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1 a preliminary sizing study are presented to establish preferred model size and test
speed trends.

Candidate facilities are reviewed and general considerations of model support
provisions are analyzed. Five experimental systems are selected for detailed study
that include three different facilities; the NASA Langley V/STOL Wind Tunnel, the
NASA Ames 40- by 80-foot Wind Tunnel, and the NASA Langley Vortex Research Facility
Test Track.

A technical and cost evaluation of the five experimental systems is conducted
to establish the feasibility of accomplishing the experimental objectives and the
cost of doing so.

Finally, the factors pertinent to selecting the experimental approach are
reviewved and summarized,

An experimental approach is recommended utilizing the WASA Langley Vortex
- Research TFacility in a two-phase program. Prior to commencing this program, a

;f pilot program is suggested, utilizing existing model and instrumentation equipment,

j to demonstrate the feasibility of the experimental procedure and to acquire pre-
. liminary data for correlation with analytical methods.
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FOREWORD

The results of a study on STOL aircraft transient ground effects are
presented. This study consisted oi two concurrent tasks which are reported on

separately as Parts I and II.

Part I. Fundamental Analytical Study — The objective of this task was to establish,

through a fundamental analytical study, a theoretical framework for the development
of methods for predicting aerodynamic characteristics of STOL aircraft in ground

effect.

Part II. Experimental Techniques Feasibility Study - The objective of this task

was to investigate the feasibility of conducting trvansient model tests of STOL
aircraft simulating takeoff, approach, and landing, to enable, in terms of facility,

testing techniques and cost, an experimental approach to be selected.

This study, conducted under the technical direction of D. N. Smyth of the
Powered 1ift Technology Development Section, Aerodynamics Subdivision of the
Douglas Aircraft Company, was sponsored by the NASA Ames Research Center under
Contract NAS2-8653, Mr. J. P. Crowder was the principal investigator for the
Experimental Techniques Feasibility Study and Mr. M. I. Goldhammer served as
the principal investigator for the Fundamental Analytical Study. The NASA project

engineer was Mr, David Koenig of the Large Scale Aerodynamics Branch.

The authors gratefully acknowledge the contributions made by Mr. R.L. Jomes
ip the design and layout of the models and support mechanism developed for the
Feasibility Study. He was assisted in these endeavors by Mr. R. Ferris, whose
contributions are also appreciated. A number of other people contributed to

various phases of the work reported herein for which the authors are grateful.
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1.0 SUMMARY

o e o i IR btk e 1

The results of a feasibility study of techniques for the experimental
investigation of transient ground effects for STOL aircraft are presented.
% The pufpose of this study is to enable the most suitable experimental approach,
in terms of facilities, model testing techniques, cost, ete., to be selected
for future testing. The results of this study are generally appliecable to
STOL aircraft configurations employing any of the following powered 1ift

systems:
o Externally blown flap i
0 Upper surface blown flap ?
o Augmentor wing %
o Internally ducted jet flap :

FEPRERENETIE e

The simulation requirements to model the landing and takeoff maneuvers

are established for a nominal STOL configuration representative of the powered

lift systems listed above. Scaling relationships are developed to permit the

LA R A R R e

model scale simulation requirements to be established,

Procedures for the extraction of aerodynamic forces from the measured

B R S S A RN NS

data are discussed. Various means of expressing the aerodynamic data in forms
convenient for use in performance or stability and control applications are

described,

R,

Five different techniques are presented for simulating the landing and

takeoff maneuvers that depend on two different types of experimental
% facilities, wind tunnels and test tracks, and involve different types of model
motion. Engine simulation procedures are reviewed and the conclusion is
reached that in the present instance direct supply type simulators are
preferable to the ejector or air-turbine driven fan simulators. The results
of a preliminary sizing study to establish preferred model size and test
speed trends are presented. This sizing study considers limitations due to
4 - frequency response, inertia loads, Reynolds number, and'éngine simultator

drive air requirements. Criteria are established for model size based on the

need to minimize wind tunnel wall interference while the position of the model

e T
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within the test section varies. A discussion of procedures to minimize wind
tunnel ground board boundary layer simulation errors with BLC jet blowing is

presented.

Candidate facilities are reviewed on the basis of on-site inspections
and their ability to accommodate the motion simulation techniques, GCeneral
considerations pertaining to model support provisions are analyzed. Five
experimental systems are selected for further detailed study. These include
three different facilities; the NASA Langley V/STOL Wind Tunnel, the NASA Ames
40~ by 80-foot Wind Tunnel, and the NASA Langley Vortex Research Facility Test

Track,

A technical and cost evaluation of the five experimencal systems is
conducted to establish the feasibility of accomplishing the exverimental
objectives and the cost of doing so. The technical evaluation of the systems
is mainly concerned with the ability to resolve the time-varying-forces on
the model as affected by the dynamic response characteristics of the model
support and actuator system, The cost evaluation relies on detailed design
studies of the equipment comprising the experimental systems. The three
major components of the transient ground effect apparatus are: model, support
and actuator, and instrumentation. Estimated costs for these components are

presented.

Finally, the factors pertinent to selecting the experimental approach

are reviewed and summarized. The most important considerations are:

0 Ability to comply with the simulation requirements

1
0 Cost of developing and installing the apparatus and model
0 Cost of conducting the experiment,

An experimental approach for the determination of STOL aircraft
transient ground effects is recommended utilizing the NASA Langley Vortex
Research Facility test track in a two-phase program, Prior to commencing
such a program, a pilot program is suggested, utilizing existing model and
instrumentation equipment as much as possible, to demonstrate the feasibility
of the experimental ptrocedure apd to acquire preliminary data for correlation

with analytical metheods,
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2,0 INTRODUCTION

The aerodynamic influence of ground proximity has been established as
being potentially important in relatioﬁ to STOL aircraft performance, stability,
and flying qualities. Wind-tunnel investigationé conducted either with fixed
or moving ground planes have also established that the nature and magnitude
of aerodynamic characteristics in ground proximity tend to be critically
sensitive to aircraft geometry, attitude, and ground clearance, and in the
case of jet-flap lift augmentation schemes, to jet disposition and inclinatiom.
There is evidence to suggest, however, that the transient nature of STOL air-
craft in takeoff and landing may not be adequately predicted by such station-
ary model experiments. The stationary wind-tunnel model with the ground
plane parallel to the mainstream can simulate neither the correct model

attitude nor the dynamics associated with changing altitude.

Various procedures for correctly simulating the landing and takeoff
transients for STOL aireraft model tests have been identified and in the case
of reference 1, one such procedure has been implemented. The results showed
moderately large and distinctive transient ground effects. However, that
experiment was of limited scope and was probably affected by significant
experimental error due to flow blockage and limited instrumentation transient

respoinse.

In the current study, procedures are examined for simulating transient
effects of STOL aircraft landing and takeoff maneuvers and a basis is
developed for selection of an experimental approach in terms of gimulation

requirements, experimental techniques, facilities, and costs.
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3.0 AERODYNAMIC AND PERFORMANCE SIMULATION REQUIREMENTS

3.1 Properties of STOL Transport Aircraft

Four types of STOL powered lift systems have been identified as being
of interest in experimental transient ground effect studies because of their
effectiveness in producing the high 1ift required for STOL operations:

o Externally blown flap

o TUpper surface blown flap

o Augmentor wing

o Internally ducted jet flap
These four types of 1ift systems can all be considered essentially similar in
their action on the aerodynamic flow field and its interaction with the
ground. The dominant feature of this flow field is a jet sheet emerging from

the wing trailing edge deflected dowvnward at a large angle.

The differences between the 1lift systems, as they relate to transient
ground effeect experimental simulation, are relatively minor. For a given
jevel of takeoff or landing performance these differences could be expressed

as variations in wing loading, thrust—to-weight ratio, etc.

A detailed examination of the relative performance of these powered
1ift systems was conducted by Douglas under contract to NASA Ames Research
Center, and is reported in referemce 2. One conclusion drawn from that work
is that the variation of aircraft geometrical parameters between the

different STOL concepts, designed for the same mission, is less than the

variation of these parameters for a single STOL concept designed for a

possible range of mission parameters such ag field length, cruise speed,
noise, ete. In particular the externally blown flap and the upper surface
blown flap configurations were shown to be very similar, while the augmentor
wing and internally ducted jet flap configurations were cousidered to be
almost identical in terms of landing and takeoff performance. In other
words, most of the values of these geometrical parameters are a cousequence

of the mission, not the STOL concept.

g e
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It was concluded for the degree of precision possible in the present
studj, that all of the STOL concepts listed above can be equally well
accommodated by a common experimental capability for simulating transient
ground effects. Accordingly, a single representative STOL aircraft configu-
ration was selected to define the capabilities the experimental apparatus
must fulfill. It is expected that all the identified STOL concepts could
be tested equally well with this apparvatus, if the configurations were
designed for a common mission. Configurations developed for significantly
different missions may require capabilities outside the range under consider-
ation, Such an eventuality may dictate either additional capability for the
apparatus or a relaxation of the test conditions. The conclusions and
recommendations developed in the course of this study can be easily extended

and modified to account for any such foreseeable configuration perturbations.

The geometrical characteristics of the STOL transport configuration
selected for this study are summarized in table 1 and a three-view drawing

is shown in figure 1,

; . ‘__m__“____17h;___‘hm_*“__
- — R— ——————
PEEr e r R fruny, g
‘o——-—d‘l " ~— = n . ® - - -
- ' = 7}
= " g, e
i D
| : !
( '€ - . et Feet —
-, - =
L._\ - .&_—4/4.“ J" .
'—"—:". i g\ . —/-__ 3" t;
e = ] .4 v 7 e f
\l ):’ /’
~ - ) g “ . /
\ el T = -2 - /
v/ - v -
\ - A — "

FIGURE 1, NOMINAL STOL TRANSPORT CONFIGURATION
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TABLE 1, NOMINAL STOL TRANSPORT GEOMETRICAL PARAMETERS

Powered Lift System Externally Blown Flap
Number of Bngines _ 4
Wing Area, S 162 m2 (1740 £t2) T
Wing Span, b ' 33.5 m (110 ft) X
Wing Mean Aerodynamic Chord (MAC),c 5,27 m (17.3 ft) N
Wing Aspect Ratio, R 7.0
Propulsive Jet Area, Aj 1.86 m2 (20.0 ft2)
Static Wing Height, h, 0.153 b
Horizontal Tail Spam, by 0.514 b
Horizontal Tail MAC, EH 0.687 ¢
Horizontal Tail Length, Ly 0.563 b
3.2 STOL Transport Landing and Takeoff Maneuvers
Of the parameters that describe a landing or takeoff mameuver, many are

independent of the particular configuration. Such parameters as touchdown
sink rate, flight path angle, aircraft rotation rate, maximum attitude angle,
etc., are specified by operational or control considerations. Other para-
meters (i.e., velocity, thrust to weight ratio, ete.) are governed by the
mission performance regquirements. Relatively few are dependent on the

aircraft configuration,

3.2.1 Nominal Landing

A nominal landing trajectory for the STOL aircraft defined above is
described in figure 2, The various parameters are presented as functions of
height. The initial portion of the maneuver is a constant speed and descent
rate approach to the flare height. The approach speed is usually defined as
a certain function of the stall speed. The approach flight path angle is

limited to certain levels due to operational considerationg.
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At the flare height the 1ift of the aircraft is quickly increased
through a combination of direct 11ft control spoiler actuation and aircraft
rotation. The resulting normal acceleration is sufficient to decrease the
sink rate to the required touchdown value. Throughout the maneuver the

speed, thrust, and hence momentum coefficient remain very nearly constant.

A distinet characteristic of a STOL aireraft landing maneuver is the
high touchdown sink rate. Performarnce calculations and flight simulator
studies have demonstrated that a high touchdown sink rate is necessary
both to reduce the air run distance as well as to improve piloting precision.
The touchdown sink rate considered in the present instance of 3.1 m/sec
(10 ft/sec) is typical of military STOL transport aircraft. Commercial STOL
transport aircraft would tend toward lower values, but probably not less than
1.5 m/sec (5 ft/sec). By way of comparison, the maximum operational touch-
down sink rate for commercial CTOL aircraft is generally considered to be

0.9 m/sec (3 ft/sec).

One consequence of the high touchdown sink rate is that the flare
accelerations are not very great and that portion of the maneuver is of wvery
short duration. Thus the airspeed remains very nearly constant and longi-
tudinal accelerations are negligible, allowing a simpler trajectory simu-
lation. Another comsequence of this is that the trajectory simulation is
made considerably more difficult by the need for very high accelerations to
arrest the model sink rate close to the ground but without actually maklng

contact.

A summary of the maximum values of the pertinent parameters for the

nominal landing maneuver is provided in table 2.




TABLE 2. MAXIMUM VALUES OF LANDING PARAMETERS

= 45 m/sec (148 ft/sec)

= -5.2 m/sec (17 ft/sec)
= 1.4 m/sec? (4.6 ft/sec?)
10 deg

= 6.8 deg/sec

= 8.0 deg/sec?

= ~ ~6.0 deg

= 1.06

O = @loe @ JiE <
1l

3.2.7 Nominal Takeoff

A typical takeofif maneuver is similarly described in figure 3. This
maneuver consists of a pre—-lift-off rotation, which continues after 1lift-off
to a maximum a:titude angle specified by operational limits. The remaining
elimbout and acceleration portion of the maneuver occurs at the maximum
attitude angle. Again the speed and momentum coefficient remain nearly
constant throughout the maneuver. The normal acceleration of the aireraft
is much greater than in the landing. The vehicle continues to accelerate at

a low rate and never quite reaches an equilibrium flight path.

The range of aerodynamic conditions occuring throughout whe landing
and takeoff maneuvers are dissimilar and, as a consequence, the ground
effects are expected to be different, The landing maneuver involves high
1ift and high drag conditions with the major ground effects being a change
in 1ift. In the takeoff maneuver the 1ift levels are slightly lower and the
drag is much less, with the result that the significant ground effect is
usually felt as a change in drag. It is not possible to ascertain, in
general, which maneuver is more significant, in terms of possible transient
ground effects. Therefore, it is important to retain the capability of the

experimental apparatus to accurately simulate both maneuvers.

A summary of the pertinent takeoff paraméter maximm values is shown

in table 3.
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TABLE 3. MAXIMUM VALUES OF TAKEOFT PARAMETERS

56 m/sec (184-ft/sec)

v =

h = 6.4 mfsee (21 ft/sec)

ﬁ = 2.3 m/sec (7.5 ft/sec )
8 = 16 deg

6 = 7.4 deg/sec

6 = 8 deg/sec

¥ = 6.7 deg

Cu = 1.08

3.2.3 Simplified Maneuvers

The maneuvers described above involve rotational and translatiomal
accelerations of the aircraft, and require a complex apparatus to simulate
this motion. It is of interest to examine the realism of maneuvers which are

simplified from the actual flight trajectories.

The simplest simulation would involve a straight flight path with no
acceleration nor rotation., This could represent the most extreme type of
STOL landing maneuver with touchdown at the approach sink rate, except that
in general the aircraft would experience some acceleration due to ground
effect, The takeoff must always have some acceleration since the ascent rate
must start from z2ro at lift—-off, Therefore this simplified maneuver could

not closely correspond to either a landing or takeoff maneuver.

A maneuver simulation involving only acceleration with no rotation does
correspond to a realistic flight trajectory, if direct 1ift control {(DLC) is
employed. TFor current STOL transport airtraft, DLC is used to generate most
of the acceleration capability in the landing flare. The utility of aircraft
rotation for generating the required additional 1ift tends to be 1imited by
several factors such as slow response and operational limits on maximum
attitude angle. A landing maneuver with no rotation, with all the flare
acceleratlon provided by DLC is presently considered a viable alternatlve

for STOL transports under study. It may therefore be p0551ble to limit the

experimental program to the study of such simplified maneuvers because of the. fi;:

11




51mp11f1cat10n to the experimental apparatus entailed by elimination of the
need for model rotation, It appears less likely that the talkeoff maneuver
would Dbe performed with no rotatiom. A lack of model rotation capability

may then limit the ability to simulate the cowplete takeoff situatiom.

3.3 Scaling Relatiomnships

3.3.1 Power Effects

The most prominent feature of STOL jet powered high 1lift systems is
a jet sheet deflected downward from the wing trailing edge. The.interaction
of this jet sheet with the flow field generates the high 1ift coefficients
required for STOL cpération. The parameter that describes the magnitude of
the jet induced forces is the jet momentum. Im non-dimensional form the jet

" momentum ccefficient is defined as

w

This can be expressed in terms of jet Mach number as

2
.. Y P, M2 AL
" %mean-sW
2
¢ - -3 (51)
u SW M

Proper simulation of the jet and wing flow field requires that the model
operate at the full scale momentum coefficient, If geometric similarity is

to be maintained, the jet exitHWing area ratio, AJ/SW, must be correct so that
the jet Mach number ratio, Mﬁ/Mm, must therefore be maintained. The full
scale jet Mach numbers for some STOL concepts are in the high subsonic range.
_Compre551h111ty effects, such as strong shock waves and attendant separations
have been avoided in most practical STOL alrcraft but it is Iikely that the
jet Mach number camnot be greatly increased without rumning the risk of such
efﬁecﬁs. Therefore the model jet Mach number should be lLimited to .a value
equal to or less than the full scale value. This implies a similar limit on

the freest:eam Mach number.

12
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Another feature of jet propulsive and powered high lift systems is the
engine inlet flow field. For the model scale situation, it is difficult to
completely simulate the full scale inlet mass flow rate. The various types
of engine simulators available for this task can offer varying degrees of
inlet flow simulation ranging from zero to about 80%. As might be expected,
the difficulty of accomplishing such simulation increases as the percent of
complete simulation inereases. The relative cost-benefit factors involved

must be examined for the particular experimental requirements.

In the present instance the judgement is made that inlet flow simulation

is relatively unimportant. This is based on the recognition that, for EBF
configurations, and others of a similar mature, the nacelle inlets are
relatively remote from the aerasdynamic flow field of interest. Typically
they are about two chord lengths ahead of the wing trailing edge. The
perturbation velocities associated with the inlet flow can be expected to
decay to insignificant levels within this.distance. Furthermore the
perturbations that do exist can be expected to be unaifected by the ground

effect and thus mot contribute to the incremental effects under study,

Significant experimental simplifications can be realized if, instead of
a partially correct inlet flow, it does not exist at all. This eliminates
the need to measure the inlet flow rate to correct the model forces to
account for the inlet ram drag at the correct flow rate. Such inlet flow

rate measurements tend to be difficult to perform with sufficient accuracy.

3.5.2 Reynolds Number

Customary aérodynamic similarity considerations for low subsonic flows
require that model Reynolds number be as close as possible to the full scale
value, Without going to the added complexity of a pressurized wind tumnel,
this requires that the test velocity inéfeaSE inversely to model size. '
However, the velocity is comstrained by jet Mach number limitations as
expiained above as well as the mechanical difficulties of accomplishing

proper model motion at high speeds.
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Reynolds number similarity is important where viscous effects pre-
dominate, Tor experimental situations involving complete aircraft, the major
offect of testing at too low a Reynolds number is degraded modeling of the
high tift situation, especially near CLmax‘ In some respects the present
experiments may tolerate less exact Reynolds number simulation because landing
and takeoff maneuvers are being simulated. As such, there is no need to match
full scale CLmax values since operational rules require a certain margin
from CLmax' A further relaxation of Reynolds number similarity requirements
can be rationalized in the present instance by recognizing that the prinelpal
flow components involved in the ground effect simulation are the trailing
edge flap and jet wake regions. The wing leading edge is only important in-
so—far as assuring that the flow in that region remain attached, An
effective leading edge device to provide protection at a particular design
point can be provided. If necessary, an unrepresentative leading edge
configuration (i.e., larger than full scale slat, boundary layer blowing,
etc.) can be incorporated., A further consideratiom, for jet powered high
1ift systems, is that the entrainment into the turbulent jet flow tends to
provide a useful amount of boundary layer control, -making such flows

tolerant of low Reynolds number situations.

Most preliminary development wind tﬁnnel testing of STOL powered lift
systems has been conducted at Reynolds numbers substantially less than
1(10)6. This has been dictated by engine simulator drive air limitations
and model size restrictions to permit low cost and convenient exploratory
work. Generally, experience has shown the results to be satisfactory to
Reynolds nuvmbers as low as (. S(ldﬁ although the bulk of both 1ndustry and
NASA experience has been concentrated in the range of 0. 6(10) to Q. 8(10)
based on wing chord. Wind tunnel tests below this level have tended to be
less satisfactory due, not only to the low Reynolds number, but also due to

the difficﬁity measuring model data at low freestream dynamic pressures,
Wind tunnel test results at these low Reynolds nunbers have been

acceptable because of the exploratory nature of the tests and an 1nterest

in incremental effects rather than absolute levels, There have been

%
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relatively few instances where a specific Reynolds number survey has been

conducted as part of a powered STOL model test.

Reference 3 presents results of a Reyuolds number survey for an
externally blown flap conflguratlon. In that test the Reynolds number was
varied over the range from 0. 47(10) to 1.36(10)6. The principal conclusion
was that "... the aerodynamic characteristics of the model were not
significantly affected by changes in Reynolds number through the range tested

except above the stall ..."

A review of the reported data shows differences
between the runs at different Reynolds numbers that might not be considered

insignificant., However, these differences do not show any consistent

Reynolds number effect and are generally rather irregular, Effects on lift

as great as ten percent are shown, but appear as both positive and negative

increments with increasing Reynolds number.

Another source of Reynolds number effects on STOL wind tunnel model
agrodynamic characteristies can be found in reference 4, Figure 18, for the
unpowered situation. These data show considerably better consistancy than

the data of reference 3. In the linear lift curve range the effect of
Reynolds number is small for values ranglng from 0. 53(10 to C. 75(10) For
the data at a Reynolds number of 0. 38(10) , a trend away from all the other

data is just discernable.

The above considerations lead to the conclusions that conventional
Reynolds number simulation requirements can be greatly relaxed for STOL model
powered high 1ift testing. However, there still remains a. minimum Reynolds
aumber limit. The magnitude of such a limit is difficult to predlct for all

experimental situations, but would praobably lie between 0. 2(10) and 0. 5(10)

. The overall experimental feasibility in the present instance, is

probably not strongly affected by increases in Reynolds number above the

minimum level. It may be, however, that the general data quality would benefit

from a Reynolds number much greater than the w._iimum level.
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3.3.3 Trajectory Parameters

The feasibility of simulating the landing or takeoff frajectory to study
transient ground effects depends strongly on the mechanical problems of
providing the proper motions and accelerations. Model scale motion parameters

are defined in terms of a pair of independent parameters; velocity factor,

Model Scale Velocity

¥y T TFull Scale Velocity
and size factor,
F _ Model Scale Size
s Full Scale Size

The dependence of the various trajectory parameters on Fv and FS
are summarized in table 4. This table describes the parameter dependence in
terms of the exponent of the Fv and Fs factors such that for a given

parameter, P,

- (ey) pleg)
p = pREV P

where p* denotes the full scale parameter.

Notice that angles, such as o and Y, are unchanged with scale. Also,

higher order derivatives scale as the ratio of their differentials, i.e.,

TABLE 4. TRAJECTORY PARAMETER SCALING RELATIONSHIPS

Parameter e, eS
Velocity, V 1 0
Spamn, b 0 1
Height, h 0 1
Time, t -1 1
Angle of Attack, o 0 0
Flight Path Angle, ¥ 0 0
§ink Rate, h 1 0
Rotation Rate, g, 8 1 -1
Vertical Acceleration, ﬂ 2 -1
Rotary Acceleration, & 2 -2
Frequency Response, f 1 -1
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3.3.4 Frequency Response

A fundamental comsideration in the experimental simulation of tramsient
events is the freguency response requirement of the instrumentation measuring
the time-varying forces, A struectural system comprising a force balance,
support structure and motion actuators can be described as a spring, mass,
and damper system, The balance readout will be proportional to the displace-
ment of the model relative to the balance ground strugture. This will depend
on the resporse of the entire structural system to the input time-varying
forces. The ability to measure these input forces will require an accurate

knowledge of the balance system response to the imput excitation forces.

The response characteristics of a spring, mass, damper system can be
most conveniently described by the ratio of output to input forces as the
system is excited by a periodic, simple harmonic foreing function at discrete
frequencies ranging from zero up to the highest frequency of interest,
Typical response characteristics of such a system show an initial flat
response at low frequencies and a monotonic decrease at high frequencies.,
At intermediate frequencies there may be resonance points where the output
is amplified or attenuated. The flat portion of the response curve can be
considered to extend up to the frequency where the output force deviates from
the input by a specified tolerance. This defines the frequencf response of
the instrumentation system for flat response. Operatiom at frequencies
greater than the highest for flat respomse can be considered, but becomes
substantially more difficult, Further, operation near or beyond a resonance

frequency is probably impractical.

The frequency response required to measure the input forces to the
required accuracy will depend on the spegtral content of the Imput force func-
tion. This function, or force time history can be synthesized by integrating

the time derivative, dCy/dt, which can be derived by multiplying the height

17
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derivative, dCy/dh, determined from steady wogsurements, by the descent rate,
fi = dh/dt. The incremental effect of the trassieat maneuver on this force
time history is not known, but is probably much swaller than the steady

ground effect increment.

A hypothetical aerodynamic force time history, derivad from the data of
reference 5, figure 30b, for a steady descent rate is shown in Xigure 4, The
amplitude spectrum of this time history, analyzed by a Fourier integration
procedure, is presented in figure 5. The amplitude is seen to drop“steadily
from a high level associated with the fundamental frequency of the event, but
persists into the 1-10 hertz frequency decade, Also shown in figure 5 is
a curve depicting the local-to-total-power ratio. This ratio is seen to
reach 98 percent at a frequency of six hertz, This represents the frequency
below which 99 percent of the amplitude, which is the square root of the power
ratio, is experienced. Therefore, if the force time history is to be
resolved to within one percent of the correct value, fluctuating components

up to a frequency of six hertz must be measured,
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4.0 EXTRACTION OF AFERODYNAMIC AND STABILITY AND CONTROL DATA

The process of arriving at a description of the transient ground
effects from a set of experimental data depends on two different, but
eritically important, considerations. The first pertains to the resolution 4
of the aerodynamic data from the meagured data which may contain significantly
large inertia forces due to model accelerations. The second refers to the
procedure by which the aerodynamic data, essentially a time history of the
forees and motion parameters, are analyzed and presented in a form

convenient to the eventual user,

4.1 Extraction of Aerodynamic Forces and Moments from Measured Data

The aerodynamic forces and moments which are to be resolved from the
balance data are derived from the force components measured with load sensing
links within the balance. These force components include, in addition to the
aerodynamic force components, inertia forces due to acceleration of the model
and the support system., These inertia forces can approach the same order of
magnitude as the aerodynamic forces, so they must be resolved with the same

degree of precision.

The principal, or first order, inertia forces will be due to the
accelerations of the simulated trajectory motion, Higher orxder imertia
forces will undoubtedly be present due to mechanical vibration of the support
and actuator system. In general, only the first order inertia forces need to
be accurately determined. The higher oxder forces need only be known to the
extent necessary to design filter systems or otherwise compensate for their

effects,

The higher order inertia forces typically decay as the frequency

inereases except where a resonance condition is encountered. At a resonance

frequency, the force may increase or decrease, depending on the dynamic v
properties of the system. The preferred method of accounting for these
forces is through the use of filters to block the balance output above a

certain frequency.
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Two types of first order inertia forces will be experienced. The first
is due to the starting and stopping accelerations of the apparatus. These
forces will be quite large, but will not have to be resolved, since they will
not be pro&uced while aerodynamiec data are being measured, The principle
effect of the starting and stopping forces is to establish strength require-
ments for the.balance elements, This tends to require oversize balance
elements which may limit the balance accuracy. The starting acceleration
may also excite the structure at higher frequencies unless care is taken to
start the motion smoothly, with as close to simple harmonic motion as
possible. The magnitude of the forces can be controlled by allowing as
much distance as possible over which to perform this motion. In this regard
the landing trajectory presents a simulation difficulty because high descent
rates must be produced very close to the ground with small stopping distances

and large inertia forces.

The other type of first order inertia force is caused by the simulated
flight path acceleration of the particular maneuver studied, For both the
landing and takeoff maneuvers the acceleration is directed upward, causing a
dowvnward directed inertia force. This is opposite to the 1lift force direc-
tion, so would generally act to reduce the total force on the balance. The
vertically directed acceleration will produce inertia forces im all
components of the balance, depending on the balance orientation. They must
be resolved to the same degree of accuracy as that required for the

aerodynamic forces, since they are directly additive,

In general, the most straightforward approach to resolving these forces
will be to measure the accelerations directly with accelerometers. These may
be oriented in the vertical direction, and the fofcercomponents calculated,
knowing the model attitude, or accelerometers may be placed adjacent to each
balance element to measure the acceleration components. directly. The pro-
cedure and instrumentation system for resolving these inertia forces will
require experimental development. In any event, semsors and techmiques to
accomplish this with sufficient accuracy are reédily available so this
problem is not expected to limit the experimental feasibility of measuring

transient ground effects.
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4.2  Analysis of Aerodynamic Data

The best procedure for the amalysis of the aerodymamic data will depend,
not only on the nature of such data, but possibly on the eventual use of it.
Ground effect data are generally important for the analysis of landing and
takeoff performance and for handling quality investigatioms using f£light

simulators.

Existing analysis procedures for ground effect experimental data have
been developed for the steady problem, These data are derived from wind
tunnel measurements made at 2 constant ground height, or h = 0. The ground
effects are usually presented in the form of inerements in lift, drag, and
pitching moment coefficients, ACL, ACp, AGy, as functioms of angle of attack,
o, momentum coefficient, G, and ground height, h. These data are converted
ta three-parameter tables for use in the landing and takeoff performance

computer programs.

if it develops that the principal transient effects on the ground
effect increments are due to sink rate, ﬁ, for example, and that the other
parameters (o, g, h, etc,) have no significant effect, then it may be
possible to simply extend the present technique by including a fourth

parameter, E, in the tabular presentation of ground effect increments.

A more general presentation may be possible if the force coefficients
can be expanded in a series of linear, independent derivatives. The 1lift

coefficient, Cp, for example, could be expressed as

Cr, CLg + CLma + Cgeh + CL(&,é)“ i
where all terms are functions of altitude, h, and momentum coefficient, Cu‘
The first term in this expression, CLO, is the 1ift at zero angle of attack.

The remaining terms are expressed in subscript notation such that

C. '.-_'—B-EI—‘ C-:-E.EL Cou =—a.(—:.E=-a-.EL-
L. do ° Lh sh ? L(a,e) 58 e




The lower order terms, CL0 and cLa’ will be evaluated from the steady,
ji.e., i = 0, runs. It is expected that the next terms, CLﬁ and to a lesser
extent, CL(&+§)’ will contain the bulk of the transient effects, This
process will depend om these derivatives being nearly linear over the range

of interest.

The experimental procedure to determine the CLﬁ term is fairly simple.
First the steady ground effects are established by runs at constant height,
h. MNext, a series of trajectories simulating constant sink rates, or flight
path angle, are simulated. These trajectories might carrespond to a range
of flight path angles such as Y = 2°, 4°, 6°, 8°. The differences between
the two series of rumns at a certain height, h, yield the tramnsient effects

due to 0.

The effects of airplane rotation, that is the rates of change of angle
of attack, &, and airplane attitude, é, may be difficult to separate in
ground effect since changes of one parameter are not independent of the other
for a particular altitude, h, o¥ sink rate, h., The suggested approach is to
evaluate these effects in a combined (&+é) term. For example, runs are
made at several constant altitudes, h, with one value of o and at several
constant descent rates, f, with the same o. Direct correlation is then made
at the corresponding altitude points and with the base case non-rotating
conditions., The effects of DLC are evaluated in a similar fashion. The
spoiler is deployed, in a manner analogous to the o maneuver, at several

constant altitudes and sink rates.

The foregoing discussion describes a procedure to extract derivatives
or other local point results. An alternative approach is to examine the
global transient ground effects. One possible procedure is to measure the
force history throughout a complete simulated maneuver and compare that with
a synthesized force history based on steady data. The differences between
the two sets of data allow a gualitative evaluation of the transient effects
during a complete maneuver. Time or height lag effects are evident from such

a comparisomn.
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Another possible techmique is to simulate a trajectory which had been
computed as an equilibrium maneuver using steédy ground effect data. The
forces measured during the trajectory simulation are presumably different
from those used in calculating the trajectory inm the first place. In order
to assess the effect of these differences, the measured forces, cdntaining
the transient effects, are used to compute a revised trajectory. Presumably
this revised trajectory is different in several respects from the original
trajectory, such as air run distance, touchdown sink rate, etc. This

difference is used as a global description of the transient ground effects.

The best analysis procedure, as mentioned earlier, will depend on the
results and so cannot be established at this time., Undoubtedly the simplest
procedures will be used initially and modified or extended as the results

warrant.
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5,0 EXPERIMENTAL TECHNIQUES

5.1 Motion Simulation

In general this study attempts to examine the feasibility of a complete
similation of the significant model motions involved in the landing and take-
off maneuvers. Still, the utility of simplified trajectory motion simulations
should be considered in light of potentially large cost savings or significant
enchancements of technical feasibility. The first order motion of such
maneuvers consists of a constant rate descent or ascent. It is logical tao
expéct that the most significant transient effects will be due to this simple
motion. The remaining trajectory parameters of significance, as discussed in
section 3.2, are vertical acceleration, aircraft rotationm, and.configuration
changes such as DLC spoiler actuation. The effect of DLC spoiler actuation
in the landing meneuver is similar to aircraft rotation, that is, an increase

in 1ift coefficient, except that it occurs at a much faster rate.

Four approaches to the experimental simulation of landing or
takeoff maneuvers have been identified. These are discussed in the
following sections in terms of constant rate descent, or landing approach,
and in terms of the landing flare. In additiom a fifth technique which is
a modification of the first technique, is discussed in terms of the landing
flare simulation. In most respects the takeoff maneuver is a reflection of
the landing maneuver, occurring in the opposite order, except for one
important difference. Landing maneuvers being considered for STOL aireraft
experience relatively high descent rates at touchdown whereas the ascent
rate at the lift-off point must start from zero. Thus the need to simulate
high model descent rates close to the ground and subsequently to arrest that
descent without damage leads to additional experimental complexity for some

of the techniques,

5.1.1 Constant Rate Approach

Figure 6 depicts the four techniques for simulating the model motiom of

a constant rate descent landing approach.

25

I SN NS B

P IREE

—paar i,




o 7

Vs ¥ | TECHNIDUE

/);/ B = Vop i (:)

VAN e

B 2

r_“*_%\iw—
Q,

a&f

Yeos ¢ (:>
Voeos &

TS T 7777 777 7777

Aoy

~ FIGURE 6. MOTTON SIMULATION TECHNIQUES FOR LANDING APPROACH

26




Technique number one is the direct analog of the full scale flight
situation. The model is moved through a stationary air mass with a combined
horizontal and vertical motiom. The total velocity, V, is directed along the
flight path at an angle, Y, to the horizontal ground plane. The angle of
attack, a, is the angle between the aircraft reference line and the flight
path., The attitude of the aircraft with respect tO the ground plane is given

4

by 8 =a + Y.

This technique requires the use of a track facility with a carriage
having vertical motion of sufficient travel to encompass the complete
height range of the flight path. The principal advantage of this technique
js the ability to directly model the lgnding and takeoff motion without the
need for any coordinate transformation. The main difficulty is that the
model, air supply, Sensors, gignal conditioning, and data acquisition
equipment must all be contained on the moving carriage which is limited imn

the amount of payload it can carry.

The second technique involves a rotation of the coordinate system S50
that the model path is horizontal., The model is moved through a stationary
air mass with a single component of motion equal to the flight path velocity.

The ground plane is tipped up at the flight path angle, Y, to the horizontal.

The advantage gained from this technique is that the need to provide
vertical motion of the model is eliminated. ©Not only does this make the
apparatus simpler, but it eliminates the inertia Fforces associated with
vertical accelerations in starting and stopping the model, The principal
digsadvantage, as with the first technique, is that the model and equipment

must be contained on a moving carriage.

Technique number three relies on the moving airstream of a wind tumel
to provide the horizontal velocity component while a traversing mechanism
moves the model vertically. Exact simulation of the boundary conditions at

the ground would require the ground to move at the same speed as the airstzeam.
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This requires a moving belt ground plane or some other form of boundary
layer control (BLC) to prevent the viscous boundary layer from adverseiy

affecting the simulation at high 1lift conditioms.

With this technique the total motion of the model is of limited extent
so that instrumentation and air supply connections can easily be made to
stationary equipment. In addition, higher airspeeds are generally available
from wind tumnels than from moving model track systems. This permits testing
at higher Reynolds numbers, although the difficulty of providing the scaled

motion at higher airspeeds increases correspondingly,

Technique number four utilizes essentially the same coordinate system
rotation as in technique number two, applied to the moving airstream
situation of technique number three, The model remains stationary while the
air mass moves with the flight path total velocity. Exact simulation of the
ground requires the ground plane to be oriented at the flight path approach
angle, Y, to the velocity vector, and to move toward the model at that
velocity. An essential simplification to the motion simulation required by
this technique is that the ground plane motion, which can be described by
the vector sum of parallel and perpendicular components, be reduced to just
the component perpendicular to the ground plane. The component of the ground
plane motion parallel to itself is fixed at zero, A boundary layer will
develop on the ground plane which may require BLC to avoid adverse

interference.

The angular orientation of the ground plane and its translation rate are
coupled such that the induced local angle of attack of the ground board
relative to the free stream airflow is exactly zero, The only significant
extraneous disturbance the translating ground board makes is due to the
viscous boundary layer buildup on the board, so long as the ground board is

of sufficient extent to contain the flow perturbations caused by the model.
The purpose of this unusual ground plane motion is to permit the model

to remain completely stationary. The model therefore,éxperiences no inertial

forces; the only forces are aerodynamic, The principle difficulties are:
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associated with providing the translational motion of the ground board,
especially during the starting and stopping process. The coupling between
angle and translational rate of the ground board require that at rest it
remain parallel to the free-stream direction. As it accelerates across the
flow the orientation angle must increase to maintain

Vg = ¥V tan y

As the board decelerates to a stop, its angle must decrease in the reverse
manner. The starting process can be simplified if an open jet wind tunnel is
used so that the full translational rate is achieved before the ground plane
enters the airstream. This motion requirement is complicated by the fact
rhat, in general, the full 1ift load of the wing will be felt as a reaction

force on the ground plane, necessitating the use of powerful actuators.

5.1.2 Landing Flare

The landing flare maneuver simulation techniques are depicted in
figure 7. Shown is a nominal flight path with a constant radius of curvature

and a touchdown sink rate of zero.

Technique number one, again, provides a direct model of the full scale
flight trajectory. The vertical motion of the model is provided by a
traversing mechanism which is pre~programmed to produce the desired
trajectory. For the model to maintain a constant angle of attack, it must be
rotated as the flight path angle changes. An increase in angle of attack
requires an additional rotation of the model. The vertical motion of the

model must be completely arrested before the ground is contacted.

With technique number two, the model trajectory remains straight, and
the ground surface is curved to simulate the flight path radius. Simulatien
of flight at a constant angle of attaék,requires no model rotation. A flare
maneuver would require additional model rotation but a simulated flare could
be performed with DLC operation which would mot require a rotational drive.
This procedufe would eliminate the need for vertical and rotational motion

mechanisms and the associated accelerations and inertia forces.
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For technique number three the required flare simulation motions are
nearly identical with technique number one. As the model descent rate is
arrested by the upward directed acceleration, the model must rotate to

maintain constant angle of attack.

Technique number four requires that the translating ground plane take on
a curved shape as it decelerates. The required curvature would correspond to
a segment of ths stationary, curved surface utilized in technique number two.
The ground board parameters, position, orientatiom, and shape would be coupled
to the translation rate through a pre-programmed serve actuator system. The
model could remain completely statiomary except to simulate a change in

angle of attack.

A modification to technique number one is possible where the exact
flight path simulation is maintained, but the required vertical motion is
greatly reduced. This is referred to as technique number five, The
trajectory is viewed in terms of a perturbation motion from some reference
line whirh is maintained horizontal. With technique number one, for example,
the reference line is parallel to the ground. In this case the perturbation
velocities correspond to the sink rates and range from 5.2 mf{s (17 ft/sec) at
the flare point to 3.0 m/s (10 ft/sec) at the touchdown point. The extent of
the vertical motion is at least 0.5 spams. If, instead, the horizontal refer-
ence line is chosen to be parallel to the approach flight path, the initial
perturbation velocity is zero and increases to a value equal to the change in
sink rate or 2.1 mfs (7 ft/sec). More important, the vertical distance from

the reference line is greatly reduced; about 0.05 spans, for a typical case.

5.1.3 Motion Simulation Errors

The motion simulation techniques discussed above all provide essentially
correct simulation, with two possible exceptions. The £irst is a consequence
of the viscous boundary layer development on the ground board in the wind
tunnel for techniques three and four. When this boundary layer encounters
the adverse pressure gradient field of the wing it develops separation

tendencies which may strongly affect the flow field at high 1lift conditions
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when close to the ground, These tendencies can be alleviated by various
houndary layer control (BLC) procedures which are discussed in greater detail

in a subsequent section of the report.

The second type of simulation error occurs with techniques number two
and four when a curved flight path is simulated with a straight motion. Two
aspects of this problem have been identified, The first is due to the free-
stream onset flow condition and does mot depend on the existence of a ground
plane. The second aspect pertains to the orientation of the ground surface

to the £light path.

The possible magnitude of these errors depends on the magnitude of the
flight path curvature encountered in the simulated landing and takeoff
trajectories. Figure 8 presents the flight path curvature for the trajectories
of figures 2 and 3. Shown is the flight path radius of curvature, pfc, as a

function of altitude, h/b.

The landing maneuver shows a sudden decrease in the radius at about
h/b = 0,2, corregponding to the DLC spoiler actuation point. The radius
gradually decreases further to a minimum of about p/c = 280 at a height of
about h/b = 0,1, and increases back up to pfc = 476 at touchdown. The
takeoff trajectory displays a more distinct minimum radius of about pfc = 242
at a height of h/b = 0,04. Above this height the radius of curvature shows

a steady increase as the normal acceleration drops off,

Flight along a curved flight path through a stationary air mass is
exactly equivalent to a stationary aircraft in an onset flow having a solid
body type rotational motion. Such a flow has a variation in local angle of
attack along the length of the configuration and has a vertical velocity
gradient corresponding to a steady shear flow. For a flight path radius of
curvature of ©0fc = 240, an aircraft element such as a chord length will have

an induced angle of attack variation of

Ao = arc sin cf/240c = 0.24 degrees
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Similarly, a length element corresponding to the tail arm (£t = 3,6c)

experiences an angular increment of
Aa = arc sin 3.6¢/240c = 0.86 degrees

In general, angle increments of this magnitude acting on lifting surfaces with

typical 1lift coefficient derivatives on the order of

dCL/da = 0,08

might be expected to suffer from a simulation error omn the order of

ACL = 0,08 x 0.24 = 0,02
for a wing alone or
AC. = 0,08 x 0,86 = 0.07

L

for a tail surface, which may be significant in some situations.

Tf the magnitude of these errors can be accurately assessed and
demonstrated to be insignifican:z, or easily corrected'for, very significant
experimental simplifications are possible. Most practical analytical
formulations require a potential flow situation (i.e., a velocity potential
can be defined). In general, rotational flows are not potential flows,
but the present sgituation of a stationary airfoil immersed in a rotating
fluid is a special "rotational" flow which can be analyzed by potential

methods since the perturbation flow is irrotational.

In the stationary airfoil reference system the flowfield is described by
the combination of two streamfunctions, wR and wP’ which are the stream-

functions of the rotational and potential parts of the flows, or,
b= Mgt

For the present potential flow problem
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where w® is- the fluld vorticity, twice the angular veloeity of the fluid,
and R is the distance from the center of rotatlon. Both ¢R and wP

satisfy the mass conservation condition and the fluld vort1c1ty is given by
2 = 2 4+ v2
v2p = Ry, + VR

Therefore, since V2¢k' = w®, the perturbation streamfunction satisfies the
Laplace equatioﬁ and can be determined from potential methods. The super-
position of rotating and potential flows is only possible because of the
constant vorticity throughout the flowfield and invariance from streamline
to streamline. The boundary condition of the potential part of the flow can
be determined by considering the condition of zero normal flow along solid

body boundaries,

B - 0
9s
_ g Ny
s as
or,
i .
9s 2s

Thus the potential solution boundary condition specifies a normal velocity

to cancel the normal rotational flow along solid boundaries.

The Douglas Neumann 2-D potential flow program (reference 7) was
nodified to calculate the streamfunctions and the surface pressures for the
special case. The pressures are determined using the unsteady Bernoulli {];
equation by considering the problem in the £liid fixed reference frame. The _
results are shown in figure 9 for a single airfoil and for a two body Qﬁ
configuration corresponding to the nominal STOL aircraft w1ng and horizontal ‘

tajil arrangement.

To confirm the Neumann formulation of the problem, a gimplified
approach employing single p01nt vortex to represent the airfoil was developed.

A single point vortex is placed at the alrf01l onenquarter chord point and

L3
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the condition of tangential flow is enforced at the .three-quarter chord
point. Thus for a single uncambered airfoil along a curved flight path with

a constant radius, R, at an angle of attack, o, the normal veloeity is

VN = QR sin g - 7

where £ is the angular velocity and ¢ 1s the airfeil chord, To obtain
tangential flow at the three-quarter chord point, the value of the point

vortex circulation, I', 1s given by
§iRC 4R
The resultant section 1lift coefficient is obtained by multiplying the vortex

circulation by the local flow speed so that

= op fein o - S
GH = 27 (51n ) 4R)
where
Cp, = 1 -
- = p Q%R%c

2

Comparison with the Neumann solution requires the above expression to be
scaled by the factor (1 + t/c) to approximately account for finite section

thickness.

In a similar fashion a simplified method can be formulated for a two
body problem. A point vortex is placed at each airfeil's one-quarter chord
point and tangential flow is specified at each three-quarter choxd point.

This procedure results in one equation for each airfoil in terms of the air-

foil ecirculation values, These equations are simultaneously solved to provide

the eirculation representing each airfoil and hence the 1ift on each airfoil,

These results are prgsented in fipure 9. The simple point vortex method
is seen to agree very well with the Neumann solutions, At a flight path
radius of p/e = 240, the.wing—aione curve shows a 1lift loss of about
one-half percent of the straight flight 1lift which is insignificant in terms

of the proposed experiment., The wing-plus—tail curve, however, displays a
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much greater effect. The tail lift increase is about five percent of the
straigit flight wing~lift level. The wing lift in this case has very little

change and is not shown.,

The other aspect of the curved flight path simulation error can be
visualized as incorrect variation in the orientation of the ground along the
length of the aircraft., In the correct model of the trajectory, the aircfaft
reference line is straight and the ground is straight., At any instant the
angle between the reference line and the ground is comstant. TFor the
simulation with a curved ground surface, that angle varies along the length

of the aircraft.

The magnitude of this angular error is the same as discussed above, but
the effect on the aerodynamic forces is different. The analytical results
presented in Part I of this study are used to estimate the incremental effeect
of aircraft attitude, 6, on the 1ift coefficient. Figure 12 of Part T
presents the lift increment due to ground effect calculated by the steady and
quasi-steady methods, The difference between these two curves at a height of

one chord is used to estimate the derivative

dCL ) 0.037 Cp,, - 0.0065 CLy,
de =~ 5.71 deg = ° deg

which, for a A8 = 0.86 for the tail arm, inmplies a lift error of

AG, = 0.006 Cr,

The conclusions pertaining to the curved flight path error developed
from this analysis are that ground orientation effects are insignificant
compared to out-of-ground-effect onset flow distortion effects. For a wing
alone condition the magnitude of the curved flight error is insignifiﬁant for
a typical flight path curvature. The effects of curved flight path on the
tail lift may be significant, however, it may be possible to develop a

correction procednre to account for such error.
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5.2 Engine Simulation Techniques

Three different types of jet engine simulators are commonly used for
powered model testing; direct supply, ejectors, and air-turbine driven fans.
These all use high pressure compressed air as the drive medium. Most test’
facilities have compressed air supply systems available for this purpose.
Other fan type simulators have used both hydraulic and electric drive motors
but generally are thought to be less satisfactory. Very large wind tunnel
models are operated with gas turbine driven fans or complete jet engines,
which appears to be the only suitable method for such large models. In the
present instance the models tend to be smaller than the minimum practical for

that type engine simulator.

5,2,1 Direct Supply Engine Simulator

The direct supply type jet engine simulator represents the simplest
means of producing a simulated propulsive jet for small scale model testing.
The entire jet mass flow is supplied as high pressure gas ducted onboard the
model. MNo inlet flow is simulated, Tor podded engine nacelles the forebody
is faired over with a smooth shape. The possible importance of simulating

the inlet flow is discussed in Section 3.3.1.

The propulsive jet is formed from the high pressure drive in several
steps, First, the supply pressure is kept to as high a level as practical to
keep the supply duct size small. This simplifies the design of the balance
crossover. Typical working pressure levels are as high as 14 to 21 MPa
(2000 to 3000 1b/in?), At the point where the high pressure supply line
connects to the simulator plenum, a small orifice is used to drop the pressure
by a throttle process to an intermediate working pressure, The intermediate
pressure plenum occupies a volume within the nacelle that completely spans the
maxﬁhum diameter. This plenum has as its downstream face a perforated choke
plate forming the upstream end of the jet nozzle duct. The perforations act
to produce a uniformly distributed array of intermediate jets which, if small
enough, quickly coalesce into the main jet stream. The turbulence produced by
this precess is attentuated by the nozzle contraction. If desired it can be

further damped by screens in the nozzle duct., The intermediate jets are kept




uniform in strength across the face of the choke plate by keeping the
intermediate plenﬁm pressure high enough to ensure that the orifices are

strongly choked and that the Mach number in the plenum is low. A typical

e e g st e

level for the intermediate plenum pressure is about 69 to 138 kPa to (100 to

200 1b/in?) for a jet total.pressure variation of from 1.5 to 2.0 atmosphefes. y

The ideal gross thrust and flow rate of a direct supply simulator can be *

conveniently expressed as

- 2
Fg 1.4 AJ P°° MJ
1.4 Pr Mg
v R 23
ftq (1 + 0.2 MJ2)3

The principal disadvantages of a direct supply engine simulator is that
all the jet flow must be supplied to the model and that the inlet flow is mot
simulated., These must be weighed against several significant advantages of

the system.

First, the lack of inlet flow can be considered an advantage for those
situations where it is not a significant factor under study. Other types of
engine simulators, with incomplete inlet mass flow, produce a ram drag which
is incorrect by the ratio of inlet to total mass flow., To correct for the
ram drag error the inlet mass flow rate must be measured in addition to the
drive air flow rate. This requires instrumentation in the inlet, such as
wall and centerbody static pressure taps, which have to be calibrated against
the inlet flow rate measured by some independent means. These measurements
and calibrations generally prove to be very difficult to accomplish with the
required accuracy. The direct supply engine simulator obviates the need for

this experimental complication.

Calibration of a direct supply engine gimulator is very easily accom-
plished by measurement of total pressure, total temperature, and flow rate of o
the drive air, all of which are relatively easy to accomplish. The quality of :

the jet, in terms of uniformity of exit profile and turbulence level; can be
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kept to a very high level by addition of smoothing screens without regard to
adversely affecting the flow process, as may be the case with other types of
simulators. If desired, arbitrary exit velocities profiles are easily

produced using non-uniform porosity screens. The direct supply system also

has potentially the lowest welght anc cost of the various engine simulators.

5.2.2 Tjector Engine Simulator

An ejector engine simulator produces a iimited amount of inlet flow
simulation by using entrainment properties of underexpanded turbulent jets.
A large array of such jets is situated completely spanning the diameter of
the nacelle inlet diffuser. The drive air is supplied to the array of
primary nozzles at a pressure on the order of 10 atmospheres. The entrained
air supplied from the inlet is mixed with the drive air from the primary
nozzles and delivered to the exit nozzle. The total exit flow rate ig then

the sum of the dirve air flow rate and the inlet flow rate.

The drive air pressure should be kept to the same high pressure range as
for direct supply simulators, about 10 MPa to 20 MPa (1500 1b/in? to 3000
1h/in?), to keep the supply line size small. TFor this case, because of the
reduced drive air flow rate, these supply lines are somewhat smaller than for
direct supply. The high pressure is +hrottled down to the primary nozzle pres-
sure of about 10 to 20 atmospheres by an orifice at the entrance to the primary

nozzle plenum.

The inlet rate can be expressed as an inlet flow ratio,
b = aINLET/hTOTAL’ which is a measure of the fraction of complete inlet flow
simulation. The magnitude of this ratio depends on many design and operating
factors, but the most significant dependence can be shown in terms of the
mixed jet Mach number, This is essentially the exit Mach number of the
simulated jet., Foxr a given ejector design the inlet f£low vatio drops
steadily until eventually nearly all of the jet flow is supplied by the
primary nozzles. This decrease in induction performance is associated with
shock wave induced losses in the mixing process. TFigure 10 shows the variation
of a typical inlet flow ratio with jet Mach number, Mﬁ. At Mﬁ = 0.55, the
inlet Flow ratio is seen to be ¢ = 0.5, At this condition ome half the jet

flow rate is supplied by the drive air from outside the model. At the jet
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Mach numbers closer to the full scale flight condition, Mj = 0,9 to 1,0,
however, the inlet flow ratio drops to ¢ = 0.25 - 0.15, so that the drive
air required from off-board the model ranges from 75% to 85% of the total,
Figure 10 also shows, on alternative scales, the freestream Mach number, and
dynamic pressure for the nominal STOL aircraft geometry depicted in table 1

at a momentum coefficient of Cu = 1,0.

As mentioned in the previous section, the fact that the inlet flow is
less than the correct simulation quantity requires that the inlet ram drag be
corrected to account for this discrepancy. This requires additional instru—
mentation and calibration to permit a measurement of the actual inlet flow
rate during the test. The magnitude of the inlet ram drag discrepancy can be

estimated in terms of the momentum coefficlent, Cys as follows.

The ram drag coefficient is expressed as

o = Dy Prgpr Ve ¢ Poorar Ve
u = . = =
° quW quW %-YPémi Sw
and the momentum coefficient is
¢ = Fo _ roran '3
VoS geeals,
Therefore
Cuy = Sy 7TV
Q U_;l _ﬂ_ 7
M AT
o [«+]

Most experimental situations txy to arrange for the jet temperature to be

close to ambient so it can be assumed

TJ = T_
leading to c
' - u

Cio b M/
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Referring to the expression for Cu given in Section 3,3.1,

2
2 AJ MJ
it S M

[++]

Non \/__-—AJ
Ho ¢ Cu SW

and the ram drag discrepancy is
s
Uo @ -9 G Sw

For the nominal STOL configuration being considered, and for C, = 1.0,

u
$ = 0.5,

permits

[
1

AC

|

ACuo = 0,076

This quantity is directly additive to the drag coefficient so it tends to be

significant in terms of typical drag coefficient increments,

Ejector engine simulators are comprised of more parts and as a con-~
sequence weigh and cost more than direct supply simulators. Im this instance,
where the simulated jet configuration is relatively simple, the additional
weight and cost are not very great. A rough estimate has been made which
indicates an ejector simulator may weigh 1.5 times more than a direct
supply simulator and may cost 3 times more. These factors include the effect
of the reduced air supply lines capacity, but not the reduced capacity of the

air supply source.
A possibly significant restriction to the general applicability of
ejector simulators is found in the geometrical constraints enforced by the

need to optimize the mixing chamber configuration.

5,.2.3 Air-Turbine Driven Fan Engine Simulators

Air-turbine driven fan engine simulators represent the most complex
means of producing the jet simulation, but also provide the closest simulation

of the inlet flow. They operate in a manner very similar to full scale fan
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jet engines except that the driving power is extracted from compressed air
instead of the combustioﬁ of fuel., The extent of the inlet flow simulation
depends on several operating factors, but typically might go as high as

¢ = 0,8.

The operation of such simulators is strictly controlled by a character-
istic map with distinct boundaries forming an operating envelope. The
rotating turbine and fan assembly is highly loaded and has a limited running
1ifetime on the order of 100 hours. Bearing temperature and accelerations
must be carefully monitored to detect amomalies and allow protective

shutdownas.

This type of simulator tends to be relatively heavy and very expensive.
The weight and cost factors relative to direct supply simulators are 9 and
7 , respectively. An additional restriction om the use of such simulators
in this instance may be the lack of tolerance to acceleration and rotation,
This problem has not been evaluated by the engine simulator manufacturer, so
presently it ean only be cited as a possible restriction. Nevertheless, it
is anticipated that such highly loaded rotating machinery would be adversely
affected by the translational accelerations on the order of 10 g's and

rotation rates on the order of 100 degrees per second.

5.2.4 Drive Air Thermodynamics

Model simulation of propulsive jets can be conveniently performed with
devices powered by compressed air, The compressed air should be supplied at
as high a pressure as possible to minimize the supply tube and crossover size,
This high pressure must then be reduced to the device working pressure, and
then finally to the jet exit total pressure. The thermodynamics of this
pressure dropping or expansion process are of interest as they pertain to the
temperature change of the air. Usually there is a temperature drop producing
air temperatures well below ambient, Operational considerations require that
the jet temperature remain above a certain minimum level to avoid excess

condensation or ice accumulation on model parts,
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The process by which the pressure drop occurs in direct supply or

ejector simulators is a throttling process characterized by flow through
small orifices or through a porous medium. Since the process is essentially
adiabatic and mo work is performed by the flow, it takes place at constant
enthalpy. For a perfect gas, a constant enthalpy implies a constant total
temperature, That large temperature drops are sometimes observed in such
processes must be explained by real gas effects associated with high pres-
sures. For example, consider an alr supply at 200 atmospheres and a

temperature of 525°R to be expanded by the throttling process to approximately

two atmospheres, Referring to the temperature/entropy diagram shown in
figure 11, this corresponds to following the constant enthalpy curve of 210 |
BTU/1b and shows a temperature drop of nearly 70°R., In order to maimtain

a constant gas temperature, energy would have to be added to the gas stream to

the extent of about 17 BTU per pound.

An air-turbine driven fan simulator experiences greater temperature
drops in the flowing gas because of power extraction in the turbine stage.

The magnitude of the drop depends on the turbine efficiency.

There is a third process by which a temperature drop can occur when using
a small blowdowm tank such that a large reservoir pressure change occurs as
gas is consumed during a run. In this case the gas remaining in the
reservoir undergoes an isentropic expansion, The resulting temperature drop
is depicted in figure 11 by following a constant entropy line. The magnitude
of the pressure drop is so great, in this example, as to cause liquifaction

of the drive gas.

5.3 Model Sizing Study

A large array of factors must be considered when examining the
feasibility of a transient ground effects experimental simulation. Perhaps
more fundamental tham the cheoice of experimental techmique, is the question
of the preferred scale for such an experiment, both in terms of model size
and test speed. WNot only are there the customary considerations of Reynolds

number and Mach number conditions which set model size, test speed, air
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supply requirements, but there are the motion simulation requirements which
have far-reaching implications for motion rates and power requirements of
the apparatus, model strength for inertia forces, instrumentation frequency

response, etc,

In an attempt to arrive at a rational procedure for selecting the
preferred scale factors, a general sizing study was instituted to examine the
various trends and limitatioms involved, The results of this sizing study
are expressed in terms of model weight, W, as a function of velocity factor,

F.

v» and size factor, F

gs*

5.3.1 Independent Scale Factors

The first step in the sizing study is to select a practical range of

values for the velocity factor, F

vs and the size factor, FS. The values

selected for the factors F, and Fg are

0.2, 0,6, and 1.0
0,05, 0,10, and 0.20

v

The maxinum value of F,; was dictated by the Mach number simulation
considerations discussed in Section 3.3.1. There is no specific lower limit
for this parameter. The value chogsen was based on consideration of minimum
controllable airspeeds in typical wind tunnels, minimum desired Reynolds
number, and the difficulty of accurate force and pressure measurements at

low dynamic pressures.

The maximum value for the size factor, Fg, was based on the largest
model that might be accommodated by the 40 x 80 foot wind tunnel, keeping
in mind the space required for the transient ground effect maneuver., The
minimum value of this parameter was chosen to correspond approximately to
the smallest STOL model used at Douglas, This size is dictated mainly by

the cost and convenience of manufacture for the high 1ift system components,

Table 5 summarizes some of the trajectory parameters for the nominal
landing and takeoff and illustrates their variation with the scale factors
Fv and Fs. These have been scaled as indicated by the factors summarized

in table &.
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TABLE 5. SCALED SIMJULATION PARAMETERS
' Full Scale Quantities
b = 33.5m (110 ft)
Vv = 56 m/sec (184 ft/sec)
h = %5.2 m/sec (217 ft/sec)
B = 2.3 m/sec? (7.5 ft/sec?)
§ =0 - 16 deg
8 = 7.4 deg/sec
% = 8.0 deg/sec?
y = 6.7 deg |
g = 1,93 kPa (40.3 1b/ft2) !
Ry = 20.3 (10)8
f = 6,0 hy
S
ey 0.05 0.10 0.20
b = 1.7 (5.5) b = 3.4 (11) b o= 6.7 (22)
V = 56 {184) V = 56 (184) y = 56 (184)
h = £5.2 (¥17) h = 5.2 (£17) h = %5.2 (*17)
i = 46 (150) h =23 (75) h = 11 (38)
1.0 8 =0~16 6 =0~ 16 g8 =016
8 = 148 6 =74 g = 37
§ = 3200 § = 800 6 = 200
Y = 6.7 Y = %6.7 Y = 6.7
g = 1.93 (40.3) q = 1.93 (40 3) g = 1.93 (40.3)
Ry = 1.0 (10)® Ry = 2.0 (10)° Ry = 4.1 (10)° i
£ =120 £ =60 £ =30 i
b = 1.7 (5.5) b = 3.4 (11) b = 6.7 (22) 1
Vv = 34 (110) vV = 34 (110) vV = 34 (110) j
i = £3.1 (10) L= 13,1 (10) h = 3.1 (10) 1
h = 16 (54) h o= 8.2 (27) h = 4.1 (14)
0.6 8 =0-+16 ¢ =0+ 16 8 =016 f
8 = 89 8 =44 § =22 ;
8 = 1152 § = 288 8 =72
y = 16,7 v = £6.7 Yy = %6.7
g = 0.69 (14) q = 0.69 (14) g = 0.69 (14)
By = 0,61 (10)6 Ry = 1.2 (10)® Ry = 2.4 (10)8
f = 72 £ = 36 £ =18 :
b = 1.7 (5.5) b = 3.4 (11) b = 6.7 (22) b
vV =11 (37) vV =11 (37) vy =11 (37) |
h = 1.0 (3.4) h = #3.1 (10) o= £3,1 (10)
h = 1.8 (6.0) h = 0.91 (3.0) B = 0.46 (L.5) ;
0,21 8 =016 8 =016 e =0-16
, g =30 § =15 6 = 7.4
8 = 123 9 = 32 § = 8.0
Yy = #6.7 vy = #6.7 v = #6,7
, q = 0,077 (1.6) q = 0.077 (1.6) g = 0.077 (1.6)
Ry = 0.20 (10)% Ry = 0.41 (10)5 Ryy = 0.81 (10)®
£ = 24 £ =12 £ =6
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5.3.2 Model Weight

The next step in the sizing study is to establish the model weight level

and trends, A basepoint is established for the condition

1.0
0.05

F
v

FS

This is chosen because it corresponds the closest to the model test experience

of Douglas,

The preliminary weight estimate for this basepoint design is based on
model construction techniques carefully chosen to minimize weight. This is
important to permit high frequency response and to minimize power reguire-
ments for the motiom actuators. The backlog of experience at Douglas in the
design and construction of powered STOL models and lightweight flutter models

permits a high degree of confidence in the present imstance.

The entire metric mass of the model and balance is estimated to be
80 pounds. By way of comparison, it is estimated that an existing STOL model
of similar size and load capability which weighs 300 pounds can be modified,
by removal of nonessential on~board components such as engine air distribution

manifold and extra strut mounting provisions, to a weight of about 120 pounds.

The weight trends used to extrapolate the weight of the models for the
other points in the scaling matrix are determined from general scaling rules
for beams, Experience has confirmed that the complete model weight wariations
closely correspond to the wing weight variations which depend on beam bending
moment considerations, The bending stress of a beam is given by

¥
o - B
I/d
The bending moment, Mﬁ, ig given in terms of the aerodynamic load, Cf, q Sw’

and moment arm, %,

Mp = CL ! Sw .
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The section moment of inertia is defined in terms of the spar depth, d, and

the spar cap area, A,

1 = Ad?

and the weight, W, is given by

W = pAL

The weight variation for a constant bending stress is given by

W

. FPigure 12 shows the extrapolated weights over the range of Fy and Fg.

5.3.3 Model Seale Limitations

civen the model weight trends of figure 12 the final step is to analyze
the limitations which exist so as to establish preferred scale factor (FV and
FS) trends. The limitations, to be discussed in the following subsections, are
expressed as the limiting weight to satigfy the particular criterion. The

various limit lines are shown in figure 13 superimposed on the data of figure 12.

5.3.3,1 Frequency Response

One of the most significant 1imitations to the experimental feasibility
is the ability of the instrumentation to respond to the trangient forces, OT
the frequency response. The response in question is that of the balance
readout to the input aerodynamic and inertia force time history. This read-
out is proportional to the relative displacements of the metric and non—metric
components of the balance, but depends on the motion of the entire dynamic
system comprised of the model, balance, strut, actuator, and supporing

framework.

A complete dynamic analysis of the system is beyond the scope of this
initial sizing study. A simplified model of the balance dynamic system is
used to establish the frequency response trends over the range of velocity and
size factors. This system consists of the model metric mass supported on &

spring representing the halance strain gage elements, The limiting frequency
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response, £, is taken to be one~half the undamped natural frequency of the

- /__15__'

The factor of one-half is selected to limit the operation to a frequency

system given by

L

sufficiently below the resonance condition.

This limit is expressed as the Limiting weight to satisfy the required

frequency response, fR' As shown in Section .3.3, this has the scaling’

properties
: 1 g1
fR v Fy Fs
The spring rate, k, scales as
k v F2 F
v s

The limiting weight, therefore, varies as

k F\f Fé 0 =3
v vz v i
R v 2

This limit is shown in figure 13 superimposed on the data of figure 12, It
is seen to be independent of velocity and to vary with model size at the same
rate as the model weight, Therefore, a preferred model size cannot be

inferred from it, but a limit to maximum Fy 1is implied.

5.3.3.2 Inertia Loads

Starting and stopping accelerations of the model impose inertia loads
on the balance. The balance must be sized to withstand these loads, even
though they may be associated with parts of the test wherc aerodynamic data
may not be needed. The greatest accelerations are most likely to be due to
stopping the model close to the ground with high sink rates after a descent.
There will be a desire to keep the stopping disténcé as small as practical
because of the anticipated interesting aerodynamic effects at those conditions.

Starting and stopping the model far from the ground can presumably be done

over a longer distance.
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The limiting weight criterion depends on the desired resolution of the
aerodynamic forces and the maximum resolution capability of the balance. For
the purpose of this discussion, the desired aerodynamic force resolution is
specified as

AL/L = 0.01 (Cj = 5, AGp = 0.05)
The balance resolution is specified in terms of the fraction of the total
balance force, F, required to resolve that aerodynamic force increment.
Balance technology is available to reliably resolve one-half of one percent

of the full scale load. This gives

AL/F = 0.005

The sketch below depicts the descent stopping condition where the
acceleration is directed upward. The forces consist of the 1ift, L, and the

inertia force, F

n+ The acceleration is defined in terms of load factor, so

that

The inertia force resulting from the aceeleration is directed opposite to the

lift so
F =TF ~-L = W-L
n
and
AL (AL/L)L _ _(AL/L)
F Wn ~ L (W/L)n~-1
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AL/L,

ar T L

¥ a
L

substituting AL/L = 0,01 and AL/F = 0.003, gives

W

Il
w
=N

This limiting weight, shown in figure 13, scales as

F2 72
L
v s
and displays the same trend as the frequency response limit, It is
independent of velocity factor and varies with size at the same rate as the
model weight. Therefore the inertia load consideration does not act as a

size 1limit but it does limit the maximum veloeity.

The magnitude of the acceleration needed to impose a certain stopping

distance is given by

12
2g Ah

‘n:

which shows that, for a stopping distance equal to a constant fraction of the
model scale, the load varies with size such that a smaller model experiences
greater acceleration than a larger model, Typical values for the example that

the limit line of figure 13 was calculated for are summarized in table 6.

TABLE 6. INERTIA LOAD LIMITING PARAMETERS

F, = 1.0, &h = 0.2¢, h = 4.6 m/sec (15 ft/sec), C =5
Fg L, k¥ (ib) n W, kN (1b) L/W
0.05 3.9  (880) 20 0.58 (130) | 6.7
0.1 - 16 (3500) 10 4,6 (1040) 3.4
0.2 62 (14000) 5.0 37 (8300) | 1.7
[

In practice, other factors may come into play which limit the acceleration
to values less than some of those shown above. In that case the effect on
the force resolution capability of the balance will is less s:ringent, but

greater distance is required to bring the model to rest.
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5.3.3.3 Reynolds Number

Lines of constant Peynolds number are shown in figure 13, As discussed
in section 3,3.2, the fact that a lower limit to this parameter exists is
generally accepted, but the magnitude of it is somewhat controversial, A

lower limit of between 0,2 (10)% and 0.5 (10)® is usually adhered to.

5.3.3.4 Engine Simulator Drive Air

The engine simulator drive air requirements are presented supérimposed
on figure 13 as well as in figure 14 for the range of Fy and Fg considered.
The flow rates are calculated using the relationship given in Section 5.2.1
for a direct supply type engine siﬁulatur. For application to an ejéctor
engine simulator the values given must be factored down by the ratio

/m

* - - O'
MonvE! MroTaL &5 shown in figure L
In some instances, the air supply system of a particular facility may
impose an additional limit on a test situation. Reynolds number limnes.
superimposed on figure 14 shown that if the flow is limited to a certain
maximum, the maximum Reynolds number will occcur at the maximum velocity

factor.

5.4 Model Size/Tunnel Size Criteria

The importance of wind tunnel wall interference effects in establishing
model size requirements is especially significant in the present case because
of the motion required to simulate the flight trajectory. A4s the height of
the model above the ground varies during a run, the position of the model
with respect to all the other boundaries, and hence their interference effects,
also changes. Thus, in addition to the magnitude of the interference, the

change of interference for a range of model positions must also be considered.

5.4.1 Floor Clearance

The range of model position require& to accommodate a ground effect
experimental program depends on the maximum height needed to ensure the out-

of-ground-effect condition., This height, in general,will depend on the
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configuration, the lift, and power levels. Existing experimental data
(reference 5, figure 30) indicate that for az STOL transport configuration
similar to those considered here, the apparent outer limit to ground effects
extends from about 0.6 to 0.8 wing spans above the ground, TFurthermore, this
behavior does not depend strongly on the thrust level up to a momentum
coefficient of Cu = 3.0, which is greater than the maximum considered in

this study. The data of this reference are thought to be reliable, especially

since the experiment used a moving belt ground plane simulation.
Based on these data, as well as similar trends from analytical results,
an outer limit to ground effects of one span height appears to be conservative

and is selected for use in this study.

5.4.2 Ceiling Clearance

Accurate estimation of wind tumnel wall interference factors tends to be
rather involved, especially for powered, high lift configurations. In
principal, such factors can be estimated for a range of model positions in a
wind tunnel, and epplied continuously throughout a simulated trajectory., It
is felt, however, that because of the possibly critical nature of the experi-
ment in attempting to resolve small force increments due to transient effects,
it is appropriate to keep to an insignificant level both the interferemce

effects and the change in interference due to model position changes.

It was recognized early in the analytical ground effect studies that
classical linear theory does not provide a sufficiently accurate description
of the induced effects of the ground plane. Linear theory does not include
a streamwise perturbation component which proves to be significant in ground
effect. The nonlinear effects are discussed in Part I of this report and
examples are presented to illustrate their magnitude for 2~D unpowered and
jet flap configurations. The newly developed nonlinear analytical methed is
utilized in the present instance to assess the interference effects of e
ceiling and to develop a ceiling clearance criterion to meet the needs of the
transient ground effect experimental program. This approach recognizes the

relative unimportance of the wind tunnel side walls in producing changes of
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boundary interference with vertical position of the model, The resulting
size criterion results in moderately small models for which the sidewalls

become relatively insignificant.

The available analytical methods for 3-D configurations do not inciude
power effects. The method of Heyson (reference 8), a quasi-non-linear theory
which includes a jet wake deformation effect, is frequemtly used for wind
tunnel boundary interference calculations for powered STOL configurations.
This method has illustrated the importance of modeling the jet wake for those
instances where its trajectory approaches the wind tunnel boundaries. However,
for the question of ceiling clearance the jet wake becomes less significant.
Since this method was not available for the present study, it was not employed
in determining the model size criterion., The effect of a 2-D jet wake is
considered relative to the 2-D unpowered condition to indicate possible power

effect trends,

Initially, calculations were made using the Douglas Nonplanar Lifting
Systems Program (NPLSP) and the Douglas 2-D Jet-Flap Potential Flow Program.
Subsequently, additional calculations were made with the Douglas 3-D Lifting
Neumann Program to help explain what appeared to be unusual ceiling clearance
effects calculated by NPLSP. Figure 15 presents the 1ift change due to
ceiling clearance. The NPSLP curve shows a lift increase close to the ceiling
which quickly drops, becoming a small 1ift loss at heights above hfe = 5.5
and then asymptotically approaching the free air value. In an attempt to
substantiate this behavior, three Neumann runs were made which showed a
surprising difference from the NPSLP data with a much more gradual decay in

the lift increase.

This apparent discrepancy was eventually determined to be due to the thick-
ness of the wing used in the Neumann solution, The NPLSP program does not
include thickness, but is correct within that comstraint. These results
illustrate the sensitivity of the ground effects results to details that are

insignificant for out-of-ground-effect conditions.
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For the Neumann solution the level of 1lift interference drops toc one
percent at hfec =7 or h/b = 1.0. The point where the rate of change of
1ift with height is one percent per span (7 chords) occurs at h/c = 10.5,
or h/b = 1.5.

The curves showing the 2-D results, with and without jet blowing,
illustrate that the effect of the jet—flap on ceiling interference is small
and consistent, even though the lift levels are greatly different. These
results provide further confidence in applying the unpowered 3-D results to

the powered STOL model condition.

The effect of ceiling clearance on the drag coefficient is illustrated
in figure 16, The NPLSP_results are seen to be in much better agreement
with the Neumann solutions. Evidently the ceiling clearance effects on drag
are less affected by airfoil thickness. The magnitude of the effect on the
drag is very similar to the effect on 1ift, but of opposite sign. The drag
interference level drops to about cue percent at hfc = 7 (h/b = 1,0) and the
point where the rate of change of drag with height equals one percent per

span occurs at h/c = 10.5 (h/b = 1.5).

Based on the foregoing analysis, two slightly different ceiling
clearance criteria are established. For test conditions where the model
motion is on the order of cae span, as in techniques oune and three, the
minimum clearance is specified as 1.5 wing spans. For tests where the
model motion is appreeciably less than one span, as in techniques two, four,

or five, the minimum clearance is reduced slightly to one wing span.

5.4.3 Blockage

The model size criteria developed in the previous two sections result
in model sizes somewhat smaller than typical for powered STOL wind tunnel
testing. That, plus the relatively wide wind tunnel test sections being
considered act to reduce the magnitude of the wind tunnel blockage corrections

to a level that, while not insignificant, is small and easily accounted for.
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5.5 Ground Board Boundary Layer Control

The‘ground effect simulation error found in wind tunnels with fixed
ground boards is a counsequence of the viscous boundary layer development omn
the ground board, Experience has shown that this can be accommodated with no
serious error when the model is rglatively far from the ground of relatively
lightly loaded. As the model approaches the ground closely or the 1ifting
elements become more highly loaded, the ground boundary layer interferes
gignificantly with the model flow field, This interference is caused by
separation of the ground board boundary layer due to adverse pressure

gradients induced by the model.

The most realistic means of simulating a free flight ground plane flow
condition in a wind tunnel is with the use of a moving belt ground plane in
conjunction with a boundary removal system upstream of the belt, This ig the
arrangement used in the NASA Langley V/STOL wind tunnel. Immediately up~
stream of the moving belt, a perforated floor plate is provided through
which the floor boundary layer is removed into a large suction duct beneath
the floor. After the boundary layer has been removed from the floor by the
suction, the moving belt is used to maintain that condition for some distance
underneath the model. In principle the moving belt can operate at speeds
less than or greater than the wind tumnel test speed to simulate the effects

of atmospheric wind induced ground boundary layers,

While the moving belt arrangement may represent an aerodynamic ideal
for ground plane simulation, it also represents a complex mechanical system,
especially for large wind tunnels or model. installations involving floor
mounted struts. These factors dictate the need for alternate experimental

ground plane simulations means.

Since the ground effect simulation error of fixed ground boards is
principally due to boundary layer separation, means of preventing such
errors depend on conventiomal boundary layer separation control techniques,
The magnitude of the adverse pressure gradients induced by powered STOL
configurations on the ground plane boundary layer tends to be rather severe

at typical power settings. Thus relatively powerful, active BLC systems are
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required to prevent separation. Distributed suction or wall jet blowing
techniques are most frequently considered for this application. Distributed
suction has a potential advantage in requiring less power and providing less
extraneous disturbance for a given degree of BLC, but wall jet blowing
systems have important operational advantages in terms of ease of adjustment,

small supply duct size, wide tolerance to a range of flow conditions, etc.

. At least two thorough studies (references 9 and 10) have identified
wall jet blowing BLC techniques as the preferred procedure for powered STOL
ground effect wind tunnel testing. The first of these included a design
study for the installation of a wall jet BLC system in the NASA 40- by 80-foot
wind tunnel. This study examined procedures for carefully tailoring the
blowing requirements to a specific model configuration and test condition to
conserve blowing air and to minimize possible extraneocus disturbances to the
flow. Reference 10, on the other hand, took more of an empirical approach in
developing a wind tunnel installation, As a result it demonstrates the
ability of the technique to perform properly for a relatively wide range of
conditions, Figure 17, reproducéd from reference 10 shows the effect of wall
jet momentum coefficient, C“slot’ on the 1lift of a three-dimensional jet-flap
wing for several flap momentum coefficients, C“flap’ and two wall jet
locations. Both wall jet locations exhibit the same behavior and shows the

1ift rising to a constant value as is increased., The value of

C‘-‘E;lot

Cu at which the 1ift becomes constant increases as the Cy inecreases,
slot flap

For C”flap
same flow rate as the wing flap.

= 1,0, the wall jet requires about = 1.0, or about the

cuslot

The asymptotic behavior of the model forces with cuslot allows the
wall jet to be overblown without serious effect except that excessive flow
rate may be required. More sophisticated procedures for detecting the proper
wall jet condition are possible by considering wall surface pressure

distributions or total pressure profiles at selected locations.
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6.0 TFACILITIES

6.1 Technique Selection Considerations

The motion simulation techniques described in Section 5.1 involve two

distinctly different types of experimental facilities; wind tumnels and test

tracks, General considerations pertaining to these techniques are discussed

below in terms of these two types of facilities. Based on these considerations

five experimental system employing various facility/technique combinations are
selected for detailed evaluatiom,

6,1.1 Wind Tunnel Technigques

The principal distinguishing feature of wind tunmel facilities is the

high test velocities available, That, in conjunction with the potentially

large model sizes for some of the wind tunnels, permits high Reynolds numbers
to be achieved. The limited model motions required for these techniques allow

the use of atationary equipment to power and control the model and acquire

the data, In addition, the model mount and traversing equipment installation

can generally be designed for maximum stiffness without regard to a specific
weilght limitation.

Of the two techniques utilizing wind tunnels, technique number three
offers the more accurate simulation of the transient maneuver. However it
imposes large inertia forces on the model. The largest inertia foreces occur

when the measurement of the aerodynamic forces are not required, such as
during the starting and stopping of the motion. These forces do mot have to
be measured, but they do establish the maximum load capacity of the balance.
The lesser inertial forces experienced during the simulated trajectory

must be separately measured, such as with accelerometers, to resolve the

aesrodynamic forces. This tends to limit the accuracy of the aerodynamic
measurenents.

Technique number four maintains the model stationary, except for

rotation in some instances. This eliminates the large translatory accele-

rations, and thus the need to size the balance for the higher loads and to

separately measure the accelerations. For those situations where the model

is rotated, there are still some inertia force components, but they are small.
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The equipment to produce the translatory motion of the ground board is
considerably more complex than the equivalent equipment for moving the model
for all but the simplest tvpe of experiment. The basic boundary condition
requires that the translation speed, Vg, be coupled to the simulated flight

path angle, y, and velocity, V, by,

Vg = V tan ¥y

This requires different motions from the various actuators and therefore
different controllers, If, in addition, the ground plame curvature is to be
controlled to simulate the flare, the actuator and control systems become
even more complex. The forces on the translating ground board without the
presence of the wodel are very small, consisting only of the skin frietion
forces and a small thickness drag. However, with the lifting model in place,
the entire 1ift force of the model is felt as a reaction on the ground board,

This aggravates the actuator system requirements,

Both of the wind tumnel techniques suffer from incorrect simulation of
the viscous boundary layer on the ground plane; As discussed in Section 3.5
this simulation error can be tolerated at moderate ground heights or 1ift
levels, For some of the anticipated operating conditioms of a STOL model,
however, it is almost certain that BLC will be required to prevent flow
breakdown, The facility arrangement of technigue number three can accommodate
BLC installations much more easily than the translating ground board. Any of
the available BLC procedures, moving belt, suction, of wall jet blowing, can
be applied. The limitations imposed by the translating ground board would
1limit the choice of BLC to wall jet blowing., This may be a satisfactory
method, in any event, but inclusion of this capability within the translating

ground board will represent a significant complication.

The difficulties that technique number four is intended to alleviate
are principally the inertia forces due to the forced accelerations. The
impact these accelerations have on the feasibility of technique number three
depend principally on the ratio of model 1lift to weight. With the high
values of L/W possible for the present model designs the high accelerations

required can be accommodated with current balanece technology, In addition to
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the influence of the inertia force in sizing the balance capacity, the
requirement for a high natural frequency drives the balance design to very
stiff load links. This also implies a high load capacity. Thus it may be
that a balance sized for just the aerodynamic forces, with no inertia forces,

would be too flexible to achieve the required frequency response. .

All these considerations suggest that technique number three is the -
clear choice of the wind tumnel methods. Technique number four is considerably
more complex with seemingly no overriding advantages. It may offer a slight
advantage for the case of a simple simulation where neither acceleration nor
rotation is to be modeled using an open jet wind tunnel. This would allow
the ground board orientation angle to be fixed. However, it cannot offer the

flexibility and accuracy of simulation of technique number three, L

6.1.2 Track Techniques .

Motion simulation techniques using track facilities require a moving
carriage traveling through a stationary air mass. The moving carriage tends
to be the limiting factor in all such facilities., The maximum speed is
stronglj limited by acceleration capability and the available track length,
The acceleration capability is, in turn, limited by the drive power available
which is dependent on the strength of the track itself since it limits the
maximum weight of the carriage and hence the payload available for model and
equipment. Because of these factors, existing track facilities have
significantly less velocity capacity than wind tunnels and generally have

strongly limited payload capabhilities,

The principal effect of the limited speed capability of the track
facilities is to limit the Reynolds number. As discussed in Section 3.3.2, ;

low Revnolds number considerations tend to place a lower limit on the

acceptable test speed which may be a deciding factor for track facilities. {i

The payload capacity is significant in two important respects. First,
the high frequency response required to measure the transient event depends £
on a support structure that is very stiff and well damped. This implies a

heavy structure, Secondly, these techniques require that the model, the
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model support and actuation system, the engine simulator drive air supply,
and the data acquisition equipment must be self-contained on the moving
carriage. As a consequence track facilities are generally more limited in
applicability to the traunsient ground effect problem than wind tunnels tend

to be.

On the other hand, track facilities have the best potential for exact
motion simulation of the landing and takeoff maneuvers. The air mass is
stationary with respect to the ground so no incorrect boundary layer develop—
ment can occur. The motion simulation of technique number one (or technique
five) is a direct analog of the full scale flight situation and correctly

performs the curved flight path.

The accuracy of the simulation when not producing the flight path
perturbation motions, as in technique number two, is more limited, but
acceptable under some conditions as discussed in section 5.1.3. This method

appears to offer the potentially lowest cost approach of all the techniques.

6.2 TFacility Selection

At the start of this study several facilities had been identified as
being of potential use for the transient grouﬁd effect experiment. These
facilities are:

o NASA Langley V/STOL Wind Tunnel

o NASA Langley 30- by 60-foot Wind Tunnel

o NASA Ames 40~ by 80-foot Wind Tunnel

o Princeton Dynamic Model Track (PDMT)

o NASA Langley Vortex Research Facility (VRF)
in the course of this study, on-site inspections were made of all the NASA
facilities. The PDMT had previously been examined as part of an earlier
study, and telephone conversations with personnel at that facility were made
to ascertain the current status and possible improvements to the facility.
A summary of pertinent characteristics of the track facilities is presented
in table 7, and for the wind tunnel facilities, in table 8. These

characteristics are discussed below.
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TABLE 7. TEST TRACK FACILITIES

FACiLITY

SPEED

MODEL STZE
REYNOLDS NUMBER

ENGINE SIMULATOR
ATIR SUPPLY

DATA ACQUISITION

CARRTAGE PAYLOAD

Princeton Dynamic Model
Track (PDMT)

1V =12 mfsec {40 ft/sec)

F, = 0,22
b=2.1m (7.0 £t)
Fg = 0.064

Ry = 0.28 (10)°
None

Telemetry (21 Channels)

136 Kg (300 1b)

NASA Langley
Vortex Research Facility

V = 30 m/sec (100 ft/sec)
Fy = 0.54

b=1.8m (5.8 ft)
Fg = 0,053

Ry = 0.58 (10)©

Nitrogen Blowdown

Analog Tape (14 Channels)

454 kg (1000 1b)

TABLE 8, WIND TUNNEL FACILITIES

FACILITY

SPEED

MODEL SIZE

REYNOLDS NUMBER
(based on Fy = 1.0)

ENGINE SIMULATOR
AIR SUPPLY

DATA ACQUISITION

LANGLEY V/STOL LANGLEY 30 x 60 AMES 40 = 80

V = 104 m/sec V = 46 m/sec vV = 91 m/sec
(340 f£t/sec) (150 ft/sec) (300 ft/sec)

Fy = 1.8 Py = 0.82 Ty = 1.6

b=1.8m (5.8 £t) | b= 3.7 m (12 £t)
Fg = 0,11

Fg = 0.053

Ry = 1.1 (10)°

w= 67 N/sec w = 80 N/sec
(15 1b/sec)
@ 14 MPa & 2.4 MPa

(2000 1b/in?)

100 Analog Ch.-

Ry = 1.8 (10)°

(18 1h/sec)*
(350 1b/in?)

45 Analog Ch.

Fg = 0.11
Ry = 2.2 (10)0
w= 172 N/sec

Rl (25 Ib/sec)*
@ 21 MPa

_120 Analog Ch.

b= 3.7m (12.1 £t)

(3000 1b/in?)

TEST SECTION Open or Closed Open Closed
BROUND BOARD BLC Suction + Moving | None Wall Jet Blowing® -
Belt ' '
*DENOTES FUTURE CAPABILITY
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6.2.,L NASA Langlevy V/STOL Wind Tunnel

The NASA Langley V/STOL Wind Tunnel is a relatively new facility. The
test section size is 4.4 m (14.5 ft) high, 6.6 m (21.75 ft) wide, and 15.2 m
(50.0 f£t) long. It is a continuous flow closed circuit facility with the
propeller drive at atmospheric pressure. The test section operates below
atmospheric pressure. The test section is designed so that the walls can be
entirely removed and the ceiling raised 3.0 m (10 ft), for operation as an
open jet wind tunnel over a fixed floor. The test section floor is comprised
of two bays in which any of several carts can be installed. A floor boundary
layer removal system is located immediately upstream of the first bay. This
system operates by drawing off the floor boundary layer air through a perforated
plate into a large suction manifold under the test section floor. For ground
effect testing the suction system is used to remove the floor boundary layer,
and a moving belt cart, installed in the first bay, is used to maintain the
zero boundary layer thickness condition. The model is suppurted from a sting

mount and positioming drive installed in a cart in the second bay.

The speed range avgilable from the wind tupnel is 3-104 wm/sec (10-340
ft/sec). This corresponds to a velocity factor range 0.05 < F,; < 1.8, The
boundary layer removal suction system is only capable of providing complete
removal to a speed of 30 m/sec (100 ft/sec). In addition, the maximum speed
of the moving belt is 30 m/sec. Operation at greater velocities with situations
needing ground board BLC would require upgrading of the existing system or
instaliation of an additional BLC system. The system of carts comprising the
test section floor would conveniently accommodate a wall jet blowing BLC

arrangement.

The model size criterion developed in Section 5.4 leads to a model span
of b = 1.8 m (5.8 £t) or a size factor of Fg = 0.0527. At the velocity
corresponding to ¥y = 1.0, the Reynolds number is Ry = 1.07 (10)6, based on
the wing MAC.

The auxiliary air supply can provide flow rates up to 67 N/sec (15 lb/sec)

The supply pressure can be as hlgh as 28 MPa (4000 lb/ln ), but more commonly
is supplied at 12 MPa (1800 lb/in ).
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The data acquisition equipment includes a Sigma 3 system with one |
hundred analog channels. Additional equipment is available for real time

readout, video monitoring, etc.

6.2.2 NASA Langley 30~ by 60-foot Wind Tunnel

This wind tunnel (reference 11) has been in use for many years for .
studying the aerodynamics of complete airplanes and large scale models., More
recently it has been used for free flight powered model testing. The facility
is presently out of commission while it is being rehabilitated. It is scheduled
to be back in operation early in 1976. The speed range will be continuously
variable from zero to 46 m/sec (150 ft/sec) which corresponds to 0 £ Fy < 0.81,
The test section size of 9.1 m (30 £t) by 18.3 m (60 ft) permits a model size
of b= 3.7m (12.0 ft). This allows a maximum Reynolds number of Ry = 1.80 (10)6.
A new auxiliary air supply system will be installed capable of a supply rate of
80 N/sec (18 1h/sec) at a pressure of 2.4 MPa (350 1b/in2). This low a
pressure might present difficulties .z ducting the engine simulator drive air

into the model.

The test section is an open jet with an elliptic throszt. An external
balance chamber is located directly under the test section. A fixed ground
board has been installed at the bottom edge cf the jet, This remains in

position for all testing to prevent jnterference of the flow with the top of

the balance chamber, which would otherwise shed a large wake into the diffuser

entrance. There are no BLC provisions for the ground plane, nor are there

plans to provide any.

The balance chamber is largely filled with balance frames and equipment
which would preclude installation of tramnsient ground effect test apparatus.
The area just upstream of the balance chamber is completely occupied by a newly
constructed control room that contains all the data acquisition equipment, and
so this area is also unavailable for such an installatinn. The only available
space that could accommodate the apparatus is just downstream of the balance
chamber near the trailing edge of the ground board. The flow quality is

thought to be poor at this point.
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 This facility was judged to be unsuitable for the proposed experiments,
prineipally because of the lack of a convenient location for the installation

of the required apparatus.

6.2.3 NASA Ames 40— by 80-foot Wind Tunnel

The 40~ by 80-foot wind tunnel is a continuous flow, closed circuit
tunnel with a cloéed, solid wall test section. The test section cross—
sectional shape is square with semi-circular ends making up a 24.4 m {80 ft)
width with a 12.2 m (40 ft) height. The test section length is 24 .4 m (B0 £t).
The center portion‘of the test section is occupied by the external balance
turntable with a diameter 10.4 m (34 ft). The test section ceiling includes a
folding door arrangement that provides access through an opening 23.0m
(78.5 ft) wide and 14.9 m (49 ft) long.

The speed range available from the tunnel is from zero to 91 m/sec
(300 ft/sec), or 0 < F, < 1.62. Applying the model size criterion of Section
5.4 to the test model height of 12.2 m (40 ft) results in a model size of
b= 4.9 m (16 ft), or Fg = 0.145. However, the drive air required for a model
of that size, using direct supply engine simulators at a momentum coefficient
of C, = 1.0 and a velocity factor, Fy = 1.0, would exceed the available flow
rate of the planned auxiliary air supply system. This system will provide air
flow at up to 25 lb/sec at a pressure of about 21 MPa (3000 1b/in?). Figure 14

shows that for the conditions mentioned above the maximum size model that can

be powered with 172 N/sec (25 1lb/sec) of air flow is a size factor of Fg = 0.1l.

This amounts to a model span of b = 3.7 m (12.1 ft).

The use of ejector engine simulators would permit a somewhat larger size
modei for the same G, depending on the magnitude of the inlet Tlow ratio, ¢.
For the jet Mach numbers implied by ¥y = 1.0, the magnitude of the inlet flow
ratio is likely to be less than ¢ = 0.25. This would allow a model size as
large as Fg = 0.127, or b = 4.3 m (1& £t). It is just as likely, however,
that the extra flow augmentation of ejector simulators, in this case,
would be used to increase the test range of Cy. The value of Cu = 1.0

cited refers to a nominal value from a particular flight trajectory.
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Undoubtedly the test would encompass values larger than G = 1,0. In any
event, direct supply engine simulators have been assuned for the purpose of
consistency in this study. It is unlikely that a model size difference of
less than two feet in span would have a significant effect on the experimental

feasibility, except possibly for the model cost.

The Reynolds number capability im th- - facility implied by Ty = 1.0
and Fg = 0.11 is Ry = 2.24 108,

The area under the balance turntable is occupied by the balance chamber.
The large amount of equipment within the balance chamber precludes the
installation of transient ground effect simulation apparatus in that
location. The test section ceiling does not permit a practical installation
because of the existence of the access doors, not to mention the extra
height and resulting structural flexibility of the apparatus, Such an
apparatus could be installed just upstream or downstream of the balance
chamber with equal ease., The upstream location is thought to provide slightly
better flow quality, but, more significaztly, it would interface more
conveniently with a planned tunnel floor BLC ystem (reference 9). The
accessibility to this area for imstallation of the transient grovnd <Ffect
apparatus is very good, The reinforced concrete structure of the ba’ ce

chamber could serve as an important part of the system installation.

The data acquisition system of the 40~ by 80-foot wind tunnel has
recently been extensively upgraded, as reported in reference 12, The new
svstem has a high speed data acquisition system capable of providing signal
conditioning and conversion to digital signals for 60 analog channels and a
dynamic recording sstem for analog signal reéording and playback of 56
channels. In addition, a dynamic analysis system can operate on-line to
gather data from all or amy two of 32 signal sources and perform any one of
a number of time series amalyses in real time. In particular, it can
perform histograms, autocorrelation, cross—-correlation, impulse respounse,
characteristics functions, Fourier transforms; autospectrums, cross spectrums,

and transfer functions. The system also includes a wide variety of readout

74

o ot



devices such as digital displays, cathode ray tubes, X-Y plotters, printers,

etc. The tunnel has an extensive video monitor and recording system as well.

This facility is well suited for the proposed transient ground effect
experiments. The test velocity and size parameters will allow high Reynolds
numbers and have a potential for very good quality data. The data acquisition
system is more than adequate. The planned wall jet blowing BLC system will be
sufficient to control the adverse jnterference effects of the test section
floor boundary layer and has sufficient adjustment range to accommodate the
proposed model location for this proBlem. The proposed location for the model
support and traversing apparatus is convenient for installation and the system
could remain in place as a permanent installation without interferring with '

the other functions of the facility.

6.2.4 MASA Langley Vortex Research Facility

This facility is a high speed aerodynamic track converted from a pre-—
viously existing ship towing tank (reference 13). The tank has been drained
and a new overhead dual-vail and carriage system installed. The facility was
developed principally for the study of aircraft vortex wakes. The overall
length of the track is 549 m (1800 ft). Most of this length is required for
starting and stopping the carriage. A 91 m (300 ft) long test section is
situated approximately in the middle of the track length. The test section is
fully enclosed with a width of 5.5 m (18 ft) and a height of 4.3 m (14 £t).
The model support strut comes thiough a narrow slot in the test section

ceiling and is sealed with baffle plates.

The carriage consists of a streamlined body enclosing a frame supported
by four prneumatic wheels. The front part of the frame is converted from an
0ldsmobile Toronado engine—transmission—front—wheel-drive assembly. Lateral
restraint is provided by four pneumatic wheels bearing onthe sides of the

rails.

The velocity capability of the facility is limited to 30 m/sec

100 ft/nmec), corresponding to Ty = 0.54. Applying the size criteria of
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section 5.4 for a model with limited vertical motion (i.e. Ah/b = 1.0) and
allowing additional floor clearamce to accommodate necessary ground plane
equipment results in a model size approximately the same as in the V/STOL
wind tunnel. For the purpose of this study the model selected for the Vortex
Research Faecility has a span of b = 1.8 m (5.8 ft), or Fg = 0.0527. The
resulting Reynolds number is Ry = 0.58 (10)6.

The maximum operating weight of the complete carriage system is 1.1 kN
(5000 1b). The equipment onboard the carriage includes engine and speed
controls, safety systems, hipgh pressure nitrogen bottles and controls for
engine simulators, and a 14 channel analog data acquisition system and FM
tape recorder. As used for the vortex wake studies, the carriage system
jncludes an arrangement of trailers extending behind the main model to
support a trailing model used to study ware penetration. These trailers
are not needed for the proposed transient ground effect experiment. The
maximum weight of the carriage system is dictated by its starting and stopping
acceleration capability, not the bearing weight of the main wheels. Therefore,
the additional payload capacity of the carriage would be increased by the
weight of the trailers, 860 pounds, which results in a total additiomnal
payload capacity to nearly 1000 pounds. This would be available tc accommodate
additional equipment needed to fulfill the simulation requirements of the
experiment such as vertical traverse and pitch motion actuators, extra drive-
gas for the engine simulators, additional data acquisition and recording

capacity, etc.

The present engine simulator drive gas supply consists of two high pres-
sure nitrogen bottles containing about 4.5 N (20 1b) of gas each. The required
flow rate for the velocity and size factors using direct supply engine
simulators at a Cy = 1.0 1isw = 0.58 N/sec (2.6 1b/sec). The duration of
the data run will depend on the trajectory parameters being gimulated but in
any case will be less than two seconds. Allowing a fifty percent margin for
starting, the total gas consumed will be less than 1.8 N (8 1b) ox twenty
percent of the total quantity on board. an analysis of the isentropic
temperature drop due to such a quantity consumed indicates it is less than

50°F and thus not likely to cause any significant experimental problems.
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The on-site inspection of the facility revealed that the carriage
svstem is verv stiff, Measurements of the vertical spring rate were deter-
mined by measuring the static deflections with twe heavy persons on the
carriage., The initial impression of the dynamic properties of the carriage
was very favorable. Additional dynamic information was sought which would
more completely deseribe the carriage response. Plans were made to acquire
three types of dynamic response data, The first would involve mounting an
array of accelerometers on the model strut base plate to record the natural

motions during typical data runs., The second required execiting the carriage

with a shaker at various orientations over a range of frequencies encompassing

the natural frequencies of the system. The third type of measurement con-
sisted of measuring the static deflections in the vertical direction for a
range of loads of up to 225 N (1000 1b) applied to each of the four wheels.

The results of these studies suggest that the NASA Langley Vortex
Research Facility is potentially very useful for transient ground effect
studies. An especially attractive aspect of this facility is that with a
relatively small investment an initial study of transient ground effects can
be initiated using technique number two., If the initial results warrant it,
the study can later be expanded to include complete motion simulation of

technique number five,

6.2.5 Princeton Dynamic Model Track

The Princetcn Dynamic Model Track (PDMT) was originally developed as
a facility to study the motion of V/STOL aircraft models. In that capacity
it uses dynamically scaled (mass and inertia) powered models, The apparatus
is operated, using position and force sensors, to follow the motion of the
model with as little restraint as possible. The desired test data consist
of time histories of the model motion under certain constraints. This type
of operation has been referred to as "dynamic" testing., Another mode of
operation the facility is capable of is called "static" testing, In this
case the model is driven through a particular motion and the forces and
moments on the model are recorded. This is the type of operation required

in the present instance.
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The PDMT, which is briefly described in reference 6, consists of a 229 m :
(750 ft) long monorail track onm which a servo-coutrolled power carriage rides. _
The track is enclosed in a test section building of 9.1- by 9.1-m (30- by i
30-ft) cross-section. The maximum velocity of the carriage is 12.2 m/sec ;
(40 ft/sec) which can be maintained over a central 91 m (300 ft) long segment .
of the track. This corresponds to a velocity factor of T, = 0.22. The mono-
rail track is about 4.6 m (15 ft) above the ground and the servo-driven '
vertical traverse mechanism is attached to the side of the carriage with a
total motion capability of seven feet. The model is supported by a strut
extending to the side of the carriage. The model size criterion of Section 5.4
cannot be applied in this instance because the model is not enclosed in a well
defined test section. The 9.1 m square building includes the track and
carriage. The maximum model span that can be accommodated by this facility is
b= 2.4m (8 ft). However, this size would result in minimal clearance from
the track support structure. For initial study purposes a model span was
selected that is equal to the vertical motion of the traverse mechanism, of
b=2.1m (7 ft), Fg = 0.064. This results in a maximum Reynolds number
Ry = 0.28 (10)6. As discussed in Section 3.3.2, the minimum acceptable value
of Reynolds number cannot be determined with certainty for this experimental
situation. However, a value this low is considered close to the minimum

acceptable level.

The maximum weight of the carriage is approximately 450 N (2000 ib).
With the vertical traverse mechanism, model pitch mechanism, and model with
balance installed, the additional payload capacity of the carriage is about
67 m (300 1b). The existing data acquisition system consists of a telemetry
unit on the carriage with up to 42 chamnels available. However, the existing
system is insufficient to acquire all the tramsient data with sufficient band-
width. The most convenient means of acquiring the dita would be with a tape
recorder system, however it would lLave to compete with the engine simulator
drive gas tankage for the available payload. A lighter, but more costly,
approach would be to replace the existing telemetry system with a modern one

having greater capacity.

The carriage drive wheels are arranged in a tandem or bieycle configu-

ration cn the monorail track. The weight of the model and traversing
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mechanism on its extended arm causes a rolling moment about the track which
must be counterbalanced by the extra equipment onboard the carriage, As the
forces on the model, such as aerodynamic lift and inertial reactions due to
vertical acceleration, change during a test, an active control is used to
change the moment arm of the counterbalance mass to keep the roll motions
small. This rolling motion tendency is also restrained by a glider on the

carriage bearing on a channel section slightly below the track.

The roll freedom that does exist has the effect of producing a relatively
low vertical stiffness at the model, The entire system has a roll resonance
frequency of two Hertz. The effective vertical stiffness of the model is about
443 W/m (50 1b/in) which is so low as to make it difficult to ascertain the
model position with sufficient accuracy. The effect of this motion, as well
as other flexibilities of the lightweight strut support, on the ability to
discern the transient aerodynamic forces from the inertia forces cannot be

determined with certainty without preliminary experimental trials,

Because of these dynamic properties of the carriage and model support
system, as well as the payload and Reynolds number limitations, it is concluded
that the PDMT is poorly suited for the proposed transient ground effect

experiments.

6.3 Model Support Considerations

The design requirements for a model support system to accomplish the
transient ground effect experimental tasks are dominated by two aspects of
the problem. The first is the need for sufficiently high frequency response
to resolve the transient forces. The second is the requirement to provide
the motion needed to simulate the maneuver. This second factor influences
the first requirement through the inertia forces caused by the accelerations

of the motion.

One of the most evident initial findings in this study is that typical
wind tunnel external platform balance systems are unsuited for this appli-
cation. The massive frames of the load t:ansfer linkages preclude the

measurement of transient forces. The only feasible means of measuﬁ?ng the
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transient forces is with a multiple component strain gauge balance internal to
the model itself. Thus an internal strain gauge balance can be identified as

an integral part of the support system.

The [orces measured by such a system are derived from the relative
displacement of the metric and non-metric sides of the balance. The model
with its aerodynamic forces are integral with the metric side and the model
support system, which transmits the various accelerafion and excitation
forces, is connected to. the non-metric side. The relative displacement of
the metric and non-metric components depends on their dynamic response to
the various transient forces and motions, The ability to accurately measure
the required forces requires that the dynamic response of the support system
be well behaved, if not perfectly linear, to the desired resolution level up
to the highest frequency of interest., This implies a system that is stiff,

i.~., has a high spring rate, is of low mass, and is well damped. Therefore,

it is generally required that the structural members be as short and direct

as possible, to reduce deflections, and that they be light. Structural damping
is more difficult to influence except by using bolted or riveted joints in
preference to welded joints, Beyond that, active damping systems can be con-

sidered but may require extensive development.

The other aspect of the support system problem is the need to provide
the trajectory motion, The principal motion is linear and at rates of up to
5.2 m/sec (17 ft/sec)., 1In addition the accelerations are moderately high,
possibly as great as 10 g's during starting and stopping. These combined
requirements effectively preclude any other actuator system but hydraulic.
Even so, the motion rates are so great as to approach the state-of-the-art
in hydraulic actuators. The use of mechanical devices such as levers or
gears to amplify the motion and permit lower actuator rates is not feasible

because of the aforementioned stiffness requirements,

6.3.1 Blade Strut Support

The most satisfactory model support from a mechanical point of view is
a centerline blade connected directly to both ends of the balance cage within

the fuselage, This arrangement offers the greatest economy of structural
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material with the best potential for high stiffness and low mass. Such an

arrangement is relatively good from an aerodynamic point of view as well.

A strut emerging from the bottom of the model produces very little
interference with the model flow field for conditions of lateral symmetry.
The only significant direct effect on the model is a small wake rumning
along the fuselage afterbody. There is possibly a greater effect due to the
test section floor boundary layer, but means of controlling this are available
if necessary, such as with additional wall jet BLC blowing near the strut,
For aerodynamic flow fields involving lateral asymmetry such as steady side~
slip, engine out, etc., more interference is likely, but can be alleviated
by reducing the chord length of the blade and increasing the thickness at
the expense of increased afterbody and floor boundary layer interference.

A bottom strut arrangement is incompatible with a moving belt floor BLC

system unless the belt is split to go around the strut,

A blade strut emerging from the top of the model is likely to have a
greater aerodyﬁamic interference with the wing flow field, for both lateral
symmetry and lateral asymmetry. Also the wake will be running past the
empennage. As with the bottom strut, the magnitude of this interZerence
will depend on the thickness and chord of the strut, as well as means taken
to alleviate the interference. In this case the floor will be completely

clear for amy BLC provisions desired.

Mechanical considerations pertaining to the choice of bottom or top
strut location depend on the simulation technique. Wind tunnel installations
using technique number three, for example, will have model positions ranging
from one wing span length above the floor to zero height above the floor.

The model sizing criterion of Section 5.4 calls for a minimum ceiling
clearance of 1.5 wing spans, therefore the model-to-ceiling distance would
vary from 1,5 to 2.5 wing spans while the model~to-floor distance would vary
from one wing span to zero., In this case, a bottom strut is favored., TFor a
track facility using technique number five, the required vertical motion of
the model is greatly reduced, That, in additlon to tbe problem of strut

interference with the ground board, dictates a top strut ingtallation.

81

AL L SN 18 e i =

AR L AN T P

SER DK

H
&
i
i
i
b

R T T A LA L T S R R R S A AT G 4 e



e T T A

T g

The remaining mechanical considerations of the model support system
pertain to the provisions for pitch rotation of the model. Proper trajectory
simulation requires that the model rotate about the aircraft center of gravity.
The most direct means of producing such rotation is with the pivot point at
the desired center of rotation. In general, however, remote center drive
schemes can also be used. The sketch below shows one possible remote cente.

drive using a circular segment track riding on rollers. The utility of such

schemes is limited in the present instance by the fact that the motions
required to produce a given rotation rate increase in proportion to the
radial distance from the ceriter of rotation., For the rates required by the

simulation trajectories unde: study, these motions gquickly become excessive.

6.3.2 Sting Support

A sting support system offers a possille alternative to the blade strut
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support for those situations mentioned in the previous section where the
blade strut may produce excessive interference, namely asymmetrical flow
conditions such as steady side-siip, engine out, etc., This type of support
system is considerably more difficult to design with the same stiffness

and motion requirements as the blade strut.

Conventional sting support struts are too flexible for this application.
The aerodynamic interference criteria of conventional stings have to be
relaxed to allow a thicker and shorter sting. Therefore there is increased
interference with the fuselage afterbody and empemnage. The required pitch
motion cannot be accomplished with a remote center drive because of the
excessive motion rates of the mechanism, as discussed in the previous section.
The pitch pivot location must be located near the fuselage afterbody cutout
to allow a reasonably small sting base cavity., This is still rather far
from the aircraft center-of-gravity so some vertical motion perturbation will
be required to approximate center-of-gravity rotation, The aerodynamic
interference of the sting with the empennage is greatest at high model pitch
angles. The ability to relieve the interference by bending the sting tends
to be limited by the need to approach the ground closely., This may limit the
available pitch angle range or necessitate different sting elbows for

different angle ranges.
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6.4  Facility/Technique Selections

A review of cthe considerations cited in the previous sections leads to
the conclusion that several of the potential facility/technique combinations
are feasible from a technical point of view, Their relative technical
feasibility will depend on consideration of additional factors such as desired
accuracy of trajectery simulation, importance of high Reynolds number, ete,

In addition to the technical feasibility, cost/benefit factors must be con-
sidered. These are examined in the follewing sections of this study. The

experimental systems selected for further study are described below.

The facilities selected are:

o NASA Langley V/STOL Wind Tunnel

o NASA Ames 40- by 80-foot Wind Tunnel

o NASA Langley Vortex Research Facility
The wind tunnel facilities are examined using motion simulation technique
number three. The track facility is examined with two different motion
simulation techniques; number five and number two (respectively, with and
without vertical model motion). The principal model support system is the
blade strut. TFer the wind tunnel installations it emerges from the bottom
of the model and for the track it emerges from the top of the model. In
addition, a sting support system is examined for the V/STOL wind tunmel

installation.

Table 9 summarizes pertinent features of these selected experimental

systems.,
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TARLE 9., STUDIED EXPERIMENTAL SYSTEIS
EXPERIMENTAL SYSTEMS
A B c D . E
Facilit NASA Langley V/STOL| NASA Ames |NASA Langley Vortex
v Wind Tunnel 40x80 W.T.| Research Facility
Technique 3 3 3 5 2
Support System Blade Sting Blade Blade Blade -
Velocity Factor, Fy 1.0 1.0 1.0 0.54 0.54
Velocity, V m/sec 56 (184) 56(184) 56 (184) 30¢100) 30(100)
(£t/sec)
Size Tactor, Fy 0.0527 0.0527 0.11 0.0527 0.0527
Model Span, b, m (ft) | 1.8(5.8) 1.8(5.8) |3.7(12,1) |1.8(5.8) 11.8(5,8)
Model MAC, c, m (ft) 0.27(0.91)}0,27(0.91)| 0.58(1.9} 0.27(0.91)_0.27(0.91)
Dynamic Pressure, (, 1.93(40.3)]1.93(40.3)} 1.93(40.3)| 0.57(11.9) 0.57(¢11.9)
kPa (1b/ft?)
' 6 6 6 6 6
Reynolds number, RN 1.07(10) 1.07(10) 2.24(10) 0.58(10) 0,58(10)
Lift (Cp=5),L,kN, (1b) 4.33(973) |4.33(973) | 18.9(4240)] 1.28(288) | 1.28(288)
Model Weight,W,kN(1b) | 0.31(69) }{0.31(69) 3.23(727) {0.18(40) [0,18(40)
sink Rate,h, m/sec 5.2(17) |5.217) 5.217)  |1.9(6.3) 0
{(ft/sec) :
Rotation Rate,d 140 140 67 76 0
deg/sec
Stopping Distance, 0.13 0.13 0,06 0,02 | 0
Ah/b (6 Ilg"
acceleration)
Required Frequency 114 114 56 61 7. | 61

Response, f,, Hz

R’
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7.0 TECHNICAL AND COST EVALUATION

The detailed evaluation of the selected experimental systems consists
of determining the feasibility of accomplishing the experimental objectives
and the cost of doing so. The experimental objectives consist of performing
the simulated motion and resolving the resulting forces. The greatest

technical risk concerns the resolution of the forces. This is most strongly

affected by the dynamic response of the support system. The motion

simulation, on the other hand, involves relatively little technical risk._ it

most strongly affects the costs of the experimental systems.

The technical evaluation is concerned principally with the dynamic
response characteristies of the model support systems. An analysis of the

" characteristics is presented in the next section.

Following that is the cost evaluation. This requires a relatively

detailed description of the equipment., The three major components of the

transient ground effect apparatus are: model, support and actuator, and

instrumentation, Design studies of these compomnents were conducted in
sufficient depth to permit reasonably accurate cost estimates to be made,
The results of these design studies an cost estimates are presented

following the dynamic response analysis.

7.1 Dynamic Response Analysisg

A useful index of the dynamic characteristics of a system is the
frequency response ~ the variation with frequency of the response ampiitude
when the imput is a sinusoidal function having constant amplitude.,

i Graphical representations of the frequency response are commonly given in
the form of either vector plots (Nyqulst Diagram) or as plots of the dynamlc

gain (Bode Diagram). The latter clearly shows regions of flat response and

i+

regonance, and has been used in this report.

In performing the analysis, only motion in the vertical direction has
been considered and the wvarious support components have been 1dsallzed as

mass—sprlng—damper systems. In general, the model support and actuator
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systems have been treated with three-degrees of freedom. That is, three

independent coordinates are involved in the definition of the system. The
results may be obtained in several ways and require the simultaneous solution

of three differential equations. An approach u51ng Laplace transforms was

selected as most convenient.

7.1.1 Formulation of the Problem

The basic mathematical model for the dynamic analysis is based on a

three—component mass-spring-damper system as ehown in the sketch., ZEach mass

SANNNNNNNNANNND

e = kb d,

F(t)

is free to move only in the vertical direction, ¥. Attached‘to each mass

. ds.a sprlng whose restltutlve force is. proportlonal to. the dlsplacement an&

a viscous &amper whose force is proportlonal and opposed to ‘the veloclty.

The 1nput force functlon, F(t), 1s shown actlng on element m3
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The correspondence between this idealized model and the physical

systems is as follows:

Blade~S5trut Support System:

my
IC3
d3

mass of the model and metric part of the balance
stiffness of the balance beams . .
damping of the balance beams

mass of the balance housing and vertical actuator rod
stiffness of the actuator rod and hydraulic f£luid
damping of the actuator

correspond to the actuwator cylinﬁer and hase and,
owing to the relatively large stiffmness of the member,

is ignored in the &nalysis:

Stlng Support System.

dj

mass of the model and metrlc part of the balance
stiffness of the balance beams

damping of the balance beams

mass of the balance housing and part'of the sting
stiffness of the pitch actuator and sting
daﬁping-of the pitcﬁ actuator and sting )

mass of the vertical actuator rod and sting
stiffness of the actuator rod and hydraulic £luid

damping of the vertical actuator

Vortex Research Facility

mg‘

kg
o
My
ko
dp

mass of the model and metric part of the balance
stiffness of the balance beams
damping of the balance beams

mass of the balance housing and vertical actuator rod

stiffness of the actusator rod and hydraulic fluid

damping of the verticdl actuator

mass of the vertical actuator and carrlage

' stlffness of the carrlage tires

damplng of the carriage tires
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‘Note: For experimental system E, there is no vertical

mqtion and the second component is not included in the

analysis.

Component number three always represente the model. The diffetence
(y3 -~ vo) is proportional to the output of the balance and is the privcipal
quantity of interest. The foreing function correspdnds to the serodynamic
loads in the testlsiteation and to the sinusocidal function in the frequency

analysis..
The differential equations of motion for the system are

m¥1 + (@1 + do)yy — doya * (k] + kpdy; .~ kaye = O
m2§2 - déyl + (d2 + dg)-}?’z - dg‘:}g - 1(.2}71 + (1:2 + kg_)yz - 1:3y3_= 0

ma¥3 + dgys + dayg = kays + kgys = F(B)

This is a set of linear second-order differential eqﬁetioﬁs.with
constant coefficients. The resulting motion of the system consiste of two
parts. The first represents a free motion in the natural rhythm of the
system and dies out in time on account of the damping terms. ThlS part is
referred to as the transient. The second part represents motion in rhythm
with the exciting force, ¥(t), and providee the response characteristics of
the system. The. @ﬁponse is described by the magnification or gain of the
motion and the phase difference. between the output and the input. The total

gain is expressed as the product of two terms, the static galn and the

dynamlc gain, The static gain is simply the dlsplacement resultrng from the =

eppllcatlon of a conmstant force of umit megnltude and can usually'be deter= -

mined by inspection. The dynamic gain is a functlon of the. frequency of the

forcing function and represents the dynamic characterlstlcs of the system.

The procedure used to obtain these quantltles is brlefly descrlbed in the

follow1ng paragraph,

Ow1ng to the presence,of the forclng functlon, the equatlons are non~

-homogeneous and tt is convenlent to use Laplaee transforms to’ obtaln a
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solution. The transfer function is defined as the ratio of the Laplace
transforms of the output and the imput:
youtEut
T(S) = —
yinput
" The total gain of the system is the ratio of the output to the input aﬁdxis

defined

y .
output = _ T(iw) = 6-Aen1¢

yinput

where & is the static gain given by

§ = Lim T(S),
5+0

A is the dynamic gain, and ¢ dis the phase angle by which the output lags

the input.

For the three component systenm being considered, the Laplace transform

of the equations of motion may be written

vyi = Tiya.
Y2 = Ta¥s
y3 = F(8) Ty
The output of the balance is
- Ga3-¥2) = F(8) (T3 - T3ly) = F(S) Ty

The dynamic gain for the five-expeximéntél'systéms iz presented in the
fdlloﬁing sections. The results have been obtained using a generalized
control systems computer program and are given in the form of the gain in: -

. decibels versiis the exciting frequency in hertz.
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These results are for the idealized models of the actual support systems.
The analysis treats the components as stationary when in fact they are moving.

A more exact analysis may require consideration of an additional forcing

funetion representing this applied motion. Nevertheless, the present

analysis contains the essential features of the system and the results are
considered to be indicative of the response that can be expected.
Additionally, the values of the parameters m, Kk, and d used in obtaining

the dynamic gain are important factors. Values for the mass and spring

constants are estimated reasoﬁably well based on the designs presented for
the systems, However, magnitude of the damping factor is difficult to

estimate. The values used in the analysis are based on typical values for
gimilar mechanical systems. Values of damping ratio (damﬁing coefficient/ L
critical damping cqefficient) of 0.05 are used for the main structural . ‘ i
elements and 0.02 for the balance strain gage beams, There is a possibility :
of improvihg the response characteristics by altering the damping factors with

tuned damping systems. Estimation of the possible gains in system performance,

however, is beyond the scope of this study. ;

7.1.2 Blade Strut Support Frequency Response

The. dynamic response characteristics of the blade strut support, and
actuator systems installed in the V/STOL Wind Tunnel and the 40— by 80-foot
Wind Tunnel are very similar except for a displacement in £requency to
account for their different sizes, The parameters used in the analysis are
summarized in table 10. The results are shown in figure 18, The required

frequency for the two systems is 114 hertz and 56 hertz, respectively.

T e

B e oS

The response curve for the V/STOL Wind Tunnel system displays a strong
resonance at about 300 hertz which corresponds to the natural frequency of
the balance. At 114 hertz the dynamic gain is just starting o deviate

upward from the zero level., Below this frequency the dynamic gain remains .

J—

o flat at zero except for a deviatiom ocnprriﬁg between 13 hertz and 26 hertz.

The response shows a small amplification and attenuation which is due to

resonance of the hydraulic actuatotr.
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TABLE 10. DYNAMIC SYSTEM COMPONENT PARAMETERS
Component Mass, m Spring Rate, k Damping Coef., d 'D?{Ziigg
cilogram (lb-:secz) newton (E) newton~sec (1b-.-sec)
in metre in metre in
V/STOL Wind Tunnel - Blade Strut Support
499 (2.85) 7.0x108 (&4,0x10™) 5.95x10% (34) 0.05
36 (0.207) | 1.1x10% (6.2x10°) 2.45x10% (14) 0.02
40- by 80-foot Wind Tunnel - Blade Strut Support
3630 (20.7) 1.75x108 (1.0x10°) 2.52x10% (144) 0,05
331 (1.89) 2.28x108 (1.3x108) | 1.10x10% (63) 0.02
V/STOL Wind Tunnel - Sting Support
1270 (7.25) 1.96x107 (1.12x10°) | 1.58x10% (90) 0.05
91 {0.518) 2.84x10° (1620) 5.08x102 (2.9) 0.05
36 (0.207) 1.09x108 (6.2x10%) 2.45x10% (14) 0.02
Vortex Research Facility - Blade Strut Support
1 1410 (8.03) 7.29x10° (4170) 3210 (18.3) 0.05
106 (0.604) 7.30x10% (4.17x10%) | 1840 (10.5) 0.033
3 13.6 (0.078) 1.21x107 (6,9x10%) 508 (2.9) 0.02
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This behavior is not considered to represent a significant problem for
sipnals with épectral content above or below this frequency. For frequencies
near this point, the real physical system may exhibit increased damping which
will limit the deviation, Since the deviation is nearly symmetrieal, it tends
to be self-canceling for an input signal having a nearly constant spectral

content across that frequency range.

The results for the 40~ by 80-foot Wind Tunmnel show very similar trends

! but the balance resonance occurs at 140 hertz, still well above the required

frequency of 56 hertz, and the hydraulic actuator resomance OCCULS between
8 hertz and 16 hertz,

The behavior of these blade strut support and actuator systems appear
to be satisfactory for the tramsient ground effect experiment. The small
deviation that does occur at frequencies within the range of interest ecan
probably be tolerated without serious error. It may be possible to apply
tuned demper systems at a discrete frequency to reduce the deviation

somewhat .

7.1.3 Sting Support Frequency Responge

The values of the parameters used in the analysis of the sting support
and actuator system are also presented in table 10. The frequency response
results are shown in figure 19. A similar resonance at the balance natural
frequency of 300 hertz is seen, as in the blade strut case, but the resonance
associsted with the hydraulic actuator produces a much greater deviation
from the flat response level, The frequen. range for the deviation extends
from 3 hertz to 16 hertz and reaches levels of + 10 decibels, Also, the
response curve above 16 hertz shows a nearly constant attenuation up to the

highest frequency of interest.

The effect of thic dynamic behavior on the transient ground effect x
experiment is difficult to establish at this point. The higher frequency
attenuation can probably be accounted for in the data processing, but the u
impact of the hydraulic actuator resonance on the experiment will probably

require a moxe thorough amalysis to ascertain.
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7.1.4 Vortex Research Facility Frequency Response

0f all the proposed experimental facilities, the Vortex Research
Facility is closest to the condition required for the transient ground effect
experiments. It therefore has the potential'for direct measurement of some
of the dynamic system parameters. This was recognized during the on-site

inspection of the facility and plamns were made for such measurements,

Three types of measurements were discussed with the facility staff. The
first involved mounting an array of accelerometers on the model strut base
plate to record the natural motions during typical data rumns. The second
involved exciting the carriage with a shaker at various orientations over a
range of frequencies encompassing the natural frequencieé of the system. The
third type of measurement would be to record the statie deflectioms in the
vertical direction for a ranmge of loads applied to each of the four wheels of
the carriage up to a maximum load of 225 N (1000 1b). This information is
sufficient to-accurately define the natural frequency, stiffness, and damping
characteristics of the carriage. While at the facility a single point
measure of the stififness was made by loading the carriage with two persons.

This value is incorporated in the amnalysis.

The results of the ana%ysis are prasenied in figure 20 for both
experimental systems, a vertically stationary model, and an.installation
including a vertical hydraulic actuator. The required maximum frequency
response is 61 hertz as scaled by the factor shown in Table 4. The curves for
both systems display a balance natural frequency of 160 hertz. The stationary
installation curve shows an almost flat response out to about 50 hertz where
the gain starts to deviate upward slightly. A very slight deviation is
apparent at the carriage resonance pdint af about 4 ﬁerfz.but it is of such

a small level to be insignificant.

The response for the moving model installation is dramatically .
different. Three resonance conditions are evident that correspond to the N
natural frequéncies of the three compdnenfs. The lowest resonance, occﬁring

at the carriage natural frequency, has a relatively large deviation, about
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+ ten decibels, over the frequency range from three hertz to six hertz. The
hydraulic actuator resonamce occurs at about 40 hertz which is close enough
to the upper frequenecy limit that its effect can be considered minimal.

Between these two conditioms the response displays an attenuation of several

decibels.

The Vortex Research Facility earriage'is an unusual dynamic system in
that it is supported by rubber pneumatic wheels. The damping properties may
not be well represented by the damping ratio of 0.05., Therefore another
curve is shown with the damping ratio increased to 0.20., This result shows
a strong improvement inm the déviation of the dynamic gain at the carriage

natural frequency.

The implications of this analysis for the success of the proposed
transient ground effect expériment are clear for the stationary model
installation., There should be no dynamic problems with the model support
system. The other installation may present a greater problem. Since the
equipment is largely existing, however, direct measurements of the dynamic
properties can be made to permit a careful dynamic analysis. In addition,
the relatively low masses of the dynamic components make them especially

susceptible to successful applications of active, or tuned, damping systems.
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7.2 Model Design Study

7.2.1 Basepoint Model

The design study for the model centered on a basepoint design for the
V/STOL wind tunnel. The model perturbations required to satisfy the other
rest conditions are smell enough that the same basic design can be used with
appropriate allowances for the effects of increased size or decreased aerody-
namic loads. The characteristies of the various other models were derived

from the general scaling laws summarized in table 4.

The aerodynamic philosophy of this model design is influenced strongly
by the need for low model mass and emphasizes the simulation of only those
conditions that are of significance to the possible transient ground effects.
This is felt principally as configuration simplifications. As discussed in
Section 3.3.1, the effects of engine inlet flow are judged to be relatively
insignificant, allowing the use of direct supply engine simulators. Configu—
ration details such as wing spanwise twist and thickness distributions, which -
pertain to the cruise performance, are not modeled, allowing the wing box to
be fabricated with straight development lines from root to tip. Configuration
flexibility is sacrificed somewhat, The flap and slat positions are fixed at

either a single takeoff or a single landing position.

The model fuselage (figures 21 and 22) structure is built around two
strong bulkheads that attach to the two ends of the metric balance core.
Plates are bolted between the bulkheads to form a strong bhox to which the wing
is attached. The wing loads are thus transmitted to the balance with as
direct a load path as possible. Stringers run fore-and-aft to additional
lightweight bulkheads, The fuselage external surface is formed from fiberglass
shells which fit over and attach to these bulkheads and stringers. Removable
panels are provided in the center region for access to the balance and drive
air cross—over. The main landing gear fairings are formed of rigid foam with
a thin fiberglass skin, and are bonded to the fuselage skin, The wheels are
attached with simple spring-loaded telescoping struts to permit accidental

ground contact without damage.

The upper end of the blade strut terminates in the pitch pivot trunnions

on the non-metric balance case. These incorporate rotaty glands to transmit
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the engine simulator drive air. The fairing on the upper end of the strut is
made with constant cross—section radial development lines to maintain a con-
stant clearance gap with the fuselage cut-out as it rotates in pitch. The gap

is sealed with soft foam. The strut chord is equal to 2 T and has thickness/

chord ratio of ten percent.

Tn addition to the drive air lines, the strut encloses instrumentation

. leads, the pitch actuatot, and the pitch actuator hydraulic lines. The pitch

actuator rod connects to the bottom of the balance cage.

The engine simulator drive air balance cross-over system is comprised of
four separate thin wall steel tubing parts comnected to the piteh trunnion
glands. Each tube is routed forward into the fuselage nose, up and back to
the wing box, and out the wing in the leading edge to the pylon where it is
secured with 2 clamp. This arrangement works very satisfactorily with the
small diameter tubing permitted by the high pressure drive air being
considered. The tubes pass through stabilizing restraints made of soft

foam in the forward fuselage bulkhead.

The vertical tail structure consists of lesling and trailing halves made
of formed aluminum skin filled with a balsa wood core. These halves are
attached to a banjo spar which forms the aft fuselage bulkhead. The tip of
the spar has a fitting to receive the horizontal tail, The vertical tail
also includes provisions for setting the horizqntal tail incidence over a

range of values,

The wing (figures 23 and 24) utilizes a stressed skin and rib type
construction. ' The main wing box has front and rear spars formed from sheet
aluminum. The rear spar is straight and continuous across the entire span.
Alumlnum ribg are spaced at the fuselage attachment, the pylon, and the flap
bracket stations. The space between the spars and ribs is filled with soft
balsa wood to stabhilize the skin, The wing skin is formed of aluminum and
riveted and bonded to the spars and ribs. The wing skin and spar thickness.

is tapered by chemical milling.
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The leading edge segments inboard of the pylons are formed of aluminum
sheet, spot welded to end ribs, and attached to the front spar with screws
and nutplates, These segmernts are removable for access to the drive air

lines. The leading edge outboard of the pylons iz formed of aluminum sheet

"and riveted and bonded to the front spar. The leading edge slat is supported

by brackets attached to the leading edge lower surface, The slat is machined
from solid aluminum, The wing leading edge skin is tapered by chemical

milling.

The wing flap segments are supported by brackets attached to the wing
box ribs. Two sets of brackets are provided; one for a takeoff rigging, and
one for a landing rigging. The forward flap segment (figure 25) consists of
a core with the skin bonded and spot welded to it. The core is machined
from solid aluminum to a rib and spar configuration with a solid trailing
edge, The skin is formed to wrap around the leading edge and is tapered in
thickness by chemcial milling. The aft flap is machined frqm solid

aluminum,

The spoiler assembly is designed for two position operation. The

spoilexrs are deployed upward for the initial part of the simulated landing

trajectory at about half of full deflection., At a certain point in the run

they are quickly retracted to the minimum deflection position. This is
accomplished with a simple "mouse trap" mechanism. The spoiler panels are
spring loaded to return to their final position. Before the run they are
cocked and held in deployed position by a series of cams on a pull rod, The
pull rod is spring loaded to release the cams and permit the spoilers to

retract.

The nacelles {(figure 26) are attached to the wing structure with pylons
that go over and under the wing and are screwed to the wing main ribs, The
pylons interrupt the wing leading edge and butt up to the front spar. The
drive air line is routed from the leading edge region into the pylon to the
engine simulator. The drive aitr line is brazed to a boss on the engine
simulator which forms a small orifice that acts to drop the supply presstire
from about 100_atmospheres to 10 atmospheres. The engine simﬁlator consists

of the high preésure plehum. the chocked baffle plate. the nozzle duct and

102




] |
" _.
| 2
_ H g s
/] i ¥ e B
i % B3
L / @
H . Rﬂdw

I
,

Yum Wit g FarL T

speckl H: Yo = (LS55 = .D1P0IFT £xa
WEb! Zeyw 773 - 0281505 103

W

LwR we I ys 29/¢— szwsssk
EOLHOE!.; )

o



A

—-5EE DOI22ET

ggezror

Y

UELTTOE T 015550

L, .
- =
.”u_.!.. L} [TTT
: - A9 (9
= 1SR
L |
v Y .nu.. :
= B B Y =
< HHE IR
L N
oo L3
Y ! de 1
x g ' = 3 |gd
A = D g, 183
. " 0 O 0
W 4] - Wny m
3 : 8 MX [Ts] W@ £
= Wi o d .
S . §3 HE ¥ v Lw g
- H . i i
i : ) “ A0
i H : I i i g
4 ; ‘. = Am Gm.“
i = 538
i o
[ & ~
P ! : s
( w -
; =z .
™~ 2 -] - .
ES i - mq .
g
Ry Qo
i : w .
ras
5 o 3
o S
g _

Ry bk Bl il

[ . \pyey S A

AP Ty e\ WO

i Gl b

y

L5 TEN

SMYINT




| S

_,..u.._.wl.--—--um»«—»-. it

D-n

g
= -
"t

s -
—
| |
in .
—

. ..



E:::¥—;:za;i;;ﬁf -

-

RS 55"

™~ 25"
i C-C

PAGE T04

FOLDOVE prazgy 5

i TEt
DOUGLAS)

3012226

_ pozazs suo ne s, FIGURE 24, WING ASSEMBLY-SECTIONS

- assstoL




|
1
]
1
1
|
1

ORIGINAT,
OF Poog '-Q%ﬁ%? |

= B e .m‘w\wmu_mﬂ. e iii!_..%iiiiiﬂm,m _ g
_ _
,. “ .: __ ...M—t : - n/m
“ ___ I Qg
i ._ __ W?
{ _“ ___ ,#_.J
. ,., | __ i =9
_ p Iy Il &
— P o
; [ i /
] IRl -h
w % . . "l__w_m- lllll “_
3 T P )
| 4
- - 1 1 Le
—— _
] !
S i
ﬂ, I H
3
y
N
U
—- Hu ——pr——— o .
. i
ol
{
P
Ly
| A
; Y
. i
il
_._
i
| i
]
_ ¥
N g
. 2 i - o .
o —
o
K, | 2
m of N
W Ll 2N
o ¥
o |
et
o




_ l _ OraE  Sede

.. .
V 1
1 R e e TR L
S T - p——————
vl e T TR T e o e o ;
i A R oy Y e e o
b il o )
Hi i : l
i :

i 1

d !

\

SR = D AL LT
&0 & s »m”%

N—FEAME = ALUINUT

7
I}
If

" PAGE 105

~ RS IS0

T ‘a8 1oy amona = whig bt

s

FiGURE--zs;-FORWARD°-FLAP.ABSEMBLy@;

I BONHTIE SAUGHAT COLPRRATILT

FFWD FLAP ASSY-

| aroump eerecrs

STOL TRANSENT
MDEL .

EHGR. 7o 51 7 ALS ':'E

DitE | Amys sk

.

~DOUGLAS, AR
- Mmu-

CRAFT COMPANY: |
LONG BEACH, CALIFORNIA )

0012228




P

BRAZE TO &

—~.280 0.0. X .0l WALL TUEE

E_

LY
s

St

NITRLATE
10 REQD

\

i e A
]
+

)

8.

BRAZE 705

‘t

Y

nD7o S5

-G

G

R = S R e




N BAZE OS5

2D 70 5

? /—-@cﬁfmf we

£POYY BUROUP
i Eﬂﬂ SF WIr#

Aﬁﬂ

FIGURE 26.

;m...@/_

,H;__ ,

NACELLE/PYLON

e

#‘mvﬁmﬂ\

‘“;;';:,;,,,‘;7;;;;:‘,;" | 0012? 27 |

/,«

. L T L _
e A et e e S S S ———E .




the nozzle. The high pressure plenum is formed of a steel tube with a
hemispherical forward end., The chocked baffle is a perforated steel plate
with a domed shape that is welded into place at the downstream ena of the
high pressure plenum. This sexrves to drop the plenum pressure from about
10 atmospheres to the jet total pressure of less than one atmosphere. The
baffle plate forms an array of chocked jets uniformly distributed across the
upstream face of the nozzle dict which quickly merge into a wniform stream.
The nozzle duct and nozzle is made of aluminum tube in one piece, The high
pressure-plenum, baffle plate, and supply duct have a constant diameter
somewhat iarger than the jet exit to allow for some nozzle contraction. If
it should prove mnecessary, smoothing screens can easily be installed in the

nozzle duct, The nacelle outer contour is made of fiberglass over a hollow

wood core.

The horizontal tail is made by a similar method aslthe vertical tail.
Leading and trailing halves are formed of aluminum, filled with balsa wood,
and attached to the main spar which is continuous across the entire span. A
partial span forward spar is used with ribs to form a box at the root to
accommodate the attachment loads. The horizontal has a fixed elevator

deflection and an incidence angle adjustable to several positions.

7.2.2 Model Perturbations

The model perturbations required to gatisfy all five experimental
systems being considered are small enough that the basepoint model d351gn
can be used with appropriate allowances for changes in size and velocity.

Pertinent parameters for the test conditions are listed in table 9.

The basepoint model is designed for a maximum lift load of 4.33 kN
(973 1b). Its weight is derived from a careful analysis of the component

parts and totals 0.31 kN (69 1bs). This is the entire metric mass of the

model including the metric balance core.

The model weights for the other test conditions are based on the general
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"scaling rule derived in section 5.3.2. This specifies that

W~ F2 OF3
hts s

However, judgmental compensations to the scaled weights were included to
account for minimum practical weights due to fabrication difficulties and

handling loads.

7.2.3 Model Costs

The model cost estimates are presented in table 1l and are expressed in

terms of man-hours, material costs, and computer charges. The man-hours

" estimates are broken down into three categories; model design and coordination,

loft line definition, and fabrication including shop management., Total costs

are presented based on an average rate of $30 per hour.

The basic cost estimates were prepared; one for the small,blade mounted,
model, and the other for the large model. The sting mounted model has a
slight increase in cost to allow for the more complicated pitch motion
accommodation., The track model is more expensive to fabricate because the
overhead blade strut requires a more complicated wing spar carry-through
structure, Also, the reduced airloads permit thinner wing skins which

require more effort to fabricate.
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MODEL COSTS

TABLE 11..

€50°0 = 54 ‘450 = M
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$315K
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Experimental System
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Model Design

Loft

Fabrication

Materials

Computer Services

Total Man-Hours

$291K

Total § @ $30/hr
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7.3 Model Support and Actuator

The model support and actuator system is the heart of the transient
ground effect apparatus, It is this system which provides the motion
essential for the tréjectory simulation., It is also this system which holds
the greatest technical risk for the success of the experiment. The extent
and rate of the required motion is close to the ultimate limit for the "
preSEnt‘staté—of—thEnart in hydraulic actuator design. The structural

dynamics of this system will remain an uncertain area until further detailed

analysis can be conducted, but from present indications may present strong

limiting conditions for instrumentation frequency response.

Whether or not these limits ever materialize depends, not only on the

mechanical performance of the support and actuator system, but om the nature

of the transient ground effects under study. Thus even the requirements for

the mechanical performance of the system will remain uncertain, probably until

o the first experiments are conducted.

The present understanding of these requirements, limitations., and
uncertainties dictates a conservative approach in the design study of the
experimental apparatus, and principally the support and actuator system.
Therefore, the principal consideration was to seek the maximum practical
mechanical performance by striving for minimum structural mass, maximum

stiffness, and as direct as possible load paths.

The descriptions of the support and actuator system design studies are

presented in relation to the particular facilities.

7.3.1 V/STOL Wind Tunnel - Blade Strut Support

Figure 27 shows the blade strut support and actuator system installed
in the V/STOL wind tunnel., The apparatus is designed for a temporary
installation at the upstream end of either of the two test bays. To prevent

interference with other wind tumnel uses, the appatatus is sufficiently - S . b

portable to be gasily moved out of the test chamber to an adjacent storage

roonl.
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The forward installation location is used in con;unctlon with the

 exist1ng wind tummel floor suction BLC system., This serves to remove the

floor boundary layer just ahead of the model. The floor boundary layer then
starts growing again underneath the model. It is probable that this small
boﬁndary layer growth will mot result in iarge ground plane interference

errors for the model powver ‘1evels involved in the present case. Lf more

.powerful BLC PrDVLSIOHS are required, a wall-jet blnw1ng BLC system can be

installed on a test section cart in the forward test bay and the transient
ground effect support apparatus installed immediately downstream of it in the
aft test bay. The results of reference]D indicate that the BLC wall-jet air
flow rate is about the same magnitude as the model flow rate. The high
pressure air sﬁpplj system available has sufficient capacity for such flow
rates, However, it is likely that the prior BLC rémoval by the floor suction
system.will.g:eatly reduce the jet flow required for the wall-jet blowing

system.

The strut, as it emerges from the floo¥, has a constant cross section
ghape that iz designed for minimal floor boundary layer interference. This
results in a relatively large chord length with thiclkness/chord ratio of
10 percent. The shape also reduces the wake interference with the fuselage

afterbody. The strut chord length increases at the fuselage seal fairing.

This arrangement produces minimal support interference for test
conditions with lateral symmetry. However for tests invbiving asymmetriéai
flow, such as engine out, steady side-slip, etc., such an arrangement may
result in excessive support interference. For those conditions an alternate
strut may be requlred having a much reduced chord lemgth. This will
necessitate a much larger thickness/chord ratic which will produce increased

floor boundary layer interference as well as greater wake interference on the

fuselage arterbndy. These problems are not serious, but may requlre additiondl

BLC blowing near the strut. In all other respects, an alternate strut

presents no further prpbiems and can easily be accommnodated by the apparatus.

The maximum motion rate, as shown in table 9 is h = 5.2 mfsec (17.0

ft/sec). ThE_aétuator-System;is designed for a maximum deceleration
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capability of six "g's". This results in a maximum stopping distance, showmn
in table 9, of Ah = 0.13 b. The range of model positions for steady testing
is from the ground to a height of h = 1.0 b. The range of heights for
transient testing is slightly less to allow for the distance required to
accelerate the model to the desired descent rate, This acceleration distance
is somewhat uncertain and will ultimately depend on the perforﬁance of the
actuator servo-valves in starting the motion smoothly. Experience with such
equipment indicates that, in any event, the starting acceleration capability
will certainly be greater than three "g's" which results in a starting

distance of less than Ah = 0,26 b. This still leaves sufficient travel

" for the expected transient events.

The installation of the apparatus in the test section cart involves
cutting a small notch in the upstream edge of it. Otherwise the cart is not
affected by the installation. The section of floor surrounding the strut
includes a small pop-down panel which is spring loaded to fall away as the
model approaches the floor at the end of a run. This provides an additional
stopping distance of 0,13 b which permits a high sink rate condition to be

maintained closer to the floor before the model deceleration starts.

Beneath the floor the strut attaches to a carriage that rolls in a
vertical track, This carriage and track assembly provides the longitudinal
and lateral restraint to the model as it moves through the vertical height
range. The main hydraulic actuator is located beneath the carriage and the
piston rod is connected directly to it. The actuator is supported by a short
pedestal resting on the floor., The carriage and track assembly is supported
above the actuator by a.framework made of structural steel members. This
framewerk forms a cross-shaped platform resting on four posts which hear on
the test chamber floor surrounding the actuator pedestal. The floor is
modified with a deep concrete footing under the actuator pedestal and anchoxr

bolt inserts for the pedestal and each of the four supporting posts.
In order to remove the apparatus Irom the wind tunnel, the top of the

track is lowered to clear the surrounding wind tunnel structure. The

carriage framework is arranged to slide down the four posts to provide thg

112

=




necessaﬁy clearance, A hydraulic jack in each post is used to raise or lower
it. When the framework is raised into place, it is securely bolted to the
posts, forming a rigid unit. When the apparatus is being moved, it is
supported by air bearing pads built into each post. This allows the unit to

 be easily moved to the adjacent storage area or the alternate test bay.

The main hydraulic actuator incorporates special design features for
low friction and fast response. The cyiinéer is a single~ended type with the
piston rod extending from cne end only. It operates from a high pressure
hydraulic supply system of 21 MPa (3000 1b/in2) to keep the actuator stiffness
to as high a level as possible. The cylinder includes an internal tailstock
mounted on the closed end which telescopes into the piston rod to keep the
piston area close to the same value for both tension and compression side.

The piston has no seals, but relies on carefully maintained tolérances to
keep the fluid leakage rate at a low and consistent level for which the
servo-amplifiers can be compensated. The low friction piston rod seal

includes a continuous scavenging system to recover the blow-by.

Shaped ports are used so that as the piston approaches the end of its
travel the fluid flow rate is throttled down by the piston to decelerate the
actuator at its maximum rate. This is a fail safe provision which is only
used in the event that the positioning logie or servo-systems malfunction
and do not properly decelerate the actuator. This eliminates the need for
other fail-safe provisions in the drive system. A linear voltage differential
transformer (LVDT) is enclosed within the tailstock for the servo system

position semnsing.

The actuator is operated from an accumulator in a hIQWMdown.mode. The
maximum hydraulic fluid flow rate is 0.028 m3/s (440 gpm) but the fluid
required per stroke is only 0.0072 m3 (1.9 gal). The high pressure pumping
system to charge the accumulator is designed for a cycle time of one minute
between runs. The hydraulic servo valve is mounted directly on the cylinder
at the compression port. The pitch motion hydraulic actuator is similar in

operation to the main actuator, but of greatly reduced capacity. It is
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located within the blade strut near the model and the servo valve is at the l

base of the strut.

The apparatus is operated from a control panel located in the wind

tunnel control room., The control panel ineludes provisions to control and 2

monitor the engine simulator thrust, to manually change the model vertical and

pitch position with appropriate readout, and to monitor various dynamic

parameters during a rTun. The DIC spoiler operation is triggered by a switch
adjacent to the carriage track. The position of this switch is remotely !
controlled from the panel. The desired model position trajectory is controlled |
by data read from a small computer in real time which drives the servo

amplifiers.

7.3.2 V/STOL Wind Tunnel - Sting Support

This altemative model support system is considered for the V/STOL wind
tunnel as a means of alleviating the possible adverse interference of the
blade strut with asymmetric flow conditions as well as permitting the use of
the moving belt ground plane. The arrangement of this support shown in
figure 28 permits the use of an unusual hydraulic actuator design concept

that offers the potential for a significantly simpler system.

The sting is supported from the top of a large diameter column which is
the actuator piston rod, This column penetrates the test section floor
bhehind the moving belt ground plane cart and enters the actuator cylinder,
The ¢y11nder comprises the upper part of the main support column. The

eylinder is double-ended and the piston rod extends through the bottom end

jnto the base of the support column, providing maximum lateral restraint.

= The entire support column assembly rests on a deep concrete footing.
Two outfiggef legs are attached to the top of the column and bolt to the
concrete floor. The main column incorporates an air bearing pad to allow 1

the apparatus to be moved from the adjacent storage ared.

The sting assembly bolts to a turntable on the top of the piston rod-

which has provisions to adjust the model side-slip angle. The sting assembly
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is made of aluminum plates, bolted together with spacers. It terminates with
a short round sectiom that enters the model afterbody under the vertical

tail.

The pitch angle pivot is located near the fuselage cutout to keep the
base cavity as small as possible. The pitch motien is provided by a hydraulic
actuator inside the fuselage. Since the pitch pivot is located some distance
from the aircraft center—of-gravity, simulated rotatiom gbout that point
requires a combined motion oi the vertical actuator and the pitch

actuator.

The model pitch attitude range of 8 = -10 to +20 degrees shown in
figure 28 probably cannot be achieved with one sting. The rotation required
for a simulated transient maneuver ig much less than 30 degrees, but this
range is needed to encompass all the test conditions of interest for static
testing., Different éting adapters can be used to achieve the full range of

angles, but with a more limited ramge of rotation,

The large size of the piston rod may cause a significant interference
with the wind tunnel flow, For the present design, the model is located six
diameters upstream of the piston rod. The disturbance to the freestream flow
will probably be minimal, but there may be a relatively large distrubance
where the piston rod emerges from the test section floor, such as boundary
layer separation, vhich may propagate upstream. This can probably be

controlled, if necessary, by local BLC blowing near the rod.

The potential advantage of the main actuator system for this installation
is tempered Ly a greater technical risk involved in developing an hydraulic
actuator of this size as well as the much greater hydraulic fluid capacity
required, The hydraulic fluid flow rate is 0.110 m3/s (1730 gpm) and the
fluid caﬁacity per stroke is 0,026 m3 (7 gal). This requires four servo

valves and accumulators.,

Hydraulic cylinders of this size and capacity present difficnlt design

and manufacturing problems. The greatest uncertainty involves the performance

117




e

of the piston rod seals and the leakage rate of the piston in the cylinder.
Development of such an actuator requires preliminary fabrication of major
components such as rod seals and piston/cylinder sections from which
operating parameters can be experimentally determined. The additional effort
required for such development is very difficult to estimate and has not been

included in the cost comparisons for the present study.

7.3.3 40~ by 80-foot Wind Tunnel

The blade strut support and actuator system design for the 40- by 80-
foot wind tunnel installation is essentially the same as for the V/STOL wind
tunnel except that it is about twice as large. The installation is shown in
figure 29, One significant difference is that the installation is permanent,
but does not interfere with other test objectives of the facility. The
equipment is installed upstream of the balance turntable, extending under the
test section floor. The vertical carriage and track assembly is attached to
the reinforced concrete forward wall of the balance house, The main hydraulic
actuator is supported on a raised concrete platform extending beneath the
existing floor. A wminor amount of modification to the existing facility is
required to relocate a stairway and balcony. The test section floor is
modified to include a pop-down panel which is spring loaded to fall away as

the model approaches the floor to provide additional stopping distance.

Ground effect testing in this facility will require a ground board BLC
system because of the large boundary that exists on the test section floor.
The study reported in reference 9 identified a wall-jet blowing BLC system as
being appropriate for this facility and made a preliminary design of such a
system in this Ffacility. The installation location selected for the transient
ground effect apparatus can be easily accommodated by that BLC system.

Presumably it will be available for this proposed experiment,

A useful consequence of the increased scale for this installation is
that relative starting and stopping distances are reduced for a constant
acceleration. Table 9 shows the stopping distance for a six "g" acceleration

from the maximum sink rate is Ah = 0.06 b.
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The hydraullc actuator design concept is the same as for the blade
strut installation in the V/STOL wind tunnel, lowever the equipment is
scaled up by a factor greater than two which entails a fluid flow rate and
capacity of greater than four times the smaller installation. This requires
a greater number of servo valves and corresponding increase in accumulator
and pump capacity. Beyond that, there is 1little difference in the equipment.
The larger size of the cylinder and piston does present a elightly greater
techniecal risk. It is mot possible to assess the possible cost impact on

the present study without a detailed hydraulic actuator design effort.

7.3.4 Vortex Research Facility

Figure 30 depicts the installation of the model and equipment in the
Vortex Research Facility. The model is supported from above by a blade
strut. It enters the test section through a narrow slit in the ceiling. 4
baffle plate surrounding the strut aects to seal the slit against disturbances

caused by the carriage.

The ground board is comprised of five panels; a single curved panel, as
ghown in the figure 30 and four straight panels. The length of each panel is
about 5.5 wing spans. The four straight panels permit a simulated constant
rate descent from a height of h = 1.0 b at a flipght path angle as low as

v = 2,6 degrees. The curved panel is used in conjunction with flare maneuver

simulations.

This facility is examined in the context of two possible motion
simulation techniques; a vertically stationary model moving horizontally over
a sloped and curved ground board (motion simulation technique number two,
experimental system pumber five) and a model with reduced vertical motion
moving over a sloped, straight ground board using vertical motion to simulate
the flight path curvature (motion simulation technique number f£ive,
experimental system number four). The latter imposes the more stringent
coﬁdition'because of the required verticel model motion. As discussed in
Section 5.1.2, this motion is expressed in terms of a vertical perturbation
motion from a horizontal reference line and its extent is appreciably reduced

from thaL of motion simulation technlque number one. In general the full
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scale flight coordinate system may have amy arbitrary orientation to the

horizontal reference line, but the landing simulation is most conveniently

represented by orienting the approach flight path parallel to the reference

line as depicted in the sketch below.

TOLCHUNN FOmv7 FLAFE Po/VT

L Gt 7 gy g( ag Y REFERENCE LINE

The reference line is horizontal and parallel to the carriage track.
The ground plane is inclined at the approach flight path angle, Y spp* Foxr the
nominal landing trajectory (section 3.2.1), the approach flight path angle is
Yapp = 6.58 degrees, the flare height is Ah = 0.20 b, and the distance from
flare to touchdown point is D = 2.18 b. The vertical perturbation distance,

AZ, needed to simulate the landing flare is given by

AZ = D sin YAPP = Ab cos YAPP

which yields, for the above conditioms, AZ = 0,051 b. The vertical
perturbation velocity, 2, is initially zero and increases to a maximum at the

touchdown point, It is expressed as
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which is the difference between the instantaneous sink rate and the approach

sink rate. TFor the nominal trajectory, the touchdown flight path angle is

Yo op. = 3.87 degrees, The required vertical velocity varies over the range
0<%< 0,047V

Since the touchdown flight path angle is not zero, the ground board has
a break at the touchdown point. In practice the model will continue upward

for a short distance as the vertical velocity decelerates to zero.

The takeoff simulation requires more vertical moticn than the landing
case because the full scale trajectory inmvolves a greater change of flight
path angle. Therefore, a slightly different procedure is used to minimize
the required motion. The orientation of the flight path, relative to the
horizontal reference line, is at an angle hali-way between the initial and

final flight path angle, as depicted in the sketch below:

EEFERLENCLE LINE

Simulation of the nominal takeoff trajectory (section 3.2.2) to a height of

Ah = 0.5 b, requires a vertical perturbation distance and v:locities. of

AZ = 0,14 b
~0.063 V < Z < 0.054 V

The additional motion capability for starting and stopping the vertical motion

-is gbout 0.02 b,
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These conditions set the design requirements for the vertieal actuator

at
0.3 m (1.0 £t)
+1l.9m (+ 6.3 ft/sec)

AZ
z

1l

The vertical hydraulic actuvator and equipment is relatively easily
accommodated in the existing volume on the carriage ahead of the drive éngine.
The strut mounting requires only slight modifications to the carriage frame
for additional bracing., The strut assembly consists of a lower blade attached
to the model which telescopes into the upper fairing. It is supported and
slides in ways coated with Teflon. The vertical actuator is attached to the
strut base where it fastens to the main cafriage'frame. The piteh actuator

is located inside the model fuselage.

The hydraulic actuators are operated from high pressure accumulators

charged to a 21 MPa (3000 1L/in?). The accumulators are charged before each

run by a hydravlic pump located off the carriage.

The model installation for experimental system number five is greatly
simplified in that no provisions for vertical nor pitch motion of the model
are included, The model is mounted on a fixed overhead hlade strut which is
attached -to the carriage. A remotely actuated DLC spoiler is included,

however, for simulation of landing flare at a constant angle of attack,

7.3.5 Model Support and Actuator Costs

The cost analysis was conducted for two separate aspects of the support
and actuator system. The first is concerned with the design and fabrication

of the basic equipment, while the seecond aspect involves the modifications

to the facilities and the installation of the equipment. The costs for these -

two categories are presented in table 12 and arxe expressed in terms of man—
hours and direct dollar outlays for materials and purchased equlpment. An
additional dollar expendlture is listed under the installation summary for

travel and per diem expense of the installation crew.
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TABLE 12, MODEL SUPPORT AND ACTUATOR COSTS

Experimental Systems
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The relatively large material expenditures shown for the basic equipment
of experimental system C, and to lesser extent systems A and B, are largely
due to the cost of off-the-shelf hydraulic equipment. This consists
principally of the servo valves as well as the pumps and accumulators. The
servo valves represent a large cost because the required actuation rates and,
hence, the hydraulic fluid flow rates are close to the upper practical limit

for large hydraulic actuators.

The larger actuators require proportionally more servo valve capacity.
In the case of system B, greater servo valve capacity than system A is

required, but the greater simplicity of the apparatus compensates for this,

resulting in less dollar outlay as well as a lower total cost.

Both of the track systems include an additional effort for the
fabrication and installation of the adjustable ground board equipment.
Most of the cost shown under installation for system E is involved with this

feature.

7.4 Instrumentation

The instrumentation equipment and measurement techniques are nearly all

commen to the different facilities. The most notable exceptions to this are

for the Vortex Research Facility as noted in the following discussion.

7.4.1 Balance

‘ . As mentioned previously the balance is an integral part of the model
{gggpb;t,syg;gm,ﬂ‘As,such-it.contributes to frequency response limitations of

'ftﬁe?sygteﬁ,;:Ihe'dEEign philosophy was therefore to seek maximum stiffness

#nd as high a natural frequency as practical. The results of the balanée
dééiéﬁﬁstﬁdﬁ"iﬁ&idaté that natural frequencies appreciably greater tham the
égui#éﬂ,ipStrumentation frequency are possible to achieve without undue
‘f£§$§,, This approach is thought necessary to limit possible coupling of

“the balance with other dynamic components. =
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The balance design adopted in this study is a gsix~-component internal
strain gage balance. The metric core is double-ended for rigid attachment to
the main fuselage bulkheads. All element gage sections are designed to
approximately one—halfrthe stress level_ccnsidered standard for typical
internal strain gage balances. Special high output strain gages are used ta
prevent the signal levels from decreasing correspondingly. The required size
and load capacities result in balance designs with a relatively Jow length-to-
dizmeter ratio and a small element-spacing-to-diameter ratio. Consequent.y,
single, instead of dual, gage section eslements are used for rolling moment
and axial force elements, particularly since these components are lightly

loaded.

7.4.2 Acceleration and Position Sensors

Acceleration sensors are used prineipally to determine the inertia
forces which must be removed from the balance output to yield the aerodynamic
forces. Miniature accelerometers are mounted on the metric side of each

balance element to measure the acceleration components directly.

A possibly important additional application of such sensors is to
compensate for non-linear dynamic response of the balance at or near resonance
conditions. This requires an additional set of accelerometers so that every
balance element has a pair of accelerometers at each end of the strain gage
beam, Non-linear balance behavior is the result of attenuation or
amplification of the motion of one end of a beam with respect to the opposite
end and is evident from the difference signal of each accelerometer pair.
Twelve miniature accelerometers are used. Utilization of the
accelerometers for these purposes will require extensive dynamic calibration
of the system. This will entail the use of equipment to excite the apparatus

at different locations and orientations over a range of frequencies.

Position sensors are required to indicate model vertical and pitch
positions. The pitch position sensor is a precision potentiometer which is.
mounted on the pitch trunnion in the model. The vertical position sensor is
a linear voltage differential transformer (LVDT). This is mounted either

within the hydraulie actuator tail stock or adjacent to the vertical carriage
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track., Both of these types of position sensors are widely used and are
expected tc offer sufficient resolution and accuracy for this task. Alterna-
tive sensors are available with significantly bétter performance character—
istics such as rotary or linear optical encoders. These could easily be
substituted for the semsors selected if necessary, but would entail additiomal

cost for the digital-to-analog convertors.

The Vortex Research Facility installation requires, in additiom, a

sensor system to determine the carriage position along the track. This is a

digital optical system consisting of a light source and photocell pickup on
the carriage which senses the passage of reflector targets on the track rail.

g The targets are located om two inchb centers to provide fine spatial resolution.
The output of the photocell drives a ten bit binary counter which is used to

address a memory device containing the actuator servo system command signals.

The DLC spoiler on the model is activated at a position that is set
before each run. In the wind tunnel installations this is accomplished
remotely. A microswitch located adjacent to the vertical carriage track is
contacted at a certain position. The switch is positioned by a motor driven
traverse unit with a position readout potentiometer. In the Vortex Research
Facility installation this is accomplished by a photocell sensing a manually

positioned reflector target on the track rail,

7.4.3 8ervo Control Svystem

The vertical and pitch hydraulic actuators operate in closed loop
servo systems. Each system consists of a command signal generator, a
position sensor, servo amplifiers, and hydraulic serveo valves. Servo power

boosters are required for the large servo valves as well.

The command signal generator consists of a digital memory system and a
digital-to-analog convertor. For the wind tumnel installations, existing
data acquisition and control computers will br used to produce time functions
of the vertical and pitch positions., These will be derived from tabular

; input data loaded prior to the runs.
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For the Vortex Research Facility installation, the position command
signals ave generated in reference to carriage position sensed by the photo-
cell position pickups. The command signals are stored in two 1024—word eight-
bit memories which are addressed by the ten bit binary counter drivea by the
photocell, The two memories each consist of four 8 by 256 bit erasable-
programmable-read-only—-memory chips. These chips are programmed from papex
tape data using a read-only-memory programmer. They are reusable and are

erased by exposure to ultra-violet light for a few minutes.

The command signals and position sensor signals are input to the servo

amplifiers which produce drive signals for the hydraulic servo valves.

7.4.4 Engine Simulator Sensors

The direct supply engine simulators require instrumentation to measure
jet total temperature and total pressure and the drive air flow rates, Each
simulator is individually controllable anﬁ so requires a duplicate set of
jnstrumentation. The temperature is measured by a thermocouple probe
inserted into the high pressure plenum from the upstream end with the probe
body enclosed in the nacelle forebody fairing. A total pressure probe is
located in the exit nozzle duct and routed to a pressure transducer in the
nacelle forebody. This transducer must be of a type that can tolerate

moderate accelerations without producing spurious sipgnals.

The drive air flow rate is measured by standard airflow meters located
off the equipment. The importance of flow rate measurements depends, to a
certain extent, on the type of powered 1ift system. Configurations such as
the USB or augmentor wing, where the jet exit is located in or near a changing
flow field, have a stronger requirement for such measurements than the EBF
where the jet exit is relatively remote from the wing flow field. For the
nominal STOL configuration in the present example, these measurements may not
be necessary, In any event, since such instrumentation in generally
available at most wind tunnel facilities, it is not ineluded in the cost

estimate presented.

129

S P

BATEE SEE

SECENES

AR R T T R




P

7.4.5 Control Panel

The control panel incorporates all the control and momitor provisions
for the model, support, and actuator systems in one central locationm, TFor the
wind tunnel installation this is in the wind tunnel control room. In the
Vortex Research Facility this is located onboard the carriage. Parameters
for which monitor provisions are required are vertical and pitch position,
engine simulator jet total pressure, and hydraulic system préssure. Also an
indicator for the DLC spoiler activation is provided. Control provisions
inelude manual vertical and pitch positiom, engine simulator jet total
pressure, and hydraulic pump controls. A control mode selector is provided

to select automatic or manual position comtrol,
Special equipment located in the control panel includes power supplies,
servo amplifiers, servo power boosters, and safety imterlocks for failsafe

shutdown controls.

7.4.6 Instrumentation Costs

Of the instrumentation costs presented in table 13, the largest
element is the balance. These costs are based on an informal quotation
from an established strain gage balance manufacturer and entail relatively
low risk. The costs could be reduced by substituting a three—cdmponent

balance design.

The major part of the cost for acceleration and position semsors is
due to the miniature accelercmeters for resolution of inertia forces. These
coats are absent for experimental system number five where there is mo

vertical acceleration.

7.5 Total Cost Summary

The total experimental system costs are presented in table 14,
summarized under four separate categories; model, support and actuator
basic equipment, support and actuator installation, and instrumentation.
The costs are expressed in terms of man-hours and direct dollar outlays for

materials and purchased equipment. Total dollars costs are presented based
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TABLE 13, INSTRUMENTATICN COSTS
Experimental System
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BALANCE
Materials $40,5K 540, 5K $55,.0K $40,5K $40,5K
ACCELERATION AND
POSITION SENSORS
Design & 400 400 400 200 100
Fabrication
Materials $7.4K 874K $7.4K $6.9K $0, 5K
SERVO CONTROL SYSTEM
Design & 970 970 970 700 -
Fabrication
Materials $1.5K $2.5K $3.9K $3.0K -
ENGINE STMULATOR
SENSORS
Design & Fab 100 100 100 100 100
Materials 52, 0K 52,08 $2,0K §2.0K 52,0K
CONTROL PANEL
Design & Fab 800 800 800 300 -
Materials $1.5K 52,01 52,5k 50.5K -
TOTATLS
Man-Hours 2270 2270 2270 1300 200
Materials 552, 9K 854,.4K 570.8K §52,9K $43,0K
Total @ $30/hx $121K 122K $139K $02K $49K
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TABLE 14, TOTAL COST SUMMARY
Experimental System
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MODEL
Man-Hours 6510 9630 16900 10310 10310
Direct Dollars §5,5K 55, 5K $9, 7H 55.5K 55,5K
Sub-Total @ $30/hr $291K(,29)| 294K (.31} $517K (. 33)$315K (. 39) $315K(.57)
SUPPORT & ACTUATOR
Man-Hours 10530 9110 11290 6750 2640
Direct Dollars 485K §78K $182K $11K 51.5K
Sub-Total @ $30/hr |$401K(.40) $351K(,38) |$520K (. 34) $214K (.26) $81K(.15)
INSTALLATION
Man-Hours 5040 4630 10820 5890 3320
Direct Dollars 531K 530K S46K 517K 55.0K
Sub-Total @ $30/hr |$183K(.19) $169K(.18) [$§371K(.24) $194K (. 24)] $105K(.19)
INSTRUMENTATION
Man-~Hours 2270 2270 2270 1300 200
Direct Dollars 553K §554K 571K §53K 543K
Sub~Total @ $30/hr |$121K(.12) $122K(.13) $139K (. 09)| $92K(.11) $49K (. 09)
TOTALS
Man-Hours 27350 25640 41280 24250 16470
Direct Dollars $17 5K $168K $309K $87K $55K
Total @ $30/hr $906K 54371 $1547K 5814K $549K
Relative Total Cost 1.00 0.94 1.55 0.82 0.53
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on an average rate of $30 per hour, The sub~total costs shown for each of
the four categories have a figure in parentheses indicating the fraction of

the total system cost.

The wind tunnel experimental systems all appear relatively similar in
terms of the relative costs of the four categories. The model costs are
slightly greater than 30 percemnt, the support and actuator costs total slightly
less than 60 percent, and the instrumentation is about 10 percent., For the
two track systems, the model cost becomes a greater fraction, the support and
actuator costs a smaller part, and the instrumentation costs remain about

10 percent of the total.

The greatest potential for cost reduction appears to be in the madel.
The design philosophy édopted for this study of striving for minimal model
weight results in relatively difficult construction techniques. TIf a more
detailed analysis of the model and support dynamic response shows that
greater model weights can be tolerated, the model costs could be reduced
somewhat. The greatest model cosft reduction would be most probable for
track systems. The other cost categories appear to have less potential
for cost reductiom. A brief examination of the cost semsitivity to the

wind tunnel systems test speed indicated iittle effect.
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8.0 RECOMMENDED EXPERIMENTAL APPROACH

8.1 Discussion

InAselecting an approach to the experimental investigation of tramsient

ground effects the most important considerations are: %
o Ability to comply with the simulation requirements
o Cost. of developing and inétalling the apparatus and model w
o Cost of conducting the experiment

0f the experimental systems examined, all comply with the simulation require-

ments to varying, but what are considered to be satisfactory extents. The

system developwent and installatiomn costs are significant not only in their

relative levels, extending over a range of nearly three—~to-one, but alsoc in

terms of their magnitudes, as great as $1.55 million. The costs of con-

ducting the experiment are only considered in a qualitative manner, since

detailed opurating costs for the various facilities are not available,

0f the two distinctive types of experimental systems, wind tunnel and
test track, the wind tumnnel systems have improved simulation potential in
one respect, Reynolds number, while the test track systems have an advantage

in the exact modeling of the ground plane boundary layer.

The significance of Reynolds number in experimental situations of this
type pertains principally to a minimum acceptable value. Operating at
Reynolds numbers greater tham the minimum value will, in general, improve the
quality of the aerodynamic data. However the overall experimental feasibility
may not be significantly enhanced. The available evidence suggests that the
Reynolds number capability of the test track experimental systems is sufficiently
large to provide the necessary aerodynamic data quality. Therefore the greatex

Reynolds number potemtial of the wind tunnel facilities may not be a strong

advantage.
- - k.
The importance of the exact ground plane boundary layer simulation
provided by the track facility relative to the wall jet BLC system in the *

wind tunnel is difficult to establish with certainty. The wall jet BLC
system can prevent premature ground plane separation, but the condition_df

the flow under the model exhibits differences from the freestream in velocity
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profile, turbulence intensity, and entrainment which may cause signifieant,
though subtle, ervors in the flow for some conditions. In addition, neither
wind tunnel presently has a wall jet BLC system although one is planned for
the 40~ by 80-foot wind tunnel. The cost of providing such a system is not

ineluded in this study, but could well be an important factor,

Use of the existing moving belt ground plane and boundary layer removal

equipment in the V/STOL Wind Tunnel is possible in comjunction with the sting

mount apparatus. However, the moving belt is limited to a maximum speed of

vt

30 m/sec (100 ft/sec.). Also the sting mount is less satisfactory than the
blade strut in several important respects: poorer dynamic response, large
sting interference with the empennage, difficulty of accommodating the entire

model pitch raﬁge, and increased development risk for the large hydraulic

actuator.

P e F A SRR AN

It is concluded that, in terms of simulation accuracy, the experimental

systems utilizing the Vortex Research Facility have a slight advantage over

either of the wind tumnel systems.

Because of the very large cost levels identified fox the development
and installation of the various experimental systems, the cost differences
between them remain relatively large and therefore significant., Some experi-
mental advantages do result from the increased costs and are felt in both the B

areas of simulation accuracy and experiment conduct.

. The most obvious advantage gained by the increased costs is the
simulation improvement due to increased Reynolds number. The principal
difference between the experimental systems in the two different wind tumels
is an increase in the Reynolds number capability from 1.1 (10)% to 2.2 (10)6.
The cost increase associated with this is from $1.00M to $1.55M, As mentioned j
above, such a Reynolds number increase provides little enhancement to the g
experimental feasibility and is not thought to warrant the substantial

increase in cost required to achieve it. qo

The cost increment associated with the Reynolds number increment between

the V/STOL wind tunnel and the Vortex Research Facility is smaller and the
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Reynolds number advantage is greater than in the first example. However,
since the lower Reynolds number capability of the track facility is still
considered acceptable, the simulation advantage of the exact ground boundary

layer modeling becomes the overriding Factor in its fTavor.

The importance of the improved flight path simulation resulting from
the cost increment between the two track experimental systems depends princi-
pally on the importance of the flight path curvature effects and the ease of
estimating appropriate corrections. The results of the analysis of these
effects presented in this report suggest that they are relatively small and
easily corrected. The accuracy of this assessment will probably not be
verified until the first experimental results are in hand., However, the
track experimental system for straight flight (system E) can be easily
expanded to perform curved flight simulations with little or no wasted effort.
Thus, initial experiments camn be conducted with the view that if the results
appear to warrant the addiiional cost, the apparatus can be upgraded to

provide the complete motion capability.

It is evident that the experimental systems utilizing the Vortex
Research Facility have a strong advantage with respect to the cost of

developing and installing the apparatus.

The third criterion specified for selecting the experimental approach,
i.e., the cost of conducting the experiment, depends principally on the ratio
of the utilization rate (i.e., runs per day) of the facility and the charge
rate (i.e., $ per day). The latter information is not available, but the
seneral observation is that the 40- by 80-foot Wind Tunnel probably has the
highest charge rate and the Vortex Research Facility the lowest, with the
V/STOL Wind Tunnel intermediate. The present understanding of the operating
characteristics of the facilities and the cycle times of the various experi-
mental systems suggests that the number of runs per day the wind funne’
jnstallations may be capable of is on the order of 100. The Vortes ¥ Learch
Facility, because of cycle time limitations for the basic ‘carriage system,
can only accommodate, on the order of, ten runs per day. Thus the wind tunnel

facilities may have a cost advantage in this respect, depending on their
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charge rates.

The relative importance of these considerations depends on the extent
of future experimental studies of tramsient ground effects. This Wili depend
on the importance of transient effects discerned from ﬁﬁe éxperiments. The
present understanding of the problem derived from analytical and limited
experimental results summarized in Part I of this report, suggests that the
problem is not so great that many STOL configﬁrations will require extensive
experimental studies. Therefore, the cost of conducting the experiments
cannot, at the present time, be considered as important a factor as the other

two criteria.

The experimental systems utilizing wind tumnels apparently have a slight

advantage in terms of the cost of conducting the experiment.

The track experimental system without vertical model motion (system E} has an
additional advantage in terms of data reduction. Since the model experiences
no forced accelerations during the data acquisition, the balance data have no
jnertia forces superimposed on the aerodynamic forces. Therefore there is mo
need to provide accelerometers to measure these forces., This eliminates the
expense of the sensors, but, possibly more significant, it reduces the experi-
mental risk inherent in separating the inertia and aerodynamic forces and

implies a potential for obtaining higher quality aerodynamic data.

In terms of the specified gelection criteria, the experimental systems
employing the Vortex Research Facility have a slight advantage in simulation
accuracy and a strong advantage for the cost of developing and installing
the apparatus.  The wind tunnel experimental systems probably have an advan—
tage in terms of the cost of conducting the experiment, but the importance
of that advantage is not thought to be significant. It is concluded that the
Vortex Research Facility offers an overall advantage and therefore provides

the basis for the recommendations presented in the next section.

8.2 Recommendations

The recommended approach for the experimental-investigatiqn of STOL
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aireraft transient ground effects is a two-phase program utilizing the NASA

Langley Vortex Research Facility. The initial phase of the program entails

testing a powered STOL model traveling along a straight £light path over a
sloped and curved ground board. Motion simulation erroxs due to flight path

curvature can be corrected with simple analytical procedures. This approach +

g

corresponds to experimental system E.
. o

If transient ground effect phemomena are discovered in the initial =

phase that appear significant enough to warrant more accurate modeling of the

i flight path curvature, the second phase of the program would be instituted.
This will entail installation of vertical and pitch motion apparatus on the
carriage to directly model the correct £iight trajectory as with experimental

system D.

Prior to commencing this program, careful consideration should be given
to a pilot program to acquire preliminary experimental data for correlation
with analytical results. This will provide a basis for a rational decision
about the importance of investing in a transient ground effect facility. This

pilot program should be conducted in the Vortex Research Facility with what

amounts to a simplified version of experimental system E {a vertically
stationary model moving over a sloped ground board). Attempts should be
made to utilize existing model and instrumentation equipment. The pilot

program should consist of the following three tasks:

(1) Ascertain dynamic properties of Vortex Research Facility, carriage,

(2) Analyze dynaﬁic properties of a simpie model installation with an B
existing balance. If necessary a high stiffness three-component |
balance could be utilized. _ _ '

(3 Conduct tke trensient ground effect experiments over a sloped,ground
board and correlate the data w1th analytlcal methods. This task can

be—ﬂOHSldEred a repeat of the experiment reported in reference 1, but -

o
i
3

with deficiencies of that experiment removed and for a wider wange of - : oy

conditions.

The first two of these three tasks can be accompllshed with very. modest _

effort, The thlrd task, 1nvolv1ng fabrication or modification of hardware,

ds well as operation of the facility, is necessarily more expensive,
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Accurate ‘estimates of the cost of thls program Were ot prepared as part of

this study because of uncertalntles regardlng the avallahlllty of - sultable“

model and 1nstrumentat10n equipment. However, based on the examlnatlon of

experxmental system E with the cost of the model and bdlance removed ~and -
allowing for certaln,experxment gimplifications, the cost of the pllot

_program can confldently estlmated to be less than $200k. o
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