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ABSTRACT
Ground-effect characteristics of the Tu-144 supersonic transport airplane have been obtained from
flight and ground-based experiments to improve understanding of ground-effect phenomena for this class
of vehicle. The flight test program included both dynamic measurements obtained during descending
flight maneuvers and steady-state measurements obtained during level pass maneuvers over the runway.
Both dynamic and steady-state wind-tunnel test data have been acquired for a simple planform model of
the Tu-144 using a developmental model support system in the NASA Langley Research Center
14- by 22-ft Subsonic Wind Tunnel. Data from steady-state, full-configuration wind-tunnel tests of the
Tu-144 are also presented. Results from the experimental methods are compared with results from simple
computational methods (panel theory). A power law relationship has been shown to effectively fit the
variation of lift with height above ground for all data sets. The combined data sets have been used to
evaluate the test techniques and assess the sensitivity of ground effect to various parameters.
Configuration details such as the fuselage, landing gear, canards, and engine flows have had little effect
on the correlation between the various data sets. No distinct trend has been identified as a function of
either flightpath angle or rate of descent.

NOMENCLATURE
ax

acceleration in X body axis, g, positive forward

az

acceleration in Z body axis, g, positive down

b

span, ft

CD

drag coefficient

CL

lift coefficient

Cm

pitching moment coefficient about the reference center of gravity (40-percent MAC)

CN

normal force coefficient, positive up

CX

force coefficient in X body axis, positive forward

CZ

force coefficient in Z body axis, positive down

DGE

dynamic ground effect

DGPS

differential global positioning system

h

height of the wing aerodynamic center above the ground, ft

HSCT

high-speed civil transport

Ix, Iy, Iz

moments of inertia about the X, Y, and Z axes, slugs-ft2

k

constant

MAC

mean aerodynamic chord, ft

n1

stage one compressor rate of rotation for engine number 1, percent
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OGE

out-of-ground effect

p

roll rate, rad/sec

q

pitch rate, rad/sec

q

dynamic pressure, lb/ft2

r

yaw rate, rad/sec

S

wing reference area, ft2

T

thrust, lb

V

true airspeed, ft/sec

W

gross weight, lb

α

angle of attack, deg

γ

flightpath angle, positive for ascending flight, deg

δe

elevon position, deg

∆C L
θ

GE

incremental change in lift coefficient due to ground effect
pitch attitude, deg

Subscripts
eff

flight conditions simulated through dynamic wind-tunnel testing

ref

adjusted to reference angle of attack and/or elevon position

uncorrected dynamic wind-tunnel data prior to removal of inertial force components
α

partial derivative with respect to angle of attack

δe

partial derivative with respect to elevon position

INTRODUCTION
Aerodynamic ground effect is an important aspect in the design of large transport aircraft, because of
the potential impact on takeoff and landing performance and flying qualities. Simulation, control system
design, and performance predictions depend on accurate ground-effect models, which are usually
obtained through proven analysis, wind-tunnel test techniques, and experience gained from similar
configurations.
Slender wing configurations that have been proposed for an advanced high-speed civil transport
(HSCT) aircraft (ref. 1) might exhibit ground-effect characteristics that are different from those of
conventional subsonic transport aircraft. This issue was studied during initial supersonic transport aircraft
development efforts in the 1960s (refs. 2, 3). Accepted aerodynamic theory indicates that ground effect at
a particular nondimensional height above ground (h/b) will generally be more significant for
comparatively lower-aspect ratio aircraft. Although ground effect has generally been approached as a
steady-state situation, studies indicate that the rate of descent of an aircraft during landing might also
induce “dynamic” aspects to the problem. Canards, aft-mounted underwing engines, and the presence of
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vortex lift are other potential HSCT features that might influence ground-effect characteristics. The
importance of these issues has emphasized the need for further study of ground effect and the reliability
of test techniques for this new class of vehicle.
Ground-effect prediction has been a challenging problem for many reasons. Analytical methods have
generally been based on steady-state flow superposition and engineering methods such as panel codes
(refs. 4, 5). These methods have limited ability to incorporate configuration complexity such as high-lift
system details and the modeling of engine exhaust flows. Wind-tunnel testing often has similar
limitations and might invoke additional complications. A moving ground belt or other devices are often
needed to remove the unrealistic boundary layer on the wind-tunnel ground plane simulation. Recent
studies have attempted to also include dynamic effects (refs. 6, 7, 8). References 9–14 discuss ground-test
methods that have been used to address the dynamic aspect of ground effect. Both analytical and
wind-tunnel predictive methods have had few opportunities for validation.
Although flight tests might provide data to validate the performance of the predictive methods, these
measurements are difficult to obtain. References 15–21 describe ground-effect measurements obtained
for full-scale vehicles in flight and compare the measurements with predictive data. The parametric
variations are limited when an aircraft is flown in close proximity to the ground. The vehicle must be kept
close to trim, and sink rates must be controlled to avoid overstressing the landing gear. Flight
measurements can be obtained in both steady-state (level flight over the ground) and dynamic
(descending flightpath similar to landing) conditions; however, relating the ground-effect increments to a
reliable out-of-ground effect (OGE) reference condition can be difficult. Because ground-effect
increments are relatively small compared to other vehicle forces and moments, even small atmospheric
disturbances can affect the quality of the flight data. Any wind across the runway has a boundary layer, or
varying velocity profile, that will provide a systematic error in the ground-effect measurements.
As part of the NASA High-Speed Research program, the Tupolev Design Bureau modified a Tu-144
(Tupolev Aircraft Company, Moscow, Russia) supersonic transport aircraft for use as a flying test bed
(ref. 22). The configuration and performance capability of the test bed, redesignated the Tu-144LL
aircraft, are relevant to many HSCT issues, and seven experiments have been conducted (refs. 23, 24).
One of these experiments was directed at the study of ground effect, which is the subject of this report.
The objective of the Tu-144 flight experiment was to measure the ground-effect characteristics
through a range of flight conditions including steady-state and dynamic conditions. These results provide
a database for evaluation of experimental and theoretical predictive methods.
Concurrent to the flight activity, a unique wind-tunnel model support system was developed to enable
simulation of dynamic ground-effect conditions in the NASA Langley Research Center
(Hampton, Virginia) 14- by 22-ft Subsonic Wind Tunnel. During initial evaluations of the developmental
system, a simple planform model of the Tu-144 airplane was tested. Results from these pathfinder tests,
conducted under both dynamic and steady-state conditions, were obtained for correlation with the flight
data.
Steady-state, full-configuration wind-tunnel data for the Tu-144 in ground effect are also included in
this study. These data were obtained during initial development of the Tu-144 airplane.
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This report describes the flight and wind-tunnel test techniques and data analysis methods.
Measurement uncertainties, issues, and limitations of the various methods are discussed. Ground-effect
data from the experimental methods are compared with predictions from engineering methods (panel
theory). A power law relationship for the ground-effect increments with respect to height above ground is
presented and used to fit results from the various data sets for more detailed comparisons. The data sets
are used to assess the significance of parameters (such as sink rate and configuration complexity) and to
correlate with results from other aircraft configurations.

VEHICLE DESCRIPTION
A Tu-144 “D” model airplane, originally configured as a commercial supersonic passenger jet, was
modified into a test bed for high-speed flight research (ref. 22). As part of the modification process, the
original RD-36-51 engines were replaced with NK-321 engines (named for N.D. Kuznetsov, Samara
Scientific and Technical Complex, Samara, Russia), and a research instrumentation system was installed.
Flight tests were conducted at Zhukovsky Air Development Center (near Moscow, Russia) using the
modified Tupolev Tu-144 supersonic transport airplane.
Figure 1 shows a three-view of the Tu-144 airplane, and table 1 summarizes essential physical
properties. The vehicle has a double-delta-wing planform with an inboard leading-edge sweep angle of
76° and an outboard leading-edge sweep angle of 57°. The four engines are mounted in two separate pods
below the wings. Pitch control is provided by symmetric deflection of the wing trailing-edge surfaces or
elevons. Roll control is provided by differential deflection of the elevons.

020553

Figure 1. Three-view of the Tu-144 airplane.
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Table 1. Physical properties of the Tu-144 airplane.
Reference area, ft2
Reference chord (MAC), ft
Reference span, ft

5457.8
76
94.8

Reference center of gravity, percent MAC

40

Inboard leading-edge sweep, deg

76

Outboard leading-edge sweep, deg

57

Aspect ratio

1.65

Length overall, ft

220

Typical weight during test maneuvers, lb

265,000

During normal landings, the sharp nose section is canted downward (drooped) 17° to improve the
pilot’s field of view. For all maneuvers in this study, the nose was drooped and the landing gear were
deployed. A highly cambered, unswept canard can be deployed just aft of the cockpit during normal
landings. Maneuvers for this study were conducted with the canard retracted and deployed. Figure 2
shows a photograph of the Tu-144LL airplane in the normal landing configuration.
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Figure 2. Tu-144LL airplane in the normal landing configuration.
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FLIGHT TESTING
This section discusses the flight testing of the Tu-144 airplane. The measurements, derived
parameters, flight maneuvers, and data analysis are described in detail.

Measurements
The airplane was equipped with an extensive instrumentation system to support a variety of flight
experiments including ground-effect research. A detailed description of this system is presented in
reference 22. Data from a total of 1178 channels were acquired and encoded by a 12-bit pulse code
modulation (PCM) system. The PCM stream was recorded on board with a digital tape recorder and
personal computer. Primary measurements for the ground-effect data analysis were body axis linear
accelerations, angular attitudes, angular rates, and control surface positions. Lateral and vertical
accelerations were recorded at approximately 64 samples/sec, and the other flight dynamics parameters
were recorded at 32 samples/sec.
An Ashtech Z-12 (Ashtech, Inc., Sunnyvale, California) carrier phase differential global positioning
system (DGPS) satellite receiver was installed on board the Tu-144LL airplane. Data were obtained at a
rate of 2 samples/sec, stored in the internal memory of the unit, and downloaded after each flight. These
data were merged with data from a ground-based unit using the Ashtech Precise Differential GPS
Navigation and Surveying (PNAV™) software (ref. 25). This software computes time and space position
data and then derives other useful parameters such as flightpath angle and ground speed. The PNAV™
software also determines the root-mean-square uncertainty in the space position data. During the majority
of the ground-effect testing, PNAV™ indicated uncertainties less than 0.3 ft.
Meteorological conditions in the vicinity of the runway were measured with conventional
ground-based sensors. Windspeed and direction were recorded for each maneuver.

Derived Parameters
The height of the airplane above the ground was determined from the DGPS data and other onboard
measurements. This derivation followed the approach described in reference 21 and is believed to offer
the same level of uncertainty (less than ±0.5 ft). The DGPS directly measured the location in space of the
onboard global positioning system antenna. The measurement of pitch attitude was used to determine the
location of other points on the airplane, such as the reference center of gravity and the main landing gear,
under the assumption that the airplane is a rigid body. The height above ground of the aerodynamic
reference point was determined as the difference between the location of the reference point in space and
an analytical model of the runway surface. The accuracy of this method was confirmed by checking the
derived height values during times when the airplane was in contact with the runway. Details of these
procedures and the runway model are presented in reference 22.
The measurement of pressure altitude was not used to determine height above ground, because the
sensor calibration could be influenced by ground effect. For the same reason, the conventional onboard
measurement of angle of attack (from a flow angle vane) was not used for analysis of the ground-effect
maneuvers. Because tests were conducted only during low-windspeed conditions, angle of attack was
derived from the DGPS flightpath angle and pitch attitude.
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The pitch angle acceleration was determined by differentiating the pitch rate data. Linear
accelerations at the reference center of gravity were determined by adjusting the accelerometer sensor
values for radius of rotation and angular accelerations.
After each flight, the mass properties were derived from onboard fuel quantities recorded in flight.
Thrust levels during the ground-effect maneuvers were estimated postflight using onboard recorded
engine parameters.

Flight Maneuvers
Two types of flight maneuvers were used to collect ground-effect data. The first maneuver, called the
constant-alpha approach, is based on a method developed in reference 18. Data were collected as the
aircraft descended toward the runway in a “dynamic” ground-effect situation. In the second type of
maneuver, called the level pass approach, data were obtained as the aircraft flew level passes over the
runway in a “steady” ground-effect situation.
Prior to each constant-alpha maneuver, the pilot appropriately configured the airplane by extending
the landing gear, canting the nose down 17°, and either deploying the canard or leaving it retracted. The
airplane was then aligned in a descent toward the runway at a predetermined glide slope. After stabilizing
at the desired flight conditions, the pilot attempted to hold the power constant and make minimal control
surface inputs. As the airplane approached the runway and responded to ground effect, the pilot
continued to hold the throttle constant and attempted to maintain a constant pitch attitude using
longitudinal stick inputs. The maneuver was complete when either the airplane touched down or throttle
adjustments were made.
Figure 3 shows a typical time history for a constant-alpha maneuver, including some of the maneuver
setup and the data analysis time segment. The stage one compressor rate of rotation for engine number 1
(n1) is shown to indicate periods of constant thrust. The value for engine number 1 is representative of
total thrust, because the four throttles were normally adjusted in unison. The interval that starts when
thrust is held constant and ends with the onset of ground effect is referred to as the OGE period.
The constant-alpha approaches were attempted at a variety of OGE flight conditions; however, the
range of flight conditions was constrained by the requirement to touchdown within acceptable vertical
and horizontal speeds. Angle of attack was between 8.5° and 10.5° for all maneuvers. Weight changes
required some variation in airspeed, but differences in canard position had a more significant impact on
airspeed. Equivalent airspeed ranged from 170 to 181 knots with the canard extended and was
approximately 200 knots with the canard retracted. Elevon position was also dependent on canard usage.
The average elevon position was approximately 8° (trailing edge down) with the canard extended and –3°
with the canard retracted. The pilot used the instrument landing system (ILS) glide slope indicator as an
aid for setting up the initial glide slopes. Approaches were attempted at nominal flightpath angles
between –2° and –3°. Figure 4 shows a summary of the initial OGE flight conditions for the constantalpha maneuver.
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Figure 3. Typical time history for a constant-alpha maneuver.
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Figure 4. Out-of-ground effect flight conditions for the constant-alpha maneuver.

Maneuvers were rejected from further analysis if winds exceeded 5 knots in any direction,
inconsistencies in the measurements were observed, or thrust was not held constant below 1.5 h/b. A total
of 19 constant-alpha approaches were attempted, of which 6 were used for analysis.
For the level pass flight maneuver, the pilot approached the runway on a glide slope between –2° and
–2.6° and then transitioned to level flight. These passes were conducted during low-windspeed conditions
(less than 5 knots in any direction) with the canard extended and the nose canted downward. A total of 7
level pass flight maneuvers were conducted, from which 12 level segments were identified for analysis.
To build confidence in the flight procedures, level passes were first conducted at 200 and 150 ft above
ground before working downward to as low as 24 ft (wing height) above ground. During the level
portions of the maneuver, the pilot attempted to minimize variations in thrust; however, throttle
adjustments were generally necessary to adequately control the flightpath. Figure 5 shows a time history
for a level pass maneuver. In this example, the airplane achieved two segments of level flight. The angle
of attack and elevon positions during the second (and lowest) segment were approximately 5.2° and 5.9°,
respectively. These conditions varied considerably from the OGE conditions for the constant-alpha
maneuver (see figure 4).
The elevation of the runway varied considerably, and these maneuvers were actually flown parallel to
the runway surface. This requirement, along with general safety concerns of conducting a nonstandard
maneuver in close proximity to the ground, added considerable challenge to the level pass maneuver.
9

Figure 5. Typical time history for a level pass maneuver.

10

Data Analysis
Data analysis techniques for the constant-alpha approach were similar to the processes developed in
reference 21. For each approach, a time interval was chosen during which the airplane was stabilized just
before entering ground effect. Data from this OGE interval were averaged to determine OGE values for
angle of attack, elevon position, flightpath angle, and thrust. The aerodynamic forces and moments acting
on the airplane throughout the maneuver were then determined from the mass properties, thrust estimates,
and measured body axis accelerations, using the following equations:
Wa x – T
C X = ------------------Sq

(1)

Wa
C Z = ----------z
Sq

(2)

I y q̇ + ( I x – I z ) pr
C m = ---------------------------------------qSMAC

(3)

The pitching moments were calculated about the reference center of gravity. The forces were converted
to stability axis lift and drag coefficients using the following equations:
C L = – C Z cos ( α ) + C X sin ( α )

(4)

C D = – C X cos ( α ) – C Z sin ( α )

(5)

Variations in elevon position and angle of attack occurred during each maneuver and generally increased
as the airplane flew through ground effect. The effect of these variations had to be eliminated to
determine the direct influence of ground effect. The average values of elevon position and angle of attack
during the OGE portion of each maneuver were used as a reference from which the deviations could be
measured. Aerodynamic derivatives were then used to extract the effects of trim changes that occurred
during the maneuvers, as follows:

ref

= C L – C L ( α – α OGE ) – C L ( δe – δe OGE )
α
δe

(6)

ref

= C m – C m ( α – α OGE ) – C m ( δe – δe OGE )
α
δe

(7)

CL
Cm

Because the value of Cm was close to zero during the maneuvers, changes in angle of attack and elevon
position were the primary indications of ground effect. A table lookup function was used to correct the
drag coefficient data,
CD

ref

= C D – [ C D ( α , δ e ) – C D ( α OGE , δ e OGE ) ]

(8)
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These terms, C L , C m , and C D are the aerodynamic coefficients of the airplane, referenced to the
ref
ref
ref
OGE trim conditions.
The aerodynamic derivatives used in equations 6–8, such as C L and C L , and the drag function,
α
δe
were obtained from reference 23 and were assumed to be largely independent of ground effect. Because
deviations from the reference conditions were typically small (< 3° in angle of attack, < 5° in elevon), this
assumption was considered acceptable. Because the engine throttles were not adjusted during the
constant-alpha approach, the incremental changes in the coefficients due to ground effect were not
significantly affected by errors in the estimation of thrust.
Aerodynamic forces and moments for each level pass maneuver were determined in a similar manner.
During each segment of level flight, the total aerodynamic and thrust forces acting on the airplane were
determined from accelerometer and mass property data. Because throttle settings changed during the
level pass maneuver, the postflight estimate of engine thrust was a critical input to this analysis. This
variation in thrust was a significant disadvantage of the level pass maneuver compared to the
constant-alpha approach in which thrust was held constant.
For comparisons with other data sets, the data for each level flight segment were corrected to a
common reference trim condition (an angle of attack of 9° and an elevon position of 10°) using equations
6, 7, and 8. Because angle of attack changed considerably between the various level pass maneuvers,
these corrections were more significant for the level pass approach data than for the constant-alpha
approach data.

WIND TUNNEL TESTING
This section discusses the wind-tunnel testing of the Tu-144 airplane. The steady-state tests
conducted by the Tupolev Design Bureau and both steady-state and dynamic tests conducted at
NASA Langley are described in detail.

Tupolev Steady-State Testing
Wind-tunnel tests of the Tu-144 configuration in ground effect were conducted by the Tupolev
Design Bureau during the initial development of the vehicle. A 4.8-percent scale model of the
configuration was used, which included wing, body, vertical tail, nacelles, canards, and landing gear. Test
conditions covered various heights above ground, flow angles, and control surface positions. The data are
tabulated in reference 22. The wind-tunnel facility used for these tests did not incorporate a moving
6
ground plane or other boundary-layer removal system. Reynolds number was 4 × 10 based on the model
mean aerodynamic chord (MAC), 3.67 ft.

NASA Langley Steady-State and Dynamic Testing
In October 1997, tests were conducted in the NASA Langley 14- by 22-ft Subsonic Wind Tunnel
(formerly the V/STOL Wind Tunnel and the 4 × 7 Meter Subsonic Tunnel). This atmospheric tunnel has
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a contraction ratio of 9 to 1, is powered by an 8000-hp drive system, and has a large test section capable
of a maximum speed of 318 ft/sec. Details of the test facility can be found in reference 26. Although the
tunnel can be operated in either a closed or open test section configuration, the dynamic ground-effect
tests were conducted with a closed-flow system. A boundary-layer removal system, located just upstream
of the test section floor, was used.
A unique feature of the 14- by 22-ft Subsonic Wind Tunnel is that the model support hardware and
floor of the test section are combined into removable units known as carts. A special cart, called the
dynamic ground effect (DGE) cart, was developed to enable testing while a model is moved within the
presence of ground effect. Figure 6 shows a diagram of the DGE cart. The large vertical support strut is
hydraulically controlled to vary the model height above the cart (test section) floor. The strut has a
hydraulic pitch drive that allows the model attitude to change during a dynamic plunge. The cart also has
a yaw drive to simulate the effects of sideslip, although it was not used in this test.
A computer system controls the operation of the hydraulic mechanisms. The system executes a
preprogrammed model trajectory in which a sequence of vertical speed and pitch attitudes is prescribed.
The range of vertical travel extends from 89 in. to approximately 5 in. depending on the model and model
pitch attitude. Model pitch limits range from –10° to +50°. Although the system is capable of a maximum
vertical speed of 15 ft/sec, a maximum speed of 9 ft/sec was used in this test.

(a) Dynamic ground effect cart.

(b) Tu-144 planform model and sting configuration.

Figure 6. NASA Langley 14- by 22-ft Subsonic Wind Tunnel model support arrangement.
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The October 1997 test was the first operation of the DGE cart, and the primary objective was to
conduct a shakedown of the new system and related instrumentation. A detailed summary of this test is
presented in reference 27.
One of several models tested during this developmental test was a planform representation of the
Tu-144 airplane (fig. 7). The model has a wingspan of 47.1 in. and is approximately 4.1 percent the size
of the flight vehicle. The model is constructed of sheet aluminum, covered with wood, and nominally
contoured into a biconvex cross section with small radius leading edges. The elevon segments were set to
10° trailing edge down for these tests. The reference center of gravity for the model is consistent with the
full-scale airplane (40 percent of the MAC).

Figure 7. Comparison of the Tu-144 airplane and Tu-144 wing planform wind-tunnel model.

The model was attached to the sting through a balance block that was enclosed in a fairing and
mounted to the upper surface of the model. The model and balance block weighed approximately 60 lb.
A 9° knuckle was used to provide more angle-of-attack capability near the ground plane.
Wind-tunnel instrumentation included a force and moment balance, accelerometers, and an optical
tracking system. Six model accelerometers were used in combination to provide three linear and three
angular accelerations of the model reference center. These data were used to remove inertial effects from
the dynamic test data (discussed in the last paragraph of this section). Optical measurements were used to
determine the height of the model relative to the tunnel floor at two different model locations. These data
were used to define model height above the floor (ground plane), vertical speed, and pitch attitude
relative to the tunnel axis system. Vertical speed data from differentiation of the position measurements
were confirmed by integration of sting-mounted accelerometer data.
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All data in this study were obtained at a tunnel velocity of 267 ft/sec. Vector analysis was used to
determine the effective model airspeed, angle of attack, and flightpath angle from the tunnel speed and
optical tracking system data, as shown:
V eff =

2

267 + ḣ

2

(9)

– 1 ḣ
γ eff = sin  ----------
V 
eff

(10)

α eff = θ – γ eff

(11)

The wind-tunnel testing included a series of steady-state runs through a sweep of angles of attack.
During these runs, the wing aerodynamic reference point was placed near the center of the tunnel at a
height of 6 ft (h/b = 1.53). This position was assumed to be essentially OGE. Data from these runs were
analyzed using conventional methods. Tares were determined from measurements taken during wind-off
conditions.
A second series of steady-state runs was conducted with the model positioned at lower heights above
the ground plane (h/b = 1.019, 0.509, 0.382, and 0.256) and at angles of attack of 7°, 9°, and 11°. These
runs provided steady-state ground-effect data for the wing planform model.
Prior to dynamic testing, the model was rapped with a rubber hammer to excite the natural vibration
modes of the combined model and sting support system. These vibration data, taken with no airflow,
were used to relate the model accelerations to inertial forces sensed at the balance.
The model support system was then used to plunge the model vertically toward the ground plane. The
effective flightpath angles for these runs ranged from approximately –0.2° to –2.5°. The model pitch
attitude was set as a function of vertical velocity for each run so that all runs were conducted at the same
effective angle of attack (approximately 9.55°). All derived lift coefficients, therefore, were referenced to
this angle of attack using the OGE lift data for the wing planform.
Figure 8 shows typical time histories for two of the dynamic plunge tests. Data acquired from a low
vertical speed run (2.2 ft/sec) (fig. 8(a)) shows a brief acceleration interval followed by a significant
period of constant-speed conditions. Large oscillations in the model speed and measured normal force
during startup were the result of inertial forces induced by the rapid acceleration of the model and
subsequent “ringing” of the model and sting system. In this example, the inertial ringing ceased early in
the run. An attempt was made to remove the inertial forces from the measurements using the relationship
between accelerometer data and normal force data obtained during the wind-off vibrations. As shown in
figure 8(a), this correction did not significantly improve the data during the initial acceleration but made
a small improvement for heights between 0.3 and 1.3 h/b. Figure 8(b) shows a time history for a higher
speed plunge (6.7 ft/sec). Because of the higher speed, most of the trajectory was affected by the
acceleration and deceleration phases. The acceleration-based correction for inertial forces in CN
significantly improved the results, although it did not completely remove the inertial effects in the data.
A test interval in which averaged conditions were constant was selected for these runs, although
oscillations persisted throughout the run. Further details regarding the inertial correction process are
provided in reference 27.
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(a) Vertical speed approximately 2.2 ft/sec.

(b) Vertical speed approximately 6.7 ft/sec.
Figure 8. Time histories for dynamic plunge tests in the NASA Langley 14- by 22-ft Subsonic Wind Tunnel.

16

ANALYTICAL RESULTS
A constant-pressure, potential-flow, panel method (ref. 5) was used to predict ground-effect
characteristics of the Tu-144 wing. A simple wing planform model was generated and used to determine
the OGE characteristics without the presence of a ground plane. No attempt was made to include the
correct camber distribution or trailing-edge flap deflections in the model. The presence of the ground was
then simulated by including an image of the isolated wing. The plane of symmetry between the two
wings served as an effective ground plane. The aerodynamic forces in ground effect were determined by
integrating the panel pressures on the actual wing.
The resulting aerodynamic forces were then resolved into a lift component and drag component. The
drag calculation includes only the lift-related or induced component of drag, because the panel code does
not include viscous forces. In a similar manner, pitching moment about the aerodynamic reference point
was determined by integrating the contributions from each panel.
Figure 9 shows results from the panel method. Because of the linear nature of potential flow theory,
the computed forces were normalized by the corresponding OGE value. The normalized effects on lift
and induced drag are identical.

Figure 9. Panel code normalized ground-effect predictions.
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As suggested by analysis in reference 28, the variation of normalized ground-effect increments with
nondimensional height above ground was found to fit a –1.5 power law relationship as shown:
∆C L
h – 1.5
GE
---------------- = k  ---
 b
CL

(12)

OGE

A least-squares curve fit method was used to determine the coefficient, k, for the panel code lift and
drag data. As shown in figure 9, the resulting curve effectively represents the panel code data. As a result,
the –1.5 power law relationship was also used in the interpretation of the experimental force data
acquired in this study. Pitching moment variations with height above ground are more complicated and
do not fit the power law relationship.

RESULTS AND DISCUSSION
Table 2 presents a summary of the nominal test configurations and conditions that are discussed in
this report.
Table 2. Summary of nominal test configurations and conditions.
Data Set
Flight (complete vehicle)
Dynamic (constant-alpha maneuver)
Canard extended
Canard retracted
Steady-state (level pass maneuver)
Tupelov Wind Tunnel (complete vehicle)
Steady-state
NASA Langley Wind Tunnel
(wing planform)
Dynamic
Steady-state
Analytical Data (wing planform)
Steady-state

α, deg

δe, deg

γ, deg

9
9.5
varies

8
–2.5
varies

–2.1 to –3.0
–2.6 to –3.1
0

6,10,15

0,5,10

0

9.5

10

–.24 to –2.15

7,9,11

10

0

varies

0

0

Lift, drag, and pitching moment data from six constant-alpha maneuvers are shown as a function of nondimensional height above ground (h/b) (fig. 10). As previously discussed, the data are shown in coefficient form, referenced to the angle of attack and elevon position of the airplane immediately before entering ground effect. The coefficient data are unaffected by proximity to the ground at heights above one
span (h/b = 1). Below this level, the influence of the ground on each coefficient is increasingly evident in
all maneuvers.
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(a) Flight 4.
Figure 10. Constant-alpha maneuver data.
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(b) Flight 5.
Figure 10. Continued.
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(c) Flight 12.
Figure 10. Continued.

21

(d) Flight 13.
Figure 10. Continued.
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(e) Flight 14.
Figure 10. Continued.
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(f) Flight 16.
Figure 10. Concluded.
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Figure 10 also shows flightpath angle, angle of attack, and elevon position for each maneuver.
Although these parameters were relatively constant before entering ground effect, the flightpath angle, γ,
became less negative as the airplane approached the runway. This effect occurred while angle of attack
remained constant or even decreased in some cases. This natural flaring of the flightpath is a distinct
indication of increased lift due to ground effect. Although the constant-alpha maneuvers provided data in
a dynamic ground-effect situation (γ ≠ 0), the rate of descent was not constant.
Because the pilot attempted to maintain a stabilized glide slope before entering ground effect,
variations in the data obtained during the OGE portion of each maneuver (h/b > 1) indicate the quality of
the force and moment measurements. The variations from the mean were calculated during the OGE time
intervals, and standard deviations in the lift, drag, and pitching moment coefficients were found to be
approximately 0.02, 0.003, and 0.002, respectively. These uncertainties are primarily attributed to
atmospheric disturbances, sensor noise, and residual oscillatory dynamics (not included in the force and
moment calculations).
A least-squares method was used to fit the lift data to a –1.5 power law relationship with the height
above ground, as discussed earlier. Although the resulting curves (also shown in figure 10) match the
general trend of the flight data, the fit is not as good as that of the analytical data in figure 9. Despite this
case, the power law curve fit process is believed to provide a useful method for extracting data at specific
altitudes for correlation with other data sets.
The consistency of the lift and pitching moment data is better than that of the drag data, which is
expected, because the absolute magnitude of the drag increment caused by ground effect is much smaller
than the force increment in the lift axis. Similar results were observed in previous ground-effect flight test
studies (refs. 20, 21).
Figure 11 shows lift and pitching moment coefficients from the level pass maneuvers. As previously
discussed, the data have been adjusted to a common set of reference conditions (an angle of attack of 9°
and an elevon position of 10°). Because thrust levels varied with each level pass maneuver, drag
measurements were not reliable.

Figure 11. Level pass maneuver data.
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Compared to the constant-alpha maneuver, the level pass maneuver has several deficiencies. First,
seven level pass maneuvers were required to obtain the data in figure 11, whereas each constant-alpha
maneuver provided an equivalent set of data. The level pass technique is clearly less efficient in terms of
flight test operations. Second, the lift and pitching moment data from the level pass maneuvers are less
consistent than the data from the constant-alpha approaches. Whereas the constant-alpha maneuver data
analysis extracts ground effect from an incremental change in the forces and moments that occur during
the same maneuver, the level pass maneuver data analysis requires correlation of data from multiple
maneuvers. This lack of reference is believed to have introduced errors that were not completely
accounted for in the analysis process and is a fundamental disadvantage of the level pass test technique.
Figure 12 shows full-configuration, steady-state lift coefficient results at three elevon settings, each at
three angles of attack, from the Tupolev wind-tunnel test. When each set of ground-effect increments are
divided by the corresponding OGE lift coefficient, the normalized data sets collapse into a common
trend. Each set of data fits the –1.5 power law relationship reasonably well.
Similar results were found in the lift coefficient data from the wing planform model tests, which were
conducted in the NASA Langley wind tunnel under steady-state conditions (fig. 13). As shown, the
consistency of the wing planform data is very good.

(a) δe = 0°.

Figure 12. Full-configuration, steady-state wind-tunnel test data.
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(b) δe = 5°.

(c) δe = 10°.
Figure 12. Concluded.
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Figure 13. Steady-state wind-tunnel test data of the wing planform model, δe = 10°.

Figure 14 shows lift coefficient data, effective flightpath angle, and angle of attack from dynamic
wind-tunnel testing of the wing planform model. Considerable scatter is present in both the trajectory
data and the lift coefficient data acquired at the beginning of each run (h/b ≈ 1.5). The scatter was caused
by inertial forces and motions from the acceleration of the model. After this startup transient, the angle of
attack and flightpath angle were constant at the lower flightpath angles for the remainder of the two runs
(figs. 14(a) and 14(b)). For runs at higher flightpath angles (higher vertical velocities), the angle of attack
and flightpath angle decreased as the model decelerated at the end of the run. As previously discussed,
the effective angle of attack during the constant-rate portion of each run was 9.55°, and all lift coefficient
data shown for this test have been referenced to an angle of attack of 9.55° for consistency.
To test the wind-tunnel measurements and analysis techniques, data derived from the dynamic runs
were compared with steady-state measurements for the same model. For the dynamic tests, the planform
model had a lift coefficient of 0.532 during the initial descent (above ground effect) at an effective angle
of attack of 9.55°. These data compare well with the steady-state data.
For runs that simulated flightpath angles steeper than –1° (figs. 14(d), 14(e), and 14(f)), the entire
trajectories were at varying conditions. Although an increase in the lift coefficient caused by ground
proximity is evident in every case, the quality of the data degraded to an unusable level as runs were
conducted at the higher descent rates.
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(a) Nominal flightpath angle = –.24°.

(b) Nominal flightpath angle = –.48°.
Figure 14. Dynamic wind-tunnel test data of the wing planform model, δe=10°.
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(c) Nominal flightpath angle = –.98°.

(d) Nominal flightpath angle = –1.49°.

Figure 14. Continued.
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(e) Nominal flightpath angle = –2.17°.

(f) Nominal flightpath angle = –2.15 °.

Figure 14. Concluded.
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To be able to compare the results from the various data sets discussed in this report, the lift
increments caused by ground effect were normalized to the corresponding OGE conditions. The power
law curve fit was applied to each data set and used to determine a normalized lift coefficient increment at
a common height above ground (h/b = 0.3 was chosen, because it fell within the range of all the test
techniques). Figure 15 shows the resulting data as functions of flightpath angle, angle of attack, and
elevon position.
Figure 15(a) shows no distinct variation in normalized lift coefficient increments as a function of
flightpath angle, although the level pass value is larger than the other data. The normalized lift
coefficients from dynamic flight testing (γ < 0) are equivalent to the full-configuration, steady-state
wind-tunnel data. Comparisons of the planform data sets in figure 15(a) also indicate no apparent trend
resulting from a dynamic rate of descent (flightpath angle). With the exception of the level pass data, any
relationship between lift coefficient ground effect and flightpath angle for this configuration is within the
measurement accuracy of these methods.
This finding conflicts with results from other studies (refs. 6–14) that have identified differences in
ground effect related to rate of descent. In some cases, particularly for highly swept configurations, ratios
of steady-state to dynamic ground-effect coefficients as large as 2 have been reported. Such a large ratio
is not evident in the Tu-144 data sets.
Figure 15(a) also indicates that ground effect for this vehicle is not a strong function of other
parameters. For example, the full-configuration wind-tunnel test data, which had no engine exhaust flow
simulation and were obtained at low Reynolds numbers, compare reasonably well to the full-scale flight
test data. Furthermore, results from the simple, uncambered wing planform model compare reasonably
well to those of the flight vehicle. These conclusions imply that complex, dynamic wind-tunnel testing
might not be required to characterize ground effect for this particular configuration. Further research is
recommended to identify configuration or flight condition parameters that indicate the presence of
dynamic effects. Additional experimentation under controlled conditions with systematic variations in
configuration parameters (such as leading-edge vortex strength, and so forth) and trajectory might lead to
a satisfactory understanding of the DGE problem. The DGE wind-tunnel facility would be ideal for this
purpose if the quality of the data obtained at comparatively higher dynamic rates could be improved.
Figure 15(b) shows the normalized lift coefficient data as a function of angle of attack. All
constant-alpha approach flight data were obtained at angles of attack near 9°. Level pass maneuvers were
conducted at angles of attack that ranged from 5 to 8°; however, results from each maneuver were
adjusted to a reference angle of attack of 9° and an elevon position of 10° using free-stream derivatives,
as previously discussed. These corrections (which are large compared to the corrections made to the
constant-alpha method) further question the accuracy of the level pass maneuver data. In the wing
planform results, no similar variation in angle of attack is observed.
Variations in the normalized lift coefficient as a function of elevon position are relatively small for
the full-configuration tests (fig. 15(c)). All wing planform data were obtained at an elevon position of
10°, and the linear panel code data were independent of elevon position.
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(a) Varying flightpath angle.
9° ≤ α ≤ 10°.
9° ≤ δe ≤ 10°.

(b) Varying angle of attack and flightpath angle.
9° ≤ δe ≤ 10°.
Figure 15. Comparison of normalized ground-effect increments, h/b=0.3.
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(c) Varying elevon position and flightpath angle.
9° ≤ α ≤ 10°.
Figure 15. Concluded.

CONCLUDING REMARKS
Ground-effect characteristics of the Tu-144 supersonic transport airplane have been obtained from
both dynamic and steady-state flight test maneuvers, and from a steady-state, full-configuration
wind-tunnel test. A simple model of the Tu-144 wing planform was also tested under both dynamic and
steady-state conditions using a developmental wind-tunnel model support system. Panel code predictions
of ground effect for the wing planform were also obtained. Ground-effect increments from the various
studies were compared by normalizing the coefficient data to out-of-ground effect (OGE) conditions and
fitting the results to a power law trend.

Aerodynamic Findings
Results from the panel code analysis and steady-state wind-tunnel testing of both the fullconfiguration and wing planform models were found to be highly consistent and fit the power law
relationship very well. Results from the dynamic flight tests, obtained during constant-alpha approaches,
exhibited more scatter and some oscillatory trends, but these results compared favorably with the data
from the steady-state, full-configuration wind-tunnel tests. Data from the steady-state flight tests,
obtained during the level pass maneuvers, indicated slightly higher values of ground effect in the lift axis,
but the data quality was relatively poor.
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Data from the dynamic wind-tunnel tests were highly consistent for runs at low descent rates. The
OGE data from these runs successfully matched the steady-state wind-tunnel data for the same model,
further validating the dynamic test technique. Unfortunately, the effective flightpath angles for these runs
were lower than those of the typical airplane landing flightpath. Data quality at higher descent rates was
diminished by relatively large inertial forces, which complicated the balance measurements and limited
the consistency of the model trajectory. Despite these limitations, the dynamic wind-tunnel tests
indicated no significant variation in ground effect as a function of effective flightpath angle for this
configuration. This finding conflicts with findings from previous studies of low-aspect-ratio, swept-wing
configurations, which showed large differences between dynamic and static ground effect. Further
research is recommended to identify controlling parameters that are responsible for these differences.

Test Technique Findings
The current dynamic wind-tunnel test data set presented in this report had several limitations, but this
test technique might be highly valuable in future ground-effect research. In particular, the current data
were obtained during pathfinder testing of the newly developed dynamic ground effect (DGE) model
support system. Future improvements based on the current experience might lead to a capable system in
terms of both operational effectiveness and test envelope. This type of system might be required to obtain
parametric data to determine the controlling aspects of DGEs.
Although flight testing offers the only opportunity to validate ground-effect prediction
methodologies, this type of measurement remains a challenging undertaking. The optimal flight test data
in this study were obtained during constant-alpha approaches in which the results could be extracted from
incremental changes from OGE reference conditions. Although 19 constant-alpha approaches were
attempted, only 6 were acceptable for analysis. In future projects, more flight test time should be devoted
to practicing and repeating the maneuvers to ensure a sufficient set of usable data. The level pass
maneuvers required substantially more flight test time and were of limited value, primarily because of
uncertainties in the determination of thrust variations between maneuvers.
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