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LARGE-SCALE V/STOL TESTING

David G, Koenig,* Thomas N. Aiken,** and Kiyosht Aoyapi®
Ames Research Center, NASA, Moffett Field, Conlifornia
and
Michael D, Falarski
U.8. Army Aviation Systems Command
Alr Mobility R&D Laboratory
Ames Directorate
Ames Research Center, Moffett Fleld, California

Abatract F, = axinl force
Severc' “ncets of large-scale testing of V/STOL L = lift
alrcrafc configurations are discussed with particu- n = pumber of lifting elements
lar emphasls on test experience in the Ames 40- by - . .
80-Foot Wirl Tunnel. Examples of powered-1ift test PNL = percelved noise lovel, db
programs a s presented in order to illustrate trade- P, = atmospheric pressure

offs confronting the planner of V/STOL test programs,
It is indicated that large-scale V/STOL wind-tunnel

testing can sometimes compete with small-scale test- q = dynamic pressure
ing in the effort required (overall test time) and

Py = total pressure

program costs becosuse of the possibility of conduct- = wing area
ing a number of differont tests with a single large- Tc = total thrust (fan at a = 0%)/q(nd2/4)
scale model where several small-scale models would . R
be required. The benefits of both high- or fulil- v = alrspeed, m/sec (knots)
scale Reynolds numbers, more detuiled configuration Vj = jet velocity, m/sec (ft/sec)
simulatior, and number and type of onboard measurs-

o = angle of attack

ments increase rapidly with scale, Planning must
be more detailed at large scale in order to balance By = deflector vane setting
the trade-offs between the increassed costs, us number
of measurcments and model confjguration variables
increase and the benefits of larper amounts of in-
formation coming out of one test.

(=]
)

flap deflection

I. Introduction

Development of V/STOL aircraft is becoming

Nomenclature more dependent on large-scale wind-tunnel test pro-
= grams than has been the case for the development of
Ag nozzle area conventional airecraft., Interaction of the power-
plant and the sirframe introducns additional test
A, =n (D /412, area of powered lifting parameters, and analytic tools in the process of
ared; fully expanded being developed to handle the effect of this inte-

gravion have not yet been proven. Because of the
complexity and costs of some V/5TOL models and their
AN = nozzle area components as well as costs of flight testing, it

is felt that large-scale testing at low speed must

Am < Tb2/4, momentum area of aircraft

= cross-sactional srea of wind-tunnel test Pl .
Ay sectio; nn become a more significant part of aircraft devel-
R opment. It is, therefore, the objective of this
b = wing span paper to give the reader some insight into the major
by = width of test section EZZiingntlons assoclated with large-scale V/ST0L

CD = drag/qs
= di - The paper is divided into two parts: reasons
Cd discharge coefficient for testing at larpge scale, i.e., scale effects,
C, = lift/as detail, and acoustics; and test considerations, i.e.,
Cp = pitching moment/qSE planning, sizing, mod?l construction, and opera-
tions. The presentation makes use of as many ex-
Cy = thrust/qS amples as possible from test results and from ex-
= ; periences in testing large-scale powered-lift
Cv velocity cosfficient models. Most of the examples are from programs at
c = mean aerodynamic chord the Ames 40- by 80-Foot Wind Tunnel and the static
test sites nearby. It is felt, however, that mony
of the considerations discussed are applicable to
d = fan diameter other large-scale testing facilities where powered
models are involved,

D, = diameter of lifting element

*Research Scientist, Member AIAA,
**Research Scientist.



11.  Reagons for Lurge-Scale Testing

The reasons for testing at large scale are
many, but much of the Justification can be placed
within the ohjectives of obtanining close to full-
scuale Reynolds numbers, requirements for detailed
representation of model configurations, and the
possibility of obtaining a larpe variety of infor-
mation from one model, including noise evaluation,
To minimize the costs and time requived for test-
ing both large- and small-scale models, these rea-
sons must be closely evaluated. To help in eval-
uition, brief examples follow,

Scale Effects

In much of the work that has becn done in anu-
tyvzing scale effects on the characteristics of lift-
propulsion systems, there has been difficulty in sep-
arating the combined effects of giing from one model
and test installution to onother model and test in-
stallation, For V/STOL aircraft model testing, this
is a continual problem because of the strong effect
of the simulated propulsion system on ti.g acrodynamic
characteristics involved. Examplss of compurisons
which indicate such scale effects are presented in
Figs. 1, 2, and 3 for components of iifting systems
which are do%umented in Refs, 1 and 2, and unpub-
{ished data,” respectively. Even for these cor-
relutions there are always questions: How ag-
curate are the surface contours for the inlet tests?
Was the grit large enough and applied far enocugh
forward on the slat for the case in Fig, 3?7 But
for testing complete powered-lift configurations,
Jocumenting such things as similarity in contour,
similarity in flow conditions, or deflections under
load can be an order of magnitude more difficult,

Problems 1n correlating test results for com-
plete configurations may be illustrated by the in-
vestigation of an externally blown flap S5TOL con-
figuration completed by NASA 4 years ago. % Two
models were built, the larger being six times the
size of the smaller, with tests being performed in
the Ames 40- by B80-Foot Wind Tunnel and the Langley
V/STOL Tunnel, respectively. The test installa-
tions are shown in Fig., 4. The small model was
powered by ejector propulsion simulators and the
large one by JT15D-1 turbofan engines. The small
model is showp mounted within the liner installed
in the 15- by 22-ft test section of the V/STOL
tunnel to simulate the 40- by BD-ft test sention.
Although the essential purpose was not to look at
Reynolds numbers or size effects as both wind-
tunnel programs had other specific objectives, the
effect of scale was an incidental result of the
program. As cen be seen by the three-component
data of Fig. 5, the comparisen in the performance
of the two models was less than satisfactory. With
the power off, the lift was less for the large mod-
el; with the power on, the 1ift was greater, This
was the case even though the flap geometry was
similar for the two cases, indicating a Reynolds
number effect in flap effectiveness for both power
off and on or different propulsion effects,

t+Barrack, J. P., Hall, L, P., and Kirk, J. V.,
"Full-besle Investigation of the Low-Speed Aevo-
dynamic Characteristics of the F-111B Aircraft,”
NASA Ames Working Paper 249, Sept, 1969,

ra

Strong scule effects had been noted in past in-
vestipatiuns of slotted flap configurations, but
these oceurred primarily with the power off. llere,
with a blown flup system, cven though instrumenta-
tion was complete for poth models, at least toward
meeting the objeetives of the respective tests,
there still was not enough documentation tu show
why the differences in lift occurred. The princi-
pal complications were probably the scale cffect
on the reaction of the jet with the flap system,
vombined with the use of two different power sys-
tems for the two models, These effects and similar
ones hive to pe separated and well defiped if re-
s+ 'ts from small-scale powered models are to be
uscd.

Even though with small size it is difficult to
provide sufficient instrumentation to document
scale effects, it is continually being attempted.
One program where pood correlation between large
and small scale was obtained was in the development
of the Advanced Harrier and is the subject of two
other papers in this conference,® Tu a certain
extent, that case was more straightforward in that
full-scale results were used as verification of the
small-scale results in order to quantify such
things as flap lift increments and pitch control,
Furtherm. se, the flap and propulsion systems were
not completely integrated as was the case for the
external blown-fiap (EBF) models of Fly., 4, and
small-scale flap performance was not influenced by
smail differences in the simulation of the enginc
efflux,

Model Detail

The comparison in slat effectiveness shown in
Fig, 3 is believed to demonstrate the effect of
Reynolds number; however, there is a chance that
slat details such as the mechanical representation
of the slat nose and wiper plate thickness may
have an cffect on slat performance.

For powered-lift models, there have been cases
of externally blown flap tests where bracket thick-
ness and placement have affected flap position and
slot gap optimization, Another example of the effect
of brackets occurred in the development of the NASA
C8A flight test vehicle.” The aircraft was a C7A
Buffalo modified to incorporate direct thrust and a
thrust augmentor flap. During the development, a
0.7 scale mode] of the mugmentor flap was stati-
cally tested, and the results are reported in Ref.
8, A section of the augmentor is shown in Fig, 6.
Early in the tests, the upper part or shroud was
held on by the turnbuckles to allow adjustment of
slats for optimization runs. As the design of the
aircraft proceeded, a final attachment plan, adapt-
able to the airplane, was developed, and the static
model was tested with several configurations of
these brackets. It was found that refinement of
the design improved the performance of the system
by 12%, based on the thrust of the primary nozzle.
The width of the turnbuckles was the same as that
of the aircraft brackets so that, in this case, it
was evident that the large-scale model was needed
to confidently evaluate all the details of the
flap mounting structure.

Variety of Information

Large-scale models can provide a wider range
in the tyres of measurements obtained in one test
than smal® -_.'c models. Measurements possible



using large wodels are illustrated in the upper left
of Fig., 7 for o complete aireraft conflguration,
Most of these can be made ot small scale, but they
would probably require several models. Using smal«
fer scale models, elther compunents or complete
afrernft configurations, the test items on the right
of Fig, 7 ure possible, Acoustic studies reauire
special medel design and testing conslderations
which, for hoth large and small scale, may require
separate tests, Measuring noise of larpe-scile
models is discussed in Ref, 9, and special tech-
niques for acoustlc rescurch in tunnels arce treated
in Ref, 10. If acoustics can he studied in the

same tests, however, significant cost savings

should be possible.

For complete acoustic models, the typical
problems at smull scale contlnue to be such things
as suppression of noise of propulsion simulators,
high-frequency mensurcments, and simulation of de-
tail. As scale goes to full size, noise measure-
ments in the 40- by BO-ft wind tunnel must be made
in the near field. Ref. l1 describes an empirical
technigque for correcting results for near-field
effects and compares jet noise measurements with
flight tests (Fig. 8), Wind-tunnel and flight
measurements agreed within 2 ds, With this program
and others such as that of Ref. 12 for establish-
ing the validity of wind-tupnel acoustic measure-
monts, size can be used to pood advantage to
simulate both detail in the lccation of the sensors
and the complete aircraft configuration. This wus
true for the large STCL model shown in Fig, 4,13 ap
somewhat smaller scale for jet noise studies such
as that shown in Fig. 9,'" size of the installation
helped to refine the survey of the noise field of hot
high-velocity jets at several freestream velocities.

Costs

Once the necd for large-scale tests has been
formulated, limits on the use of such tests have
often been placed because of high cost estimates
for the proposed programs, The alternatives are
to use smaller models and do more testing of air-
craft components, Since, for the latter case, the
lack of large-scale test results might jeopardize
predictions of aircraft flight characteristics,
it was felt that a study of comparative costs of
large- and small-scale test programs was justified.
Cases were studied which were cither completely
large scale or completely small scale but had com-
mon final ohjectives, One of these cases is de-
scribed below and is based on the author's exper-
ience with test programs of a large variety of
aircraft configurations, The resultsz must be con-
sidered approximate because of the following: dif-
ficulty in evaluating the impact of computer-
controlled machining and forming on model making;
wide variation ln costs of the smaller wind tun-
nels; no distinction in labor rates for different
skills; variations in possible combipations of the
relative effort used in component and complete
configuration testing.

A comparison was made of costs of two test
programs, one at large scale and one at small scale,
each producing the same variety of information as
listed for the small model in Fig, 7., It was as-
sumed that all the small models were still large
enough to justify use nf the test data directly to
predict stall and maximum flap performance; i.e.,
no additional testing time was assumed necessary
for grit checks and flow studies to detail any
local flow scparation., It was also assumed

that the 40- by 80-ft wind tunnel was used for the
lorge-scale tests ot §570/hr, oand o typical V/STOL
tunnel of 5 m by 8 m, such us at Langley or Lock-
heed, was usod for smull-scale tests at $450/hr,
These values represent direct costs plus overheod,
The comparison can only be qualitative since hourly
rates con vary from one facility to another, and,
whiress we assume that oth static and wind-tunnel
costs ure the same, static test rates are likely

to be lower, Tec further simplify the comparison,
cost of materials, power plants, equipment, model
repalr, per diem and travel expenses were neglected,
This does not invalidate the comparison since, gen-
erally, the equipment and power plants are alrecady
available *or incorporation into the model and test
installation, and the cost of installation refur-
bishment, atc, 1s less than 10% of totul program
costs.

For the large-scale tests, there was onc static
and one wind-tunnel test, The small-scale program
was divided into four sets with the component models
tested statically and the complete models tested in
the wind tunnel, A surmary of the cost comparison
is presented in Fig, 10 which shows that total pro-
gram costs are approximately the same for the two
programs .

Other cases in which test effort was organized
in & slightly different wuy than that shown In
Fig. 10 showed that the relative costs could vary
as much as 25%, particularly when u component test
such a$ that for a thrust deflector was added to
the large-scale test program. However, repardless
of this and the previously mentioned qualifications
of the study, it secems evident that the large-scale
costs de not have to be much more than thosc
required for small-scale tests if the large-scale
model is designed to combine several different
types of measurements during a single series of
tests. If this can be programmed, the large-scale
advantages of high Reynolds number, Strouhal number,
detnil of geometry, and measurement accuracy can be
obtained while costing little more than the equiv-
alent small-scale testing effort,

111, Test Considerations

Even though the costs of small- and large-scale
testing can be equivalent, a major problem is the
shortage of large test facilities., The wind tunnels
capable of accepting some complete aireraft, located
in the United States, anre listed in Table l.

Table 1 Wind-tunnel locations

Maximum speed,

Facillty, m (ft) m/sec (knots)

9.1x18.3 (30 x60) (Langley) 51 (100)
12,2 x 24.4 (40 x 80) (Ames) 92 (180, will be 300)
24.4 x 36.6 (80 x120) (Ames, 31 (100)

design in progress)

Each of these facilities has open static test sites
nearby so that models can be transported between
facilities without complete disassembly. The fol-
lowing discussion will censider tests in and near
the 40- by 80-ft wind tunnel, but much of the dis-
cussion could be applied to planning test programs



in other test fueillties, In recent years there
hive heen two very active open-field test sites ot
Awes which hove been used for both tusting of model
or aircraft components us well as complete airveraft
configurations.

Plunning and Organdzation

Experlence with recont V/8TOL test programs
in the 40~ by BO-Ft wind tumnel has shown that to
reduce costs and testing time, advanced planning
and organizetion cannot be over emphasized. Ser-
vice vrpanizations, contractors, uand NASA offices
must be all coordinated and briefed. Figure 11
shows the orpgonizotion of three recent projects in
ovder of incressing cost and extent of orgunization,
They reprosent examples of 1) an in-house rescarch
project (Fig, lla), 2) u joint service -NASA R.§ D.
program (Fig, 11b), and 3) o service-oriented
development program supported by NASA (Fig. llc).

Project | test results are reported in Refs, 15
and 16, This was on internally manoged, basic
research project with the objective of studying
stability and control, high angle-of-attack char-
acteristics through the stall, and acoustics. Proj-
ect management came from the Ames Large-Scale Aero-
dynamics Branch (LSAB) with both an engine and an
sirf-ame monufacturer acting as conaultants. Pinal
reporting was done by the LSAR,

test results are veported in Refs.

This was a Navy-NACA jointly funded
program, managed by NASA, with the objective of
obtaining static (in and out of ground erfect) and
wind-tunnel data for loads, stability and control,
and performance. The model was heavily instru-
mented to document propulsion and externsl surface
pressures, The test management came from the Ames
Alrcruft Project Office, with the LSAB serving as
advisors, The alrframe contractor supported the
tests with design, test support, data analysis,
and reporting.

Project 2
17, 18, and 19,

Project 3 test results are reported in Ref. &,
This was Navy-funded with test management coming
jointly from the LS5AB, the contractor, and the
Navy. The model was equipped primarily for full-
scale stability, control, and performance checks
with the instrumentation required to document power
settinps together with a few loads, The cost of
the model was an order of mapgnitude higher than the
foregoinpg prejects because the model combined a
fuselage flight structure with the Rolls Royce
F402-R-402 engine and a boiler plate wing-flap
system., In addition, since the tests were part
of an aircraft development program on a tight
schedule, it was highly “visible," and a large
number of contractor personnel were required to
support the operation of the tests and correlate
test results on a daily basis,

The test programs of both Figs, 11b and llc
proved not only to include and reguire extensive
coordination between groups, but they were als?
expensive. This was true in spite of their use of
scme of the following considerations. High costs
can sometimes be cut by the following: 1) use of
boiler plate construction for models, 2) careful
evaluation of trade-offs in complexity and cost,
3) use of increased tolerances where at all pos-
sibla, 4) use of analytic methods and algorithms
in planning the test procedure, 5) coordination with
small-scale programs to minimize duplication, and

6} borrowing or leasing' equipment and model parts
where posstble,  Meusurements to be made sre major
plusning ltems.  Por V/510L wind-tunnel tosting ot
lurge seale, tho types of measuremonts arve many and
sould include al) or some of the following in one
test:

1} Stubliity and control

3 Aoerodynamic performunce,

3} Propulsion performance, inlet and nozzle

4)  Louds on Flaps and control surfices

5)  Surface pressure measurements on ull
cemponents

6) Boundary-layer surveys
7)  Acoustle studies, near and far field
#)  Wak. surveys, downwash, sidewash

9) Flow sutveys pear tunnel walls to
evaluate wall effeets

10} Flow visualization
11)  Structural . atic and dynamic londing
12) Aircraft systems chceks

A principal problem in progrum management is to
avoid attempting so many measurements that tho
primary goals of the experiment are jecpardized
through complex equipment malfunction, but, at the
same time, to take full advantape of the test tn-
stallatlon, and testing time,

Model Sizing and Construction

Guring the early development stage of powercd-
1ift aireraft, components such as deflectors,
thrust reversers, or blown flaps can be studied,
but eventually, the complete lifting system must
be represented making tests on complete aircraft
configurations essential, In either case, consid-
eration of cost means vesorting to simplifying
model construction, adapting wodel size to oxisting
surplus engines, or minimizing test configuration
changes.

Sizing

For model scsles which make full use of the
capacity of the 40- by 80-ft wind tunnel, our ex-
perience has been that size is dictated by avail-
able energy sources such as compressed air capacity
and electrical! motor and gas turbine sizes avail-
able. As will be discussed, the size of pas tur-
bine engines which have been developed for business
jet aircraft adapts well to model scales of 0.3 to
0.7. For larger models, there is a jump in thrust
to the 10,000 class which will force the aerody-
namic size limits and result in large wall inter-
ference effects, The estimation of these effects
then becomes vital., Reference 20 relates aireraft
and wind-tunnel geometry to model-tunnel sizing
parameters in order to establish tentative sizing
criteria for V/STOL wind-tunnel testing. Correla-
tion plots from that reference are presented in
Fig. 12 and have been updated with the modeis of
Refs. &, 15, and 19. The lines have been somewhat
arbitrarily drawn in the figure to represent guide-
lines of good wind-tunnel flight correlation., The
wall effects for the large configurations and for
decelerating flight can be significant as shown in
Refs. 21 and 22, and the ranges of Fig. 12 might
well be lawered for these cases, However, it is



feit that as more detalied correlation techilgues
ure developed, particularly for VIOL configurations,
the ranges can be expanded,

Currently, the most proctical of the energy
sources available fo. 40- by 80-Ft wind-tunnel model
use is the small turbojet or turbofan engine. The
englnes avoilabie are shown in Fig., 13 together
with the operatinp porancters for maximum contin-
wous performance, Ames attempts to malntain n suf-
ficient number of cuch to power model conflgurations
having tfrom four to slx engines. These engihes,
plus other gas power sources, have been hlrced on
the thrust-pressurs ratio map of Flg., 14, ‘The T8
and JB8S are used to drive the LF376 and LF336 tip-
driven fans, respectively [0.91 m {3 ft) dismcter].
The LF376 fans were used in the model shown in Flg.
15 (the model used in the program of Fip. 11bh).

The J85 has also been used as a 1ift ongine oriented
in a vertical thrusting position for the program

of Ref, 23. In additlon, this engine has driven

the turbines of modified viper engines for which

the compressor output is used to power blown flap
models such as that reported in Ref. 22 or for

the blown semispan lnstallation shown {n Fig. le.

Additional sources of energy such as high-
pressure alr and clectric power have been consid-
ered only as auxiliary power for larpe-scale models,
except for the electric mators driving rotary-
wing or propelier-driven muodels, As the high-
pressure air source cdpucity is incroased at the
wind tunnel, it could be practical energy source
for medium-sized static or dynamically similar
models, l2-in,-dlamater tip-driven fun installa-
tions, and boundary-layer control [BLC) systews for
large-scale models. Tuarget capacity for the air
supply is 32 kg/sec (70 lb/sec) at 2000 psi maximum
with a continuous rating of 1l kg/sec (25 lb/sec),
For information on availgble electric motors and
maximum load, the reader should consult Ref. 24,

The foregoing has been a very brief discussion
of the practical constraint on sizing large-scole
models, the power plant. A major need is for a
small or medium-sized, high-bypass-ratic turbofan
or n practical scheme tc simulate it. It is hoped
that further development of the business jet will
bring about such an englne, The closest to this
is the LF376. Determining the avallability of
these and other possibilities, such as the engines
listed in Figs. 13 and 14, as well as electrical
and high-pressure air scurces, becomes an essen-
tial consideration in the plamning of a propesed
powered-1ift program.

Canstruction

Experience in construction of large-scale mod-
els has shown that, for most cases, so-called
boiler plate construction is adequate and no more
expensive for e given aireraft configuration than
for smaller sodels requiring machining, advanced
casting techniques, and many man-hours of finish-
ing. However, to profit from the advantages of
"boiler plating," expensive forming, casting or
machining are not utilized, unless these methods
are absolutely required to accurately simulate
performance items such as inlet, slots, or wing
leading-edge contours. To illustrate trade-offs,
examples follow,

The housing for the JTISD used on the upper
surface blown-flap (USB) model of Ref, 15 is shown

in Flg. 17, Since the wrdel was to be used to
investigate aiveraft scability, control, and stall
characterisvics, 1t was decided that the welght of
the nacelle could be rupported from below with an
aoversized and stiff pylen besm, Rather than use

an expensive shell nount to minimize overall
nacelie width, the engines wore moved outhoard on
the wing to maintaln o required lenpth of cxposed.
wing leadlng edge betweon the nocelles and the
fuseloge. In terms of percent spun, this was less
than 1% span further out on the wing., For this
cnse, the maximum nozzle pressure ratio and optimum
duct performunce wore not necdod, so the internal
nezzle contours were not critical as long ns the
surfaces were cootinuous and smooth In o streamwise
direction, To ease this situation, the nozzle was
made oyerly long to reduce curvature. This made

it possible to use segmontod, welded construction
of both the hot and cold nozzle ducts with external
formers as shown. ‘The forwuard skin was rolled
sheet steel with access panels placed to ease
servicing and englne checks (no compound curves),
The skin on the nozzle had to have a compound
curviture, but it was covering the cuter duct and
could be fiberglass, The inlet was spun-formed for
previous test progrums and wes readily adopted to
the nocelle framework and cowling. After the first
test, the lower nacelle contour was modified eco-
nomically by adding fomm and fiberglass for all four
nocelles. This lnvelved approximately 100 man-
hours.

The second example is that of the complete
VTOL method used for the propram of Fig, llb., The
model 1is shown inp Fig. 18 (during its construction}
nnd in Fig, 15 (fully completed}., Three T88's
needed to power the LF336 fans were housed in the
fuselage and ingested alr from the two side inlets
{one is shawn installed}. The hot ducting was well
insulated and bay cooling was an essential part of
the desipn, making it possible to form most of the
compound surfaces from fiberglass, particularly
the simulated canopy and :'e inlets. Most of the
surfaces were defined by /8- to 1/4-in, steel rihs
or bulkheads, precut to a computed curvature for
that particular cross section and welded in place
to a base framework. In hot areas, stringers were
installed, and steel skin was plug-welded or
screwed to these formers which became an integral
purt of the structure, In cool areas, fouam nand
fiberglnss were installed botween the formers. Thu
wing and flaps had a steel spar and were covercd
with wood and o single layer of fiberglass, 3Swall-
tolerance areas were held to the outer wing, flaps,
and inlets, Construction setup time was consid-
erably reduced by increasing tolerances in other
areas where possible.

A very significant note must be made shout
locating instrumentation on models such as that just
deseribed, The scanivalves and miscellaneous trans-
durars which are located en the model must be ac-
cessible and compatible with cooling requirements,
For the ghove model, it was difficult to find a
cool area in which to install these units (an area
contrally located to minimize pressure tubing
length). The final position was between the outer
wing and the gas generater inlet duct., The prob-
lem was recently wmade significant when an onboard
data acquisition system was made optional for 40-
by 80-ft wind-tunnel madels, This system requires
locating Remote Multiplexing Distribution Units
{RMDU's) on or necar the model, preferably near the
scanivalves. Although use of the RMDU's will not



be roquired, they will greatly reduce hookup und
pressure check time,

Opurations

The limited availability of large-scule wind
tutiiels makes it imperative that the complete test
procedure evalve from trade-ofts kn timnel time
and wodel comploxity such as the number of onboard
measurements or the number of configuration var-
jebles, For powered-lift programs, the wipense of
the model and justification for starting the pro-
gram in the first place seem to bring pressure from
ull participunts to Llnercuse the number of measure-
ments and test variables, The following comments
are designed to help with judging the impact of
increasing complexity on wind-tunnel time,

Flgure 19 shows the ratio of total down time
to op-site time os a function of the number of
model configuration variables, The vertical scale
is sliding since the actual ratio can depend on
too many factors beyond our control. A pood number
for zero changes with power off is 30 as a start,
The estimstions or falred curves are based on 350
onboard measurements. ‘The tost cases have approxi-
mately this number of measuvements. Some of the
rosults come from the author's experiences and are
quulitative, but the curves are primarily derived
from the USD tests,}S lift-cruise fan model tests,
and augmentoy wing tests,?! ‘The effect of power is
showr on the plot at zero configuration changes
and should he typical of the penalty paid for en-
gino muintenunce, time required to purge the tun-
nel of exhnust gases, ond cooling of the air in the
tunnel., The steeper slope with the first two con-
figuration changes reflects the assumption that
these twe are major changes (such as tail instal-
lation or removal which can take 2 to 4 hrs in the
40~ by BO-ft wipd tunnel).

figure 20 shows the variation in time required
to record each data point us a function of the num-
ber of onboard measurements. No accounting is
made of power changes which at times must be made
to keep up with changes in tunnel aoir temperature
and which can pyd an additional 30 sec to scme
data points. These miner throttle adjustments can
usually be done during changes in other settings
such as angle of attack or sideslip. It has been
assumed that the first 1-1/2 min consist of:
setting the test conditions such as angle of attack,
sideslip, or power; letting the tunnel airspeed
~teady out; and recording the data frem the scale
- *tem. After a 12- to 15-sec scanning peried,
wrding with the model data system is started,
“1ough, ns the system itself is refined in the
.ure, the slope of the curve could decrease
.tghtly, the penalty in testing time because of
onbogrd measurements is significant enough to war-
rant inclusion in the initial planning of the pro-
gram, In arriving at the 1-1/2-min perlod shown
in Fig. 20, it was assumed that any thrust changes
would be only those required to compensate for
tomperature changes, and tunnel power would have te
be changed in small increments between data points.

Figure 21 illustrates the problems encountered
in estimating the settling time required after a
rapid thrust or drag change is made in the test
section. The cross-hatched aren represents an es-
timate of the minimum required time, assuming that
wind-tunrel drive power is changed to compensate
the thrust change at the same time. Since the

tunnel spoed is odjusted manually, this requires
good coordinntion hetween the wind-tumtel snd
engine operators (or model controller), lines
representing the wind-tunnel charscteristics with
the model out are atso shown for reference. 'The
values of Aq wero chusen to brocket the equivalent
wind-tunnel poiey change roguired to compensute
for the thrust change in the test section. The
problems with wind-tunnel size nre Lllustrated by
the large air circulation time of BO sec for 60
knots, a commonly usod test airspeed for V' .OL
transition. 1In practice, in order to be assurcd
that afrspeed has stopped varying, the timo taken
is sbout twice that Indicated for the 50- to 60-
knot vange, about 2 min, the last minute is gon-
craolly consumed by fine adjustments to airspoed.

A computer-controtled speed adjustment now being
considered for the new 40- by BO-ft/80- by 120-ft
test power system may climinate the need for this
latter period of adjustment., However, in spite of
inputs from wnodel power conditions, ang'e of attack,
or air temperature, such a speed contro- systom
will still bave difficulty in reducing the time
indicated in the figure simply becouse of the lavge
volume of air circulating in the tunnel.

A mujor problem in operating with gas turbine
engines results from the lack of a positive ven-
tilating system and a practical opersting limit of
130°F in the test section. As shown in Fig, 22,
the use of gas turblne enginec results in a certuin
maximum running time, After this, the engines must
be shut off, the uppropriate doors opened, und the
tunnel run at low speed for purging or for roducing
air temperature. Currently, this takes 20 min to
1 hr, To roduce this time, which is essentially
lost for test purposes, an attempt is usually made
to schedule V/STOL testing with engines in the cool
months and/or restricting operation to evening and
enrly morning hours, Note that the choice of power
plant and sizing of the model have a strong in-
fluence on this time, The problem will certainly
be eliminated in operating the 80- by 120-ft test
section.

In summary, the major factors to consider in
attempting to minimize wind-tunnel time for large-
scale V/5T0L models are, to o certain extent,
similar to these of other powered models. In both
cases, power snd instrumentation calibrations should
be done prior to model testing, model parts should
be fitted, and run procedures planned in detail.
The major differences appear in operations whera,
for the larger tunnels, settling times are large;
for closed-yeturn tunnels, gas pgeperator operation
brings the need for purging time. Another foctor
which has not been mentioned is that the logistics
of making model changes in the larger wind tunnels
are completely different since the model is 15 to
40 ft above the wind-tunnel floor, To take advan-
tage of the larger size in order to get many types
of data, this difference must be recognized, and
accessibility problems must be anticipated at the
inception of the progran.

IV. Concluding Remarks

large~scsle V/STOL wind-tunnel testing results
in benefits of both high Reynolds numbers and more
detailed configuration simulation, and the number
and type of possible onboard measurements increase
rapidly with secale. Large-scale testing can some-
times compete with small-scale testing in terms of
the effort required (overall test time} and program
costs because of the possibility of conducting
a number of different tests that would require



additional smull-scewle models, Plonning must be
mere detailoed at large scale in order to balance

the teade-offs between the increased costs, as num-
per of measurements amd model confipguration vae-
tubles lnerease, Jnd the benefits of larger amounts
of Information coming out of one test. To help in
evalusting these trade-offs, several facots of
lurge-scale tosting have been presented with partic-
ulur omphasis on test experience in the Ames 40- by
g0-ft Wind Tunncl,
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Fig. 13 Small turbofan or turbojet engines available for use in large-scale V/STOL testing.
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Fig, 15, Model of Lift-cruise fan alrerafy,

a) o304 front view,

344 peay view,
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wind tunnel.
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