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abstract 

Track ¿o determS läteral/dl™8?-1" ?rinoeton Model 
V/STOL type aSc^frin o * 

the characteristics associated with flight at hiCrílfr^^- ^ 
and utilizing high wing incidences with large fî£ dCfleCÏÏn 
be encountered durino- q'mr 4.- - iJ-ap aellections as may 

the foil o/^&?ects“™d ^r0«* 
configurations tested included combinations n/ ^ encountered- The 
deflection up to a maximum of 60 degrees ® 1"cltience and f^P 

incidence/flap^ngle^ombination^using^ideslip^ngle611 f ^r"1 “in8 

-e 
All configui-ations were studied at threC^lPf0peller Pitch- 
mating a high altitude (or out-of-g^und effeS 0nJ, approxi- 
altitude (or in-ground-eff’ooi- hQõ ^4-^ heiSht)5 another a low 
altitude case“ ‘’i!lght)’ and the thi^ ®" intermediate 
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SUMMARY 

A series ef experiments was perfoi’med in the Princeton Dynamic Model 

Track (PDMT) to determine the lateral/directional stability and control 

of a tilt-wing V/STOL aircraft in ground proximity. Of primary interest 

viere the characteristics associated with flight at large values of lift 

coefficients and the use of high wing incidences with large flap deflections 

as may be encountered during STOL operations in landings and take-offs 

where the full or maximum effects of ground proximity are encounterori. 
The configurations tested included combinations of wing incidence and 

and flap deflection up to a maximum of 60 degrees and lift coefficients 
(based on free stream dynamic pressure) ranging from about 12 to 36. 

Static force and moment measurements were made for seven different 

wing incidence/flap angle combinations using sideslip angle and roll 

angle as variables. Also, static measurements were made to determine 

the control effectiveness of ailerons and differential propeller pitch. 

All configurations were studied at three altitude ratios; one approx¬ 

imating a high altitude (or out-of-ground effect height), another a 

low altitude (or in-ground-effech height), and the third an intermediate 
altitude case. 

The nature of the data makes it difficult to draw any simple conclusions 

regarding the general trends. The aerodynamic effects of the presence 

of the ground appear quite complex and are dependent on the configuration 

geometry of the aircraft as well as the value of the thrust coefficient. 
At large values of lift coefficients (greater than about two), the presence 

of the ground causes significant variations in rolling and yawing moment 
with aircraft bank angle. Also, the aileron control effectiveness of a 
tilt-wing configuration decreases markedly as the ground is approached. 

Static trim considerations indicate that large control deflections are 
required, to counteract roll angle near the ground in all wing/flap 

combinations except those where flap deflections are approaching the 

maximum value of 60 . However, for the extreme cases utilizing large 

wing incidence/flap deflection combinations (especially when flap de¬ 

flection is 60°), there are indications that flow recirculation rather 

than static trim problems may be the most significant phenomena causing 
control difficulties. 

There appear to be significant differences in the data acquired by the 

moving model technique of testing and the moving belt/wind tunnel techni¬ 
que of testing for ground effects. The moving model testing technique 

as used by PDMT yields somewhat smaller and more rapid onset of the ground 
effects noticed during flight at the larger values of lift coefficient 

whereas, by comparison, the moving belt/standard wind tunnel testing 

techniques show greater and more gradual buildup of ground effects as 
altitude changes. 

1 



INTRODUCTION 

Çxp^ri^r.-'ir. with fiil’ferent VIOL aircraft have indicated that the changes 
!n the at •odynamie characteristics of an aircraft as the ground is 

•-.r.pr'-nchod become accentuated as the lift coefficient of the aircraft 
increases. 

Various of the v/STOL prototypes constructed and flown in the past have 
experienced numerous ground effect problems. One vehicle in particular 

experienced severe problems under certain ground effect flight conditions. 

During early flight tests, the XC-1^2A tilt-wing aircraft experienced 

i andern lateral/directional disturbances in ground proximity at the higher 
wing incidence conditions particularly when attempting to land at air’ 

speeds below roughly 45 knots. Other flight tests with several different 

prototypes of ’-f/STOL aircraft have all revealed problems with vehicle 
gene ra ted Jis turbances. 

The XU-142/., configured at the 45 wing incidence and 60° flap deflection, 
experienced motions requiring full application of directional and roll 

controls in order to minimize directional departures and attempt to 

maintain wings level at the lowest altitudes during descent to .landing. 
During the3«. maneuvers, it has been stated that the transition from 

satisfactory flying^qualities to unacceptable flying qualities was "sharp 

and V...thout warning'1 (Reference 1 ). There were indications that suggested 

that this phenomena is encountered when the downvrard deflected wake 

contacts the ground and some portion of it is then deflected forward and. 
upstream of the aircraft so that it recirculates through and around the 

propelier/wmg system. Other indications suggest tnat this recirculating 

How muy he only a contributing factor end that much of this problem may 

U! f'ù stead,, s ta ce changes in aerodynamics that occur as a result 
ef ground effect. 

xhe increasing impact of ground eiiects coupled with increasing interest 

in various GTOL as -well as V/flTOL concepts requires further experimental 
data tc define clearly the influence of the ground on the aerodynamics 
oD ru'•••if 1 (References 2 through 22). 

"onsiduring grcuid effect in further detail , flying close to the ground 

■f. very hign vehicle lift coefficients can be considered as giving rise 
to two typos of phenomena. The first, mentioned above, is the possible 

presence.of a recirculating flow field -- a phenomenon which Ls difficult 
fo dose siae quantitatively. The seeonu, and more classical influence is 

a ste dy ."täte change in the forces and moments which may be estimated 
crom 'image methods". The image method indicates that as the lift 

coefficient of the aircraft is increased, the lift and the drag of the 

aircraft are changed as the ground is approached. The drag (or net -- O --. dg, V VP L lie 

horizontal force) of the vehicle will steadily decrease (develop a 

forward component) as the ground is approach'll. The rate of decrease 



will me '‘ease as the out-of-ground effect lift coefficient becomes 

la.gei Ihe variation m the lift coefficient with approach to the 

?~rn-ï iUPOni-r! magnitude of the out-of-ground effect lift co- 
i-fl nn rr- '0I ^ coefficients, roughly less than about two, the 
lift co„iiicient tends to increase as the ground is approached and the 

c lange in ift coefficient may be viewed as arising from an*increase in 
the iift^curve slope of the aircraft (Reference 23). As the out-of- 

ground effect lift coefficient is increased this effect changes "sign 

Ihere is an out-of-ground effect lift coefficient at which there m ’ 

essentially no change in lift coefficient with approach to the -round 

As^the out-of-ground effect lift coefficient is further increased th¡ 

ixo ,-oeJficxent will tend to decrease as the ground is approached. The 
:at<, oí change ol lift coefficient with height above the ground will 

increase as the out-of-ground effect lift coefficient becomes larger. 

The source of these changes may be seen by examining the influence of 

a ;.fo rSVr„ B g**1"- nni” ««•««- » tv/o- f imens i anal ÍSn 
í i 'n-n 22,J,r«TOte tlK result- Of;«» theoretical solution 

xl bl Results are shovm in Figure la where it can be seen 
thax as the out-of-ground effect lift coefficient is increased the 

P-.^,n age decrease in lift becomes larger. The predominate effect here 

ox the image is that the bound vortex induces a reduction in velocity 

lín Pn«rp- IblSp effeCt becomes increasingly significant at high 
T -icients. The slight increase in lift shown at the lowest lift 

of Tm he,ighf t0 C,’°rd ™ti0 is “ »0^ of infill if* 
' ' of linite chord and the resulting effect of the image in 
causing an apparent increase in camber. This effect is onlv important 

ai low lilt coefficients and small height to chord ratios and 'therefore 
one would expect that g-^-1 ° .„i e 

produce a lift decrease 

to lift coefficient 

it generally the effect of the bound vortex is to 

The lift decrease is generally proportional 

In the three-dimensional case, the influence of the trailing vortex must 
also be included Assuming that the trailing vortex is undeleted as 

VOrteX ^ system will produce an 
veloci4 S vortex will produce a decrease in 

loci.y -he magnitude of these velocity changes will be proportional 

n .)?Ï1 £ ;f fnt40f thä t,ing- If the «"«et is Um“ 
-> vill be founl that it may oe expressed as a reduction in lift curve 

Ï U .UUr/rinU01”3 VM'tK< ,ffe0f ’ CaUSi,’g a V velocity 
" f :1. -11 becorae increasingly significant as the lift coefficient 

increases and is responsible for the lift decrease at high lift coefficients, 

Further at these increased lift coefficients, the wake will be deflected 
- wnwai d i esultmg m further decreases in horizontal velocity and 

vmoemm y ]UrtTl d;Creases in lift- Fig'^e 1c shows the change in 
-loci o i c. s induced by che image at the model for zero wake deflection 

of 30 as given in Reference 13. The trends given 
and a wake deflection 

3 
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FACILITY 

i'he Princeton Dynamic Model Track (PDMT) is a unique model testing facil¬ 

ity that incorporates a relatively large test section (30 feet by 30 
feet), a powered servo-controlled carriage mounted on a 7Ü0 foot mono- 

..ail and a selection of special booms and mounts for the various appli¬ 

cations of interest (Reference 24). The facility was designed primarily 

for static and dynamic testing of powered vehicles where the need for 

case of precise quantitative measurement in the slow speed, high down¬ 

ward h- angle flight-regime, freedom from adverse flow-profiles coupled 

with correct simulation of ground effects, and accurate control of corn- 

flex experiments, is essential. In particular, the simulation of air¬ 

craft flight in ground effect is more representative in that the model 

.is driven through still air over a fixed ground plane. Thus, simulación 

errors arising from the presence of a boundary layer, undesirable "free- 

stream" velocity gradients that might be present in powered model wind 

uunnel type testing at slower speeds and/or near a tunnel test section 

{Wound effect plane, are greatly minimized or eliminated. 

/'or the particular experiments in this investigation, the model was 

suspended from above on a boom/mount and gimbal system that permitted 

setting model altitude and attitude. A typical setup for dynamic testing 

is shown in Figure 2. For this study, the external strain gage and 

dynamic model control links shown above the model (and labeled as strain- 
gage -balance) were removed and in its place, a small yaw angle drive 
system was installed. A six-component, TASK-type, strain gage, incor¬ 
porating a roll gimbal, was mounted inside the model fuselage. 

r he sei vo-control.].ed carriage is equipped with a variety of instrumenta¬ 

tion including an analog computer for carriage (and model) control. This 
• so of the carriage borne computer permits pre-programming specific 

carriage and model control system behavior. The most efficient utilization 

of moving model type facilities such as the PDMT dictates that testing 
be performed in a "quasi-steady" manner. Also, as an aid in interpreting 

test results, it is convenient to gather the measured data as direct and 
continuous functions of the important variables. Therefore, in these 

Particular experiments, the testing was performed using very slow pre¬ 

programmed variations of four of the five primary model variables; 

namely, horizontal velocity, yaw angle, aileron deflection and differ¬ 

ential propeller pitch. The fifth variable of significance, roll angle, 

was pre-cet at increments of ± 4°, ± 6° and ± 8° (ground clearance 
permitting) tc examine the influence of roll angle. The yaw angle was 

normally varied at these roll angles. 

For the /60°, k^0/kO°, 40O/60° and 40°/40û, wing/flap angle combin- 

ationt , runs were made with roll angle setting of ± 4° and ± 8°, varying 

vileron deflection and varying differential propeller pitch to evaluate 
any nonlinear effects. Thus, many of the curves presented for variations 

in forces and moments as a function of yaw angle, aileron deflection or 

..•ifferentlal propeller pitch, are essentially continuous curves. The 
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roll angle curves are not and consist of points at zero ± 4° and ± 8°. 

A typical test procedure involved selecting and setting the configuration 

variables. The tail incidence and average propeller blade pitch vrere 

constant throughout the test program. The wing incidence and flap 

deflection were selected. The model trim velocity was determined by 

finding the value that corresponded to level flight at the maximum 

altitude of the experiments. Then the desired variable program was 

chosen and run about the selected trim condition. The model forward 

velocity was maintained constant for each wing/flap combination as the 

altitude was changed. 
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MODEL 

A one-tenth scale dynamic model of the XC-142A was utilized in +h0a0 

âl-ââî" *ziCf ? 

The fuselage is "sandwich" constructed with an inner and outer •R'-ihero-n 
skm, vacuum molded and bonded to a Styrofoam core ^ Q? • Fiberglass 

- —Hi«,:: 

SïsLtorylecLe”^ 

The leading edge slats were of conventional design and are constrneted 

^ide Safhe1C lam“at®: The slats were located only on the "upgoing blade" 
side of the wing leading edge. The propeller blades were constructed of 

kef?laSS íy ^he Hamilton Standard Division of the United Aircraft Cor 
thatch11’ Dufing other test Programs and calibrations, it was determined 
that the starboard side propeller blades have a slightiy larger chord 
than the propeller blades on the port side. The propeller blade nSch 

i^sSmSrL^Îighttmïl03'"1 i"“6 and aS a conse(3uence »'itt the model 

this moment. The proneller qtafin -)-1-,10,,0+ ot, 4. • rum 
Reference 25. st^tic thrust characteristics are given in 

An electric motor, mounted on-a bulkhead in the fuselage transmittah 

S: ofne^îbt^ih^Pt^^301011 t0 the f0^ P-PelîeT ¿earb^s bf 
,. 4. o"" "" shafting. A separate power take-off (which was 
disconnected for these experiments ) is provided to drive thi~"tail rotor. 

“peuA5"“^ ‘s3;. ::nj:ol,rr,tmYere ?ridea for the aii-°- 
(altitode-ratio) »ere mahually'aïjuitoble^ ^oIseîecïS^ïïe^n1^ 
collective pitch programs were operated by a computer mounted on the 
main carriage system. Xnthis series of Lsts, LS waTno mSing of 

incidences the aiTpr-nno .=-,,,= ,_ ‘^voirng ingnt incidences) thi '¿ilerons are int^d în aear.aover:)ng fllSht (high wi 

whereas, in forward S coníenSo^fn^hfÍT1'16 ?rirnarily yaw ^rol 
would function norllVTron c^ ^Zl^f inC\idences > ’ 

roll control „as proviLd by SfferenUal'proSÍefStí, Sonicl-"6"1163 
pitch--port versus starboard propellers) and at the^inr • 

differential pitch „odd he p’has^d o^riádthelaML^ddle^e^r3’ 









Figure 6. Averaged model propeller blade characteristics. 



provide conventional yawing or aerodynamic forces. Since the main 

interest in this test program centered on high wing incidences and 

low speed flight, the vertical fin had no rudder feature. 

The model was originally designed to be used in dynamic as well as 

static stability and control experiments. It is a precisely built, 

one-tenth scale, light weight model designed to the scaling laws for 

dynamic similitude. In this program, the mounts and gimbals were 

designed to accommodate a body-fixed, six-component, TASK-type inter¬ 

nal strain gage balance. The internal mounting attachments were modi¬ 

fied to permit initial condition, body-fixed, roll angles to be set. 

Although maximum settings of roll angle up to about ten degrees were 

capable, the roll angle limits had to be reduced due to main boom-mount 

stiffness and -wing tip aileron-ground contact problems at the lovrest 
altitudes at the higher wing/flap settings. 

At the lowest altitude (h/c = 0.4) for iw = 0° and 6f = 0°, the outboard 

propeller tips intercept the ground plane at about six degrees of roll 

angle. At i_ = 90° and = 0°, the wing tips (ailerons) intercept 

the ground at about twelve degrees. Of the cases examined in this 

program, the i^r = 45° and 60° case is the wing/flap combination 

that permits the smallest excursions in bank angle with reference to 

wing tip-ground contact problems. For this 45°/60O case, wing tip 
(aileron'' ground contact occurs at about eleven degrees. At the lovrest 

altitude ratios (h/c = 0.4o, model fuselage bottom height from floor 
equal to 3.9 inches), the maximum bank angles permitted were in the 

four to six degree range for the 45°/6o0 case. Roll angles in excess 

of these amounts occasionally caused inadvertent ground contact with 
the outboard ailerons. 

The model mount also included a small external assembly containing a 

programmable yaw angle drive system. This assembly was fixed to the 

mounting boom just above the model and yaw angle excursions of plus 
o o 

10 to minus 20 were available. The yaw axis was perpendicular to 
the floor and space-fixed. 



8YSTKT4 AX TS 

The axis systems and notation used in the report are shown in Figure 7. 

The model was supported on a six-component strain gage balance mounted' 

inside the fuselage at the plane of symmetry. The model fuselage pitch 

attitude was zero degrees for the entire investigation, so that"the 
luselage bottom was parallel to the ground at zero roll angle. The 

X axis of the strain gage vms aligned along a fuselage reference line 

parallel to the ground and the Z axis was perpendicular to the ground. 

Note, since the model fuselage was held level throughout the tests, 

occasional use is made in this report of the term lift coefficient’ 

(synonymously_with Z force coefficient) to denote the vertical force 

component acting on the aircraft. The precise definition and nondimen- 

sionalization of all coefficients can be determined by referring to the 
section on notation. " *° 

The strain gage balance center was located at a position equivalent to 

the full scale coordinates of WL I3O.5 and FS 371.2, All data presented 

m this report were transferred to a center of gravity position'equiva¬ 
lent to WL 122.8 and FS 26b.8 oi. the full scale vehicle. This location 

corresponds to the center of gravity position of the eleventh scale 
XC-142 model of Reference 3* 

The internal strain gage balance mount included a body-axis oriented 

roll gimbal (axis of strain gage i’olls with the aircraft) that permitted 

various roll angle settings for different flight conditions. 

The yaw axis assembly was mounted above the model and yaw angle dis¬ 

placements occurred about a spaced fixed axis system perpendicular to 

the floor. Since the yaw axis was space fixed and the roll axis was 

body-fixed, then for small roll angle displacements (0<1O°), the yaw 

angle of the aircraft is approximately equal to the yaw angle displace¬ 

ment measured at the drive assembly. 
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INSTRUMENTATION AND DATA ACQUISI TI ON 

and analog tape recorders for further processing: 
recorded on digital 

A. 

B. 

C. 

Several 
coded to 

1. 
2. 
3. 
4. 

5. 
6. 

Six Strain-Gage Quantities 

3» Vertical Force 
4. Rolling Moment 
5. Pitching Moment 
6. Yawing Moment 

Control Positions (Measured by Potentiometers) 

1. 
2. 

3. 
4. 

Q4- \ Pifcch (Average of Both Port Propellers) 

P^eSQs) CtÍVe mCh (Aïerage °f ^ StaS-biard ’ 

Port Aileron Deflection 

Starboard Aileron Deflection 

Additional Monitored Test Quantities 

1. Model Yaw Angie (Potentiometer) 

2. Model Propeller RFM (D. C. Tachometpr) 

3' nhoS/Ca^rÍaS! '/elocity (D* c- Tachometer on carriage and 
photo-cell actuated electronic timming clocks) 

ISTÄfiS.?*” °r *"•“* ^101, t0 tlM - 
Ning Incidence Angle 
Flap Deflection Angle 
Tail ~ncidence Angle 
Fuselage Pitch Attitude 
Model Roll Attitude 
Altitude 

All primary variables and other vital monitored data were recorded 

usiiTI d" S?n?0rr' paper cr|arts. Digital data tapes were processed 

fseeond d?a4 i™'“" *> cnTÎ a11 ^ data t» 
gital piogiam vras utilized to convert all dimensional rio-n 

to nondimensional form and to perform desired axis trïsSs (ll 

were I”! ^ Q1"*'0“* sheets •»» «l«to¡ daS 

in this report for reasons discL'sed ^ are 
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EXPERIMENTAL PROGi^AM AND TEST CONDITIONS 

The experimental program undertaken to examine the various ground 
effect phenomena of interest was as follows. 

The model was tested at seven different combinations of wing tilt 

angle and flap deflection. During the tests, the average propeller 

blade angle was set at 12° (measured at three quarters radius) and 
the propeller RFM was set at 4,000 RPM. The forward speed for each 

wing incidence/flap setting was then determined such that the strain 

gage data indicated that the model was at or very near to level flight 

trim (X = 0) at the maximum altitude investigated (ê = 4.2). Then 
c 

variations in the variables pertinent to the experiment were commanded 
and the forces and moments measured. 

Particular interest in these experiments centered about the influence 

of the presence of the ground on the lateral/directional characteristics 
of tilt-wing aircraft and, in particular, to make new measurements on 

the influence of roll angle on the lateral/directional characteristics. 

Therefore, the following measurements were made about an initial wing 
level attitude at three height to chord ratios 

a. ) Yaw Angle 
b. ) Aileron Deflection 
c. ) Differential Propeller Pitch 

These three experiments involved continuous slow variations of these 

quantities about the initial condition. The model velocity was held 

constant at the value determined for equilibrium level flight at the 

highest altitude. In addition, the roll angle was varied! 4°, ± 6° 

and ± 8 about wing level attitude. Further, to examine the possible 

efiects of nonlinearities due to roll angle, some of the above variations 
viere also examined at constant roll angles. For example, with the model 
at a fixed roll angle of four degrees, the yaw angle was varied to 
examine the effect of a finite roll angle on the sideslip derivatives. 

Thus, the emphasis of the experimental program was related to the static 
effects of the presence of the ground. New data are presented showing 

the importance of the roll angle on the forces and moments in ground 
effect. 
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DISCUSSION 

1. GENERAL 

The results and analyses of the experimental data are detailed in thi- 
section First, the influence of the proximity of the ground on the 

longitudinal characteristics of the various tilt-wing configurations 

is examned. These results present further longitudinal data on tlÏÏ 

configurations m ground effect and complement those presentir found 

lonritudi^ríT Ci in tMS rep0rt- Tn Particular, additional 
longitudma! data, using a moving model test technique, are presented 

at can be compared to existing results obtained by using fixed models 

mounted over moving ground planes installed in a conventional tvne vind 

tunnels. The genernl trends she«, by the dota acqu^ “ t is'ThvesU- 
gation are discussed in detail, in the following sL-sections 

With respect to the two different STOL testing techniques it is inter¬ 
esting to note that although the general trends measured are quite 

similar using each testing technique (a moving model over a fixed Ground 

i TwíñdTUr'3« ••í?*4,"*»1 0TCr 8 "“""S «--d pLrISed in a ,/md tunnel), significant quantitative differences are detected 

T^!n.C^Paring sPeciflc dat‘i- For example, when comparing the trends 
and -nfluences of the proximity of the ground on certain measured data 
it appears that data acquired by the moving model technique (PDMT) ’ 

compares generally with the data obtained by the fixed model technique - 

for the lowest altitude ratio (h/5 . (Uo). However, at the intermediate 

height (h/c - 1.08), the moving model technioue indicates a ]es-er 
influence of the presence of the ground (as compared to the wind tunnel 

ground^ffects ^nseduently a sharper change or more rapid onset of the 
giound ffects for changes m height (from the intermediate altitude 
ratio to the lowest altitude ratio). amiúde 

characteristics of Hit! whicl? rIetails lateral/directional 
, ■ tilt v/ing configurations in ground effect The 

discussuene and analyses are divided into four fub-sections 'naj,e(y 

sideslip characteristics, roll-angle characteristics, differential ' 

propeller pitch characteristics and aileron control ¿ffectiíenesí 

Complete data showing continuous measurements through the entire ranee 

of sidesUp angles are presented because of the various compleStíes 
(including nonlinearities ) displayed by the sideslip data. Next the 

the1van^1flnf0cm!t:l0n iS presented ;ind "new" derivatives‘arising from 
the variation of the aerodynamic forces and moments with roll angle 

are_discussed. In particular, the most significant aspect of thf 
variations due to roll angle arise f™ thf e,langes inCing ^ent 
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and rolling moment that occur as a result of a bank angle near the 

ground. In essentially all of the cases investigated, these moment 

variations were very small, or near zero at the greatest height examined 

(h/c = 4.2) and became quite significant at the lowest height (h/c = 0.4). 

Also, in addition to the aforementioned data, an Appendix considers the 

possibility of predicting the bank angle effects based only on longitudinal 
data. 

Finally, the variations with ground height found in the two control para¬ 

meters (differential propeller pitch and aileron input) are discussed. 

The variations in side force and the moments due to differential propeller 

pitch are presented. In the case of this differential propeller pitch 

data, the variation of forces and moments with control input was linear 

and the only significant changes occurred in rolling moment, yawing moment 

and side force. Therefore, only the slopes of the propeller differential 

pitch data are presented as determined from the analysis of the continuous 

data. There was no measureable influence of roll angle on these data other 

than an offset of the curves which is explained in more detail in the roll 

angle discussions. Also, with regard to the aileron effectiveness data, 
since aileron deflection produced significant changes in the yawing and 

rolling moments only, the data presented in the later sub-section are 

restricted to those parameters. ‘Except where specially noted all data 
are presented in the nondimensional form based on the dynamic pressure 

of the slipstream as is conventional for tilt-wing aircraft. Also, for 

additional ease and continuity in reading the analyses of the data, all 

figures displaying the complete measured data for each variable and other 

pertinent graphs are compiled together near the end of the report. 

2. TRIM CONDITIONS AilD NONDIMENS IONALIZATI ON 

The model trim velocity for each wing incidence/flap setting was deter¬ 

mined experimentally by finding the velocity at which the resultant X 

force on the model was zero at the maximum altitude investigated 

(h/c = 4.2). The advance ratio determined for all seven cases is listed 

in Table I. The propeller RPM was essentially constant at 4,000 RPM 

throughout the experiments so that the advance ratio is representative 
of forward speed. 

Because of the slow forward speeds studied for this particular investi¬ 

gation, it was decided to nondimensionalize the measured forces and 

moments in the conventional manner most commonly utilized for this 

envelope of flight conditions. Therefore, except where specifically 

noted, all coefficients were based on slipstream dynamic pressure where 

In order to determine the slipstream dynamic pressure it is necessary to 

know the propeller thrust as well as the flight velocity. Forward speed 
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TABLE I 

FLIGHT CONFIGURATIONS AND CONDITIONS 

CASE <4—» 

•H
 d T í 1 M X' CT 'ï* 07 x->:' 

Z , s cz+ V, knotstt 
(Full Scale) 

I 45°/6o0 O.O365 O.96O -1.44 1 L
O

 
ON

 
b

 

23.95 

II 4o0/6o° O.O535 O.9I3 ! -1.59 -18.2 33.68 

III 4o0/4o° O.O675 O.859 -1.79 -12.7 40.32 

IV 45°/4o0 O.O555 0.906 -1.67 -17.8 34.06 

V 

O O
 

Lf\ 
O 

O.O53O 0.915 -I.60 -18.8 33.14 

VI v_
n O
 o 

L
O

 
O

 o 

O.O58O 0.897 -1.70 - it.. 5 L
O

 

L
O

 
C

O
 

VII 60o/20o O.OI75 ! 0.932 -I.50 -22.0 30.65 1 

* Model X forco = o at h/c = )|.2 

Coefficient based on slipstream dynamic pressure 

t Coefficient based on free-stream dynamic Pressure 

tt Equivalent full scale trim speed where Z/.G = 37,400/531 
_Z_ ’ ' '^ 
n S 

Ibs/ft2 and Cr 
= 70.04 

21 



was directly measured by several means but for these experiments it 
was not possible to provide the instrumentation needed on this particu¬ 

lar model to measure the total thrust independently for the other forces. 

Therefore, the propeller thrust was calculated using the experimental 

curve given in Figure 8. The data contained in the curves shown in 

Figure 8 and obtained from References 5 and 25 are published results 
of measurements made on one propeller opjerated at the blade angle and 
rotational velocity identical to that utilized to conduct the experi¬ 

ments reported herein. The t/a curve sham in Figure 8 displays the 

relationship between model free-stream velocity and the average disc 

loading characteristic of the propeller. The disc loading curve was 

approximated by an analytical expression for use in the data reduction 

program with the digital computer. The numerical expression for the 

thrust coefficient derived from the t/a curve was 

cT = 0.0175 - 0.0219h - 0.466(12 (2) 

The propeller thrust coefficient based on slipstream velocity is deter¬ 

mined from the relationship 

T 

¿ + C 
2 T 

(3) 

and the propeller thrust determined from the expression 

(4) 

The slipstream dynamic pressure also may be written as 

(5) 

All forces and moments were nondimensionalized by q as presented 
s 

here . 
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Coefficients based on freestream velocity may be readily calculated 

based on the above relationships. That is, for example 

(6) 

Similar expressions may be written for all other coefficients. Table 

I lists the trim advance ratio, the calculated thrust coefficient and 

the vertical force coefficient based on both freestream and slipstream 

dynamic pressures for each case. Equivalent flight speeds of the full 

scale aircraft may be determined by selecting a wing loading for the 

full scale aircraft and using the measured vertical force coefficient 

to calculate a full scale dynamic pressure and consequently an airspeed. 

3- LONGITUDINAL EFFECTS OF THE PRESENCE OF HIE GROUND 

The measured variations in the vertical and horizontal force coeffi¬ 
cients and the pitching moment coefficient with height above the ground 

are shown in Figure 9 for all the vehicle configurations examined. The 

data are presented in nondimensional form based on an estimated propeller 

thrust coefficient out-of-the-ground effect and therefore, these co¬ 

efficient variations are proportional to the variations in the dimen¬ 

sional quantities. The value of the horizontal force at the highest 

altitude is nominally zero since the horizontal velocity of the model 
was selected on this basis. 

The general trends in the measured longitudinal data are those typical 
of a high lift system operating near the ground. These effects are 

indicated by previous results on tilt-wing aircraft (References 2, 3, 

and 5) as well as more recent theoretical work on jet augmented wings, 

showing a marked increase in horizontal force, a decrease in vertical 
force and a nose down increment in pitching moment. Two cases do show- 

a departure from these general trends. In Case I (45^60°), there is a 

small increase in lift as the altitude is changed from the intermediate 

to lovrest height. In Case VII (60O/20°), there is a lift increase when 



moving from the maximum height to the intermediate height. Considering 

that the resultant force on the aircraft is the sum of the propeller 

thrust parallel to the shaft and a force produced by the wing (the wing 

force is approximately normal to the wing chord), the gross trends in 
these curves primarily indicate that there is a marked reduction in the 

wing normal force as the ground is approached. In general the changes 

in vertical force and horizontal force, produced by the presence of the 

ground, become larger as the lift coefficient of the vehicle based on 

freestream velocity increases as would be expected from the pervious 

discussion. The only exception is Case VII (60O/20°), the highest 

wing incidence examined, which experiences the smallest changes in 

horizontal and vertical force although the case represents the next to 
largest lift coefficient. 

I- 

I 
It 

Note, with regard to the pitching moment data, no attempt was made to 

trim the model in pitch for these experiments and the tail rotor was 

not operating so that the pitching moment is not zero at the highest 

altitude (Figure 9c). 

Comparing these data with those of Reference 35 the trends in forces 

and pitching moments are similar as the ground is approached. However, 

there is a sizable difference in magnitude of the force changes with 

approach to the ground. In fact, to the first order and in most of the 

cases examined, the measured changes in horizontal and vertical force 

from this program are, at the lowest height ratio (h/c = 0.4), roughly 

equal to the data measured at the intermediate height ratio (h/c = 1.08) 
of Reference 3* In other words, the effects of the presence of the 

ground appear much more abrupt fron the results of the moving model tests 

conducted in the PDMT as compared to the wind tunnel tests of Reference 3- 

A difference in the sharpness of the increase in ground effect, as 

measured by a moving model as compared to a model in a wind tunnel 

(without a moving belt), is clearly shown in Reference 26, Figure 9j 

and also, even with a moving belt (Reference 7, page 443), there is 

some indication that the variations measured may be more gradual than 

that obtained with a moving model in the PDMT. 

The extremely limited nature of data available for comparisons of this 
kind makes it difficult to draw more detailed conclusions. The data 

comparison described above was taken on a jet flap model and may not 

be directly applicable to a tilt-wing configuration. It is difficult 

to obtain further confirmation of these differences between a moving 

model and a moving belt as to which more clearly represents full scale 

phenomena in flight. Hovrever, some evidence is presented in Reference 7 
page 62 Figure 10 which reveals that the wind tunnel tests with a 

moving belt may indicate a somewhat too great a height for the onset 

of significant ground effects. This leads to the speculation that the 

moving model tests may give better results. 

These differences among the data would appear to be of considerable 
significance to the consideration of ground effects on any new high 

lift systems and further experimental research to clarify the differences 
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between a moving model and a model in a wind tunnel with a moving belt 
system appear highly desirable. moving belt 

Some of the differences between the data presented here and that of 
Reference 3 could be accounted for by differences In cj “ ho^Íer' 

t rends “wit h°C SM” "uffic“nt explain the large differences when the 
trends with a^e considered (Reference 12). Recall that in the 

PDMT tests, the thrust of the propeller was not directly measured 
However, the propeller blade angle and the aircraft geometrías the 
same for both series of tests with one exception (where flap deflections 

«rin^fiScr^’the flap vane was removed frOT 

4..,,, lateral/directional effects of the presence of nrc qRnmm 

A. Sideslip Characteristics 

Í the influence of height as well as roll angle on the 
rodynamic force and moment variations with sideslip was found to be 

quite complex. The general trends measured are in good agreement with 
Reference 3 including the nature of the non.UnearitL in the dSectîLl 

bllity. The complete data are presented in Figures 10 through 16 

r™oonsist of contin“°“s 

f! ^1^ussed.earli«r! small asymmetries in the model result in the fact 
at the yawing moment and rolling moment of Figures 10 through 16 

not zero when the roll angle and the sideslip angïe are z£o Ms 
asymmetry is primarily a result of a slightly different pSp¿ller blade 
hord on the starboard propellers compared to the port propellers It 

was decided that the experiments should be run with equal folleftive 
pitch on both sets of propellers. Approximately “5 deSeL Í SSer 

RÏÏÎtnSeTf1”^“ “-e ^baSfced momenis""’ 
fhl\ §1 0f^c°ur>SL results m changes in these moments as shown bv 
the curves and discussed in the following text. Y 

•Ine• two Prirafy variations with sideslip, the rolling moment and the 
yawing moment, have been used to determine the directional stabilitv 

rFÏÏrflTIafT ?• r? r0ll-an?le aM "-SS are^shom . /J' arfc °boula be taken in interpreting some of these 
points as there are significant nonlinearities present in some cases 

SintsUronSi S1^ifirnt linearities are indicated by the flagged 
points on the curves. Generally, the directional stability showed 
onlmearities at the intermediate height consisting of a marked in- 

crease m slope near zero sideslip. The dihedral effect was highly 
nonlinear in a number of cases at the intermediate and lowest hSgL. 

First, examining the directional stability, it was found to be cuite 

magnitude infí?rí ^ comParatively small and similar in 
magnitude m all the cases examined. Five out of the seven cases 

dicated a marked increase in directional stability at the intermediate 

height, in Cases I (kf/6o°) and VII (60O/20°), this increase existed 
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The sideslip angle also affects the other forces and moments. The other 

large effect to be noted is the influence of sideslip on the aircraft 

pitching moment. The general trend noted here seems to be that the 

effect of the presence of the ground on pitching moment is considerably 

reduced by the presence of sideslip. As the altitude is reduced the 

variation of pitching moment with sideslip becomes an even function 

with the trend in the variation. When the larger sideslip angles are 
used, the pitching moments tend to approach the OGE values. 

B. Roll Derivatives 

A._ the ground is approached, the rolling moment and. yawing moment 
become significant functions of roll angle. The physical source of this 

relationship can be seen by considering that the influence of the presence 
oí the ^ground on the X and Z force of the aircraft arises primarily from 

the lifting system -- in this case the vrlng/propeller combination. One 

method of analysis or approximation suggested in this report and also by 
other authors, divides the total X and Z force acting on the aircraft 

into equal halves acting at a point on each wing panel (right versus left). 

Also note that for the low altitudes where ground effects are detected, 

signiileant changes in altitude will occur on each wing panel with air¬ 

craft roll angle displacements. Then at a given altitude, a roll angle 

'1 
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1 viill increase the altitude (decrease the ground 
effect) of the one wing panel while simultaneously decreasing the altitude 

(inciense the g.i ound effect) on the other wing panel. Therefore, placing 
one-half of the X and Z force at each wing panel and accounting for the 

height change of each wign panel due to the geometry of rolling, and ana¬ 

lytical connection between X and Z force changes and the yawing and rolling 
moments can lie derived. The interest of this simple analysis and frame¬ 

work in successfully predicting this particular ground effect phenomena 

based on longitudinal (x and Z force) effects is noted and therefore, an 
Appendix detailing this approach is included in this reporto 

Tables II and III list results as determined from the analysis is the 

Appendix and the measured experimental data. The one column in Table II 

lists the rolling moment derivative with roll angle as determined from 

the measured roll angle data shown in Figures l8 through 25 for all cases 

at three altitude ratios. The other column lists the calculated equi¬ 

valent value of öC'z^s/dh (as determined by the analysis in the Appendix) 

iequired to produce the same value of rolling moment derivative as 

measured by experiment. Similarly, Table III lists the measured values 

of yawing moment derivative with roll angle and the calculated equivalent 

0:f s/°h- It is obvious that variations in vertical force (Z force) 

will be related to rolling moments and variations in horizontal force 
(X force) will be related to yawing moments. 

In Figures 9a and 9b (discussed in Section 3) the values of C and 
X, s 

and Cg ^ versus altitude ratio where plotted for all seven cases. The 

points where simply connected to show the general trends for each case 

and no attempt was made to draw the actual curves because only three 

altitude points were available. It was felt that additional altitude 

intervals were needed before the curves could be drawn with sufficient 

accuracy so as to ue able to evaluate the local slopes at selected al¬ 
titude ratios to determine ôC Jòh and ôn /òh. Also, rather sharp 

changes occur at the intermediate and lowest altitude ratios making 

local slope estimation additionally difficult. However, using the theory 
developed in the Appendix and knowing the measured values of rolling 
and yawing moment, it is possible to calculate the required values of 

local slopes for ÒC /Sh and òC /öh to produce the known measured 
a , s ¿, s 

moments. These calculated values of local slopes for ÒCX /Sh and 

in Tables II and III) are shown on Figures 26 and 27 

as short double-ended arrow lines denoting the local slope calculated 
for each altitude ratio. 

The measured roll angle data obtained by experiments conducted in the 

Dynamic Model Track are shown in Figures l8 through 24. The data 

display the changes in force and moments versus roll angle for the three 

altitude ratios. These particular data were not obtained from continuous 
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TABLE III 
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curves but result from faired curves for data taken at fixed roll angle 

values of 0 , i 3 ¿ o and 8 , Although in a few instances they are 

generously faired curves, they were developed from all the data taken 

in the entire test program and represent a best fit curve for a large 
number of points, particularly for Cases I through IV. 

Prom previous discussions and the Appendix, it can be determined that the 

sign of is positive from the fact that the vertical force decreases 
0 

with height, indicating that an unstable roll spring is produced by the 

presence of the ground. The sign if CN is negative as would be expected 

0 
from the fact that a forward force is produced by a reduction in height. 

Consequently rolling to the right tends to cause the nose of the aircraft 

to yaw left. Figure 25 shows the rolling and yawing moment derivatives 

(CL and Cj,, ) versus altitude ratio for all seven test cases. Note well 
0 ”0 

that the derivatives C^ and C are "new" derivatives not normally en- 

0 ^0 
countered.in more conventional airplanes. At the highest height examined, 
these derivatives were all zero or very close to zero and rise sharply in 

value as the ground is approached. Only Case I (45°/60O) shows no change 

in yaw moment with roll angle. The curves were somewhat difficult to 

interpret in Case I since the data were quite noisy. This noise may very 

well indicate fluctuating aerodynamics. However, it seems reasonably 
clear that the slopes are smaller than in all other cases. 

oeneiallj, in all cases except Case I (45 /60 ), the slopes predicted for 
X force variation from the yawing moment data agree in a quantitative 

sense with the gross X force trends shown in Figures 9a and 26. The 

indication is that, if the ground effect on the horizontal force is well 

defined, it may be possible to obtain an estimate of the variation of 
yawing moment with roll angle. 

In Pigure 2 (, comparisons of the vertical force slopes computed to give 

agreement with the rolling moment variations with roll angle gives a similar 

qualitative agreement in most cases 'with the measured vertical force vari¬ 

ation. ^ There does seem to be a tendency for the predicted slopes to be 

larger than the measured vertical force variation. However, there is a con¬ 

siderable descrepancy between the relative magnitudes. In other words 
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attempting to estimate the rolling moment v^ith the roll angle from the 

veitical torce curves would tend to yield a smaller than measured value 

and perhaps, at this time, should be considered only qualitative. 

The results for Case I (45°/60O), are the most difficult to explain as 

they do not seem to agree at all vrith the physical model proposed here. 

Case I shows the largest changes in the vertical force and horizontal 

iorce with height and yet has the smallest variations of yawing moment 

and rolling moment with roll angle. It seems clear that these derivatives 

have a complex dependence on the details of the configuration. Some of 

the complexity associated with Case I (45O/60°) may be indicated by 

noting the marked decrease in vertical force coefficient (based on" slip- 

stream) contras ted with Cases IV ()i50/4o0) and V (45°/50O) at the same 
wing incidence but smaller flap deflection. This decrease would appear 

to reveal a marked decrease in wing force indicating perhaps less sensi¬ 

tivity to further changes in other variables. Considering Cases IV (45°/ 

4o ) and V (4-5 /50°), it is noted that there are only comparatively small 

differences in the variations being considered. The additional ten degrees 

of flap deflection from 50° to 6o° taken with the consequent change in 
trim has a significant effect on the influence of the ground. 

A similar large difference, at the same wing incidence and comparing 

40 and 60 flap deflection, is shown by comparison of the data from 

Case II (40O/60°) and Case III (40°/40O). Case III (40O/40°) shows 

quite similar behavior to Cases IV (45O/4-0°) and V (45°/50O); and 

Case II (40 /60 ) is similar to Case I (45°/60O) both with the large 

flap deflection. Case VI (50 /30 ), a somewhat higher wing incidence 

'with a smaller flap deflection, shows a reasonable similarity to Cases 

III, IV, and V. Case VII (60 /20°), with a higher incidence and smaller 
flap deflection shows quite different trends. 

Thus, the geometry of the vehicle seems to have considerable inpact on 

the roll derivatives and in particular the large flap deflection of 

GO has considerable impact causing generally a marked reduction in 
the roll angle effects. 

C. Differential Propeller Pitch Characteristics 

Owing to the fact that all of the differential propeller pitch data 
viere quite linear and were little influenced by roll angle, only the slopes 

are presented here. The differential pitch was nominally run through 

a range from + 1 to - 1° to determine these slopes. A minus one degree 
of differential propeller pitch input means that the average blade pitch 

on the port wing propellers is 13° (one degree above the nominal pitch 
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of 12°) and that on the starboard wing propellers is 11° (one degree 

less than the nominal blade pitch of 12°). Differential pitch produced 

significant changes only in rolling moment, yawing moment and side force. 

ihe ^primary ef fects of the differential blade pitch control are shown 

m - igaiv. dv. as slopes of rolling moment coefficient and yawing moment 

coefficient with differential pitch versus height above ground. The 

general.trend and magnitude of these control effectiveness derivatives 

are similar for all cases. There is a decrease in the magnitude of the 

rolling.moment coefficient variation with differential pitch as the 

ground.is approached and an increase in the yawing moment coefficient 

variation with differential pitch. The yawing effect is in a proverse 

sense, that is, applying differential propeller pitch to attempt to roll 

;ett t0/'ais® a low right wing (positive differential pitch input), tends 

to yaw.the aircraft nose left. This proverse tendency becomes larger and 

the primary control effectiveness becomes smaller as the ground is 

approached. These trends would be expected to aggravate the control 

problems of the aircraft close to the ground as indicated in a later 
sub-section. 

In general, the data indicated that any nonlinear effects of roll angle 

on these slopes were quite small; that is, the slopes were essentially 
independent of roll angle. ^ 

Ihe general trend and magnitude of these curves can be seen from a 

rather simple analytical model of the phenomena. Assuming that the 

resultant torce on the wing AR is approximately normal to the propeller 

thrust line, then the yawing moment and rolling moment are related to 
the thrust and wing force as follows: 

N - (AT cos i - AR sin i ) 
w w 

L œ - (AT sin i - AR cos i ) 
w vr 

(7) 

(8) 

where AT and AR are the differences in thrust and wing normal force 

between the starboard and port wings. Therefore, the derivatives are 

ÒN 
d(A0) 

âT ! 
âë (cos ^ 

o (AR) 

ö (a T ) 
sin i ) 

w (9) 

ÒL 
ö (A0 ) 

dT 

06 
(sin 

w 

S(AR) 

â (at) cos (10) 

Noví assuming that each propeller on the starboard side changes thrust 

by the same amount per degree and similarly on the port side and 

neglecting, for the moment, the wing force changes with thrust, the 

yawing moment and rolling moment coefficients can be expressed as 
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âCr 

ÒC 

se 
N,s = 

PA(Çmf(^~ cos iw) (2) ) 
w ' 

q Sb 
^s 

(H) 

SC 

se 
L,s 

PA(0R)=2(tpi+tp2, SCf 

—--- - sj_n j_ 

se w q~ sb (12) 

vmere and refer to the spanwise location of the two propellers. 

Placing the geometric characteristics of the aircraft in this expression 

Sc 
and using the experimental value of the propeller characteristics — 

determined m hover at a qg = 4.2 psf (the nominal slipstream dynamic 

pressure of the experiments), these expressions become 

SC 

SB 
N,s _ 

- O.O385 cos 1 
w (per deg) 

(13) 

SC 
L,s 

se - O.0385 sin i 
w (per deg) (14) 

The hover value of 
SC. 

SB is a good approximation to the value at these 

low forward speeds since the advance ratio is small. 

These values are shown on the graph (to the right side) of the experi¬ 
mentally measured slopes and the difference between this simple theory 

Th» exPe(;irne^tal data is due to the wing force variation with thrust, 
The general trend with wing force can be sketched from the first ex¬ 
pressions taking as a representative value 

ô(AR) 
of °-h (Figure 29). 

It can be seen^that the general trend of the experimental data indicates 

a positive as would be expected physically. Also, the trends in 

the data reveal that as the ground is approached the wing force variation 
with thrust decreases markedly. This trend would be expected on the 

asís of the changes in wing force shown by the changes in horizontal 

force and vertical force which occur as the ground is approached indi¬ 
cating that the wing resultant force decreases markedly. 
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As a rough approximation, the force on the wing 

R % S C R (15) 

and since 

q s 
(16) 

âT^A R 
(17) 

Therefore, as the ground is approached and the wing resultant force 
ô R 

coefficient reduces, it would be expected that ^ decreases as shown 

by the trends in the data. The trend in both the rolling moment and 

yawing moment derivatives as ground is approached reveals that this 

derivative ^ is decreasing. 

Application of differential pitch also produced a side force as shown 

acY s 
in Figure 28a. The trends of are somewhat more complex. The 

derivative is rather small and would be expected to arise from lateral 

force components present due to the negative dihedral of the wings. 

The sign of the side force is that expected from the small components 
of wing force acting laterally as the propeller pitch is changed 
differentially and producing a differential wing force. 

Differential pitch did not produce any appreciable change in horizontal 

force or vertical force and therefore those data are not shown. 

Also at the two highest heights (h/c = 4.2, h/c = 1.08) there was no 

change in pitching moment with differential propeller pitch however, 

at the lowest height (h/c = 0.4) there was a change in pitching moment. 

In Cases I (45O/60°) through IV (45O/40°), in which the nonlinear 
effects of roll angle on the differential pitch effectiveness were 

examined, there was a marked increase in the pitching moment change 

with differential propeller pitch when the aircraft had a roll angle 

of 4° as shown in Table IV. 

The trends and magnitude of the influence of differential propeller 

pitch generally agree with Reference 3 although it is difficult to 
make a direct comparison since the differential thrust was obtained 

from differential RFM in Reference 3 rather than from differential 

propeller pitch as utilized in this study. 
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TABLE IV 

PITCHING MOMENT/COLLECTIVE PITCH DERIVATIVE AS A 

FUNCTION OF ROLL ANGLE (h/c = 0.4) 

Case Number and i /6„ 
w' f 

âCM ^ 

ôiÃÍy (per deg) 

o
 O

 

II 0 = 4° 

Case II, 40O/60° 0 0.0095 

Case III, 40O/40° 0 0.006 

Case IV, 45O/40° 0.002 o.oo4 

These changes are small when compared to the total pitching moment 

change of the aircraft from an h/c of 4.2 to 0.4, where th? change 

ínif of£n? “í coemclent ls “-aer of O.S indicating that 
this effect is not very significant. 

D:_Aileron Control Effectivene 

The primary aileron control effectiveness as a function 

a ^ 
of 

Figure ?0er Various ^figurations examined is shown in 
Figure 30. These slopes were obtained from data runs involving con¬ 

tinuous aileron deflections. Symmetrical deflections of the ailerons 
were used in all cases. The complete data for aileron deflection is 

shown m Figures 31 through 37. In most cases the curves consist of 

two runs, one with a predominately negative aileron deflection and the 
other run with a predominately positive aileron deflection. In most 
cases good agreement at zero deflection was obtained. 

The genera! trend of a decreasing control moment per unit aileron 

e iection is clearly shovm. In addition, the general trend of an 

ncreasmg aileron effectiveness with decreased flap deflection seems 

clear. Also, in certain of the test conditions (Cases VII, 4o0/4o° Q Q V J-.L j HU /HU 

IV, 45 /40 , and VI, 50o/30°) a flat spot clearly is present in the 

data indicating no yawing moment produced by aileron deflection for 

35 



roughly ± 2.5° of aileron deflection. This is in agreement with the 

trend shown in Figure 10, of Reference 27, and contributes undoubtedly 
to the control problems of the aircraft in ground effect. 

The rolling moments produced by the aileron were generally small and 

approximately zero in most of the configurations examined. These trends 

are shown in Table V where the derivative values are shown per 10° of 

aileron deflection. Other contributions of the ailerons to the hori¬ 

zontal and vertical forces and pitching moment were small and therefore 

are not shown. 

E. Static Lateral/Directional Control Considerations in Ground Fffect 

A number of the trends shown by the experimental data taken here 

imply that there may be significant trimming problems with this aircraft 

configuration, particularly as a consequence of a bank angle near the 
ground. 

First is the presence of "new" derivatives. Significant rolling 

moments and yawing moments are produced by roll angle at low heights. 

In addition, the primary roll control (the differential propeller pitch) 
tends to be somewhat less powerful as the ground is approached and in 
most of the cases examined, there is a significant increase in the 

yawing moment produced by differential pitch. That is, as differential 

pitch is applied to raise a wing, the yawing due to differential pitch 
will further increase the yawing tendency of the aircraft which arises 

from roll angle, adding to the requirements on the aircraft yawing moment 

control (the ailerons in this case). These Wo effects coupled with the 

marked decrease in the aileron control effectiveness as the ground is 

approached indicate that the aircraft has a marginal control capability 
near the ground. 

The size of these effects can be seen from the following simplified 

linearized analysis. Consider the balance of yawing and i-olling moments 
if the aircraft rolls as 

CT 6 + CT A0 = - C 0 

V a LAG L0 
ci 

\ 6* + ae “ • % 0 
a ^ 

(18) 

(19) 

Note, for notation simplicity, the subscript s is deleted in this sub¬ 

section. Solving for the aileron deflection and differential propeller 
pitch required per degree of roll angle 

-C C + C C 
J-jj. JM « ä ivi 
0 A6 0 A0 

C C - C C 
ö NA0 LA0 Nô 
a a 

(20) 
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TABLE V 

Aileron Control Effectiveness Derivatives 

CASE V6f h/c 10l^v 

I 45760° 

4.2 0.005 0.01 

1.08 ~0 0.01 

0.4 ~0 0.007 

II 

• 
4.2 irreg. 0.009 

4o°/6o0 
_1.08 irreg. 0.005 

0.4 irreg. 0.006 

III 4o0/4o° 
4.2 -0.005 0.019 

1.08 ~0 0.016 

0.4 ~0 0.006 

IV 45740° 
4.2 ~0 0.016 

1.08 ~0 0.013 

0.4 ~0 0.006 

V 45750° 
4.2 ~0 0.013 

1.08 ~o 0.013 

0.4 0.003 0.004 

VI 50°/30° 

4.2 -0.002 0.023 

l.o8 - 0.015 

0.4 -0.001 0.005 

VII 60°/20° 
4.2 - 0.015 

1.08 - 0.012 

0.4 1 0.002 



AG 

0 

a 

(21) 

was quite small and is therefore neglected. Therefore 

a 

(22) 

6 

0 
a 

C. 
N, 6 

1 

a 

(23) 

where is negative, C is positive and C and C are negative so 

0. 0 Û0 LA6 

that the influence of the yawing moment produced by the differential 

pitch can be seen to increase the aileron deflection required to counter 
a bank angle. 

Figure 38 shows the aileron deflection required per degree of bank angle 

to balance a steady roll angle. In Case I (45760°), the requirement is 

quite small. Case II (40O/60°), is the next largest. Cases III, (40O/40°) 

IV, (45 /40 ) and V (45°/50O) show sharp increases at the lowest height 

requiring the order of I5 degrees of aileron to counter one degree of 

bank. The worst case is Case VII (60O/20O) which requires 37° of aileron 
to counter a one degree bank. 

The sharpness of the increase is due to the combination of trends des¬ 

cribed above; namely, the decrease in aileron effectiveness coupled with 

the increasing roll angle derivatives and the variation in the differ¬ 

ential pitch derivatives. The second term in the parenthesis of the 

above equation ranges from one-third to one-half of the first term. 

The large magnitude of these effects seems to indicate that the combin¬ 

ation of the various static effects is indeed a significant part of 

the problem of controlling this aircraft close to the ground. 

5. SUMMARY REMARKS 

The nature of the data makes it difficult to draw any simple conclusions 

regarding tue general trends. The two basic variables involved are the 
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geometric configuration of the model represented by the wing incidence 

setting and the flap deflection, and the thrust coefficient. Case II, 

(4o /60 ), IV, (45 /40 ), and V, (45°/50O), are at the same thrust 
coefficient and the general nature of the results indicate that the 

important stability parameters show a significant sensitivity to the 

configuration geometry as well as the thrust coefficient as can be seen 
from the variations in results for Cases II, IV and V. 

Similarities between Cases I (45°^0°) and II (40°/60O) and the differ¬ 
ences among these cases and the others indicate that there is a marked 

effect of increasing the flap deflection to 6o°. Smaller flap deflections 

do not seem to have a significant change. The aileri n effectiveness, 

Cw , clearly decreases as the flap deflection increases except in 
6 
a 

Case VII (600/20°). 

The influence of roll angle on the rolling and yawing moments appears 

to be largest generally at the lower flap deflections and to be smaller 
at the higher flap deflections, although any dominant trends are not 
clear. 

Complexities such as these make it difficult to comment on how these 

results might be extrapolated to other configurations such as a blown 
flap configuration operating at high lift coefficients. 

The vertical and horizontal force variations with height do reveal the 
importance of bank angle indicating that strong ground effects will 

give rise to significant lateral/directional effects. 

A significant problem associated with the tilt-wing configuration under 
investigation is related to the changes in control effectiveness, in 

particular the loss in aileron effectiveness coupled with the effects 
of the roll angle derivatives. 



CONCLUSIONS 

1. 

3. 

k. 

The aerodynamic effects of the presence of the ground appear Quite 

craft^a d®PenJent the configuration geometry of the air- 
ciuit vreil as the thrust coefficient. 

6Íí.n}St¿rvaSatíons0?ffÍLÍent°’ ^ <* t» ground cause: gnu i„ant vairations m rolling moment and yawing moment with bank 

angle. Tnese variations are at least qualitatively indicated by the 
changes m horizontal force and vertical force with altitudP L 

Mcthe>SeoffSSaiS-Tf an Unstable pro- lucc.d > 0), and a right roll produces a nose left moment. 

The aileron control effectiveness for a tilt-wing configuration 
decreases markedly as the ground is approached. 

Static trim considerations indicate that large aileron deflections 
aie required to balance a roll angle near the ground in all wing 

incidence/flap angle combinations examined except for those with 

ÍÍ-í/1?13 where the effects were comparatively small 
0»lng to the fact that control problems of a tilí-wing alrcíSt 

»«re experienced at 60° flap deflection, indications are that 

recix culation may be most significant in these particular flan 
combination configurations. ^ ^uxar nap 

In a number of different wing/flap combinations the order of I50 

aileron deflection was required to counteract 1° of wing bank angle. 

There is^a small decrease in the rolling moment produced by differ- 

P10Ptí Ier pitch as the ground is approached and an increase 
yawing moment produced by differential pitch control input. 

There appear to be significant differences in the data acouired bv 

the moving model technique of testing and wind tunnel testing wiS 

a moving belt. The moving model technique yields somewhat sSalleÏ 

"IrS“ gr0mä effeCtS at t,le hi"h U« -efficients f "S r 



RECOMMENDATIONS 

1. Further experimental investigations are recommended in order to 
define carefully the differences in the data when testing vehicles 

that operate at high lift coefficients with the moving model 

technique versus the moving belt/wind tunnel techniques. 

2. On any aircraft operating at high lift coefficients, the importance 

of asymmetrical flight conditions in ground effect should be given 
careful attention. 
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(a). CASE I: 45°/60O 

0 

Figure 10. Longitudinal and lateral aerodynamic characteristics versus 

sideslip angle for various roll angles at three altitude ratios. 
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Figure 10. Continued. 
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Figure 10. Continued. 
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(e). CASE I: 45C)/60°, h/c = h.2 & 1.08 

Figure 10. Continued. 
ß 
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(f). CASE I: k^O/60°> h/c = 4.2 & 0.4 
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Figure 10. Continued 
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(g). C/iSE I: l+5O/60°, h/c = 4.2 & 1.08 
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Figure 10. Continuei. 
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(h). CASE I: 45°/60O, h/c = 4.2 & 0.4 
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Figure 10. Concluded. 

53 

•3 
i 

i 

1 
I 



(a). CASE II: 40O/60° 

Figure 11. Longitudinal and lateral aerodynamic characteristics versus 
•sideslip angle for various roll angles at three altitude ratios. 
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(s). CASE II: 4o0/60° 

Figure 11. Concluded. 
P 
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ß 
Figure 12. Longitudinal and lateral aerodynamic characteristics versus 

sideslip angle for various roll angles at three altitude ratios. 
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Figure 12. Continuei. 
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(c). CASE III: 40O/^0O 

Figure 12. Continued 
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(d). CASE III: 40°/40O 

Figure 12. Continued 



(¿). CASE III: 40O/40° 

Figure 12. Concluded. 

63 



<r 
Pi 

ß 
Figure 13* Longitudinal and lateral aerodynâinic characteristics versus 

sideslip angle for various roll angles at three altitude ratios. 
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Figure 13. Continued. 
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(d). 
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Figure 13. Continued. 
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(e) CASE IV: 45°Ao0 

Figure 13. Concluded. 
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(a ) » CASE V: 45°/50O 
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(c). CASE V: 45°/500 

Figure 14. Continuei 
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(d). CASE V: 450/50° 
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Figure l4o Concluded. 
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(a). CASE VI: 5o730° 

e 
Figure 15. Longitudinal and lateral aerodynamic characteristics versus 

sideslip angle at various roll angles at three altitude ratios. 

74 



Figure 15, Continued. 
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(c). CASE VI: 50O/30° 

Figure 15. Continued. 
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(d). CASE VI: 50O/30° 

Figure 15. Continued. 
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(e). CASE VI: 50O/30° 

Figure 15. Concluded 



(a). CASE VII: 60O/20° 

ß 
Figure 16. Longitudinal and. lateral aerodynamic characteristics versus 

sideslip angle for various roll angles at three altitude ratios. 



(b). CASE VII: 60°/20O 

U 
Figure 16. Continued. 
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fc'). CASE VII: 600/2C° 
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Figure l6. Conti nuecî. 
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derivatives versus altitude ratio. 
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(b). CASE I: 45°/600 
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(a). CASE II: 40O/60° 

* 
Figure 1' . Longitudinal and lateral aerodynamic characteristics 

versus roll angle at three altitude ratios. 
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b). CASE II: l40O/60° 
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Figure 19. Continued. 
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fc). CASE II: 40O/60° 
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Figure 10. Continued. 

92 

■.-...m 
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(e). CASE II: b0O/60° 

Picure 19. Concluded. 
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Figure 20. Longitudinal and lateral aerodynamic characteristics 

versus roll angle at three altitude ratios. 
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(d). CASE III: 40O/40° 
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Figure 20. Concluded. 
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(cï CASE IV: 45°Ao0 
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>. CASE IV: ^5°Ao0 

Fig are 21. Continued. 
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CASE IV: h5O/h0° 
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lO’l 

Figure 21. Concludes. 
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(a). CASE V: U5°/50O 

0 
Figure 2F. Lor.gitudiaal and 

versus roll angle at three 

lateral aerodynamic 

altitude ratios. 
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(b). CASE V: U5°/50O 
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Figure 22. Continued. 
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Figure 22. Continued. 

108 



. CASE V: U50/50° 

0 
Figure c‘2. Concluded. 
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(a). CASE VI: 50O/30° 

0 
figure 23. Longitudinal and lateral aerodynamic 

versus roll angle at three altitude ratios. 
characteristics 
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(d). CASE VI: 50°/30° 

Figure 23. Continued. 
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0,. CASE VI: 500/30° 

0 
Figure ,°3. Concluded. 
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0.6 
fa'i. CASE VII: 60O/20° 

* 
Figure ?4. Longitudinal end lateral aerodynamic characteristics 

versus roll angle at three altitude ratios. 

115 

ÉIÉirilÉMillÉttiiÉI mÊÊÊÊÉÊ 



-2.or 
• CASE VJ I: 6(.720° 

icur.' -r. Continuod. 

II6 

ÉttÉÉI „■-j—¿-.-.L.-mi.1 ■MiaBMaiMiiilHilNiMattkilHHilÉlHi 



0 

117 

Figur-; 2h. Continued. 
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(e). CASE VII: 60O/20° 

Figure 24. Concluded. 
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(a). Side force/differential pitch derivative 

Figure 28. Lateral/directional control effectiveness derivatives 
versus altitude ratio. 
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Figuro 2'j. Results of simplified theory for differential 

pitch control effect. 
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itnare 30. '/awing moment/aileron control effectiveness 
derivative versus altitude ratio. 
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Figure 31. 
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(b). CASE I: 450/60°, 0 = 0° 
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(b). CASE II: k0O/60°, ¢=0° 

Figure 32. Yawing characteristic versus aileron deflection at three 
altitude ratios. 
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(a . CASE III: 1*0740°, (t> 

Figure 33. Rolling characteristic versus aileron deflection at three 

altitude ratios. 
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Figure 33. 

altitude 
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(a). CASE IV: 45^0°, 0 = 0° 
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Figure 34. Yawing characteristic versus aileron deflection at three 
altitude ratios. 
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(a). CASE V: ^/50°. ¢1 = 0° 

*> 
r, 

Figure 35. Rolling characteristic versus aileron deflection at three 
altitude ratio 3. 
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(b). CASE V: U5°/50O, ¢=0° 

Figure 35. 

altitude 
Yawing characteristic versus aileron deflection at three 

ratios. 
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b). CASE VI: 5o730°, ¢ = 0° 
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APPENDIX 

Comparisons of Roll Angle Data with Predictions Based 

on Longitudinal Effects 

The emphasis in this experimental investigation was on the determination 
of the effects of roll angle on the aerodynamics of a v/STOL aircraft in 
ground effect. In this flight regime, where the significant forces and 

moments acting on the aircraft are produced by the wing/propeller combin¬ 

ations. it might be expected that the changes in rolling moment and yaw¬ 

ing moment with roll angle could be related to the vertical and horizon¬ 

tal foice changes with height above the ground as indicated by Reference 

0 • Tbnt is, if tire aircraft is banked near the ground one wing-half f or 

wing/propeller combination) is closer to the ground and the other wing- 

half is farther away. Assuming that one-half of the ground effect of 

the aiici ait arises from each wing-half, it is possible to develop rela¬ 

tionships for the roll moment and yaw moment as a function of aircraft 
roll angle as follows. 

The interest here is in computing the changes in force that occur due to 

roll angle near the ground. For simplicity, it is assumed that the pro¬ 

peller forces do not change. Therefore x represents only the wing force. 

Denoting the local horizontal load in pounds per foot on the wing by x 

and using the subscripts p and 5 to refer to the port and starboard wings 
respectively, the total load on each wing panel is 

An- ( 
b/2 

dy X, ( 
b/2 

X, ¿y 

The total horizontal force acting on the aircraft is 

„b/2 b/2 

x p dy + I x s dy 

'O •'o 

X = X p + Xs 

t 

( 
Xp is a function oi. the height of the local spanwise station of the 

wing hp and similarly xs is a function of hs. When the aircraft has 

a roll attitude, then at a spanwise station y 

hp = h + y0 h- = h y0 

where hc is the height of the port or starboard wing at spanwise station 

zero» 
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The yawing moment acting on the aircraft is 

b/2 • .b/2 

N = Í X,. y dy I y dy 

and t!ie rate of change of yawing moment with roll angle is 

b/2 ^ 

oN I ò X p o h p 

âô j òhp 00 
J o 

dy - 

b/2 

( 
3 X s âhe 

3 h s o0 
y dy 

The rate of change of horizontal force with height, wings level is 

3X 
o h dy 

It has been assumed that the change in sectional force with height can 
be linearized about an equilibrium height. This should be a satisfactory 

assumption for small roll angles. 

How the sectional force can be expressed in terms of a sectional force 

coefficient nondimensionalized by slipstream dynamic pressure and local 

chord. The height above ground is nondimensionalized by mean geometric 

chord to yield the following expressions: 

and 

SN 

30 

3X 

3 h 

y dy + Í 
b/2 9C 

c ,r2 

ohs C 
r- y dy 

dy 

b/2 
3C 

X ’S r. 
3hc 

c dy 

Novr assuming symmetry of each wing panel 

30 3C 30 
_1 - —imi-P- = 
3 R 3 ñ p 3 h j 
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and that the local load depends only on local height, the above 
equations become 

9N ^ 

Ö0 ^s òh i 
b/2 

r- y ¿y 

Sx ^3 Sc^ _ = _1S_ X 
ò h c SR 

Nondimensionalizing the rolling moment by span, and the spanwise dis¬ 

tance, y, by the semispan, the yawing moment coefficient variation with 
roll angle can be expressed as 

SC 

S0 
N, s 

Us § Y2 dy 

SC 
X 

SR 

Defining a lateral center of pressure, y and nondimensionalizing this 
CP 

distance by the semispan, 

y„ 
cb 

§ y2 d.y cp S 

The yawing moment coefficient variation with roll angle becomes 

SC 

S0 
N ,s b 

üõ ycp sir 
âCY '2 X 

A similar development gives the following expressions for the rolling 

moment coefficient variation with roll angle in terms of the vertical 
force variation with height 

SC 

S0 
L^s 

, Sc 
b_ ~ 2 _Z 
iïô ^cp S h 

For a rectangular wing, the above expression gives a value of y 
0 i cp 

/3 
or approximately 58¾ of the semispan, for a wing with the character 

istics of the XC-l)42 with a taper ratio of O.6I, y = 54¾ of the 
cp 

seraispan. 
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These theoretical expressions show that a lift decrease with height 

giving a negative slope will result in an unstable roll spring 

ÒC. 

•S0 > 0 ' 0wins to ground effect and a negative value of 
ÒC 

X 
ãR ‘ 

lhat is, an increase in forward force with approach to the ground 

Sc 
will produce an adverse yawing tendency (^< 0), a positive roll 

produces a moment tending to move the nose of the aircraft left The 

terms agree with the data shown in Figures l8 -> 24, where in all cases 

• . - 0CL,s . àC 
examined ^ is positive and ——^ is negative, S0 

Comparison of these experimentally measured slopes with this simple 

theory shows reasonable agreement with the yawing moment derivative 

but generally poor agreement with the rolling moment derivative. In 

an cases except one (4o%0 ), the unstable roll spring is considerably 
larger than would be predicted based on the measured vertical force 

c lange with height. Some of this difference could arise due to linear- 

lcwe^er- this does not appear to be of sufficient magnitude to 
-xplain the large differences. It is also difficult to determine 

o.-upes based on only three altitude points for the vertical and hori- 

IS °nS ‘ Hovfever.> the nature of the data does not seem 
■' 7. l1a^e t'ut thls would contribute a large error in the case of 
vertical force variations. 
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