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ABSTRACT 

Since its inception, the Ball-Bartoe Jetwing Research Aircraft has 

been plagued with the problems of horizontal tail stall and static 

longitudinal instability. The tail stall problem is primarily due to 

the large downwash at the tail due to the Jetwing's Upper Surface 

Blowing concept of propulsive lift, and due to the thin, symmetric NACA 

0008 airfoil section used for the aircraft ' s horizontal tail. These 

characteristics also contribute to the instability of the Jetwing, as 

do the aircraft's center of gravity and low tail volume coefficient. 

Several possible aircraft modifications were examined to determine 

if they alleviated the tail stall and stability problems. The two most 

promising modifications, a leading-edge slat and a leading-edge droop . 

device, were tested on a quarter-scale half span model of the Jetwing 

horizontal tail in the University of Tennessee Space Institute's Low

Speed Wind-Tunnel. The results of these tests show that while both the 

slat and droop configurations improve the Jetwing's horizontal tail 

stall capabilities, neither modification affected the aircraft's sta

bility problem significantly. 

i i i 
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CHAPTER I 

INTRODUCTION 

The purpose of this thesis is to investigate possible solutions to 

the problems of horizontal tail stall and static longitudinal insta

bility of the Bal l -Bartee Jetwing research aircraft. The Jetwing is a 

Short Takeoff and Landing (STOL) aircraft that uses an Upper Surface 

Blowi ng (USB ) concept to achi eve STOL char acter i s ti cs. Th e aircraft is 

presently owned and operated by the Univers i ty of Tennessee Space 

Institute. 

The primary reason for the afor ementioned problems of the Jetwing 

is the airflow characteristics about the horizontal tail of the air-

craft [l]l. Because the nature of Upper Surface Blowing results in a 

large amount of downwash directed from the aircraft's wing. a large 

effective angle of attack at the horizontal tail is generated. Con

sequently. the NACA 0008 symmetric airfoil that is used for the Jet

wing's horizontal tail is subject to stalling. In addition, the large 

amount of downwash (due to USB) and the low l i ft-curve slope of the 

NACA 0008 ai rfo il adve r sely affe cts the Jetwing's horizontal tail con-

t ribu t ion to st at ic longi t udina l stabi li t y . In add ition. the aft 

center of gravity l ocation of t he a i rcraft also dimini shes t he 

horizon ta l t a il 1 s cont ri but ion to aircr aft sta ti c longitudi na l sta-

l Nu mbe rs i n br ac ke ts refer t o s imil arly numb ered refere nces in the 
Bi b1i ography. 
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This thesis will examine many potential solutions to these 

problems. Each solution will be examined to determine if it meets the 

basic constraints of weight, cost and overall simplicity. In addition, 

each potential solution will be examined to ascertain if it solves both 

the problems of horizontal tail stall and static longitudinal insta

bility. 

The physical characteristics of the Ball-Bartee Jetwing are 

covered in Chapter II, while the causes of the problems of tail stall 

and longitudinal instability are discussed in Chapter III. Possible 

solutions and testing of proposed solutions are shown in Chapters IV 

and V. The results and conclusions derived from tests are given in 

Chapters VI and VII. 

2 



CHAPTE R II 

DESCRIPTION OF BALL-BARTOE JETWING 

The Ball-Bartoe Jetwing i s a Short Takeoff and Landing (STOL). 

techno logy demonstrator aircraft designed and manufactured by the Ball 

Aircraft Corporation of Colorado in 1976. After numerous flight tests 

by the Ball Corporat ion. the aircraft and its accompany i ng patents were 

do nated t o the Uni versity of Tennessee Space Inst itute, where it now 

resides. Prior to this donation, the aircraft underwent extensive 

wi nd-tunnel testing at the National Aeronaut ic and Space Administration 

Ames Research Laboratory ll,2j. 

The Ball-Bartoe Jetwing uses the concept of Upper Surface Blowing 

(USB) to achieve powered lift-STOL capabilities. The Pratt and Whitney 

JT15D-1 turbofan engine's exhaust is directed over 70 percent of the 

ai rcraft's wing span. A single el ement Coanda flap is located at the 

trailing edge of the wing to help mainta i n attached flow over the 

wing ' s trailing edge [1]. Figure 1 depicts the Upper Surface Blowing 

concept used on the Ba l l -Bar t oe Je t wi ng [2]. 

A basic physical descript ion of the Jetw i ng is gi ven i n Tabl e 1 

[1 ] . Bas i c per fo rm a n c e cha r a c t E: r i st -1 cs of t he Je t wi n g ar e gi ven i n 

Table 2 [3! . Figures of the ai rcraft are shown in Figure 2 [2] . 

3 
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UPPER -SURFACE -MOUNTED 

TUR80FAN ENGINE 

Figure 1. Upper Surface Blowing Concept [3} 



5 

Table 1. Jetwing Physical Description [II 

Aircraft Parameter Description 

Power Plant Pratt & Whitney JT15D-1 
Turbofan 

Fuel Capacity 106 gallons 

Maximum Takeoff Gross Weight 3750 pounds 

Empty Weight 2742 pounds (with ballast) 

Ballast 412 pounds 

Center of Gravity (with
ballast, fuel, and pilot) 

35.5% MAC 

Wing Airfoil Section NACA 
NACA 

23020 Modified 
23015 at Tip 

at Root 

Wing Span 21. 75 ft 

Wing Area 105.6 ft2 

Wing Aspect Ratio 4.48 

Wing Mean Aerodynamic Chord 5.08 ft 

Taper Ratio 0.46 

Wing Incidence oc Root; 0° Tip 

Aileron Type Setback Hinge 

Aileron Span 35.75 in. each 

Aileron Area 6.88 ft2 total 

Aileron Deflect ion ±25 ° 

Flap Type Coanda Single Element 

Flap Span 69 in. each 

Flap Area 21. 2 ft2 Tota 7 

Fi ap Deflection 0° to 55 c 
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Table 1. Concluded 

Aircraft Parameter Description 

Horizontal Tail NACA 0008 
Airfoil Section 

Horizontal Tail Span 9.33 ft 

Horizontal Tail Area 27.5 ft2 

Hor izontal Tail Aspect Ratio 3.16 

Horizontal Tail Volume 0.74 
Coefficient {VH) 

Elevator Type Shielded Horn 

Elevator Area 13.25 ft2 

Elevator Deflection +29° to -25° 
Horizontal Stabilizer +20° to -20 
Trim Deflection 

Vertical Tail Airfoil 
Section 

8% Thick Syrrrnetrical 

Vertical Tail Span 5.67 ft 

Vertical Tail Area 18.33 ft2 

Vertical Tail Aspect Ratio 1. 75 

Vert ical Tail Volume 0.115 
Coefficient (Vv) 

R.udder Area 8.06 ft2 

Rudder Deflection ±20 ° 

Aircraft length 28.6 ft 

Aircraft Height 6.1 ft 
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Table 2. Performance Characteristics of the Ball-Bartee Jetwing [3] 

Performance Parameter Value 

Maximum Level Flight Speed 347 kt 

Minimum Control Speed 35 kt 

Landing Speed 60 kt 

Takeoff Distance (with 50 ft Obstacle) 1250 ft 

Landing Run at Sea Level 700-800 ft 

Rate of Climb at Sea Level 6,000 ft/min 



------
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Figure 2. Ball-Bartoe Jetwing Upper Surface Blown Aircraft [2] 



CHAPTER II I 

DEFINITION OF PROBLEMS OF JETWING 

Horizontal Tail Stall 

During flight tests of the Ball-Bartee Jetwing by the Ball 

Aircraft Corporation, the aircraft's horizontal tail stalled at a indi

cated airspeed of 50 knots and a flap deflection of 45 degrees. After 

noticing this phenomenon, the Ball test team limited the Jetwing 1 s flap 

extension to 35 degrees 131. 

In addition, during an extensive flight test program for the 

United States Navy (performed by the University of Tennessee Space 

Institute), a partial horizontal tail stall occurred at a calibrated 

airspeed of 52 knots and a 30 degree flap deflection. During this tail 

stall, the power setting of the aircraft's engine was approximately 90% 

of the engine maximum rotor speed (NI), and the landing gear was locked 

in a down position [1]. 

The reasons for the horizontal tail stall of the Jetwing are 

twofold; both the high degree of downwash at the tail and the thin, 

symmetric airfoil section used for the horizontal tail contribute to 

this problem. Due to the nature of the USB concept, a large amount of 

jet exhaust and airflow over the wing is directed downward by the 

wing's trailing-edge Coanada flap. This situation creates a large 

downwash angle, £t, at the horizontal tail of the aircraft, which in 

9 
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turn causes a large effective tail angle of attack, at. This tail 

angle of attack can be mathematically defined as (2]: 

aT = a + iT - CT (1) 

where: a = wing angle of attack 

- = tai 1 incidence angle;1 

£T = horizontal tail downwash angle 

Therefore, as the downwash term i s increased (due to l arge flap deflec

tions and USB effects), the tail angle of attack becomes increasingly 

negative. Because the thin NACA 0008 airfoil section that is used for 

the aircraft's horizontal tail stalls at a relatively low angle of 

attack, the Jetwing is certain to encounter horizontal tail stall under 

the conditions mentioned above. Figure 3 depicts the NACA airfoil and 

its coordinates; Figure 4 shows the plot of lift coefficient versus 

angle of attack (CL vs a) for the NACA 0008 airfoil section [4). 

Figure 5 shows the flow characteristics about a USB aircraft's wing and 

horizontal tail [2]. 

So 1i es [2) has conducted research on the airflow characteristics 

about the horizontal tail of the Ball-Bartee Jetwing. Results of 

Solies ' research, including major flow angles about the wing and hori

zontal tail of the Jetwing, airspeeds, and power settings (for various 

flight test conditions} are shown in Table 3. while the results from 

Solies' research are quite limited, these are the only results known to 

the author that include airflow characteristics about the horizontal 

tail of the aircraft. 
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Figure 3. The NACA 0008 Airfoil and Its Coordinates [4} 
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Figure 5. Flow ~ngles of the Sal l-Bartoe Jetwing [2] 
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Table 3. Solies' Experimental Determination 
Ball-Bartoe Jetwing [2] 

of Flow Angles of the 

No. Flaps 
(deg) 

True 
Airspeed 

(kts) 

Elev. 
(deg) CJ a 

{deg) 
;T 

(deg) 
£1 

(deg) 
or 

(deg) 

1 15 108.9 -1.5 0.25 4.5 4.9 8. 1 1. 3 

2 15 87.7 -1.0 0.36 10.0 5.9 12.0 3.9 

3 15 77. 7 -0.5 0.53 12.0 4.1 13.8 2.3 

4 15 67.1 -0.5 0.72 18.0 2.6 12.8 2.8 

5 15 78. l -2.0 0.49 12.5 4 .1 2.6 4.0 

6 15 89.1 -2.0 0.38 9.0 3.2 9.8 2.4 

7 30 91.4 0.0 0.42 2.0 7.4 14.8 -5.4 

8 30 76.3 0.0 0.58 5.0 5.6 15.9 -5.3 

9 0 104.7 -4.0 0.17 9.5 5.4 5.6 9.3 

10 0 93.7 -4.2 0.20 11. 5 6.3 2.5 10.3 

11 0 85.1 -3.2 0.35 14.0 13.1 15.3 11.8 

12 0 76.5 -4.0 0.43 18.2 12.8 20.0 11.0 

13 30 64.5 0.7 0.94 12.0 13.4 24.0 6.4 

14 30 97.8 0.7 0.37 1.0 7.5 12.5 - 4.0 

15 45 76.7 1.2 0.69 -1.0 7.7 20.9 -14.2 

16 45 64.4 2.0 0.96 4.2 -3.5 25.3 -24.6 
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Static Longitudinal Instability 

During flight tests by the Ball Aircraft Corporation and the 

University of Tennessee Space Institute, flight test engineers learned 

that the Jetwing was statically, longitudinally unstable in the climb 

and powered approach flight regimes [1]. Kimberlin [1) noted that 

there are four primary reasons for this problem: the extreme aft loca

tion of the aircraft's center of gravity, the high degree of downwash 

created by USB effects, the low lift-curve slope of the aircraft's 

horizontal tail, and the aircraft's small horizontal tail volume coef

ficient. 

Static longitudinal stability may be defined as the tendency of an 

aircraft to return to a trimmed condition after it has been displaced 

from its original trimmed condition [5). By summing the moments of 

Figure 6 about the aircraft's center of gravity, an aircraft in stable 

(trimmed) flight may be mathematically expressed as: 

~ M = 0 (2) 
cg 

In nondimensional terms, static longitudinal stability may be defined 

as: 

dC 
(3)( ~) < O 

a( L · A(' 

By summing the moments in Figure 6, and nondirnensionalizing these mom

ents, Equation (3) may be rewritten as [6]: 

1 
a m \ 111 ) ' . t (4)

X (dC . (de a 
0 >--::- - ) + - - \ - VJ-lriT(l-du da) 

C de,_'fuse dCL ' 171 a IC' 
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L 

Figure 6. Forces Acting on an Aircraft in Flight 
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where: Xa = distance between aircraft's center of gravity and the 
wing aerodynamic center 

-
C = mean aerodynamic chord of the wing 

at = tail lift-curve slope 

aw = wing lift-curve slope 

(dCm/dCL)fuse = fuselage term of stability 

(dcrn/dCL)in = engine inlet term of stability 

VH = horizontal tail vo l ume coefficient 

~T = tail dynamic efficiency 

dc/da = downwash angle change per angle of attack change 

One can see from Figure 6 that an aircraft's static longitudinal 

stability is greatly dependent upon the position of the aircraft's cen

ter of gravity. In order to maintain satisfactory static longitudinal 

stability, most aircraft are designed so that their center of gravity 

travel is between approximately 20 to 35 percent of the aircraft's mean 

aerodynamic chord (MAC) [7]. From Table 1, page 5, the Jetwing's 

center of gravity (for a fully loaded condition) is at 35.5% MAC [1). 

Thus, it is difficult to fly the Jetwing in a statically stable longi

tudinal mode. 

The hor izontal ta i l of the Ba l l-Bartee Jetwing also contributes to 

the ai rcraft ' s static longitudinal stability prob lems. The tail ' s con

tribution to overall static longitudinal stability can be expressed as 

[ 6 l: 

, dCn 1 \ -a ,_ ( d ( -, ( 5)( - ) = _. (VH ) '17 1--J 
, dCL . tai l a do 

U ' 
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Because the change in downwash angle per angle of attack change 

approaches one (due to USB effects), the horizontal tail's contribution 

to over a 11 stability approaches zero. Kimberlin [8) has derived a 

method for predicting the downwash term in Equation (5). The downwash 

derivative may be defined as: 

U!de 2a 
(6)-

da 11A. 

where: A = wing aspect ratio 

aw= wing lift-curve slope in 1/rad 

The Jetwing's aspect ratio is fixed at 4.48. However, the wing's lift

curve slope, aw, is a function of both blowing coefficient and flap 

deflection. The aircraft blowing coefficient, CJ, may be defined as: 

(7) 

where: FG = aircraft gross thrust in lb 

q = dynamic pressure in lb/ft2 

S = wing area in ft2 

The author · has generated a plot of blowing coefficient versus wing 

lift-curve slope (for various flap deflections), for the Jetwing 5 based 

upon NASA Ames wind tunne l results for lift-curve slope, blowing coef

ficient, and flap deflection (9]. This plot can be found in Figure 7. 

The low lift-curve slope of the tail, at, also diminishes the Jet

wing's horizontal tail contribution to static longitudinal stability. 
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stability. The NACA 0008 airfoil section's lift curve slope is 0.109 

per degree. Using McCormick's formula for translating section lift

curve slope to that of a three-dimensional lifting surface [5]: 

(8) 

·where: a0 ,t = tail section l i ft-curve slope 

A = l ift i ng surface aspect ratio 

the horizontal tail's lift curve slope becomes 0.058 per degree. This 

value appears to be quite low, and thus is a detriment to the Jetwing's 

horizontal tail contribution to static longitudinal stability. 

In addition, the low value of the Jetwing's horizontal tail volume 

coefficient diminishes its contribution to stability. The horizontal 

tail volume coefficient is defined as [7]: 

V = r er ST l (9) 
H l ~ s 

u 

where: RT= distance from tail a.c. to aircraft e.g. 

Sr= horizontal tail surface area 

c = wing mean aerodynamic chord 

Sw = wi ng surface area 

When one compares the Jetwing ' s hor izontal tail volume coeff icient wi th 

those of other aircraft using a powered-lift concept (Table 4), it is 

evident that the smal l tail volume coefficient also adversely affects 
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Tabie 4. Horizontal Tail Volume Coefficient Comparison of Powered-Lift 
Aircraft [1] 

Aircraft Hori zonta 1 Tail Volume Coefficient, VH 

Jetwing JW-1 0.74 

YC-15 1.323 

YC-14 1.60 

NASA QS RA 1.898 
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the Jetwing's horizontal tail contribution to static longitudinal sta

bility [1]. 

The Need for Solutions 

Because of the horizontal tail stall problems, the a i rcraft cannot 

operate at high flap def l ections. Therefore, takeoff and landing 

performance are degraded due to the fact that the aircraft cannot 

produce as much lift (for ta keoff ) or drag (for l anding) as des i red. 

The tail stall and static longitudinal instability of the Jetwing also 

i ncrease pilot workload, as he is forced to hold the aircraft in 

pos i tion (trim control is diff i cult). 

In addition, Federal Air Regulations prohibit a civilian aircraft 

from normal operations when it is statically longitudinally unstable 

[10]. Thus, before the Jetwing can become a certified civilian air

craft (other than in experimental category) aircraft, it must exhibit 

acceptable static longitudinal stab i lity. It is apparent then that 

solutions to the prob l ems of the J etwing need to be generated. 



CHAPTER IV 

DISCUSSION OF POSSIBLE SOLUTIONS 

Introduction 

While there may be a multitude of possible design solutions to the 

Ball-Bartee Jetwing 1 s problems of horizontal tail stall and static 

longitudinal instability, certain constraints for any possible design 

so l ution must be met. Therefore, any discuss ion of poss i ble solutions 

must meet the constraints of weight, drag, cost, and design simplicity. 

In addition, it is necessary for any solution to solve both of the 

problems of the Jetwing. 

Because the Jetwing's center of gravity is farther aft than that 

of most conventional aircraft, any modifications that impose additional 

weight to the aircraft - especially when applied behind the center of 

gravity - must be closely examined. Therefore, any aircraft modifi

cation (as a design solution) to the Jetwing must be as light as 

possible. 

In addition, any modifications to the Ball-Bartoe Jetwing that are 

inexpensive would be most advantageous. Because the Jetwing is a tech

nology demonstrator aircraft, and not a production model, expensive 

modifications to the aircraft would not be justifiable; it wou 1d be 

more advantageous to rebuild the entire aircraft, with changes incor

porated into the new design. Therefore, any design solution should be 

as i nexpens ive as possible. 

23 
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Such solutions should also be simple in design and construction. 

Complex modifications to the aircraft would almost certainly result in 

large weight increases. In addition, while a complex solution may 

solve the problems of tail stall and instability of the aircraft, it 

may result in additional problems (such as structural difficulties). 

Therefore, design solutions that involve complex modifications to the 

aircraft should be avoided. 

Des i gn modifications to the Jetwing a i so need to be drag effic

ient. If a large drag change is introduced to the aircraft, perfor

mance characteristics of the Jetwing will be degraded. The aircraft 

was designed with certain drag assumptions; in terms of operational 

capabilities, drastic drag changes would result in a different type of 

aircraft. 

Center of Gravity Shift 

As mentioned before, the Bal 1-Bartoe Jetwing I s center of gravity 

is more aft than that of most aircraft using a conventional horizontal 

tai1 configuration. This characteristic is a large contribution to the 

aircraft 1 s inherent static longitudinal stability problems. Therefore, 

moving the aircraft's center cf gravity forward would certainly benefit 

the aircraft's stability characteristics. 

However, as noted in Tab1e 1, page 5, ballast weight totaling 412 

pounds has already beer added to the nose of the Jetwing in order to 
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shift the aircraft's center of gravity forward 11]. Therefore, any 

further forward center of gravity shift is unlikely. 

In addition, while a forward center of gravity shift would cer

tainly enhance the aircraft's static longitudinal stability, it would 

ad versely affect the horizontal tail stall situation. Therefore, the 

possibility of attempting to move the Jetwing's center of gravity for

ward is not a vi able solution to the prob ~ems of the aircraft. 

Mov ement of Horizontal Tail 

As mentioned before, a large contribution to the tail stall and 

instab i lity problems of the Jetwing arise from the large downwash at 

the tail of the aircraft due to Upper Surface Blowing. Therefore, if 

the hori zonta 1 ta i1 were moved such that it wou 1d be free from the 

wing's downwash, both of these problems would be alleviated. Kimberlin 

[1] noted this possibility and remarked that future aircraft using the 

USB concept should employ a canard or t-tail configuration. 

However, moving the horizontal tail of the Ball-Bartoe Jetwing 

would require major structural changes and would undoubtedly involve 

major expense. Therefore, movement of the horizontal tail is not a 

viabl e solution when exam i ned for the constraint of structural simpli

city . 

Redes i on cf Ho r i zont a l Tai l 

Ano t her poss i ble sol ut i on to the stab i lity and tail stall problems 

of the Jetwing would be to redesign the aircraft ' s horizontal tail 
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airfoil section. Kimberlin (1] noted this possibility, stating that a 

new airfoil section utilizing more camber and a larger leading edge 

radius would possibly alleviate the Jetwing 1 s problems. 

However, wind-tunnel studies on horizontal tail surfaces, con

ducted by Harper (11], for various airfoil sections using a horn bal

anced elevator (such as that employed on the Jetwing) and small aspect 

ratios (from 3.0 to 3.5), showed that the horizontal tail 1 s airfoil 

section affected its lift-curve slope very little. This observation is 

confirmed by Nicolai [7] for low aspect ratio lifting surfaces. 

Redesigning the horizontal tail of the Jetwing would also require 

much structural rework, and thus weight, at the rear of the aircraft. 

Therefore, major redesign of the horizontal tail is not a viable solu

tion to the problems of the Jetwing. 

Boundary Layer Control 

Another possible solution to the problems of the Jetwing I s hori

zontal tail is to use some form of laminar flow control on the hori

zontal tail of the aircraft. By blowing or sucking the boundary layer 

of the horizontal tail, airflow separation, and thus stalling effects, 

could possibly be prevented. However, designing a device that artifi

cially introduces flow control to the aircraft 1 s horizontal tail would 

require a major redesign of the tail 1 s internal structure and would add 

weight to the tail of the aircraft. Therefore, the possibility of 

artificial flow control is not a feasible solution to the problems of 

the Jetwing. 
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Addition of a Leading-Edge Slat 

As mentioned before, a 1 arge reason for the Jetwi ng' s stability 

and tail stall problems is the NACA 0008 airfoil section used for the 

horizontal tail of the aircraft. Both a low lift-curve slope and low 

stall angie are characteristic of the NACA 0008 airfoil. Therefore, 

any modification to the horizontal tail that would increase both its 

surface area and stall angle would be beneficial. One such modifi

cation is the addit ion of a leading-edge s l at. 

A leading-edge slat is basically an auxiliary airfoil mounted 

ahead of the main airfoil in such a way as to assist in turning the 

airflow about the leading edge of the main airfoil. This accomplish

ment helps to increase the stall angle of attack of the main airfoil 

[4 l. 

A leading-edge slat also uses a slot, or gap, between the main and 

auxiliary airfoils to allow airflow from the bottom of the device to 

mix with the airflow at the top of the main airfoil, thus re-energizing 

the airfoil 1 s boundary layer. This boundary layer re-energization also 

he l ps to further de l ay the main airfoil's stall angle [4]. 

One should note that an aircraft's horizontal tail supplied a 

downward force (or "lif t 11 
) to balance the aircraft in flight (Figure 6, 

page 16). S:..ibsequently, a leading-edge slat must be placed in an 

inverted fashion (as opposed to a leading-edge slat on a wing) in order 

to continue and increase this downward force. Figure 8 shows the 



28 

~ 

Fig ure 8. Wi ng Lead i ng-Edge and Hor izontal Tai l Leading-Edge Slats 
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difference between a wing 1s leading-edge slat and a slat for a hori

zontal tail. 

In addition to improving sta11 characteristics. a 1 ead i ng-edge 

slat would also produce a larger effective surface area of the 

horizontal tail. From Equation (9), this area increase causes the air

craft1s horizontal tail volume coefficient to increase. This volume 

coefficient increase in turn increases the horizontal tail's contri

bution to the static longitudinal stability cf the aircraft. as can be 

seen from Equation (5). 

Because use of a leading-edge slat on the horizontal tail of the 

Jetwing would improve both its stability and tail stall characteristics 

and would be quite simple to install. such a device will be more 

closely examined for its overall effect on the Jetwing. However, due 

to its more simple construction, a leading-edge slat for the horizontal 

tail of the Jetwing should remain in a fixed position. 

Sisterman [12] has designed a leading-edge slat for use on the 

horizontal tail of the Bal1-Bartoe Jetwing. The slat is basically 

simple, consisting primarily of sheet metal bent around steel tubing, 

and crimped to achieve a slat deflection of approximately 20 degrees. 

1he s1at extends through the stabilizer portion of the horizontal tail, 

but does not cover the shielded horn portion of the elevator. Figures 

9 and 10 show the Sister-man s1at for the maximum chord posit i on, as 

well as a planform view of the slat, respectively [12]. 
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Addition of Leading-Edge Droop 

Another possible design solution to the Jetwing 1 s problems of 

horizontal tail stall and static longitudinal instability is the use of 

leading-edge droop on the aircraft's horizontal tail. Leading-edge 

droop is basically a chord and camber extension device; the leading 

edge of the lifting surface is enlarged and deflected (upward for a 

horizontal tail lifting surface) to help turn the airflow about the 

l ift ing surface. In this respect, leading-edge droop is similar to a 

leading-edge slat configuration. However, unlike the leading-edge 

slat, leading-edge droop provides no slot for re-energizing the 

boundary layer of the lifting surface. 

Addition of leading-edge droop will alleviate the problems of the 

Jetwing in much the same way as a leading-edge slat. Through the 

addition of camber and chord extension (and thus effective surface area 

increase), the Jetwing 1 s tail stall and stability problems should be 

diminished. However, because of its lack of a boundary layer re

energization device such as a slot, the leading-edge droop configu

ration wou l d probably alleviate these prcblems to a lesser extent than 

would a leading-edge slat. This difference is primarily due to the 

fact that the droop configuration genera l1y produces a sma 11 er sta 11 

angle of attack than does the leading-edge slat [13]. 

However, a leading-edge droop configuration, because of its 

smaller size, would probab:y Produce less draa than a 1ead i na-edae_, . .., 

slat. In addition, because the droop arrangement is basically a chord 
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extension, it would be much simpler to design and fabricate than a slat 

arrangement. Therefore, a leading-edge droop arrangement will be 

tested as a possible solution to the Jetwing ' s tail stall and stability 

problems. The leading edge droop modification is basically an airfoil 

extension of 2 inches throughout the same span as the Sisterman slat. 

A depiction of this arrangement can be found in Figure 11. 
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Horizontal Tail
Airfoil Section

! 
LE. Droop
2 in. extension 
25 deg. deflection 

Figure 11. Proposed Leading-Edge Droop Modification for Jetwing
Horizontal Tail 



CHAPTER V 

wIND-TUNNEL TESTS OF PROPOSED MODIFICATIONS 

Introduction 

The University of Tennessee Space Institute (UTSI) currently oper

ates a low-speed wind tunnel with a test section measuring 14 inches 

high, 20 inches wide, and 36 inches long. The wind tunnel is used to 

test aerodynamic models at speeds up to 100 miles per hour. Because of 

its low-speed capabilities and dimensions, the UTSI low-speed wi nd 

tunnel is well suited for testing possible modifications to the Jet

wing's horizontal tail [14]. 

Description of the Test Model 

Because of the size limitations of the UTSI low-speed wind tunnel 

test section, it was necessary to build the test model to quarter-scale 

of the actual Ball-Bartee Jetwing horizontal tail. In addition, the 

model represents only a half-span portion of the Jetwing's horizontal 

tai 1. 

The wind-tunnel model of the Jetwing's horizontal tail is made of 

molded polystyrene foam with an epoxy and milled glass sk in . The 

elevator portior of the model is connected to the horizontal stab ilizer 

by a simple hinge mechanism. The hinge may be locked in place in order 

to hold elevator deflections constant. In addition, attachments points 

are located near the leading edge of the horizontal stabilizer so t hat 

outboard, inboard, and full span s l at and droop modi fications may be 

35 
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easily applied. A picture of the test model used is shown in Figure 

12. 

Test Procedure 

A total of three model configurations were tested for this inves

tigation: the plain model (with no modifications), full span leading

edge slat device on the stabilizer (as designed by Sisterman) [14], and 

a ful 1-span droop arrangement. A test matrix, showing all configura

tions tested, is shown in Table 5. 

The wind tunnel model was used during flow visualization tests, so 

that flow characteristics about the model could be analyzed. Photo

graphs of the model were taken at each stabilized angle of attack dur

ing each test run. Elevator deflections of 0, 10, 20, and 30 degrees 

were tested for each of the three model configurations. 

In addition, lift and drag data were recorded for the untufted 

model by mounting the model on a 4-strain gage balance. Each angle of 

attack (during all tests) was approached from above and below to 

examine for possible hysteresis effects. Lift and drag data were 

reduced by the method described by Tietz !15]. 
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Figure 12. Quarter-Scale Model of Jetwing Half-Tail 
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Table 5. Test Matrix of Jetwing Tail Model 

Number I Configuration 
I 

1.0 IPlain; no leading edge devices 

2.0 iFull-span Sisterman slat 
I 

3.0 IFul 1-span leading-edge droop 



CHAPTER VI 

RESULTS AND DISCUSSION 

Photographs during each test run can be found in Figures 13 

through 24. Lift coefficient versus angle-of-attack plots (for various 

elevator deflections) for each modification are shown in Figures 25 

through 27. A characteristic drag polar for each modification (for 

zero degree elevator deflection) can be found in Figure 28. 

Horizontal Tail Stall 

Kimberlin 18] has derived a method that predicts the horizontal 

tail lift coefficient required for stabilized flight. The horizontal 

tail lift coefficient, CLt, is defined as: 

( 10) 

where: a ( s) = stabilized ang l e of attack 

(acLIaa) ( s) = stabilized partial derivative of 1i ft coefficient 

with respect to angle of attack 

h = location of center of gravity (% M.A.C.) 

~(s) = stabilized aerodynamic center due to angle of 

attack 

39 
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Figu re 13. Flow Visua l izat i on of Jetwing Horizontal Tail Model with No 

Modifications and 0-Degree Elevator Deflection 
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Figure 13. Concluded 
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Figure 14. Flow Visua li zat ion of Jetwing Horizontal Tail Model with No 
Modificat ions and 10-0egree El evator Deflection 
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Figure 14. Concluded 
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Figure 15. Flow Vi sualization of Jetwing Horizontal Tail Model with No 
Modifications and 20-Degree Elevator Deflection 
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Figure 15. Concluded 
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Figure 16. Flow Visualization of Jetwing Horizontal Tail Model and 30-

Degree Elevator Deflection 
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Figure 16. Concluded 
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Figure 17. Flow Visualization of Jetwing Horizontal Tail Model with 
Leading-Edge Slat and 0-Degree Elevator Deflection 
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Figure 17. Concluded 
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Tail Model with
Figure 18. Flow Visualization of Jetwing Horizontal 

Leading-Edge Slat and 10- 0egree Elevator Deflection 
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Figure 18. Concluded 
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Figure 19. Flow Visualization of Jetwing Horizontal Tail Model with 

Leading-Edge Slat and 20-Degree Elevator Deflection 
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Figure 19. Concluded 



54 

Figure 20. Flow Visualization of Jetwing Horizontal Tail Model with 
Leading-Edge Slat and 30-Degree Elevator Deflection 
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Figure 20. Concluded 
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Figure 21. Flow Visualization of Jetwing Horizontal Tail Model with 
Lead i ng-Edge Droop and 0-Degree Elevator Deflection 
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Figure 21. Concluded 
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Q.. -tr IS 20' 

Figure 22. Flow Visualization of Jetwing Horizontal Tail Model with 
Leading-Edge Droop and IO-Degree Elevator Deflection 
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Figure 22. Concluded 



60 

Tail Model with
Figure 23. flow Visualization of Jetwing Horizontal 

Leading-Edge Droop and 20-0egree Elevator Deflection 
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Figure 23. Concluded 
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Figure 24. Flow Visualization of Jetwing Horizontal Tail Model with 
Leading-Edge Droop and 30-Degree Elevator Deflection 
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Figure 24. Concluded 
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~o(s) = stabilized aerodynamic center due to Upper Surface 

Blowing effects 

{aCL/a8)(s) = stabilized partial derivative of lift coefficient 

with respect to blowing deflection 

VH = horizontal tail volume coefficient 

The partial derivative with respect to angle of attack term is 
I8 l: 

ac , 
( 11)

( ~) =a 11+0.15l(CJ. )1t2 +0 .219(CJ. )]
"~ lL' I~ I IS I

. ou {SI 

where: aw = wing lift-curve slope (for no blowing) 

C'J(s) = stabilized corrected blowing coefficient 

The partial derivative with respect to blowing deflection term in Equa

tion (10) is given by the equation [81: 

( a('L) = 14nlCJ. )( I +0 .15 1(CJ. /'".?+0.139CJ. J.]uz (12) 
~ Isl isl Isl 

Iuu (~ l 

Both Equations (11) and (12) make use of the corrected blowing coef

ficient, C'J(s)• This correction arises because the entire wing area is 

not subject to blowing effects. This correction is defined as [81: 

. (' s .
C - C -S') ( 13)

·,11., 1 - ·J i~, 

where: CJ (s) = uncorrected blowing coefficient 

S = wing area 
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S' = wing area subjected to blowing effects 

The Ba l l-Bartoe Jetwing ' s wing area subject to blowing is one-half of 

its total wing area [lJ. Therefore, the corrected blowing coefficient 

may be defined as: 
(14)

C =2C
J1 5; J t ~ I 

The aerodynamic center terms used in Equation {10) are defined by 

the equations [8]: 

(15) 
= 0.25 - 0.01 CJ 

IS) 

and 

(16)
F = 0.5 + 0 .077 (CJ. ))w 
~S ) IS 

where f.a{s) and E.s(s) are the aerodynamic centers in stabilized flight 

due to angle of attack and blowing deflection, respectively. 

Using Solies' [2] data from Table 3, the largest lift coefficient 

the horizontal tail that the Jetwing is required to have for stabilized 

flight is -1.75. 

Using Equations (10) through (16) for the leading-edge slat and 

droop conf 1gurations mentioned in Chapter V, and accounting for the 

changed tail an:c. and tail arm that these modifications yield, the 

max 1mum hor iz onta l ta il lift coefficient requ ired of the Jetwing 

becomes - 1. 72 and - 1.7 5 for the l eading-edge s l at ana droop conf igura-

tions, respectively. All of these maximum horizontal tail lift coef-

ficients occur at an uncorrected blowing coefficient of 0.96 and a flap 

def l ection of 45 degrees [2J. 
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Tab 1e 6 summarizes the sta 11 ang 1 es of attack for each mod if i ca

ti on, e1evator deflection. This table also gives estimated results for 

the actual horizontal tail of the Jetwing, based upon a graphical 

Reynolds number correction of 0.33 change in stall angle for a 1 x 106 

change in Reynolds number [4J. The average Reynolds number used for 

the model application is 1 x 105 (based on an average tunnel speed of 

25 ft/sec). The average Reynolds number for the actual Jetwing hori

zontal tail is 3 x 106 (based on a tail stall speed of 50 knots). 

By extrapolating Figures 25-27 for the same Reynolds number 

effects, the maximum lift coefficients obtained for the slat and droop 

modifications to the actual horizontal tail become -2.03 and -1.71, 

respectively. This extrapolation is based on an average lift coef

ficient change of 0.05 per 1 x 106 change in lift coefficient [4]. 

Thus, it is obvious that both the leading-edge slat and droop 

modifications improve the stall characteristics of the Jetwing hori

zontal tail dramatically. However, from Figure 28, one can see that 

the leading-edge droop modification is the more drag efficient of the 

two proposed. 

Static Longitud i na l Stability 

A, though bot h modifications do improve the Jetwi ng' s ta i 7 sta 11 

dramatically, both the slat and droop arrangements will probably affect 

the ai rcraft ' s st atic longitudinal instabi lity very little. This 

observation ar i ses form t he fact that both the s~at and droop con

figurations provide little chord, and thus area, increase. This sma.77 

area increase results in a small change in the Jetwing's horizontal 



71 

Table 6. Summary of Flow Visualization Tests 

Modification Elevator 
(deg) 

Model Stall 
(deg) 

Angle 

·-
None 0 -15 

None 10 -13 

None 20 -12 

None 30 -10 

Leading-Edge Slat 0 -28 

Leading-Edge Slat 10 -25 

Leading-Edge Slat 20 -23 

Leading-Edge Slat 30 -20 

Leading-Edge Droop 0 -23 

Leading-Edge Droop 10 -20 

Leading-Edge Droop 20 -19 

Leading-Edge Droop 30 -18 

*Based upon Reynolds number extrapolation 

Projected Tail 
Stall Angle 

(deg)* 

-16 

-14 

-13 

-11 

-29 

-26 

-24 

-21 . 

-24 

-21 

-20 

-19 
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taii volume coefficient. as one can see from Table 7. Therefore, in 

order to increase the Jetwing's static longitudinal stability 

characteristics. a much larger chord extension device should be used. 
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Table 7. Horizontal Tail Volume Coefficient Comparison of Proposed 
Modifications 

Modification Horizontal Tail 
Volume Coefficient 

None 0. 750 

Leadi ng-Edge Dr oop 0.755 

Leading-Edge Sl at 0.761 



CHAPTER VII 

CONCLUSIONS ANO RECOMMENDATIONS 

The following conclusions and recommendations can be derived as a 

result of this research: 

1. Both the leading-edge slat and droop modifications extend the 

stall capabilities of the Jetwing horizontal tail to larger 

angles of attack. However, the droop arrangement does not 

reach or exceed the maximum angle of attack derived from 

Kimberlin 1 s [10] method. 

2. While the leading-edge droop configuration stalls at a lower 

angle of attack, this configuration is probably more drag 

efficient due to its smaller size. In addition, the droop 

configuration would probably be much easier to manufacture 

than the slat. 

3. Both modifications do contribute to the tail's contribution 

to static longitudinal stability; however, these improvements 

are quite small, and can almost be deemed negligible. 

From these conclusions, the following recommendations can be 

drawn: 

1. A full-scale flight - test investigation should be conducted 

with both the leading-edge slat and droop configurations 

app 1i ed to the hori zonta 1 tail of the Jetwi ng. Both static 

longitudinal stability and tail stall characteristics should 

74 
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be examined during these tests. In addition, takeoff and 

landing tests should be conducted to determine the perfor

mance increase these modifications yield. 

2. Larger slat and droop modifications should be designed and 

tested to determine if the aircraft's stability can be fur

ther improved. 
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