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DEPARTMENT OF THE ARMY 
U. S. ARMY AVIATION MATERIEL LABORATORIES 

FORT EUSTIS. VIRGINIA   23604 

This report has been reviewed by the U. S. Army Aviation Materiel 
Laboratories, the Naval Air Systems Command, and the Air Force 
Flight Dynamics Laboratories. It Is considered to be technically 
sound. 

This work, which was performed under Contract DA 44-177-AMC-8(T), 
was undertaken to determine experimentally the measurement of 
lift, drag, and pitching moment of a four-propeller tilt-wing 
V/STOL transport model on the Princeton Dynamic Model Track at 
various flight conditions above the ground. Experimental tests 
both at constant altitude and for slowly decreasing altitudes 
were accomplished. The ground effect phenomena based on the 
various flight conditions were briefly analyzed, and general 
data trends for these conditions were obtained. The floor under 
the model was tufted, and movies of the flow patterns were' taken 
during all of these testa. 

This report is published for the exchange of Information and the 
stimulation of ideas. 
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SUMMARY 

Tests were conducted on a one-tenth scale model of a tilt-wing V/STOL 
transport at specified points simulating STOL flight conditions at various 
heights above the ground. The model was moved at selected velocities 
through still air in the Princeton Dynamic Model Track; and lift, drag, and 
pitching moment were measured at various heights above the ground. In 
addition, motion picture observations were made of the flow field adjacent 
to the ground by means of cameras moving with the model and photographing 
the motion of wool tufts attached to the floor along the entire length of 
the test section. 

The six test conditions investigated included selected combinations of 30° , 
k00 , and 60° wing incidence angle with 30°, kO0 , and 60° flap de- 
flaction, and values of propeller thrust coefficient based on slipstream 
dynamic pressure, CT  ranging from 0.80 to 0.95. Model ground clearances 

.      s 
of 3.5 to 3D inches were investigated both at constant altitude and with 
the altitude continuously varying during the run. 

The data axe presented as plots of lift, drag, and pitching moment coef- 
ficients based on slipstream velocity. Also included are data from wind 
tunnel tests on similar models. 

A brief analysis is made of ground effect phenomena in the flight regime 
of interest, and an understanding of the general data trends is thereby 
obtained. The magnitude and direction of the force change in ground effect 
are predictable. However, the pitching moment change is strongly influ- 
enced by factors such as the flow field beneath the fuselage, the change 
in downwash at the horizontal tail, and other effects that are not 
accounted for in this report. 
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INTRODUCTION 

Considerable interest has been shown in the prediction of force and moment 
variations associated with the operation of v/STOL-type vehicles during 
takeoff, approach, and landing manuevers that are complicated by so-called 
"ground effect" phenomena. Ground effect studies have become especially 
significant since various wind tunnel tests of models of tilt-wing V/STOL 
transports have indicated that the consequences of these effects may be 
very severe, with attendant lift losses greater than 35 percent of gross 
weight and a pitching moment change equivalent to a 5-percent MAC eg 
shift.9»10 

However, there was reason to suspect that wind tunnel data in this par- 
ticular flight regime might be inaccurate due to the boundary layer on the 
ground plane and/or the difficulty of measuring and maintaining constant 
low test section velocities. Accordingly, a program was formulated for 
retesting selected wind tunnel data points in the Dynamic Model Track, 
where the boundary conditions for the simulation of ground proximity are 
more correct and the velocity control is precise. 

To facilitate interpretation of the experimental observations, analytical 
techniques were used to predict at least the trends of the data. This 
study also made possible recommendations for more comprehensive analytical 
and experimental studies aimed at developing techniques for the accurate 
prediction of ground effect phenomena in the v/STOL flight regime. 



APPARATUS AND PROCEDURE 

The model used in the subject experiments is the identical ore used in the 
dynamic stability experiments described in Reference 1, with the addition 
of scaled wing leading edge slats. A photograph of.the model installed on 
the ground proximity mount in the Dynamic Model Track is shown in Figure 1. 

Figure 1. One-Tenth Scale Model Mounted on Test Apparatus. 

The Princeton Dynamic Model Track, as described in Reference 2, was de-
signed primarily for dynamic testing of v/STOL aircraft and helicopters. 
However, it possesses the unique capability of performing static testing 
(i.e., force and moment measuring as opposed to dynamic response) at low 
velocities under precisely controlled conditions. In particular, the 
simulation of aircraft flight in ground effect is exact in that the model 
is moved through still air over a still ground plane. Thus, simulation 
errors due to free-stream velocity gradients that might be present in wind 
tunnel type testing of ground effect phenomena are'minimized or eliminated. 

2 



For the tests conducted, the model mount was modified to allow the model 
to be suspended from above, and the mounting boom was altered to allow the 
model to be positioned near the floor. The model could be driven at a slow 
vertical velocity (2 inches per second) through an altitude range of 
approximately 60 inches during a test run, or it could be set at a constant 
altitude. The former method of testing is referred to as quasi-steady- 
state testing. The variation of forces and moments with ground height 
through a selected range of heights is measured during one run using the 
quasi-steady-state technique. The vertical velocity is set at a value 
small enough that it should not influence the data. In order to verify 
that this effect is negligible, selected constant altitude runs were also 
made and are presented along with the altitude varying runs. 

The Dynamic Model Track main carriage drive has a high bandwidth, high 
accuracy velocity servo that allows the carriage (and model) to be driven 
at a commanded horizontal velocity with variations in speed of less than 
± i percent. 

A typical test procedure is as follows: 

After the model and carriage controls have been set for the desired 
test condition, the propellers are brought up to speed. The carriage 
and the model are accelerated to the selected forward velocity, and 
the data portion of the run commences. If a variable-altitude run has 
been programmed, the variation in altitude commences at a particular 
location along the track. 

A selected smooth portion (approximately 200 feet long) of the 750-foot- 
long track floor was used for the constant-altitude runs. No influence 
of floor irregularity was observable in the data. 

A schematic drawing showing the test variables and the measurement axis 
is presented in Figure 2. 
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MODEL 

A three-view drawing of the model used during the experiments is shown in 
Figure 3- Details of the wing section and high lift devices are given in 
Figure k (a and b).    The model is dynamically similar to the LTV XC-1U2A. 

The fuselage is constructed of an inner and outer Fiberglas skin, vacuum 
molded and bonded to a Styrofoam core.    An aluminum box spar is the main 
structural member of the wing.    Mahogany ribs and a vacuum-molded Fiberglas 
wing surface form the external airfoil shape.    The double-slotted flaps 
are constructed of low-density Styrofoam with a Fiberglas covering. 

The model drive motor is a 200-volt, i+OO-cycle,  3-phase electric motor, 
rated at 5 horsepower, mounted on a bulkhead in the fuselage.    Power for 
the four propellers is transmitted to a central transmission and from 
thence to right-angle gearboxes located in the wing by flexible shafting. 
A separate powel* takeoff (which was disconnected for the present experi- 
ments) is used to drive the tail rotor.    Propeller gearboxes and housings 
are mounted directly on the wing spar.    The propeller blades were con- 
structed of Fiberglas.    The geometric characteristics of the propellers 
are shown in Figure kc. 

Model control positions are set from a control console on the carriage. 
The model incorporates electrically controllable blade angles oh each of 
the four propellers.    The blade angle of the tail rotor is also variable 
to provide pitching moment trim.    Wing- incidence,  flaps,  ailerons, and 
the horizqntal tail are also power operated so that transition runs can be 
made with selected programming of all required controls.    All of these 
systems are closed-loop position controls. 

INSTRUMENTATION 

All te t data were measured at a time-sharing rate of kO samples per 
second, telemetered from the moving carriage, and recorded on a magnetic 
tape recorder located in the test control room.    A complete description of 
the U5-channel pulse duration modulation (PDM) telemetering and data re- 
cording system is given in Reference 2. 

The force measuring instrumentation consisted of mass-balanced strain- 
gauge load cells adapted to the model mount normatliy used for dynamic 
tests and described in Reference 2.    The mass-balancing feature eliminated 
acceleration inputs in these measurements; these disturbances are a common 
problem in any moving-model test apparatus, and in the Dynamic Model Track 
they arise from vibration inputs due to small irregularities in track 
alignment.    The successful attenuation of inertia! inputs to the model was 
greatly aided by the use of a light model, originally designed and used 
for dynamic stability tests. 

Two independent measurements of altitude were recorded: one of the model 
support boom relative to the carriage and the other of the model relative 



to the floor. The latter was desirable because of the slight floor irregu- 
larities and because the relative freedom between the model and carriage 
provided for the attenuation of acceleration inputs. The direct altitude 
sensing was accomplished by means of a very light, preloaded "whisker" sus- 
pended from the model and touching the floor. Tare runs were made to 
establish that this arrangement produced no measurable effect on the force 
and moment measurements. 

Propeller speed was continuously measured by a DC tachometer geared to the 
interconnected propellers, and initial propeller rpm was determined by a 
"Strobotach" at the beginning of each run. 

Carriage velocity was also measured continuously by a DC tachometer driven 
from a rubber-tired wheel running on the track rails. A more precise 
measure of velocity was obtained by six photocell-actuated electronic 
timing clocks, which measured the carriage velocity over 25-foot consecu- 
tive intervals along the track. Measurements were consistent and re- 
peatable within ± l/2  of 1 percent at all velocities tested. 

TEST CONDITIONS 

The flight conditions tested were selected to simulate STOL takeoff and 
landing configurations of the full-scale aircraft. All tests were con- 
ducted with wing leading edge slats on, flaps extended, tail rotor stopped, 
and a horizontal stabilizer incidence of 20°. The main propeller blade 
angle was fixed at a constant value of 12° measured at the 3A radius, and 
model motor power was adjusted to maintain propeller speed of UOOO rpm at 
all test conditions. The variables in the test program were wing 
incidence, flap deflection, horizontal velocity, and altitude. Constant- 
altitude runs were made at nominal altitudes of U., 10, and 1? inches ground 
clearance, and varying-altitude runs were made through the range of 3 to 36 
inches ground clearance. Lift, drag, and pitching moment were measured. 
No direct measurement of propeller thrust was made. The thrust coefficient, 
C   ,  was determined by the method described in Appendix I. 

TABLE I. SUMMARY OF TEST CONDITIONS                                        ! 

Slipstream Thrust 
Wing Incidence Flap Deflection Velocity Coefficient 

V 6f V0 ft/sec 
\ 

30 30 26.0 0.8o 
60 26.1 - 

Uo 30 Ik.k 0.91+ 
- - 20.1+ 0.88 
- 60 20.3 - 

6o 30 13.2 0.95 
- 1+0 18.6 0.90 



DISCUSSION OF RESULTS 

GENERAL NATURE OF GROUND EFFECT 

The nature of ground effect in the flight regime of present interest is 
typically different from that generally recognized" in more conventional 
flight conditions. The primary influence of the presence of the ground is 
usually considered to be the reduction of the absolute magnitude of the 
induced angle of attack at the wirg, thereby reducing the induced drag and 
increasing the lift of the wing.3 This effect may be calculated by de- 
termining the velocity induced at the wing by an imaginary image horseshoe 
vortex system which replaces the ground plane and satisfies the boundary 
condition of no through-flow at this plane. This induced velocity, due to 
the image, is referred to as an influence velocity. Because of practical 
limitations on angle of attack and lift coefficient, a conventional wing 
does not operate in conditions where the effect of the bound vortex image 
is of importance (since it produces primarily a change in horizontal ve- 
locity at the real lifting line). Therefore, only the effect of the 
trailing image pair is normally considered, and only an angle-of-attack 
change due to its presence is estimated. 

For a lifting surface operating at high angles of incidence and/or free- 
stream lift coefficient, however, the influence of the bound vortex image 
becomes of real significance.4'5 The reasons are simply a matter of geome- 
try and order of magnitude of the horizontal influence velocity. Also, 
under the stated condition of high lift coefficient, the inclination to 
the free stream of the trailing vortex system (and its image) can no longer 
be neglected;7 and a further reduction in horizontal velocity at the real 
lifting line must be considered, because of the component of the trailing 
system vorticity perpendicular to the free-stresun velocity.* 

The net result of including tlrs  contributions from the bound vortex and 
the wake deflection is an influence velocity vector pointing generally 
forward and upward at the location of the real lifting line. For a wing- 
propeller system at high incidence, according to the developments in 

*The relative importance of the bound vortex and trailing vortices can be 
readily seen in Figure 15 (taken from Reference 7)> wher.e the bound 
vortex image is the sole contributor to 6u at zero wake inclination 
angle (9 = 0° ). The expression for fiu given in Reference 7 reduces 
at 9n = 0 to that obtained in Reference U for the bound vortex image 
contribution of an elliptically loaded wing. The bound vortex image 
makes no contribution to fiw. 



Appendix II, this vector causes a reduction in wing force (and. therefore 
a reduction in remote wind axis lift and drag) and an increase in thrust 
(a further drag reduction but a lift increase). Thus, it would be ex- 
pected that for a propeller-driven tilt-wing aircraft, the presence of the 
ground would typically cause a drag reduction and the possibility of 
either a decrease or em increase in lift. 

EXPERIMENTAL RESULTS 

The experimental data taken during this program are presented in Figures 
5 through J.    Lift, drag, and pitching moment coefficients based on slip- 
stream dynamic pressure are shown as a function of height of the bottom 
of the model fuselage above the ground plane for given settings of wing 
incidence, flap deflection, propeller blade angle, propeller rpm, and 
flight velocity. Shown for comparison purposes are the steady-state 
points, with altitude constant, as well as the data taken by quasi-steady- 
state tests, in which the altitude was programmed to vary slowly during the 
course of a run. In general, the data taken during the quasi-steady-state 
runs agree well with the steady-state points and show the continuous vari- 
ation of the lift, drag, and pitching moment with height. 

The trends described in the previous section of the "Discussion of Results" 
are generally observable in all the test data presented in Figures 5 
through 7. Lift variations in either direction can be seen to occur as the 
altitude changes; however, the drag force always reduces with decreasing 
altitude. 

It is difficult to generalize the anticipated trends in pitching moment. 
Typically, even out of ground effect, the total pitching moment acting on 
an aircraft is a combination of many contributory factors, usually large 
and opposing. An illustration of the complication is presented in Figure 
6a. The model fuselage bottom was removed (leaving an open vented cavity) 
in an attempt to measure the "suck down" due to the pressure distribution 
on the bottom of the fuselage. The change in ground proximity effect 
reflected in the measured forces was negligible; however, the difference 
in pitching moment change due to ground effect was equivalent to more than 
a 10-percent MAC forward eg shift. The flow under the fuselage bottom is 
evidently causing a pressure distribution that has little effect on lift 
and drag but that is contributing, either directly or indirectly, a nose-up 
moment equivalent to over 75 percent of the allowable eg range of the 
aircraft.6 

The magnitude of ground proximity effects appears to increase with 
increasing flap deflection and wing incidence. The experimented conditions 
covered are too limited to identify these trends any more selectively; for 
further insight into the relative importance of the various parameters, it 
is necessary to consider theoretical methods supported by additional 
experimental evidence. The developments of Appendix II, based on Reference 
7, represent one analytical approach that, although highly simplified, 
indicates some promise of success in better understanding and predicting 
ground effect phenomena in this flight regime. 



RESOLUTION OF COMPONENT FORCES 

Figures 8 through 10 present the data of Figures 5 through 7 in polar form 
at the ground heights at which constant-altitude runs were made. Included 
on the graphs are data from similar models measured in other facilities as 
indicated. In order to gain some insight into the individual contributions 
of the wing and propeller forces to the total lift and drag produced by the 
model, some simplifying assumptions are made. As a result of these 
assumptions, it is possible to separate the forces and to estimate the 
change of the propeller force and the wing force with height above the 
ground. This vector resolution is diagrammed in Figure 12, and the results 
are presented on the polar plots as propeller and wing force vectors. The 
propeller thrust is shown acting along an average propeller shaft axis, and 
the wing force is shown acting at the aerodynamic center of the wing. 
Pitching moment in terms of percent MAC is also presented, as calculated 
from these two vectors alone compared with the measured values. Certain 
assumptions are necessary to determine the component forces as described 
below. 

First, consider propeller thrust. In general, the influence of ground 
proximity can be represented by changes in angle of attack and dynamic 
pressure at the model. The angle of attack and dynamic pressure changes 
are determined by the image method described previously. Figure 11 
presents experimental data on the variation of propeller thrust of one 
propeller, in the presence of the wing, on the configuration of interest, 
as a function of wing incidence (propeller angle of attack) and forward 
speed. This figure shows that the propeller thrust on this particular 
configuration, in the flight conditions of interest, does not depend sig- 
nificantly on either dynamic pressure or angle of attack.* Therefore, it 
is reasonable to assume that in all the data under consideration, the pro- 
peller thrust is constant for a given flight condition and does not vary 
with height above the ground. Also, if it is assumed that the propeller 
normal force is proportional to the thrust, then the previous argument for 
constant thrust justifies the neglecting of propeller normal force changes. 

Additionally, it is assumed that changes in fuselage forces are negligible 
compared to changes in wing forces, and then it follows that all of the 

The developments of Appendix I give some insight into the reasons for the 
insensitivity of thrust to velocity and angle of attack by consideration 
of wing interference effects. 



ground proximity effects are reflected in changes in the wing forces. 
Partial justification for the neglect of fuselage forces is shown by- 
Figure 6a, where removal of the lower half of the fuselage produced little 
change in the total forces. It would be expected that in the test con- 
ditions of interest, where the free-stream dynamic pressure is small, the 
fuselage forces are small. 

As a result of the above assumptions, the data of Figures 8 through 10 can 
be resolved into two forces, propeller thrust acting along the propeller 
shaft and wing force acting at the 25-percent MAC.  The propeller thrust 
is determined from Figure 11 for all heights above the ground and is sub- 
tracted from the measured resultant force Cr , to determine the wing 
force CL  . 's 

"'s 

The resolved polar plots indicate a large percentage change in wing force 
magnitude and direction produced by ground effects in some of the cases 
tested. Particularly in the high C.   conditions, near trim ^'i.e., 

T's 
C  ^ 0), the wing force changes as much as 50 percent in magnitude and 

D s 
rotates more than 30°   (Figure 10a). 

In addition, the variations in pitching moment due to ground effect, as 
determined by the resolved propeller and wing forces,  generally agree in 
sign and magnitude with the measured increments.    As Figure 6a indicates, 
however, the flow along the fuselage bottom has a profound effect on the 
moment change due to ground effect.    The indication is that the pitching 
moment, typically a balance of several rather large effects, cannot be 
allocated to one principal source, as can the force effects. 

COMPARISON OF DATA SOURCES 

The data from some of the references9'10 are as yet unpublished and should 
be considered as preliminary.    Where possible, published data (typically 
out of ground effect) from the same source have been presented as a refer- 
ence.    With the exception of data from Reference 8  (presented in Figure 
6b),  it is difficult to make further comparisons of pitching moment data 
either because of differences in thrust line location  (as in the model of 
Reference 9) or because the tests were conducted in the tail-off configu- 
ration (Reference 10).    The data source comparison will therefore be con- 
fined to consideration of force changes due to ground effect. 

When making a comparison of the influence of ground proximity in different 
types of test facilities,  it is important to note that a significant 
difference in testing technique is present.    In the case of the Dynamic 
Model Track tests, forces and moment were measured at various altitudes 
while propeller blade angle and advance ratio were held constant (in fact, 
both model rpm and forward velocity were held constant).    In the wind 
tunnel tests, either rpm or tunnel speed was adjusted to maintain a 
constant ratio of propeller disc loading to free-stream dynamic pressure 
(i.e.,  constant CT    )    at the various altitudes. 
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In the former case, any influence of ground proximity on the propeller 
thrust is included in the measured forces and moment.    In the latter 
(specifically when thrust is held constant at constant tunnel speed), the 
effect of this influence is eliminated.    The fact that the former tech- 
nique is more representative of the actual aircraft in flight need not be 
emphasized in the present discussion, but it should be considered in 
applying the data to flight conditions.* 

Due to the light construction necessary for dynamic models,  it was not 
possible to provide direct, accurate measurement of propeller thrust in 
the experiments performed in the Dynamic Model Track.    In order to calcu- 
late thrust coefficient based on slipstream dynamic pressure and to compare 
the results presented here with those from other facilities,  it was neces- 
sary to estimate the propeller thrust.    The analytical method by which the 
propeller thrust was determined is described in Appendix I. 

The following comments are based on comparison of the data at the same 
values of thrust coefficient (based on slipstream dynamic pressure) where, 
for the data presented here, the thrust was determined by a combination of 
analytical techniques and experimental data as described in Appendix I. 

In both wind tunnel and Dynamic Model Track facilities, the trend of the 
force change due to ground effect in this flight regime may be thought of 
as a forward rotation (reducing drag) and a decrease in magnitude of the 
resultant aerodynamic force vector.    The major difference observed in the 
data from the two types of facilities appears to be not in the nature of 
the ground effect, but rather in its magnitude.    The wind tunnel tests 
typically exhibit a greater force change due to ground effect than do the 
Dynamic Model Track tests.    The difference appears as a combination of 
greater rotation and more magnitude reduction of the resultant aerodynamic 
force vector. 

In Figures 8b, 9c, and 10b can be seen the effect on the force data due to 
the operation of a moving belt ground plane on the wind tunnel floor. 
These data, taken from Reference 10,  indicate that, although use of the 
moving belt brings the in-ground-effect data into closer agreement between 
the two facilities, a noticeable discrepancy still exists. 

Even though the experimental data of Figure 11 show a reduced sensitivity 
of thrust to velocity and angle of attack,  significant thrust changes in 
ground effect may occur according to the developments of Appendix I.    The 
nature of the propeller thrust variation in ground effect will depend 
upon the test conditions. 
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The comparison is most easily discussed in terms of the resolved wing 
force defined previously. For example, consider Figure 10b, where the 
out-of-ground-effect data from three different facilities and models are 
in substantial agreement.  Three effects are apparent: 

1. The Dynamic Model Track wing force data show a greater rotation 
due to ground effect than do the wind tunnel data. 

2. The wind tunnel data taken without a moving belt show a greater 
wing force reduction than do the Dynamic Model Track data. 

3. The wind tunnel data taken with a moving belt indicate a wing 
force in ground effect that is approximately the average of the 
Dynamic Model Track data and the wind tunnel data taken without 
a moving belt. 

A possible explanation for the first of these observations is that, 
although the propeller thrust was assumed to be constant with altitude, as 
the altitude decreases, the thrust, in fact, increases in the Dynamic 
Model Track tests (as discussed in Appendix II). This will result in an 
apparent wing force rotation in the Dynamic Model Track tests, whereas in 
the wind tunnel tests the thrust is actually held constant and this 
apparent rotation is not present. The remaining two effects are less 
easily explained, but they might be due to the presence of a boundary 
layer on the wind tunnel ground plane producing an average velocity at the 
model less than that calculated from the test section instrumentation. 
Thus, the tests in ground effect are actually being performed at a higher 
CT  (lower velocity) than indicated, and the force coefficients appear 

s 
correspondingly smaller  (the effect of   C on the wing force coefficient 

's 
is presented in Figures 9a and 9b, where it can be seen that increasing 
CT      reduces    Cw     ).    Operation of the moving belt ground plane apparently 

's 's 
reduces the magnitude of this effect but does not completely eliminate it. 
In Figures 8b and 9c» the difference between the Dynamic Model Track test 
data and the wind tunnel with moving belt test data is more pronounced; 
however, the out-of-ground-effect data are not in as good agreement as in 
Figure 10b, and the comparison is therefore more difficult.    In these 
cases, the wing force change due to ground effect in the moving belt tests 
is almost twice the change observed in the moving-model tests. 

It has been observed from photographs of tufts on the floors of the two 
types of facilities   (conventional wind tunnel and Dynamic Model Track) 
that the downwash disturbance produced by the model propagates considerably 
farther upstream in a wind tunnel than in a moving-model facility under 
supposedly identical test conditions.    The relationship between test 
conditions, type of facility, and upstream position of this disturbance 
front has not been determined.    If it is assumed that the disturbance 
front is a line where the local slipstream dynamic pressure equals the 
local free-stream dynamic pressure, then at constant propeller thrust, the 
front position is a measure of the local free-stream dynamic pressure 
(assuming a diffusing slipstream emanating from the model).    Thus, the 
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more forward position of the disturbance front in the wind tunnel tests 
would indicate a lower free-stream dynamic pressure.    The position of the 
disturbance front at other than floor level has not been established; thus, 
a quantitative determination cannot be made as to how much the boundary 
layer influences the average test section velocity at the model and conse- 
quently how the experiment is influenced by the moving belt operation. 

12 



CONCLUSIONS 

  

1. The experimental data presented indicate that ground effects on longi- 
tudinal forces and pitching moment can be pronounced in STOL flight 
conditions.     The trend of test data is toward net reduction of both 
lift and drag with decreasing altitude, with lift showing local 
increases and drag exhibiting a constant trend of decreasing with 
altitude.    Pitching moment data typically indicate a net nose-down 
moment change.     The analysis indicates that the moment change is partly 
due to wing and propeller force variations.    Other, more complicated 
effects such as flow under the fuselage bottom and change in the down- 
wash at the tail were not calculated, but they are also contributing 
factors. 

2. Comparison of data from wind tunnel tests with data from moving-model 
tests,  as reported herein,  indicates that the latter, more accurate 
simulation technique shows less force change due to ground effect.     In 
identical test conditions, where ground proximity effects are severe, 
lift reduction in moving-model tests is as little as one-third the 
lift reduction shown by wind tunnel tests, and drag change in moving- 
model tests is approximately one-half the change shown in wind tunnel 
tests.    The one pitching moment comparison possible indicated a moving- 
model test change of about one-half the wind tunnel test change.    Wind 
tunnel tests with a moving belt on the ground plane show closer 
agreement with the moving-model tests; however, some test cases indi- 
cate a force change due to ground effect in the moving belt tests that 
is about twice the change observed in moving-model tests. 

3. A distinct difference was observed in the distance upstream that the 
flow disturbances caused by the model propagate as indicated by the 
behavior of tufts on the floor of a wind tunnel and the Dynamic Model 
Track.    Typically, the position of the disturbance area was much 
farther upstream in the wind tunnel tests than in the moving-model 
tests,  indicating a velocity defect due to tunnel boundary layer that 
could influence the data. 
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RECOMMENDATIONS 

The problems of defining an adequate wake model and predicting the aerody- 
namic forces acting on a wing immersed in the slipstream should be investi- 
gated further. 

To pursue the aim of formulating design prediction techniques, it is neces- 
sary that comprehensive experimental studies he made using a model with 
separable propeller and wing force and moment instrumentation, both in and 
out of ground effect.    Particularly in ground effect,  it is mandatory that 
precise simulation of actual flight conditions be maintained; otherwise, 
additional prediction problems arise which are associated with tunnel 
boundary layer effects.    Suitable flow visualization techniques should be 
employed to observe the wake position and character as functions of the 
test variables.    In conjunction with the experimental effort, analytical 
studies should be pursued to refine the theoretical approach and to 
accommodate the more extensive experimental observations. 

Ik 
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APPENDIX I 
DETERMINATION OF MODEL PROPELLER THRUST 

In order to analyze the data obtained in this research and to present them 
in a form that is comparable to data from other sources, it was necessary 
to estimate the propeller thrust developed by the model propellers in these 
experiments at various test conditions.    Because of weight limitations on 
the dynamic model used,   it was not possible to instrument the model for 
propeller thrust measurements.    This estimate was made by scaling propeller 
thrust from preliminary data taken on one propeller of the model of Refer- 
ence 10 to the proper size for the model used in the Dynamic Model Track 
tests. 

CT 
It was assumed that the thrust coefficient solidity ratio, —, of boch 

the propellers used in the Dynamic Model Track tests and in the tests of 
Reference 10 was the same function of advance ratio, p,, propeller angle 
of attack, a  ,    and effective blade angle at SA radius, ß . The 

P ® 
effective blade angle was defined as th^ a'ue of the blade angle that 
satisfies the combined momentum-blade element theory equation in the static 
case.14 

6CT   3 /c? 
e aa 

The thrust coefficient was calculated from experimental measurements of 
static thrust. This procedure should approximately take into account the 
differences in induced velocity variation across the disc of the propeller 
due to differences in blade twist and planform as well as differences in 
angle of zero lift of the propeller blades. Then, the thrust produced by 
the Dynamic Model Track model propellers was determined by knowledge of 
the test conditions, the effective blade angle determined by equation (l) 
for each of the propellers, and the experimentally measured CT of the 
Reference 10 propeller. 

The results of this procedure are presented in Figure 13 as plots of 
propeller disc loading, T/A, as functions of velocity and wing incidence 
(at Q       = 0). The dimensions correspond to those for the one-tenth scale 

Dynamic Model Track model. Also included on this plot are points repre- 
senting the average disc loading of all four propellers of the identical 
model used in Reference 10, but measured during the test program reported 
in Reference 8. The difference between the thrust of a single propeller 
and the average values is due to a spanwise variation of the measured 
individual propeller thrust encountered during the tests of Reference &. 
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An interesting aspect of the data presented in Figure 11 is the relative 
insensitivity of propeller thrust to changes in velocity and angle of 
attack. For comparison purposes, the same data are presented in Figure 13 
and compared to a theoretical estimate of the disc loading based on the 
equation14 

Cf 4) 
T  peotofi)-' , ,    . 

In an attempt to explain the rather large difference between the observed 
and theoretical values of thrust and the dependence of thrust on velocity 
and angle of attack, consideration was given to the influence of the 
presence of the wing behind the propellers.  This was approached by repre- 
senting the wing as a "horseshoe" vortex system and computing the velocity 
induced at the propeller due to this vortex system. Based on the theo- 
retical variation of propeller thrust with velocity and angle of attack, 
the thrust was corrected for the wing flow field; the corrected points are 
indicated in Figure 13.  Although the corrected theory does not completely 
account for the experimental observations, it does indicate the proper 
trend of decreased thrust sensitivity to velocity and angle of attack. 
The approximation that the wing is represented by a bound vortex line may 
be overly simplified since the propeller is considerably less than a chord 
length away from the wing. 

The application of the correction is best explained by the vector diagrams 
of Figure 1^+. The circulation of the horseshoe vortex system, p» is 
assumed to be constant for simplicity and is determined by the Kutta- 
Joukowsky lift theorem11 as 

L 
w 

o V b 
(3) 

As shown in Figure ih,    VD  is the vector sum of the free-stream velocity, 

^ ; the fully developed propeller induced velocity, 2v0 ; and the wing 
J -ailing vortex induced velocity, ^w .  The wing lift, L., is de- 

TV " 

termined by assuming that the aircraft is trimmed  (net drag equals zero) 
and that the wing lift acts perpendicular to the wing chord.    Thus, 

^      tan i^ 

and the experimental value of   T   is used to find both   1^    and    VR   . 

Figure Ik shows the graphical technique used to determine the corrected 
velocity and angle of attack at the propeller location due to the velocity 
induced by the vortex system.    The induced velocity was found at an 
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"average" propeller location midway between the two propellers,  and the 
Biot-Savart Law11  was applied at this location for the bound vortex and 
semi-infinite trailing vortices of constant circulation    p.    The use of an 
"average" propeller location is a simplification that neglects the fact 
that the velocity induced by the wing bound vortex is not a linear function 
of distance from the vortex line.    The accuracy of this simplification and 
the neglect of the distribution of velocity and angle of attack across the 
propeller disc are comparable; both assumptions are commensurate in 
accuracy with assuming that the wing can be represented simply as a single 
line vortex. 
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Figure lh.    Diagram of Correction Applied to Flow Conditions at 
Propeller due to Wing Interference. 
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APPENDIX II 
PREDICTION OF GROUND EFFECT 

Reference 7 presents an analytical technique for estimating the flow 
conditions in the vicinity of an aircraft flying in proximity to a ground 
plane;  the ground effect solution is a special case of a comprehensive 
treatment of wind tunnel wall effects.    Then,  if data are available on the 
aerodynamic characteristics of a vehicle out of ground effect, this theory 
may be used to calculate the effect of the presence of the ground on the 
aerodynamic forces acting on the vehicle by determining the changes in 
angle of attack and dynamic pressure at the model due to an image system. 
The approach taken in this reference is to replace the actual aircraft 
flow field by a line of singularities representing the aircraft's wake, the 
strength and position being determined by the experimentally determined 
momentum flow characteristics  of the aircraft.    An equal and opposite 
image wake system satisfying the boundary conditions at the ground plane is 
then used to replace the ground plane.     Influence velocities,    fiu   and    6w, 
are then computed at the vehicle due to the presence of the  image system. 

Implementation of this theory is greatly aided by the use of charts such 
as the one shown in Figure. 15 and adapted from Reference 7.     This chart is 
a plot of nondimensional horizontal and vertical influence  coefficients as 
functions of wake angle;* these coefficients, when multiplied by the proper 
momentum velocity and altitude ratio, give the two components of influence 
velocity at the model  (su and 6w),  as indicated on the figure. 

In the following, the theory of Reference 7 is used to calculate theoreti- 
cally the effect of the presence of the ground on the forces acting on the 
configuration of interest by applying corrections to the wing and propeller 
forces independently.    The propeller thrust is corrected with the aid of 
the experimental data given in Figure 11, and the wing forces are altered 
by purely analytical means.     This application should give  some indication 
of how successful the application of ground effect corrections based on an 
analytical approach will be with respect to the aerodynamic characteristics 
of a tilt-wing aircraft.    Only lift and drag are considered in the follow- 
ing discussion. 

*For the computations, the wake angle,    e      (the angle between the free- 

stream velocity and the line of singularities representing the wake), ha:- 
been taken as one-half the value given by the momentum theory consider- 
ations of Reference 7.    This is a result of treatment such as that of 
Reference 12, which shows that,   for an elliptically loaded wing, the 
vortex system movtr downward at an average velocity of approximately 0,k 
times the momentum value of the remote downwash. 
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In the nresent application of this theory,  it was noted that the influence 
velocities obtained were sufficiently large, compared to the free-stream 
velocity, to alter materially the wake angle predicted on the basis of 
out-of-ground-effect conditions.    Accordingly, an iteration procedure was 
used to converge on a final wake deflection angle that included the 
presence of the influence velocities; convergence of the iteration was 
aided by the use of graphical procedures.    Throughout this computation, it 
was assumed that the forces on the model did not change. 

In the absence of comprehensive experimental data on the complete model 
forces as functions of velocity and angle of attack,   it was necessary to 
use a partly analytical approach to apply ground effect corrections.    The 
technique employed is shown by the velocity vector diagrams of Figures 
l6a through 22a, and the results are presented in Figures l6b through 22b 
as polar plots of the total and component forces in and out of ground 
effect.    The correction procedure is as follows: 

1. Construct a velocity vector polygon composed of: 

2v0, the fully developed propeller induced velocity, as 

determined from Figure 11 and momentum theory. 

V0, the free-stream velocity. 

^w    , the wing induced velocity, due to a pair of trailing 

vortices  (as in Appendix I), directed perpendicular to the 
wake angle found above. 

V„     is the resultant of these velocities.     The bound vortex Ro 
gives no contribution,  since calculation is being made at the 
aerodynamic center of the wing. 

2. Correct the propeller thrust for the effect of the ground effect 
influence velocities    fiu   and   gw   by using the experimental 
data of Figure 11.    Then compute a corrected propeller induced 
velocity    (2v    + ^v),    using momentum theory. 

3. Reconstruct the velocity polygon, including   ^v,    ^w    ,    ßu,    and 

gw,    to determine a corrected vector resultant velocity,    V R 

U.    Correct the wing force coefficients of Figures 16 through 22 by 
the relation 

's COM ftf s 
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It should be noted that no correction of wing force for a change in lo?al 
angle of attack has been attempted.    A useful analytical model for de- 
termining the proper wing local angle of attack and lift curve slope is 
not part of the simple approach outlined above;13   and since the angle be- 
tween    VR     and    VR       is typically small, this effect was neglected, 

o 

The results of this procedure,  shown in Figures l6b through 22  ,  indicate 
that for high wing incidence, the trend of ground effect on the forces is 
reasonably well predicted and the magnitudes are only slightly underpre- 
di'rted;   for the lowest wing  incidence case  (L, = 30°),  the magnitude is 

overpredicted.    This difference may result from the fact that wing force 
changes due to angle of attack were not included.     The change in angle of 
attack will become  increasingly important at low wing incidence trim 
conditions where the wing lift curve slope approaches  its power-off value 
and the vertical influence velocity effects tend to predominate  (as in 
conventional ground effect  conditions). 

The foregoing procedure is a very simplified analysis that neglects £.11 
distributed effects such as the spanwise and chordwise distribution of wing 
vorticity and the distribution of induced flow at the wing and propeller. 
This simplified analysis is  of value in that it predicts the important 
trends of the ground proximity effects and aids in the  interpretation of 
the observed behavior of the aircraft and the experimental model data. 
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Figure 16.    Theoretical Calculation of Ground Effect. 
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