the 

position of the slot would be necessarily complex. There- 

fore it was decided to proceed with a fixed slot on the 

first model. If the suction did not increase the per- 

formance of the airfoil, the slot could be redesigned on 

the second model. 

14 
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The width of the slot, however, will not necessarily 

be one-fifth of the full-scale slot, due to the differences 

In boundary layer thickness, Reynolds number etc.  The 

optimum width of the slot was to be determined by the 

tests. 

The principle of boundary layer control by suction Is 

simply that the lower energy levels near the surface are 

removed,' leaving a more energetic boundary layer, less 

likely to separate.  Therefore, the maximum suction would 

be the removal of the entire boundary layer. Any suction 

beyond this would create no change In performance. The 

slot, then, should be sized to carry this maximum flow 

rate.  The mass flow rate In the boundary layer can be 

calculated by 

A ■ /oÜJ (5) 

where /> is the density of the air, A Is the area of flow, 

equal to the wing span times the thickness of the boundary 

layer, and u is a mean velocity throughout the boundary 

layer,  Schlictlng gives this mean velocity as 

.5 
Ü « /u dy (6) 

which for turbulent flow becomes 

U - 0.8167 U(x) (7) 

«here U(xj is the local free-stream velocity. The 

boundary layer thickness for turbulent flow is 

15 
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X   - 0.37x  = 0.37X 
5   -_    5^  (Q) 

yRex    WU(x) 

where x Is this distance from the leading edge. Although 

this formula was developed for turbulent flow over a flat 

plate, its application to an airfoil gives a reasonable 

estimation of the thickness, and is certainly accurate 

enough for this application (Ref 4). 

The remaining unknown is the local free-stream ve- 

locity at 55% chord. This can be determined by the 

equation /    \0 

" -'- (^) 

where 'Cp is the coefficient of pressure, which is avail- 

able from the literature and presented in Fig, 6 (Ref 20), 

At a CL of 1,0, Cp is equal to -0,99 at the 55% chord. 

In this specific application, the local velocity, at 

100 feet per second tunnel velocity, is 141 feet per 

second, from Eq (6), The local Reynolds number is l,56x 

105, which gives the boundary layer thickness as 0,0398 

feet. The boundary layer mass flow rate is then 

ABL =  /0Ä^(.8167)Ü(X) (10) 

= 0,1972 slugs/aec 

The mass flow rate through the slot must match thl« 

16 
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value.  The mass flow rate can be determined by m* AQUQ« 

pbwÜQ Where w is the width of the slot, b the wing span 

and UQ the velocity In the slot. UQ can be expressed by 

Bernoulli's incompressible equation as 

yihexe Px is the pressure on the wing at the 55* chord and 

PQ is the pressure in the slot. The wing pressure can be 

found from the Cp, so 

Since the AFIT wind tunnel extracts air from the atmosphere 

P = Pa-*j pV_ 2 (13) 

then 

UQ = ./i /£E P V^ 
2-»-Pa-J5 P V_ 2-PQ\        (14) 

or. 

UQ s^ i [d-Cp) -fiVflul I  (Pa-PQ^        (15) 

The mass flow rate can be writ tern 

m « /.bw J| p<P) ^2*(Pa-PQ)]      (16) 

Where all values are known except the width of the 

slot, w, and the suction required, (P^PQ). It was 

assumed that a standard vacuum cleaner could achieve a 

suction of ten inches of water, and that two inches of 

18 
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water would be lost to duct friction. Then a value of 

eight inches of water (41.405 pound« per aquare foot) 

could be aubatituted for (I^-PQ). 

The above equation now contain a only one unknown, 

the required alot width. The equation waa aolved for w, 

with the result w • 0.0456 feet = 0.548 inches at V ■ 100 

feet per aecond.  With this width olot, and a vacuum 

cleaner capable of providing a auction of eight inchea of 

water after duct lojses, the entire mass flow rate in the 

boundary layer could be removed.  It was anticipated of 

course, that not all the boundary layer need be removed. 

During the teata the auction would be varied, and the maaa 

flow rate measured.  The optimum mass flow could then be 

determined and the full acale alot could be aized by a 

similar analysis. 

Flap Design 

The design of the model flap merely involved devising 

a mechanical system which allowed movement of the flap and 

a system to measure the deflection angle. The design used 

on the model is shown in Pig. 7. The flap ia deflected 

manually by loosening the bolt a. A 1/4-inch-pin ia 

inserted through the end plate into the desired key holes 

located at 0,15,30,45 and 60 degrees of deflection. The 

bolts are then secured.  This allows for movement of the 

flap through 60 degrees, with positiv« stops at 15-degree- 

intervals. 

19 
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Con struct. Ion 

The'wing was constructed by laminating 22 section? 

cut to NACA 8318 coordinates.  The slot intake was ducted 

to a position near the quarter-chord where the external 

vacuum line is attached (see design of test equipment). 

The quarter-chord point was chosen to minimize problems of 

fitting the vacuum line through the tunnel walls. To pro- 

vide more rigidity for the upper surface a d^wel was in- 

stalled in each third lamination. 

To accommodate the eight degree angle of incidence, 

the lower surfa-i-a of the wing sections were extended and 

inclined eight degrees so the resulting surface would be 

horizontal when mated to the lower body section. 

The end plates were cut from 1/4-lnch mahogany plywood. 

Because no movement of the rudders was planned during 

testing, these surfaces ware built as simply extensions to 

the end plates. 

Control Surface Design 

Stabilizer. The purpose of the stabilzer is to pro- 

vide longitudinal stability and control during the "hop" 

maneuver. This is accomplished by using an airfoil 

mounted behind the center of pressure of the wing. Be- 

cause this airfoil must produce both positive and negative 

lift, a symetrlcal airfoil was selected. Of the sym- 

metrical airfoils listed In the NACA literature, NACA 0012 

gave the best lift to drag ratio, and was therefore 
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selected (Ref 9). 

The location of the stabilizer was determined to be at 

the rear of the end plates and mounted as high as possible. 

In the original design, the complete tail assembly was to 

be moveable.  In ground cruise mode the assembly would be 

retracted to the rear of the end plates, but extended rear- 

ward on rails for flight.  To keep the model simple, it 

was decided to test in the retracted position.  The aero- 

dynamic characteristics of the stabilizer would be de- 

termined and the required extension could then be calcu- 

lated analytically. 

Forward Wing 

The forward wing is a means of control in angle of 

attack which contributed positive lift rather them nega- 

tive.  This control surface not only aids in the control, 

but also generates an increase in overall lift, 

A high lift airfoil was selected,  A search of the 

NACA literature revealed that NACA 6512 was an excellent 

airfoil for this purpose (Ref 9), Its high lift, high 

llft-to-drag ratio, smooth stalling characteristics, and 

reasonable thickness (a help in structural design) repre- 

sented one of the best sections for this use. 

The location of this surface is not a simple problem, 

because the effect on the characteristics of the forward 

wing caused by the presence of the main wing is an unknown 

quantity. Likewise, the presence of the forward wing will 
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affect the main wing by acting as a leading edge slot.  It 

was obvious that, for control purposes, the wing should be 

mounted as far forward as possible.  The question of height 

and angle of attack was solved by constructing the model so 

that these parameters could be varied. A series of 

mounting holes were placed In the end plates«  The forward 

wing could be placed In any of these T .es and the angle of 

attack varied.  In this manner the optimum position and 

angle of attack could be determined during the testing 

program. 

Construction. Both surfaces made of laminated hard- 

wood. The mounting point on both surfaces was at the 

quarter-chord. This Is the zero moment point on the stabi- 

lizer, and the aerodynamic center on the forward wing. 

Using this point, a simple friction fitting, held In place 

by a machine screw Is adequate to prevent changing of the 

angle-of-attack during the test. These fittings are 

visible In Figs. 10 through 12. 

Body of First Model 

The body of the first model was simply a shell de- 

signed to the outlines of Professor Blelkowlcz* original 

design. It was constructed over a white pine lower frame 

(simulating the outline of the periperal jet), by using 

1/4-inch bending plywood.  Simple 2-by-4-inch bracing was 

added where the wind tunnel attachment fixtures were 

installed. 
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Figures 10, 11# and 12 show the completed model prior 

to installation of the wind tunnel attachments. These 

photographs show the relative locations of the control 

surfaces, the suction slot, and the outlet where the 

external vacuum system will be installed. 

Internal Ducting in the Second Model 

Purpose. The ducting in the second model was de- 

signed to simulate as closely as possible the lift and drag 

of the full scale vehicle. There are three ducts» two for 

the ground cushion effect and one for the forward pro- 

pulsion. 

The ducts present some unusual design problems.  All 

three ducts begin with rectangular cross-sections and 

terminate with circular cross-sections.  The propulsion 

duct contains the engine, and the ducted propeller. The 

lift fan ducts must turn downward 90 degrees, and contain 

the lift fans and a gear housing. 

It was decided to not simulate an engine, or the 

ground cushion effect.  These problems have been investi- 

gated and can be handled analytically after the wind tunnel 

testing has been completed. The problem which is of pri- 

mary interest is the airborne performance of the machine, 

with no assist from the ground effect. 

To avoid confusion, the term "fan ducts" will be used 

to denote the ducts which supply air for the ground cushion 

and the term "propeller duct" will be used to denote the 
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duct containing the «nglne. 

Fan Duct«. Th« fan duct« war« daaignad %rith three 

objectivesi to obtain an aconomlcal duct, low losa in total 

pressure, and, to dalivar «ynaÄtrical flow to tha lifting 

fan«. 

The basic approach was to continue tha rectangular 

portion of tha duct until tha turn «a« completed. Turning 

vanes would be necessary to avoid «symmetric loading of 

tha fan. Aftar tha turn tha tranaition to a circular 

cross-section would ba rather than direct the flow direct- 

ly downward it wa« decided to turn the flow through an 

angle of only 82 degree«. If the flow were turned 90 

degree«, then when the vehicle wa« in a taXe off position« 

8 degree«, the momentum of the lift air and the 

90° TURNING AMJLB 82° TURMNG ANGLE 

FIG.  14   PAN DUCT TURNING ANGLES 
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lift of the fans  would contribute a drag force equal to the 

lift times the sine of 8 degrees, and decrease the net lift 

by 1,3 per cent. By turning the flow 8 degrees less, the 

entire momentum lift vould be directed downwards and there 

would be no drag increase. The three turning vanes were 

positioned to divide the mass flow rate into fourths in the 

horizontal portion of the duct and to direct the flow into 

equal areas of the lower circular portionJ This scheme 

will achieve a constant mass flow rate per area across the 

lift fans. 

The mass flow rate per area in the horizontal portion 

was assumed to a constant across the duct, except in the 

boundary layer. The thickness of the boundary layer and 

the mass flow rate in the boundary layer were calculated 

using the same technique previously mentioned in the design 

of the suction slot. 

Y=h 

■*■  X 

FIG. 15   COORDINATE SYSTEM 
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The area of circular portion was simply divided into 

fourths by direct integration, using the coordinates of 

Pig, 15.  The area between y s h and the x-axis was found 

to be 

A » h r2 + r2 arc sin h/r (17) 

The area was set equal to one-fourth the total area and h 

was found to be o,402r. This dimension was used to fix 

the position of the trailing edges of the turning vanes. 

The vanes were made circular for ease of fabrication. The 

best fitting radius was determined by graphical layout, 

and the cross section was NAcA 0006 coordinates laid out 

radially about this mean radius. 

The transition section was designed by graphical lay- 

out. The thickness of the transition section was arbi- 

trarily set at 3/4 inches, because this is the standard 

thickness of the wood sections used in tha APXT shops. 

Propeller Duct. The first layout revealed that if 

the dimensions of the original design were unchanged, the 

propeller would not be symmetrically loaded. This was 

corrected by two decisions. 

The location of the lift fans were moved forward 1.5 

inches on the model (7.5 inches full scale) to smooth the 

duct contours near the propeller.  The minimum width of the 

propeller duct must occur at the roaxiraum width of the fan 

ducts. By moving the fans forward, the mininun width of 

the propeller duct was moved further away fron the maximum 
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width of the propeller duct.  The move allowed bettor con- 

tours in the sections immediately preceding the propeller. 

The second decision was to move forward the point 

where the constant area portion of the duct ends.  In the 

original design, this point was only two feet in front of 

the propeller. A turning vane was required in the duct. 

By moving the "break point" forward to the front leg of 

pilot's seat, the contours could be made so gradual that a 

turning vane was unnecessary. 

The contours of the duct were determined by a graphi- 

cal method.  Forward of the propeller, three dimensions 

were knownt the propeller diameter, the minimum width, and 

the inlet siz*. The cross section at the break point is 

identical to the inlet.  The top of the duct was es- 

tablished by drawing a straight line from the break point 

to the section int front of the propeller. The duct was 

divided into three section (see construction below) and a 

rectangular cross section was maintained until the end of 

the forward section. The mid section was divided in 3/4- 

inch-sect ions. The propeller was at section 12 and the 

fans at section eight. These sections ware superImposed 

on each other and the area between the sections equally 

divided to obtain the smoothest contours possible. For 

example, the construction of section eight is shown in 

Fig. 17.  Section zero was overpaid on section twelve, the 

maximum diameter. The width of section eight was laid out 

on the drawing. The lower contour of section was a curve 
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fitted through points 2/3 of the way between the contours 

of sections zero and twelve.  The upper contour was es- 

tablished by a straight line through a point 2/3 of the 

distance between the height of sectlo^j zero and twelve. 

The other sections were constructed In a similar 

manner. The result was a duct of gradual changes which 

will give symmetrical loading on the propeller. 

An engine nacelle Is Included In the propeller duct to 

simulate the drag characteristic. The nacelle was sized by 

the practical requirements of the Wbnkel engine, and the 

lenght of a transmission necessary to power the lifting 

fans. 

A duct is cut through the nacelle to simulate the air 

flow requirements of the engine. Five straightener vanes 

are required to cancel the rotational velocity induced by 

the propeller. These vanes also serve as engine supports. 

Rear Blowing slot.  The original design used % suction 

slot at the rear of the vehicle to maintain attached flow 

for increased flap efficiency and reduction of wake drag. 

This was changed to a blowing slot. The blowing will 

accomplish the same objective, but much simpler ducting is 

possible for blowing than for suction. The high pressure 

air behind the straighteners could easily be tapped for 

this purpose. Suction would, at best, require a long duct 

to a point forward of the propeller. If the pressure 

differential required for suction is too great, a separate 

vacuum pump would be required. 
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The design of the rear slot In the model was begun by 

assuming that the rear of the model acted as the rear half 

of a cylinder.  Studies have shown that cylinders in high 

Reynolds number flow tend to have a separation point at 

110° (Ref. 3).  In this case, the flow would remain at- 

tached for 20 degrees beyond the Joint between the flat 

sided portion and the cylindrical portion of the fuselage. 

It is therefore reasonable to assume that if new air were 

introduced at this point with a velocity equal to or 

greater than the initial velocity of the separating flow, 

then the flow would remain attached for another 20 degrees. 

If this assumption is correct, then the flow will remain 

attached until intersecting the exit of the propeller duct. 

To design this slot, an arbitrary slot thickness of 

1/4 inch was selected. The height of the slot was 7.8 

inches. The velocity required was selected as 1.25 times 

the velocity at the beginning of the curved portion.  The 

Cp of the cylinder at the 90 degree point is -2.36. There- 

fore the velocity is (at a vehicle of 100 feet per second) 
2 

V ■ 10O(-2.36+l)  = 185 feet per second and the required 

velocity at the slot is Va - 125 x 185 - 232 feet per 

second. The velocity in the propeller duct between the 

straightoners is 146.2 feet per second (see V, Duct Per- 

formance), Therefore, the capture area required in the 

duct is 

Acap « V« « 6.2 in.2 (18) 
vduct 
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This capture area Is shown in Fig, 20, The final 

configuration of the propeller duct Is shown In Fig, 21, 

and Fig, 22 shows the relative positions of all the ducts 

In the second model. 

Construction. The model was fabricated by dividing 

the model Into sections.  The center and rear sections 

were constructed by laminating 3/4-inch-thick pieces of 

white pine. The propeller duct contours were cut In each 

lamination, then after joining the laminations together the 

duct was hand-sanded until smooth. The front section was 

built-up of plywood and white pine. The transition 

sections in the fan ducts were hand carved, and the rest of 

the model constructed by conventional techniques, such as 

boring, turning, and shaping, 
■ 

Design of Test Equipment 

Installation, The AFIT five foot wind tunnel uses a 

wire balance system to measure aerodynamic forces. A 

schematic of the system is shown in Fig. 26. The model is 

suspended from the wires and the counterweights are added 

to place all wires under tension. Prior to each data run, 

a series of static scale readings were taken at each angle 

of attack. The differences between the static readings 

and the readings taken during the data run give the aero- 

dynamic forces. 

The attachmsnt fittings were made fron standard hard- 

were« Soma problems were encountered in installing the 
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model, particularly with the rear lift scale v^iich must 

move in order to keep the rear wire always vertical. The 

problems, though time-consuming and frustrating were 

minor. 

The vacuum system consists of a shop vacuum cleaner, 

a three inch diameter flexible air hose, and an orifice to 

measure mass flow rate. The hose diameter was determined 

from analysis of the mass flow rate required.  In order to 

maintain the assumption of constant density, the Mach 

number in the hose must be 0.3 or less. 

The orifice was designed as specified in the ASME 

Report c\  Fluid Plow Meters (Ref. 1).  The particular 

orifice selected was a concentric sharp-edged orifice with 

a radius ratio of 0.6, and vena-contracta taps were used to 

measure the pressure differential across the orifice plate. 

A plot is shown in 9ig. 27, which gives the suction co- 

efficient (CQ) as a function of the pressure differential. 

The suction coefficient is defined as 

CQ ■ "suction  i (19) 
/o   S V.. 

assuming constant density this expression can be written 

as 

for the given test velocity of 100 feet per second. 

Control of the vacuum system consists of venting the 

hose behind the orifice. This was accomplished with a 
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series of holes drilled into the pipe holding the orifice 

plates. The hose connecting the pipe to the vacuum cleaner 

can be moved to cover as many holes as necessary to vary 

the mass flow rate being extracted from boundary layer of 

the model (see Fig, 28). 

TUNMiL WALL 

CONTROL HOUiS ORIFICJB PLATE 

i 
t 

FLLXIBLB 

AIR  HOSh 
VACUUM CLEANER 

FIG.     28     SCHEMATIC OF  VACMIM SYSTEM 

The regular door in the tunnel wall was removed dur- 

ing runs with the vacuum system,  and replaced with a 

special door to allow the hose to extend out of the 

tunnel.    The interference of the hose was evaluated by 

comparing the runs with no hose present,  with those on 

which the hose was present but with zero mass flow rate in 

the vacuum system.    The forces obtained from subsequent 

runs with suction were then corrected for this inter- 

ference, 
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Completed Xodel,  Front guarter View 

Close-up of Propeller Duct and Pan Ducts 

FIG.   29    SLCOND MODEL,   FORWARD VIEW 
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Blowing  Slots  and Nacelle,   Hear  View 

Uottom View with  Fan Duct  txits 

FIG.   30     SECOND MODEL,   REAP   VIEW 

Slots 
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V.  Results of Wind Tunnel Investigation 

Tests in the AFIT 5~foot Wind Tunnel 

The test plan was to test the first model to determine 

the aerodynamic coefficients. Initially the model without 

the control surfaces would be tested.  The next step would 

have been to deflect the flap through 60 degrees. Bach 

control surface would then be added and its effect on the 

performance determined.  Finally, the suction would be 

added and its effect measured. 

The results of testing on the first model would be 

evaluated and the second model could be changed as neces- 

sary. The second model would be tested on one run to 

measure any differences. On this run all the ducts would 

be plugged with clay. On subsequent runs each duct would 

be opened until the final configuration would be tested. 

The detail test plan is shown in Table one. 

Unfortunately, the unforeseen happened after test 

number two. A report of the maintenance inspection on 

the wind tunnel revealed a safety problem in the electri- 

cal system of the tunnel. The decision was made to close 

the tunnel until funds could be obtained for repair and 

the repairs accomplished. The tine required to do this 

task was such that no further testing could be conducted 

in the tine allowed for this study.  Therefore only two 

data runs were conducted, and the results of these runs 

are shown in Figures 31 and 32, 
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The results of the test,   while not Inspiring ware 

promising.     It appears that slight  separation occurred on 

run number one,  but not on run number two,  at the higher 

Reynolds number.    The CL was low,  but not too low to pre- 

clude flight.    The CD was high,  but still low enough to 

establish the feasibility of the vehicle.     In summary the 

data was very promising,  but  left  something to be desired. 

The C^ reached a value of 0,640 at a vehicle angle of 

attack of  8 degrees.    The increasing slope of the lift 

curve Is typical of very low aspect ratio wings and  In- 

dicates that no separation is present.    Lampros gives the 

relation ship between CL and o( as 

CL ■ a** CiÄ2 (21) 

where a la the slope of the lift curve as predicted by 

linear theory and Cx is a function of aspect ratio (Ref U), 
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That Is, 
a ■ = ao 

1+ a. (22) 
IleAR 

where a0 is slope of the lift curve for Infinite aspect 

ratio, and e is a wing efficiency factor, which equals 

1,17 for rectangular wings (Ref 5), The theoretical lift 

carves for various aspect ratio eure plotted in Fig. 34, 

with the test points from run number two shown. The 

points very closely agree with the AR == 0,6 curve, with the 

end plates tested. 

To increase the basic lift of the wing, the aspect 

ratio raust be increased; therefore, larger end plates were 

required.  The problem was to determine how much larger 

the plates should be. 

Sub»scale Testing 

A search of the literature revealed no direct re- 

liable method for designing the new end plates. More 

testing in the wind tunnel was the obvious solution, but 

the cunnel was not operative.  A fourteen-inch-diameter 

wind tunnel was the only one available locally with a 

balance system installed and operating.  Several attempts 

were made to find other wind tunnels where the work could 

be continued, but In every case, the schedule would not 

allow time for completion, or the cost would have been as 

great as the repair cost to the five-foot tunnel. 

Zt WAS therefore decided to use the 14-inch tunnel 

on a limited scale.  The difference in Reynolds number was 
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so great,  that no meaningful data could not be obtained 

with respect to flap performance,   or the boundary layer 

control system.     The  small  scale would put  serious reser- 

vations on any duct evaluation.     The determination of the 

end plates,  however,   did present a possible use for the 

smaller tunnel,     tfhlle It was felt that   -here would be 

little or no correlation between the data from the smaller 

tunnel to the larger tunnel,  the difference in performance 

between the various end plates should be the same in either 

tunnel. 

Therefore a  small model,   as  shown  in Pig,   35,   was 

constructed.     The chord of the model was 6.0 inche i.     The 

size was picked because it was the largest chord tiiat 

could be Installed without redesigning the mounting 

system.    The body was simulated with a block rounded at 

both ends,  rather than building a detailed scale body. 

Five different  size end plates were cut from 0.050-inch- 

thick aluminum to the outlines shown in Pig,  36.    End 

plates number three and five extend forward in front of 

the leading edge.     In the event that the extension might 

block the pilots field of view,  the forward extension 

could he made of plexiglas. 

The data from these series of tests are plotted in 

Figures 37 and 38.     rho best end plate was number five. 

The small extension in front of the wing proved to be very 

valuable and well worth the small  expense  in weight, 

particularly at  the lower angles of attack.     Some pre- 
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mature separation was evident on end plate number one,   so a 

CL above six degrees Is not a valid point to apply. 

Below six degrees,   however 

CLT   ♦    ACLEP5   » CL (23) 

was assumed valid.    The points thus obtained coincide very 

~z 
:PIG.   38CHANG£  IN LIFT CObFHICXiiM,  END PLATL TbSxl: 

.4.i^„i:^;;.{::::i:;r:}:u:r--".-{-rv1--'4-;:-P:'4^"M:-:'«::-M::::{!:':l''''t 

nearly with the theoretical AR = 1 curve In Fig. 34. 

Since the airfoil showed no signs of separation even at the 

low Reynolds number# It was assumed that If the vehicle 

were equipped with end plates number five, the performance 
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would be as shown in Fig. 40. 

The saune technique was used to predict drag co- 

efficients, and the results are also shown on Pig. 40. 

As a result of the successful end place tests, a 

series of test were conducted with the forward wing 

positioned between the number five end plates, as shown In 

Pig. 41.  The angle of attack of the forward wing (as 

defined In Pig. 41) was set at -15,-10,-5, and 0. The 

results are plotted In Figs. 42, 43, and 44. 

The forward wing proved to be an efficient means of 

increasing the lift of the vehicle so long as the gap 

HOLE NO z 

HOLE   HO.J 

'VS s s sSJVsA- 

PIG. 41 L0CA110N OF HDKlvARD U1NG, SUB-SCALB T-tSlS 

between the trailing edge of the forward wing and the 

surface of the main wing is not too small, as in the test 
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of ^f=0# At this angle, the small wing stalled at a 

vehicle angle of attack of 6.5 degrees, and the resulting 

disturbance also caused a stall of the main wing. 

At lower values of ^f, the Ac^ was essentially 

constant for any Cv, and ACL versus <*f  was linear. 

Pitching moment data was somewhat erratic but definitely 

showed that the forward wing can be used effectively as a 

control surface to counteract the nose-down moment of the 

flap. 
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o*«plt« tht los« of th« larg« tunn«l, the test pro- 

qrmm <S«t«rmln*d, thm basic character I «ties of main wing, 

the of foot Of the for*«rd vinq and the of foot of end plato 

•hepe and «Ire. Although this data la far from optimum, 

and the full taat progra» (aa ahown in Table i) la «till 

needed, the data la of «uf f Iclent accuracy to proceed with 

a preliminary doalgn of the full acala vehicle. 

/ 
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VI. Full Scale Vehicle Design 

Engine Description 

The wankel engine, licensed in the United States 

to Curtiss-Wright, is a rotating cylinder internal com- 

bustion engine. The "piston" is a eccentric cam with three 

curved sides which rotates in a trochoirdal chamber which 

resembles a "fat" figure eight (Ref 13), The volume between 

the rotor (the cam) and the walls of the chamber changes 

during the rotation of the rotor in a manner analogous to 

the familiar intake-compression-power-exhaust cycle of a 

convention piston engine. 

•tfhen the volume is the least (compression) the fuel- 

air mixture Is ignited by a spark plug. The mixture ex- 

pands, giving an Impulse to the rotor, which causes the 

rotor to continue rotating (power). This process is re- 

peated so that there are three "power strokes" per revo- 

lution of the rotor, as compared with one power stroke per 

two revolutions In a conventional engine. 

The hlghar ratio of power strokes to revolution is 

the major factor contributing to the high power to weight 

ratio of the Vfenkel engine.  The engine selected for this 

vehicle, the RC-2-90-y consists of two chambers, each with 

90 cubic Inches of volume between the rotor and the 

chamber. The maximum power of the engine Is 330 horse- 

power, but the dry weight of the engine Is only 317 

pounds. 
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Construction 

For resistance to small arms fire, the primary 

material was chosen to be an aluminum and foam sandwich as 

shown in Pig. 46, The basic structure of the vehicle is a 

momocoque shell of this material.  The engine mount was 

assumed to be two aluminum half-rings, one at the front and 

one at the rear of the engine.  The rings are supported by 

a welded aluminum tubular truss attached to the sandwich 

floor. 

The ducting, nacelles and stralghteners are made of 

fiberglas.  This choice was determined from the require- 

ment for ease of maintenance.  The compound curves of the 

propeller duct also make the choice ot fiberglas attractive 

from the fabrication viewpoint.  The fuel tanks and flexi- 

ble skirt would be made of synthetic rubber. 

The pilot would sit between the fan ducts and above 

the propeller duct. The flat top of the fan ducts are 

large enough to accommodate two passengers in a prone 

position, or wounded in stretchers. The flap, rudders, 

forward wing and stabilizer would ba of standard aluminum 
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skin and rib construction.  Four aluminum wheels are in- 

cluded for ground handling, 

height and Balance 

The weight of each component was estimated and its 

position of its center of mass in the vehicle was esti- 

mated.  Some of the component weights were known, such as 

the machine guns, the engine, and the radio. Most were 

estimated by knowing the volume required and the density of 

the material. Others, such as the pilot, transmission and 

controls, were simply estimated from experience. The 

center of mass of each component was estimated by dividing 

complex sections into simple sections, such as rectangles, 

circles, cones, frustrum of cones, etc. 

The center of gravity of the vehicle was determined 

by the formula 

2>i 

The control system was omitted from the center of gravity 

determination because the system was assumed to distributed 

throughout the vehicle. 

The weight and balance summary is shown in Table III. 

The flight weight of the vehicle is defined as the 

minimum weight of the vehicle in a flying configuration. 

That Is, no machine guns or passengers.  The armed weight 

is the flight weight plus the weight of the machine guns 

and ammunition.  The emergency weight is the armed weight 

7J 
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plus the weight of two passengers.  In each case, there is 

a range of weight depending on the weight of the people, 

who can vary from 130 to 250 pounds^ and the fuel load. 

The distance to the center of gravity la shown In 

Table II, The XC#G# max  represents the location of the 

center of gravity when maximum fuel and the lightest crew 

are aboard. The Xc Q mln represents the location of the 

center of gravity when the heaviest crew and no fuel eure 

combined. 

Table II 
Location of Center of Gravity 

Weight ^G.MIN XC.G.MAX 1 

Flight 
Armed 
Emergency 

9.15 
8.64 
7.99 

9.39 
8.91 
8.50 
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V1X.  Full 3cal« Vehicle Performance 

The «Ire and v*lqht of the vehicle have now been 

l«termlned.  The baelc aerodynamic characteristics have 

been determined.  The final step In the design Is to de- 

-ar-lno the Vehicle rorforrvince. 

Juct Performance 

There ar© two parameters of duct performance of 

Interest to the performance of the vehicle, namely. 

Internal drag and loss In total pressure. The Internal 

drag is important for estimation of vehicle total drag, 

and loss in total pressure Is Important to the performance 

of the propulsion system. 

A ducted propeller can be considered as a mechanism 

to raise the pressure in the duct. The method to raise 

the pressure is to Induce a rotational velocity to the air 

flow, then to cancel the rotational velocity with stralgh- 

teners. The resultant change in pressure is equal to the 

dynamic pressure of the rotational velocity (Ref 14).  The 

longitudinal velocity remains constant through the pro- 

peller.  To change the velocity would violate the law of 

continuity or the assumption of constant density. There- 

fore, thrust is generated by the pressure increase of the 

propeller, rather than a momentum change in the duct. Loss 

of pressure due to friction is therefore vary Important to 

propulsion. 

The change in total pressure in a duct is given by 

8« 
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Shapiro as: 

-fPo«lM*    4Cf d| (25) 

Po 

under the assumptions of adiabatic flow,   ideal gas and 

constant mass flow rate  (Ref 18).     In this equation M is 

the Mach number,   D is the hydraulic diameter,     is the ratio 

of specific heats,  and f is the friction coefficient. 

In this application,  from the definition of hy- 

draulic diameter and Mach number; 

-pi   =7Ziif   ^ (26, 

where a is the speed of sound, A is the cross sectional 

area of the duct and C is the total circumference of the 

duct. 

Under standard conditions, this becomes 

Po 
« L 2.29X10-6 V^C Cfdx (27) 

which can be approximated by 

AP, 2 « - 2,29xl0-6 V2 C CfAx (28) 
Po A 

or 
~   \                     * x-13.29    „ 

A_fo I « 2.29X10-6 £          yi_CCfAx           (29) 
total x«0              A 
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The Internal drag of the duct Is made up of skin 

friction drag throughout the duct and pressure drag on 

the nacelle.    The pressure drag on the stralghteners Is 

assumed negligible.    The estimation of the skin friction 

drag was accomplished by applying the equation 

D = Cf Jj/oV2    A^ cos* (30) 

where R^ is the  "wetted area",   Cf is the local coefficient 

of the skin friction drag and If is the angle of the duct 

wall with the longitudinal axis of the vehicle.    The only 

problem is the determination of Cf.     Here,  the assumption 

was made that each elemental area of the duct wall would 

have the game Cf as if it wern a flat plate exposed to the 

same Reynold's number as exists in the duct.    Then by 

Schoenherr's equation for turbulent flow, 

-k 
Of      = 4.13 log10  (R^ Cf) (31) 

which is solved graphically in Reference 10.    The tur- 

bulent case was assumed because most of the duct is con- 

siderably above the critical Reynolds number,  and the drag 

for a turbulent boundary layer is higher,  which makes the 

estimate conservative. 

The total internal skin friction drag was assumed to 

be 

D =   I Cf hpU2QoaV   dA (32) 

•f 
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To evaluate this  integral,   the duct was divided 

Into 32 sections.    The cf for each section was calculated 

from the Reynolds number,  assuming a V      of 100    ps.    The 

wetted area was known and      was known.     The drag was then 

estimated as 

.D " ]f]  [cf hpU2CO*rA^ (33) 
1-1 

The drag coefficient,  then Is 

CD }£     [Cf U* cosir A^l (34) 

" ^ S   J 1 

The nacelle pressure drag was evaluated as a "blunt" 

body of revolution with a rounded nose. Hoemerr gives the 

pressure drag coefficient for a body with dimensions 

slmlllar to this nacelle as CD ■ 0,4, based on the cross 

sectional area of the body (Ref 7). The pressure drag 

coefficient of the nacelle Is then 

12 
C 8    **\ (35) !>„ ■ o.4  v 

The duct through the nacelle was Ignored, because. 

In the real vehicle, this duct will be full of engine, 

propeller hub, transmission and other equipment whose 

pressure drag would be approximately the same as If the 

duct were closed. 

The same method of calculation was employed In the 

fan ducts. The duct was divided Into 17 sections along 

f f 
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the center line of the duct and the fan housing was 

treated Ilk« the angina nacalla. 

The result« are presented In Table IV. 

Determination of Lift 

Lift, in this vehicle, comas from several sourcesi 

the main w5 iq, the forward wing, the momentum change in 

the fan ducts, and the flap. The lift of the wing and the 

forwrxd wing were determined by test. The momentum change 

and the flap contribution were calculated analytically. 

The momentum change at zero power to the fans is 

L ■ /OKQ  V^, 2 COB2* cos (*-8)        (36) 

or in terms of coefficients, 

LMoM ^ IftS cos2 («-80) «0.128 (coso< -SO)  ((37) 

The flap increment was determined from the method 

of Lowry and Polhamus (Ref 12). They predict the increase 

in lift as 
CL « a0 (CXSJCL Sf I^ (38) 

where the term ( ^ S) CL is three-dimensional flap 

effectiveness factor dependent on aspect ratio and the 

relative chord of the flap, a0 is as defined in equation 

(22), 6f  is the flap deflection in degrees, and Kb is a 

factor dependent upon the flap span to wing span ratio. 

For this vehicle, the theoretical lift incre.nent. 

CLP ■ 0.0117 SF (39) 

9*1 
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because the flap Is essential to the feasibility of this 

vehicle It would be unwise to accept this theoretical 

value as accurate. A more conservative approach would be 

to apply a "confidence factor" to this value, which in this 

case was arbitrarily taken as 0.7, giving 

ACLP . 8.20 x 10~
3 SF (40) 

The total lift coefficient is then 

CL s C^ t AC^ * fcO^ ACLP (41) 

The CL for the vehicle with «■ 10°, sp«60
o and   a f»0, 

is CL « 0.903 + 0.110+.126+.496 - 1.635 

DetermlnatIon of Drag 

Drag also originates in this vehicle from several 

sourcest all the lift sources and the ducting. The drag 

of the wing and the forward wing eure known. The drag of 

the ducts has been calculated. The flap Is assumed to 

Increase drag through the mechanism of Induced drag. In 

linear theory 2 
CD " «V  St- (42) 

rieAR 

where CDo is the drag at no lift, and e is a wing 

efficiency factor. The drag curve for this vehicle re- 

sembles a parabola, but text book values of e do not pro- 

duce results consistent with the test data. The equation 

was assumed to be of the form 
CD=cD +KC!. 2 (43) 
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The test data were then used to determine the 

factors CQQ and K, by the method of least squares.  This 

analysis yielded CD ■ .264 ♦ 0.132 CL2 (44) 

which was used as the basis for extrapolation of the CL 

versus CD ,  curve, which is plotted in Fig. 49. The 

drag coefficient can then be determined by 

CDtotal- ^p ^ ^ct* ^CD BLOV^ ^D^ AC^♦ ACQ^^^5 

The Cj^ F is the drag coefficient of the wing, flep, and 

fuselage with the ducts closed. The change in drag with 

the ducting open was approximated by 

0Bduot " -CDe ■j^Sg] + C> int-m.!    (46, 
The frontal area of the vehicle is 65 square feet. 

The internal drag is taken from Table IV.  These values 

glvet 
^CDduct " -.0249 (47) 

The drag on the stabilizer was taken from the 

literature of the MACA 0012 airfoil and then referenced to 

the vehicle wing area, which gives  CDg ■ ,002 at zero 

lift on the stabilizer. The momentum change that creates 

drag is 
/OAD V? cos 2<* [l-sin(« -80)J       (48) 

or 
CDM0M " 0-128 co«2* |l-«in («-eojj  (49) 

The change in CD due to blowing was estimated fro« 

Hoernerr to be -0.10 based on cross sectional area 

f5 
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of the rear of the fuMltq«.    This beela  la con• I«tam 

with the assumption stated in the design of the blowtn? 

slot that the rear of the fuselage aets like the rear half 

of a cylinder.    Corrected to wing area the change 

m- COBLC.I " -0*l0l Salr -O.OH (50) 

The final drag coefficient, than Is the mim of the 

changes of Sq (45) plus the induced drag of the wing and 

the flap and the forward wing. 

CD ■ 0.224*0.132CL2*©. 129 cosaorll-aAn( «-a0! »Ac^  (51) 

This equation gives the drag of the vehicle as a function 

of the lift coefficient, the angle of attack of the 

vehicle and the setting of the forward wing. Zt assunss 

continuous blowing, open ducts, and trln stabiliser. 

Ground Performance 

The base area of the vehicle Is 90 ft2. The 

pressure existing under the vehicle la th  ■ w-t    (52) 
^B 

The escape velocity of air leaving the underside of a 

ground effect machine Is a function of the base preesure. 

In a plenum chamber vehicle (see Pig. 1) the baee pressure 

can be considered as the total pressure, with the chamber 

acting as a reservoir; hence 
VÄ- J2  Fn (53) 

which for standard conditions Is 

ft 

■ 



0A*/JUI/67.1 

V. • =L?I    ^  

, Ivi.   50 

In «MMIAT i«t and pariphar*!  j«t «ehMM«, tlw Mt 

result of in)«ctir>; Air l4it«r*liy inward it to Oocroooo tho 

eooffidoot of tht      F^ torn«    Zt M« •■ou—i that tho 

porlphorol jot coocopt would roduoo tho oooffleloot to 22, 

flow roto 

vo " 2aJ^ <M) 
roqulrod for ground cuohloo !• th«n 

A • ChV, 

or 

A • 749 h 
^ 

(5«) 

($7) 

Thl« BAM flow roto ouot bo «uppliod by tho fon ducto. 

Thoroforo, tho MOOO flow roto In tho fan ducts, 

muot equal tho moos flow roto leaving tho underside of tho 

vehicle. The required duct velocity is then 

(58) VD - (99.3 ^10 h 
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1 ■r m m UL 
m : PIG. 51 DUCT VELOCITY VS. BASE PRESSURE 

iifttttMtffiirrtftfflTiHnHHTniHmTiiininHimffflfflHmffl^M' 
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which gives a relation between the velocity in the fan 

ducts and the ground clearance height.    The power required 

to provide the mass flow rate is 

(59) 
PD - hfihD     (  vD3 .v3) 

550 

The power required to travel at a known velocity is 

and the total power required is the sum of equations (60) 

and (59). 

rcost ground cruising will be accomplished at a 

vehicle angle of attack of zero, no flap deflectioni and 

the forward wing at -15° angle of attack. Therefore from 

equation (41) CL ■ ,576 and Cp ■ ,373, from equation (51), 

Assuming a vehicle weight of 2400 pounds« the performance 

was calculated and plotted on Fig, 52, 

The maximum power available is assumed to be 270 

horsepower.  The RC-2-90-Y is rated at 330 horsepower 

maximum.  However, 300 horsepower is a more reasonable de- 

sign figure (it is not known what the basis of the 330 

figure is, it may include for example the power required 

for the fuel pump). Assuming 300 horsepower is a good 

figure, then an efficiency must be applied, which was 

taken as 0.90.  Patterson (Ref 14) indicates that this 

is not an unreasonable figure for fan-straightener com- 

binations. 

9t 
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PIG. 54 MAXIMUM HtIGHT VS VELOCITY 
^t:;:r-^ ,{ ■ I  i A.   —  :l :: i;:::J L^O-^i: 

"Flight Performance 

The flight performance was calculated from standard 

technlques/   assuming a nominal vehicle v«ight of 2400 

pounds.     The minimum take off  speed is taken as the  speed 

at which  lift is equal to weight.    The maximum speed is 

given as that speed at which power available for pro- 

pulsion  is equal to power required. 

In computing take off roll,  a net thrust of   500 

pounds was assumed to be available,  unless the excess 

power available indicated that less thrust could be pro- 

I 
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ducedr that Is 

FEX - PQ^r Beau (550) < 500 lba      (61) 

The value, 500 pounds, was chosen arbitrarily; however 

It Is a conservative estimate. The thrust of the propeller 

Is simply the pressure Increase across the propeller times 

the propeller area. In this case the propeller area Is the 

total duct area at the propeller minus the area of the 

nacelle exhaust# which Is 8.85 square feet. The pressure 

rise across the propeller is, theoretically, the dynamic 

pressure of the rotational velocity. To achieve 500 pounds 

of static thrust, a perfect propeller In this duct would 

have to rotate at 1440 RPM.  since the engine can operate 

up to 6400 RPM (see Pig. 48), the 500-pound figure Is quite 

conservative. 

The vehicle was considered to be In take-off con- 

figuration but at zero angle of attack, and continued until 

take-off speed was attained, when the angle of attack was 

Increased to 10 degrees. The take-off roll Is plotted In 

Pig. 56 as a function of Initial velocity. This Is necessary 

because the vehicle will not always be at zero velocity when 

it is decided that take-off is necessary. This curve does 

not include any allowance for pilot reaction time. 

The rate of climb for this vehicle in feet per second, 

is given by 

R#C. ■ (8xg»«« Power) 550 (62) 
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which,  at 100 feet per second take-off velocity and 2400 

pounds weight.  Is equal to 9,16 feet per second,    the dis- 

tance required to clear a 50 foot obstacle is then 545 

feet plus the take-off distance, which depends on initial 

velocity.    Under a typical condition,  if a vehicle were 

cruieing along a rough Jungle trail,  with th» flap de- 

flected 60° (to achieve high ground clearance) at 50 feet 

per second,  then saw a ten foot barricade across the trail, 

a minimum distance of 669 feet would be required to clear 

the obstacle.    Under similar conditions,  a distance of 1105 

feet would be required to clear a 50-foot obstacle. 

This is felt to be quite acceptable short take-off 

performance.    The ground performance,  while not  spectacu- 

lar,   is also acceptable.    'The heights given in Pigs.  52 

through 54 are augmented by 11 inches of flexible skirt, 

which means that a height of six inches will allow the 

vehicle to go over a seventeen-Inch rock,  bump,  or log. 

The flight performance for sustained flight was not 

calculated because the mission of the vehicle is pri- 

marily ground reconnaissance, and flight would be used only 

to negotiate obstacles.    However,  sustained flight is 

possible, and could be used in emergency situations.    For 

example, to fly at 120 feet per second, a C^ of 1,12 would 

be required, giving a CD of 0.464.    Power required for this 

condition would be 228 horsepower. 
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VIII. Conclusions and  Reconunendatlons 

Conclusions 

The basic idea has been proven feasible.  The vehicle 

proposed in this study is a practical machine« made of 

many plastic parts which are easily repaired.  The power 

is a single internal combustion engine using regular gas- 

oline.  The maintenance on the vehicle should be minimal. 

Take-off distances and velocities are quite reason- 

able. A vehicle with a full fuel load, two machine guns 

with 150 pounds of ammunition, and a 200- pound pilot can 

become airborne at highway speeds,  .vith two heavy 

passengers and the same load, the take-off velocity is 

109 feet per second. 

On the ground« the vehicle will operate over water, 

land, swamp or ice.  Since the vehicle is only 7.2 feet 

wide, most trails and all roads are negotiable, and 

weather, i.e. mud, is not a factor.  For take-off and 

landing a minimum straight run is required such as a 

clearing, a 600-foot stretch of straight road, a river, or 

a small pond. 

In short, the vehicle performs satisfactorily all 

the requirements of Section II, Mission. 

leconwndations m 

The preliminary design of this vehicle looks very 

good and quite promising, enough so to warrant further 

work in this area. 
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Specifically recommended for further Investigation 

are: 

1, Completion of the test plan outlines in Table I 

with the large end plates.    The data at the higher 

Reynolds number is essential to further study, 

2, A detailed structural design,   including exact 

weight estimate and stress analysis, 

3, A stability and control  study of the vehicle, 

both in flight and on the ground. 

The completion of these recommendations would allow 

the construction and testing of a prototype vehicle,  which 

could be the basis for production of such a flying ground 

effect machine. 
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Table V 
Summary of Vehicle characteristics 

Length 
Height 
Width 
Wing Area 
Forward Wing Area 
Elevator Area 
Flap 

Boundary Layer Control 

Empty Weight 
Minimum Flight Weight 
Maximum Gross Weight 
Nominal Weight 
Take off Velocity (2400 pounds) 
Take off Velocity (2902 pounds) 
Take off Velocity (1948 pounds) 

17.9 feet 
13.0  M 

7.2  •' 
12.6 feet; 
21.6 feet* 
21.6 feet2 

30% chord, plan flap 

suction on wing surface 
blowing on rear fuse- 
lage 
1718 pounds 
1948 pounds 
2902 pounds 
2400 pounds 

99 feet/sec. 
109 feet/sec. 
89 feet/sec. 
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