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PFLOW DIRECTION MEASUREMERT CRI"ERIA AND
TECHNIQUVS PLANMED FOR THE 40~ BY £0-/
80~ BY 120-7007T hIND TUNNEL

INTEGRATED SYSTIMS TESTS

Poter Torae Zell

June 1905
A study was performed in crder to develcp Lhe criteria

for the selection of flow direction indic"ﬁarﬁ for uca in

“the Integrated Systems Tests {(1STs) of the £0- by 86-/G3~
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znd limitations cf f£flow direction measurement in this wiod
tunnel ware investigated., The locaticensg and types of £lou
direction measurenents p‘ﬂ ned in the fagility were then
discussed, A review of current methods of fiow directibn

measurement was made and the mest suitable technique for

‘each location was chesen., A flow direction vans that

eploys a Ball Effect Transducer was then developed and

evaluated for application during the iISTs.
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% CHAPTER 1
% Intrcduction
%
?; . | Background
4 Iin 197§,Amodifi¢ationa were begun on the NASA 40~ by
) 80~Foot Wind Tunnel located at Ames Resesarch Center in
i California, The test section flow spead was increaser frem
é; 200 to 300 knots with the installation of a new 100-HW fan
%ﬁ drive system. A new 80~ by 120-foot test section wind
E% tunnel capable of flow speeds of 100 knots was also built
?f in the form of a2 nonreturn leg that was'grafted onto the
y%% | 40~ by 080-Foot Wind Tunnel at a 45-degfee angle just ahead
| ~ of the drive section (Figure 1}.
g In 1982 modifications were completed and the tununels
%é each began a set of chack-out testz, During a tesg in the
3§ .80— by 120 mode of opération an accident occurred involving
?% . the failure and collapse of a turning vane cascade. The
i; investigation of the accident and the resulting design
‘g% A "reviéws of all cdmponents of the facility have shown that
%i flow direction is an important structural as well as aero-
?é dynamic design paramester.,
%? Several componants of the wind tunnel have been found
é to require flow a.ignment consideration. &2 well-aligned
EE airstream in the test sgaection is mandatory to assure data
}; _ guality. Structuval loading of turning vane cascades is
sensitive to flew that is not entering and exiting at the
i
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preper angle (Reference 1), The perfermance of the large
atmospheric inlet (Figure 2) and the structural loading of

the turnel walls depend on the direction of the wind

- {Reference 2). The fan drive efficiency depends on onset

flow conditions and exit swirl (Reference 1l).

Purpose of Study

A study was Gone to develop the criteria for selection
of flow direction indicators for use in the 40— by §0-/80-
by 120-toot Wind Tunnel Integrated Systems Tests (ISTs).
This task required an evaluation of the flow angularity
that exists in this type of wind tunnel facility. Prob-
lems, requirements and limitations of f£low direction
measurement at the vafibus lecations in the wind tunnsl
were investigated. The current methods oi flow dizéction
neasurement were then studied, and the final task was to
deterrine which methods of flow direction measurement best
suit each location in the wind tunnel,

Flow direction is seldom measured outside'of the test
section of a wind tunnel. Circuit flow angularity meas-
urements done because of structural concerns is new. Flow
misalignment outside of the test section has typically been
ignored because the étructure wags designed with consér-
vative locad estimates., However, as a wind tunnel gets
larger and materials get more expensive, the structure must
be designed closef to load limits and flow direction

becomes critical. Flow direction measurements around the
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entire flow path of the Langley'éu by 7-Meter Wind Tunnel
were done during efforis to improve the aerodynamic per-

formance of the facility (Reference 3).

Integrated Systems Test Dascrintion

Before the 40- by,Bﬂ—/80~ by 120-Foot Wind Tunnels can
begin research testing, they must each be put through a set
of start-vp tests, These tests will_assure that each
component of the facility is structuraily gscund., Struc-
tural and aerodynamic loads must be close to predicted
levels. Baseline information about the facility will be
gatnered in order to document tunnel performance and to
assure research readiness, Thesg start-up tests con the 40~
by 80~/80- by l20-Psaot ¥Wind Tunnels are called the
Integrated Systems Tests (ISTs). The ISTs are scheduled to
occur during 1986 and 1987,

Flow direction will ke measured at variouvs locations
in the wind tunnels during the I8Ts. Flow misalignment is
an important parameter thét affects data gquality in the
test section, structural loading of the turning vane cas-
cades and walls, and the performance of the fan drive and

atmospheric inlet,

Problems, Limitations and Requirements
of Filow Direction Measurement

Several factors must be considered when choosing or
designing a £low direction indicator for use ut a certain

leocation in a large~scale, subsonic wind tunnzl., Consid-

e e e e e bt 3
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eraticn muat be given to the type of flow direction
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i measurement that is required, the physical makeup of the

indicator and gupport, the indicator accuracy and mneas-
urement range, and #he indicator calibration. Thought must'
élso ba given to how data will be collected and trans- _ :
mitted#

Two typeé Sf £low directién‘measurements are madé.

Long time average measurements are done when the flaow angle

§ changes very little with tirfie (essentially steady state).
The sccond type is to measure how flow angle changes with
time, For the second case, the frequency of the change in

flow angle is an important parameter to consider wvhea

choosing an indicator.

ma gize of a flow direction indicator used Lo measuve

‘unsteady flow angle depends on the size of the eddies thatb

cause the angle fluctuation. In large, open channels the

eddies may be fifty feet in diameter while behind a turning
vane cascade the eddies may be merely inches in diamster.

To obtain approximately an instantanesus flow direction

measurement, the vane size must be smaller than the eddy
size and the response time must be as fast az the eoddy E
.% passing frequency. |
The size of the 40- by 80-/80- by 120-Foot Wind Tunnel
lecads to some special problens. Instxumentatign nust be
mounted at great heights in order to éample centerline

tunnel flow. This problem sometimes leads to the con-

struction of tall, complex mcounts or rigid booms to avoid
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defiectlons that will misalign the probe with réspect to
the tunnel centerline, Ingtrumentation must be installed
outside the flow disturbances caused by these mounting
structures., The method of traversing a probe across a wind
tunnel has been used to evaluate the flow in smaller wind

tunnels (Reference 3}, This process becom2s more difficult

as the wind tunnel spans increase., Many f£ixed position

probes can bhe used to get a flow direction profile across a
tunnel., Care must be taken to assure that spacing is not
so coarse that significant effects are missed, and that the
probe mount is rigid.

Fiow direction indicators must be rugged in order to
survive the hazards in a large-scale, subsonic wind tunnel.
Particle centamination of the flow fram wany écurces can
clog, Jam or break wind tunnel instrumentation. Other

possible hazards are vibrations and t{he progess roeguired to

0]

mount the indicators at great heights,

The necasuremant range of flow direction irdicators
varies greatly with tunnel locaticn and £low conditions.
In a test scction the steady or unsteady flow angle may
vary 0.5 degrees away from the tunnel centerline and nust
be resolved to +0.1 degrees. The average f{low direction
around a turning vane cascade may vary as much as %5
degrees and rmust be measured with a resolution of +1
degree. Exterior winds can be blowing from any direction
at a given time and may only require to be resolved to 5

degrees,




Flow direction indicators for use in a large~scale,
subsonic wind tunnel should be accurate. and able to operate
at low flow spueds. For example, when the test section
flow speed of the 40- by 8§J-Icot Wind Tunnz2)l is 100 knots,
as it will be at the start of the IST, the flow speeds in
other portiona of the wind tunnel will ke as low as 10
kncts. Valuable data can be lost if the flow direction
indicator's velogcity range does not extend low enougn.

Calibration of flow diraction indicators is generally
done prior to installation. The indicators are then used
and recalibrataed pericdically. Due to the large number of
indicators required to cover large areas, the indicator
rounting heights and the difficulty involved in aligning

the indicators wvwith a refereace line, recalibration ig nct

4]

an easy task. A flow direction indicator that remains
calibrated for long periods of time is desired,

Data will havz to be transmitted great distances
vduring the ISTs of the 40~ by 20-/80- by 120~Foot Wind
Tunnelg, fThe form that this data i3 transmitted in must bs
considered., Long lengths of pressure tubing will danp aﬁy
pressure fluctuations and average the data. If the tubing
is shortened by placing a pressure transducsr close to the
. measurement locaticn, the problem of signal unoise due to
long lengths of wire occcurs, Fiber opticé has emerged.as a
solution to these problems. Voltage signalé can be sent as
digical light pulses across larce distances with no signal

noise problems. Another methcd that has heen camploved o

e
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reduce the distance problem ig to use a microcomputer to

collect the date near thy moasurement location.

Types of Flow Direction Measurements

Test Section Flew Angqularity Maasuremant

The test gsection is the most important lscation to
|

have steady aligned flow in a wind tunnel, Achieving good
flow in the test gection 13 the object of improving tha
acrodynamic performance of other portions of the wind
tunnel. Flow misalignment in the test section will affect !
the quality ef the data obtalned from wmodela., & stoady
flow zngle away from the ceaterline will cause erroncous
readings frem bkalances. A fluctuating flow anglae will heve f
the same effect and way also cause dynamic¢ structural

loading problems,

A standard for acceptable flow angularity in the 40-
by 80-/80- by l20~-foot test scctions has been established

(Reference 4)., Locations were chcsen along the tunnel

© e e e

centerline, 1/4 of tha test section span to the left and
right of the centerline and just azbove the floor at the
center of the turntable. These locations correspond to
areas where most model testing is done. The longitudinal
and lateral flow direction variation from centerlina must
be within +0.5 degreces.

Low f£requency, 1 Hz or less, changes in flow angle
must also be measured. fThis type of flow angle variation

has been called "meander." Meanderina of the flow cccurrcd :

e e et e e e e e e . S TSO |
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during the initial chack-out of the 80—~ by l20-foot test

gectlion.

Turning Vane Cnget and ouvtflow

- Angularity Heasurement

Flow angle ahead of a ﬁurning vane cagcade must be
known in order to calculate lift and drag loads on the
entire cascade and the individual vanes. Steady flow
entering at the wrong angle may increase the pressure loss
of the turning vanc cascade and reduce the speed of the
flow in the test section (Reference l). Unsteady flow
angle nmay cause dynamic lcads that threaten structural
integrity.

Outflow direction from turning vane cascades will he

measured at several locations during the ISTs,  An averace

turning angle cf the entire turtuning vane caszade is
desired. Outflow direction coupled with onset £low
direction affects the magnitude cof the 1oad§ on the turning
vane cascade, Aerodynamic testing of small-scale turning
vares and structural analysis has determined the maxinun
flow angle ranges to nmaintain loads at a safe level,

ran Drive Onset and Outflow Anqularity
Measurement

Flow direction entsring and exiting the fan drive
system will be measured. Fan performance is affected by
the entering f£low. HMisaligned and unsteady £lows have the
ability to stall and damage a fan drive systea. E¥cesaive

swirling of the exiting €flew from a fan driva affects the
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perfornance of tha diffuser after the fan drive and may

cause loads en ths next turning vane cascade to be

increasad. A high owirl alse is an indication that stator

blades may be overloaded and need to be adjusted,

Exturior Wind Dirocuion

Atmospheric wind conditions will Ee measuraed during
the IST of each wind tunnel., Wind velocity and dirsction
chaﬁge with respeect o time will be obtaihed. External
wind can affect the quality of the flow in the teast section
of the 8O- by 120-Foot Wind funnel. The performance of the
inlet centracticon and inlet flow treatmant systens dopeunds

on tha directicn of the wind (Reference 2}, Wind prassures

“on the Horth and South Walls (Pigure 1) of the 40~ by 30-

Foot Wind Tunnal have emerged as a possible problen., Theso
pragsures may be adding to the internally generated preo-

sures, thus causing a structural coaicern.

Currentc Methods oi Flow Direction
HMeasur ant

Directional 2ressure Proons

Directional pressura probes are the most common
ingtruments used to measure flow direction in one or two
directions. There are many different shapes énd sizes of
directional pressure probkes with a varietﬁ of angle ranges
that can be purchase 24 commercially (Reference 5) or con-
structad. These simple, rugged indicators all operate on

the principle that there is a distribution of pressure



10
around a body immersed in a moving alrstream. Flow angle
is‘obtaiaed by measuvring the difference in pressure bstween
two or morae surface holes (orifices;) located symmetrically
on either side of the proba’s streamwise axis, This dif-
ference in pressure is a function of flow angle,

The performance of a directional pressura prebhs
depends on its overall size and orifice configquration. IE
a peint measurenment isg desired, a small probe with crifilcas
closely spaced is required. A small probe is also used 1§
the indicator's disturbance of the flow is of concern.
Probes with large orifice size and gpacing can be used in
large, steady, uniform flows where indicator disturbéncw af:
the ficw has negligible effect. These indicators are aune

gitive to veleccity and pressure gradients and should be

o

izeé to minimize this effect.

The pressure difference between two orifices of a
directicnal pressure probe is dependent on the dynamic
pressure2 of the flow. For this reason, a reasurenent of
f:otal pressure is génerally made at the measurement.
lecation. Pressure difference is then divided by the local
dynamic pressure te cbtain a nondimensional quantity, AR/Q,
at each £low angle.

Calibration of a dirgctional pressure probe must be
done in & flowstream. The standard calibration procedure
is te measure prassure differences through a range cof
angles. The precbke is then inverted (turned 189 degrees)

and rotated again through the same angle range, Comparison

C et en e s s e w e me s m me L . e e i Tt A 2 €
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of the two curves yieldé a célibrgtion curve (AP/Q versus
flow angle) that iz independent of any rongymmetry of the

probe, Calibrations of this type of indicator are gen-

erally infrequent,

The threshold velocity of directional pressure probes

as glven by Bryer and Pankhurzt (Referencc

(6]
[>1)
~

can be as low
as 1.5 m/s. The response and threshold velocity of a
pressure instrument depends on factors such as the size and
type.of tubing used and the configuratioh of the indicator
(Refarence 7). For more detailed informatioh on direc-
ticnal pressure proba performancs, calibration,
cenfiguraticns and econstruction congult References 6,- 8,

and 2,

Free~"railing Vanes

Flow direction vares that rotate to follow the air-
stream have bzen used for some time in flight testing, wind
tunnel testing and atmospheric wind applications. When the
vane experiencaes a change in f£flow direction, a lift force
is generated orn the fin. This force causzs a torque that

overcomes any shaifit keariang or angle transducexr fricticn

“and aligns the fin with the airstream. Free-trailing flow

direction vanes have been shoun to he effective in neag-
uring changes in flow angle cf as low as 0.02 degrees over
a conplete 360 degree rotaticn in both steady and unsteady
conditions (References 10, 11, and 12).

The flow angls measured using this type of indicator

is not a function of flow speed. Determining the angle

11
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from a single, linear calibration curve is ganerally the
only data reduction that is required. Flow direction vanes
provide a single me2asurement (direct) means .of obtaining
flow angle. Kowevaf, twe vanes are':bqﬁired to make flow
direction neasurements in two directions.

Prea=trailing flow dircction vanes are commercially
available (Refercence 13) and easy te calibrate. Static
calibrations cen be done using.a device that holds the fin
at various angles. fThis type of indicator is mechanically

simple but dces have moving parts that have the potential.

for binding.

Pixaed Force Vanog

Steady and unsteady flow angles have been weagurzed

@

ﬁsinq a £ixed vane nounted on a stréin gauged bzam, Whon
fixzed vane or “wedge probe"” is inserted inte an airstream
that is angled with respect to the probe centerline, a lift
force is generated. The force has tzen éhowﬁ te be propox-
tienal to the flow angle and velocity head.

Croocks (Reference l4) has developed a fixsd vane for
ﬁeasuring the a;rstfeam angle from an aircr;ft. This indi=
cator has an output that is proporticnal to force and
alrstream anglé over a +7.5 degree range. It has the
advantage of high résponse {about 200 Hz), ruggoadness, no
moving parts and simple data collecticn clectronics., This
t.ype of indicator alsc has an angle resolution equal to its
alignment uncertainﬁy and can be continuously traversed.

Negative characteristice of this methed of flow direction .

.=
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measurement inciude a dependence on velocity head, the lack
of commercial availability and problems with zere drift and

damping.

Drag Force Anemcmater

A drag force anemdmeter wvorks on the gsame principle as
a fixed vane on a strain gauged bzam. Two small, rectangu-
lar plates with strain gauges bonded to thelr surfaces 4
measure steady and unsteady flow angle as well ag high
frequency turbulence intensity. The moving fluid exerts a
force on the small plates that is proporticnal to the
output of the strain gauges. One smzll plate iz aligned
parallel ¢to the airstream and has an Eutput that is propor-
tionql to flow angle and veloclity hecad. The other plate is
aligned normal to the flow and has an output that iz pro-
_porticnal to just veloecity head. Divisgsion ¢f the two
outputs rasults in an instantaneous measurement of‘flcw
angle (Reference 15).

Krause and Fralick (Refercnce 15) have developed a
drag force anemomater that will measure steady and unsteady
turbofan inlet flow angles. This indicator cen measurc
stecady flow angles over a +40 degree range, is rugged
compared.to hot wires and films, and requires simple data
ccllection electronics., Negative features are that this
probe ig difficult to align and is not commercially avail-
able. fThe output has zero drift and ringing problems in
certain applications and two channels of information are

required to obtain a single flow angle measurement.
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Lager Velocimeter

2 laser velccimeter measures the average flow velocity
of small particles in the flow at & point and has the
capability of scanring very larqge creas. The laser veloci-
meter thét is of interest for IST applicaticn has a 20-

meter range and is capable of meazuring two orthogonal

components of velocity (Reference 16). Thesze two ortho-

gonal ccmponents of velocity can be reduced into flow
direction and a flow direction map can be generated for the
area of interest,

The laser velocimeter is a complex instrument
requiring skilled operators. Long survey times are
required and particle seeding of the flow is reguirved if-

natural seeding iz not adequate,

Tufts and Flew Visuvalization

If a gualitative filow directicn trend is all that is
recuired and visval contact with the area of interest is
possible, tufts and cther forms of f£low visualization afe
an alternatiye. Tufts, smoke and oil flow visualization

have been used extensively during small-scale aerodynamic

tests of components of the 40- by 80-/80- by 120-Footl wWind

Tunnel.

These inexpensive methods have been appliad in several
ways., Tufts attached to walls or wires that swan a flow
channel have been photographed with a strobe for lighting.
The resulting multiple-expr:sure photcgraph consists of

several overlapped images cf the tuft. If the tuft images

o v s s e e - . L e e e - - -y
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are all aligned, the flow angle is steady. HMisaligned
images indicaﬁe unsteady flow direction,

Swoka streams introduced into the flow qive a good
indication of the airstream directioh. Full scale, three-
dimensional effects can be captured cn videotape for'later
viewing. If an arexz of interest can be coated with a
viscous oil, the flow patterns give an indication of the

flow direction. Oil flow patterns remain after the flow

stops and can then be photographed (Reference 17).

Hot HWires and Film Anemometers

fot wires and m are capable of measguring instan-
Hot wires and f£il r pabl £ suring instan

\/

taneocus flow vaelocitics., This method works on tha

principle that when a heated wire or thin film is placed in

e

n girgcream it is cooled and ite electrical resistano:

o

decrezses., ‘Twe perpeadicular hires or films can mcasure
instantatieous flow direction (Refrence 1§).

The output of a hot wire or “ilm is very close to a
point measurement.-‘This high response (0 to 30,000 ¥z)
flow direction.indicatof can ke rapidly traversed and is
nearly insencitive to velccity gradients, Some of the
drawbacks of this method are complex calibraticns, the
requirement for a highly skiiled operator, and thao delicacy

of the probes.

Results and Conclusions of Study
Several factors influenced the selection of flow

direction indicators for the 40~ by 80-/80- by 120-Foot



16
Wind funnel'IST. Indicators that are commercially avail-
. ‘ able or simple to construct were chosen because of time‘
| congtraints. Probes that could be used at more than cne
location in the wind tunnel were chosen t& simplify datc
collection equipment requirements. ILarge indicators that

are rugged, easy to calibrate and easier to align with the

tunnel centerline were selected, The £low direction indi-
cators that were picked for use can measure angles smaller
than the angle accuracy of alignment. They are also capa-~

ble of measuring how £low angle changes with time up to the

PRI PN P IIN o & koo v

rmaxinmunm frequency of interest. The cost of purchasing or

T

constructing several of these indicators was zlso coi-

Yooy

sidered, See Table 1 for the expascted condiicionz and flou

e R

direction indicators chosgsen for cach measuremenit location.

R

Free-trailing flow direction vanes werce chosen for usn

T

in both of the wind tunnel test sections, upstrean and

o i

T

.,
PR

downstream of turning vane cascades and ahead of the fan

drive system. These vanes could be constructed at moderate

R

cost and are of particular interest because of their abil-

o w1

ity to measure flow direction independent of flow velocity

A

and at very low flow velocities.

TIVAT

Large two-dimensional directional pressure probes were

selected as an alternative at most of the free-trailing

PR

vane locations. These probas can be constructed and cali-

-

brated according to guidelines presented in Reference §.

wr .;{-‘;»xtf

Due to the complexity cf the exiting flow frcm a high

drag (separated {low) turning vane cascade and the

e
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requirement for oﬁly an average outflow angle, a rake of
two-dimensional directional pressure proves was chosen to
make this measurement. Spacing cf the probes should be
optimized to a maximum value to keep the number of prcbes
to a minimum. .

The laser velocimeter couid be placed in the 80~ by
120-foot test section Qhere no blockage effects exist., 0Ll
flow visualization around the exit of the fan drive systen
should give a goad indication of the exit@ng Swirl angle.
This technique was successfully used on small-scale tests
of the fan drive systen. tandard meteorclegical vanes ho
measure the direction of the exterior wind will ks pogi-
tioned on an existing weather tower located south of tle

inlet to tae 80- by 120-Foot Wind Tunnel.

Purvoss of Test

A set of flcw direction indicators was chosen for
performance testing. The purposc of the test was to éali—
brate and assess the dynamic respense of a group of f£lew
direction indicators that have possible application in the
40~ by €0-/80~ by 120-Foot Wind Tunnel Integrated Systems
Test.,

A directional pressure prcbe constructed by welding
stainless steel tubing together and chamfer:ng the ends was
calibrated (Figure 3)., Tais calibration wac done in order

to detarmine whether directional pressure probes can be
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8
cheaply constructed, efficiently calibrated and still ful-

£i1). performance requiremecnts.

Flow direction vanes werc tested in order to determine

_if static (no flow) calibrations are adequate or if cali-

brations in moving f£low must be done. The dynamic response
characteristics of the vanes were obtained to document
unsteady flow performance. The threshold or minimum
requireé f£low speed f£or the vana to operate wag also

measured.
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CHAPTER 2

Vane Response Theory

Several researchers have studied the dynamic perform-
ance of free-trailing flow direction vanes. Initially this
work was done to design a more efficient meteorolcgical
wind sensor. Later, the requirement to measure aircraft
incidence. angles in flight brought about a ceoncern about
vane response.

MacCready and Jex (Reference 11) define a flcw direc-
tion vane as a second order system. The motion of a forced
(£(t)) cecond order system with damping can be described Ly

the mathematical relation:
my+cy+ ky= £(t) where, (1)

m is the system mass

¢ is the system damping constant

k is the sYstem spring constant
This relation can be shown to be:

. . 2
Yy * 2%upy twn ¥y = £(t) where, (2)

Wy is the system natural frequency

0

7’ is the damping rati
The damping ratic is defined as the actual damping
constant of the system divided by the critical damping

constant (for no overshoot).

19
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The natural frequency and damping ratio derived from

Equations (1) and (2) are:

_[x
wn =\ - (3)

f='°-"~‘ = (4)
2 mw. Z\hcm

MacCready and Jex present an experimental method for
determining the response parameters w5 and.;”for a vane,
The vane is held a few degrees off the mean flow directicn
in a wind tunnel and is then released. This method gener-
ates a step input of flow angle to the vane. If the system
is less than critically damped {};<1.0),‘the vane will
overshoot the intended angle and 2 decaving oscillation
will occur. Dyhamic response paramaters can be ohtained by
recording the transient output of the £low angle from ihe
vane.,

The transient resoonse ¢* a second order system for
various damping ratios is shown in Figure 4, A Jdamping
ratio of 1.0 means that the system is critically dawped and
will not overshoot cor oscillate, For damping ratios less

than 1.0, the system is defined as underdamped and will

"oscillate. Flow direction vane systems are generalily

underdamped.
The damping ratio for a second order system can be
derived Efrom the logarithmic relation between twe succes-

sive peaks of the response curve (Figure 4). This relation
4

>
<

ﬁgl =ﬁ30 e {7f:7f2

is:
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Es‘;,r,5 .
S7L 5 s
{:t = {rmmzseny which yields,

This equation allows casy calcﬁiation of fﬂ from a
transient response curve (Figure 4), .

Natural frequency for a £low direction vanc #éries
linearly with airspeed. For this reason, a natural wave-
length ( kll = 21rv/wn) is used instead. The natural
wavelength car be calculated two ways from the responsc
curve. The natural wavelength is rélated to the damping

ratio and the distance D (distance for the vana to roach

509 of/%z) by the following relationship:

. £
Ap = D66~ 2.277) (Referenca Li}

[a ]t

s \ . o
e second way to determine A, 18 to measure the Jdanoaed
waveleagth ¢ A d} from the response plot and calculate ?\n
from:

The danped wavelength of a flow direction vane gan be
interpreted &s the distance the air flows past the vane
during the time it takes the vanc to cemplete one cyvcle of
oscillation ebout the desifed angle (Figure 4, Reference
113,

The natural freqguency and damping ratio are not glear
ways of assessing vane dynamic performance. The settling

time (tv_) is based on both of these response parameters and
2
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provides a clear measurement of vane performance. The
settling time is defined as thebtime required for the vane
to settle within 2% of the initial offéet angle (rigure 4).
For an underdamped, second order system the settling time

is given by:
‘t = -—It—-
s Fwn S (5)

It is clear that a short setitling timz i3 deaired.

The vane should respond swiftly and also reach the desired
angle in the shortest possible time,

The settling time (cr respcnge time) and the threshold
velocity are the two parametars used to describe vans
r:spons&; The vane design f{actors that affcct tho par-
formance purameters are: the system maés, friction and the
vane fin area,

In order to decrease the settling time, the vana
designer must cbtain a high value of ithe denominator of
Equation (5) (;”x wn). The natural frequency /Equation
{3)) can be increased by decreasing the system mass. The
damping ratio (Equation (4)) can be increased by decreasing

the system mass oy by adding friction (¢) to the systam.

- The addition of friction to the underdanped system will

causa the vane to be closer to critically damped
({ 1.0). |

The threshold velocity of the vane is the lowest flow
velocity required for the vane to rotate to the desirecd

angle. The threshold velocity depends on the aerodynanmic

REA TR
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force required to rotate the vane. Decreasing the systenm
mags will reduce the reguired force to rotate the vane.
Increacing the fin area (without increasing the system
massy will incréase the aerodynamid force and reduce the
thresheld velocity. Lowering system frictionris,also,; way
to decrease the flow direcﬁicn vane's threshold velocity.

A lightweicght vane system is desired for iuproved
response characteristics, The vané must, howaver, be rxigid
and have adequate structural integrity. Xf wmeasurements cf
flow angie sre made in the horizontal plane only, the
ccunﬁerwcight can be omitted to reduce weight.

Tazle 3 lists the vane response parameters and how

they can be affected.

X3
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% Hall Effect Vane Devalopment

After studying the flow direction measurements that
ware pldnnad and the flow directicn measurement methcds
that exist, it was decided to design a £low direction
indicator that would satisfy a specific set of require-
;z ments. The reguirements for a.flcw direction indicator for
R use in test sections ahead of vane sets and the fan drive

are as follows:

1. The indicator must be able to measure flow angles
ef ~0.5 degrees with a resolutiocn of 0.1 degreaes.

2. The indicator must have-an angle range of +1¢
degreea,

3. The indicator must be able to operate at £low
speeds batween 5 ard 300 knots.

4. The indicator must have simple and rugged con-
struction, |

5. The indicator should have a Small amount of sup-
'port instrumentation -and measure flcw angle directly (ane
complicated data reductionid,

6. The indicator should be inexpensive to construct

- and repair.
. 7. The indicator should be responsive enough to

m=2asure at least a 1 Hz flow angle fluctuation.

e . 24
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The free trailing flow direction vane concept was
chogen as the measurement method tc be used in the design,

The development was divided into four parts: (1) design,

(2) construction, (3) test (described in detail later), and

(4) redesign (described in the ceonclusiong).

Vane Design

The gencral configurétibn of the vane was the firét
consideration. Various experimenters (References 1.0, 11,
12, 19, and 20) have studied flow direction vane config-
urations. A single fin attached to a shaft has been used

xtensgively for f£flight testing., The fin is usually coun-
terbalanced by placing a mass on the other side of the
shaft. This countermass balances the vane when it is

reguired to measure flow directious not in the horizontal

Choozing the size of the fin requires coasideration of
sevaral factors. It is important to have avlightweight £in
in order to have a low mement of inertia (sys.am mass). A
low moment of inertia reduces the respecnse time and thresh-
old velocity of the vane. The fin has to be structurally

sound as well as lightweight. It must be rigid and able to

"withstand aerodynamic loads at the required flow velocity.

A very large fin will have a high threshold velocity
and settling time due to a large system mass. A very small
fin will have a short response time dve to a jow momant of
inertia but a high threshold veleccity due to the low aero-

dynamic loads generated on the fin surface., These small

25
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aercdynamic leads must overcome bearing and transducer
friction,
Clearly & comprcmice must be made. Barna and Crossman

(Reference 12) studied the effect of £in aspect ratio and

size on vane response ané damping. They found that a two-

inch square (AR=l) fin provided the best optimization
between high damping and short response time. Eddy sizes
larger than the fin werc assused, |

. 'Lenschow (Reference 10}, while sfﬁdjing vanes for
sensing incidence angles of the air from an aircraft, faund

that drilling holes through the £in increcased damping. &

<

hole diametaer of 4.2 centimeter with a hole spacing of
cboutt one centimeter was used.

The angla trassducer selection was éh@_next task, A
transducer with the desired accuracy and ranga, ninimam
mechanical frictidn, gimple support instrumentaticn, a
linear output and low cost was (esired., Rall Effect
Transducers fuitilied all of the above reguirements
(Reference 21). . '

The Hall Effect Transducer has an output voltage that
is proportional toAthe magnetic field sirength. The métion
of a magnet relative to the transducer cazuses a variation
in the stréngth of the magnetic field and thus a voltage
variation. The Hall Effect principle as applied to shaft

rotation i3 ilinstrated in Figure 5. Several magnet/trans-

ducer configurations were consgidered. The dual magnet

26
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setvp yielded a linear voltage versus flow angle relation-

ship for +10 deg:zees,

vane Congtruction

Threa "Hall Effect Flow Direction Vanes"™ were con-
gtructed for evaluation (Figure 6). The fins had an aspeét
ratic of 1.0 with an_area of four square inches. The fins
were constructed out of U.l—inch«thick balsa wocd and

actached to a 0.l8~inch-diameter shatift, Different siz

[

holes were drilled through the £ins of two of the vanes to
determine whether this affects damping.

7o avoid affecting the magnetic field impinging on the
Ball Effect Transduéer, the wave support block and all
attachments ware congstructoed cut of nonfzrrous materials.
The vanes were construsted in-house at a low cost vompored
to the purcharge of a comeercially avaiiable vane system, A

diagren of the vane is shown in Figure 7.

27
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CHAPTER 4

Experimental System and Procedurs

Test Apparatus

wind Tunnel Description

The 1/10th Scale Component Tester WindATunnel was
constructed to measurce two-dimensional aesrodynami
performance of turning vane cascade cconcapts for the 40 by
80-~/80- by 120 Foct Wind ‘funnel modification (Reference 1l).
Figure 2 shows the three-foot by three~feot styaigit
through channel that is powered by a four-foot diameter
ducted multi-blade fan/800 HP 2lectric motor comhbination.
The channel has a maximem flow speed of apprsximatelf 80
Iknets, The fiow speed ranee and flow uniformity rake the
wind tunnel ideal for a flow direction indicator cali-

bration and performance ascsessment.

Test Section Description

A cut-away view of the test area of the wind tunazal is
shown in Figurz 9,

A manually adjustable turntable was designed to mount
through the top panel of the test tunnel. The turntable
could be rotated 360 degrees and positionad at a desired
angle using a disk dial and vernier that read in six-minute
graduations (Figure 10). Flow directicn indicators were

mounted to the bottom surface of the turntable,

28
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A ground plane with a rounded leading edge was

installed in the tesgst section. The flow direction indi-~

cators that were tusted project sd through an opening in the

~ground plane. The purposge of the ground plane was to

assure that the indicators were in a uniform airstream

isolated from any flow disturbance caused by the mountin§

system.

A4 Pitot probe was installed in the floor of the flow
channel tec measure freestream dynamic pressure.

A golencid was modified to axially deflect a sharft
when activeted. This shaft movement was used to release a
vane~type flow‘direction indicator from a pre~set offset
angle in ordex to dotermine the dynamic performance of the
vane., A simplae or’ohh toggle switch wes used to activate

the solencoid,

Data Collection System Description

an HP 37 computer lln ted to an HP 34212 Data
acguisi Llon/Control Unit was programmed to ccllect ca];—
bration ané releasc test data. All of the data was stored
on soft disk.
| An oscilloscope waé used to collect dynamic response
transient outputs from the vane~type flow difectiqn indi-
cators that weré offset and released. A trigger mcde oun
the oscilloscope was uaed to capture the rapidly changing
voltage output of the released vane's transducer, Photo~

graphs of the screen of the oscilloscope were taken to

provide a peirmanent record of the data.
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Indicator Alignment

All of the indicators tested were aligned with the
test section centerline using a trancit. This was done in
part to determine whether the static (nro flow) alignment
method could be used with confidence Quring applications of
the indicator. The transit also aligned thé bases of the
Hall Effect Vanes to assure that the magnet was correctly

aligned with respect to the sensor (Figure 5).

Description of Flow Direction
Indicators Tested

Directicnal Pressure "Cokra® Probe

& directional pressure probe was constructad oul of
1/4-iach koutside diamater) stainless steel tubing using
méthads described in Reference 6. The tubes werce welded
together and one end of the tube cluster was chamf&réd as
shown ii. Figure 3. The tubes were then bent into a cobra-
like shape. This type of probe can measure total pressure
and yaw angle. ‘The chamfered tubes were attached to a one

psid differential pressure transducer to measure yaw angle.

Eall Effect Vanes

The three Hall Bffect Vanes described earlier were
evaiuated in the test tuanel. A photograph of the three
vanes, one attached to the turntable mount, is shown in

Figure §.

T R o et e 49 v S e
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Richardson Vane

A Richardson ﬁane {Reference 20) was tested to provide
reference responce data for comparison to the Hall Effect
Vane response, The vahe had a rectangular fin 60 mm wide
and 120 mm long. An induction coil transducer was uﬁed to
sense the angle of the fin, A photograph of the Richardson
Vane attached to the turntable mount: ié shown in Figure 11.
Note 6n the photegraph the solencid, vane release rod and

solenoid zctuator switch.

P S
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Experimental Results and Discussion

The range of angle that preoducez a linear angle wversus
output ploﬁ was determined for each indicator testéd. .The
directional pressuvre "cobra® probe had a linear output over
2 +20 degree angle range (Figure 3?. The Hall Effect Vanesn
with the magnet configuration shown in Figure 5 had a
linear output for +10 degrees (Figure 5). The Richardson
Vane ﬁad a full +180 degree linear range of output due to
its linear induction coil transducer,

The natural frequencies of the ficu_ﬁirection vanas

rspeed in Figure 12. & bigh natural

(¥

are plotted versus a
frequency indicates that the settling time of the vonae will
be low. Sce Chapter 2 for a wore detailed ewplanation of
vane response theory; The natural frequency increascd in a
linear fashion with airspeed confirming the results of
Reference 12. Hall Effect Vane #2 (with 0.5-cm diameter,
holes) had a natural frequeﬁcy approxzimately 302 higher
than the other two Hall Effect vanes (noAholes and 0.2;cm
diameter holés). The vanz of similar configuration
reported by Barra and Crossman (Reference 12) had 2 natural
frequency approximately 30% higher than Vane #3. ‘They
Richardson vane tested had natural frequencies 10% lower
thun Reference 12 and 7% lower than a value measured by

Richardson (Reference 20).
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The natural wavelength of the vanes can be calculated

when the natural frequency ané flow velocity'are known.
The natural wavelength was plotted versus airspecd for the
four vanes (Figure 13). The AR 1.0 vane frem Reference 12
had a natural wavelength of 4.2 feaet. fThe shortest natural
wavelength of the vanes tested was 5.4 feet for Hall Effect
Vane #3.

The damped wavelength can be calculated from the
damped frequency of the vane. The éamped wavelength is the
length of the column of air requifed to r( ce the vane
through one cycle of oscillation about the desi'eﬁ angle.
Hall Bffect Vane £2 also had the shortest damped wavalengtn

of the wvanes tested (Figurc 14),

Damping ratics for the four vanes that were evalnated

ranged from 0.25 to 0.30 (Figure 15). Tha Barna and

Crossman vane (AR = 1.0) had & damping ratio of approni-
mate!y 0.4. The Richardson vane is reported to have
damping ratics between 0.5 and 0.89.

Several factors cculd have causeG the lower natural
fregquencies and damping vatios of the vanes evaluated. The
test vanes used different angle transducers than the refer-
ence vanes. The Hall Effect Transducers had no wmechanical
friction, which means no rotational damping. The system
mass 6f'the Hall Effect vanes was most likely larger than
the vanes tested by Barnra and Crossman (Reference 12),

Damping ratios reporied by Richardson (Reference 20) for

the Richardson Vane were for very small offset angles (1°).
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The Richardson Vane ﬁhat was evaluated was released from

e e = e e sy

offset angles as high as 20 degrees,

Tha lowest measured velocity for  the vanes tested wes '

10 £t/sec. Vanes released at this flow speed did return to
an aligned position. This threshold velocity fulfills the

requirement for IST application,

The settling time was determined from the natural

frequency and damping ratio of each vane evaluated at an ' :

airspeed of 150 ft/sec, Vane #3 had the lcwest setiling

time. The fin settled within 2% of the initial offset

angie in 0.083 seconds (Table 3). This sextling time can

xed
o
£3
.

be inverted to obtain a vane response fregquency of 1
The dynamic performancce of the flow directicn vanes v ;
that were cvaluated satisfies the requiroment of 1 Hz for !
IST application by a wide marglin., Thase experimental ' ;
results are presznted in order to document the marinun vane
response paraneters. |
Questions about the test results that warrant further

investigation include:

1. Doses offset angle (or the operatioconal angle rangsa)

of the flow direction vane affect the respcnse parameters?

‘A trend in the data of higher ;ﬂ and fn for larger offset
angles brought about thit guestion. '

2. How much would a significant reductics in sys¢

]

m
mass or an increase in system friction impreve the dynemic

performance? . .



‘ 3. Do holes in the fin surface improve the responsa
by decreasing damping ox by oniy decreasing systen mass?
»all EBffect Vane #3 with 0.5 cm diamcter holes had better

overall dynamic performance than the other Hall EBffect

Vanes (no holes and 0.2 cm holes), The natural Erequency‘
| (which is independeat of systen damping) of Hall Effect
Vzne #3 was higher, indicating a lower system mass. A
respanse test of two vanes of equal system nass where one

vane has holes and the other has no holes would answer thias

question,

(23

4. Though the transit alignment method worked a

dige

short range, how effective is this method at goveat d

P £ g Senks oo

tances?
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mpplication of the Prototype
‘ Hall Efrect Vane
Aerodynamic testing of a 1/15 scale model of &he L4-

. by 120-Foot Wind Tunpel inlet (Figure 2) provided an
opportunity to test a prototype Zall Effect Vane as a
research tool. Horisontal traverses were bzing made agrosg

N the test scction portion of a L/1% scale wind tunnzl medael

} to neasure any poséible £low angle wvariations dve to inlat

.
he eoe

medificaticn. A hot wire cross probe was being used %o

perform this mecasurement.
The hot wire began indicating approximately two
degrees of flow angle change from one side of the test

section to the other, It was declided to place cne of tha
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prototype Hall Effect Vanes onlthe traversing rig
(Figure 16) to check the hot wire cross probe.‘

The vane and support were fitted with a streamlined
shroud and mounted on the traversing rig. Accurate
alignment of the vane with the tunnel centerline was not
done because a change in flow angle was all that was
required. A onc~Hz low-pass filter was used on the dutput
vhich was recorded on an X-Y plotter (flecw angle versus
location},

The Hall Bffect Vane neasured small scale flow angle
variatien (40,5 degreesg) but showed no overali flcw anyle
variation from cne side of the tunnel to the other
(Figure 17). The daty from the Ball)l Effect Vane could hae
confirined by watching the positicn of the vane as it tra-
versed the channel, The vane replaced the hot wive for
several months in the application. It prowved durabla,
simple to install and able to measure f£low éngle less than

0.5 degrees,
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CHAPTER 6

Overall Ccanclusions

Flow direction measurement locationé ahd indicators
for possible uée in the 40~ by 80-/80~- by 120-Fcoot Wind . i
Tunnal Integrated Systems Tests (IST) were studied. Con-
ditions at various locations in the facility wvere exanined
ard then compared to the performance and specifications bﬁ
various methods aof flow direction measuvrement., The best-

suited technigques weve then chosen for sach tunnel lacaticn

{Pable )

~

A free-trailing vane flow direction indicator was

fan drive of the 49 by 80-/80- by 120-Foot Wind Tunnels,
The irndicator utilized a lightweigut balsa weood vané
attached to a shafc. A Hall Difect Transducer was used to
mreasureé the vane shaft angle.

A flow direction indicator performancc nssessment test
was conducted in & three-foot by three«fooé wind tunnel. 
Three configurations of the Hall Effect Vane, a Richardson
Varze and a “Homamade“ directional pressire probe ware aeval-
uataed. fThe vanes were evaluated in order to measure easc
of calibration and slignment, dynamic resﬁonse and thresn-
old velocity. The directional pressure preobe was eveluated

for case of calibration and alignment. The unsteady flow

37
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angle measurement performance of this indicator was not
studied. The response of a directional pressure prbbe
depends on factors other than the probe configuration, such
as the'length and diameter of the tubing usea; |

The directional pressure "cobra" probe that was eval-

[~}

ated proved to be a simple, inexpensive way to measure
stexdy f£low angle. The probe had a linear output versus
flow angle over a +20 degree angle range (Figure 3). Cobra
probes for use in the wind tunnel shoutld be constructed
with care. The chanfered end and orifices should be
prepared by the methods discussed in Reference 6. The

calibration of each indicator should also be done with the

method should ke Gasigned into the probe support sysztem.

The IST reguirements fer a flow direction vaﬁe degiagn
were listed at the beginning of Chapter 3. The Hall Bffect
Vane h2s fulfilled most of those reouirementz, The vanc
system has simple support instrumentation and lincar vole-
age output versus £low angle for +10 degrees. The vane wos
relatively inexpensive to construct and with careful con-
sideration during a design iterztion, it should bs easyv to
repair, adjust and alion.

Theo vane was found ke have a settlihg time of 0.083
seconds. This represents a frequency of aprroximately 12
Hz, well aboﬁe the required 1 lz. The Hall Effect Vvane was

installed in a research test and proved that it could



i
6M«nw‘3“-‘*-'\»3&“%:5&&;&.»‘;&"\&““;:..:_.4::.. R ERAIIE b St S SICUNELA SICLE IR0 -SSR .5 M AN . N-SUVLI S SN A PPy ‘;..'-M..':;-,.‘..A...‘..,.xmw-v‘

39

resolve 0.5 degrees of flow angle. The vane also measured

flow angle fluctuations well above 1 Hz,

! Before the Hall Effect Vane is used in a résearch

application, another design iteration should be done. &

i

, i

list of recommendations and tasks for the iteration f

follows: %

g 1. Add friction to the system to increase the damping §

AE ratic (f% and decrense the amount of overshcot. 3
]

‘ 2. Construct the vane ocut of lighter materials in ;

-b? order to improve the settling time (ts) arnd the threshold g

velocity of the vane, %

: 3. Design a fully adjustable magnret/Hall EBffect :

: ;

| Transducer holder for the indicator in order to simplify E

calibration.

S W Rt 47

4. Dasign a compact, nodular system so a vane/

transducer element can be positioned to measure horizental

or vertical flow angle and if defective, can be replaced by

an ldentical element,

e R b Y S e B

5. Design a £in and base alignment methed into the

system.,

LI
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o Flow angle :

2

-

v t
%‘ > o 30 S0

Figure 3

Directional Fressure "Cobra" Probe
Calibration Curve
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| S mm (0. 196") diameter
/4' holes
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‘ {in o
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Figure 7

Diagram of Hall Effect Vane
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Reference 12
(AR=1 vane) ' '
Hall Vane #3
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® Richardson vane
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Figure 12

Flow Direction Vane Natural Frequencies
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Figure 16

1/15 Scale Wind Tunnel Model Setup
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Wirnd Tunnel Flow

Direction Measurement Information

MEXSUREMENT LOCATICH

EXTECTTD CONDITIONS

FI.CW DIZECTION THDICATCR

40~ Ly §0-Poot Wiad “Yunzel
Test Secticn

80~ by 120-fPoot Wind Tuanel
Test Saction

™erning Vana Cascade
Caset Flow Angle

Twring Vane Caicada
cuztflew Angle
{low ccag vane set)

Turaing Vanes Casczde

Outflcw Angie
thign drag vane set
wizh separated flow}

fzn Orive Inlec

Fan DOrive Exraust

Exterior Wind Direction

Maxioua Aagle Rzzge - & 3¢
Yaxigua Frequancy of

Dynamxe Plow Angla - ) Hz

Speed Ranje -~ 0 to 10 kis
Requized Accuracy - & 0.1°

Large Mea Keasurement
Maxinun iagle Rangs - s*
Haxinuw Prequency of

Oynanic flow An,le -
Specd Rargm i

fegquirad Acsuracy -
large Area Measurcmant

I+

vz
'a 100 kts

uop-

Maxinua Acgle Range - e’
Maxiauwa Frequency of

Oymaxic Plow nnqie -
Speed fange -
Accuracy Qesired -
targe Arga Mezsutroment

"
i

M
00

120 kts

1t O

Maxizuw hngle Range ~ & §° -
Average Lagle Mersurendnt

Spead Range -0 <0 120 kets
ACecurasy Casired -l

Large Arca Medsirsnent

Maxizua Anele Rasge - = -hd
nve::ce Ansie Messuza <
Speed Range =
Aczuracy Sesizred P

Szall Arra Measurement

Maximizn dngle Range - + IC°
Max:izud Preguaney of

Oynzmic flow Anjyle - L1 Hz

Sgzed Range - % =3 5Q Xts
AScuracy Fesirad - i°

mrge Srea Neasurement :
M:.xx.::u: An—le Range - 3 zp 12*

Avezate Angl2 Measureme
Speed Range -
Aczuracy - >
Larze area Measurgment

Maxizen Angla Ranga - 360°
Maximun Fregueney of

wind Susts - 1/19 &z
Szeed - &% =3 30 <=5
Acuuracy - 3°

h rotatable flow ditaction
vane .

2 large, two-dicensicoal
directicnal pre.sure prooss
(criented vertically and
herizontaliy)

A zotatable flew dizestlion
vare
Laser velccimeter

A rocatable £fl2w 4izecticn
vane

A large., two—~Iizensionzl
directional pressura prece

. rotatnbdla flov directica

A rotazacle flow dicectieon

& larze, wwo-iinepsional
direczicnai pressure proos

o3}

Large, vesthergroof flow
direczion vanes
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Tahle 2

Vane Response Parameters

VANE RESPONSE PARAMETERS - SUMMARY
Sett'ing Time'(ts) {or response tihe)l }
Definition: the time required for tha vane to setile
within 2% of the initial offset zngle
Desires: a low value
How to obtain a low value:
a. Decrease the system mass to increase the naturalr
fiequency‘and damping ratio.
b. Increase the system friction to increase ths

damping ratio cleser to 1.0,

Afhreshold Veloocity

ot

efiniticn: the lowest flow valocity reguired o
:otate the vane to the desires angle
vesire; a low value

Eow to obtain a low value:

a, Decrease the system mass to reduce tha derodynamic

force reguired to rotate the vane.

3

£
z

b, Increase the fin area (without increasiny system

mass} to decrease the ceredynamic force reguired

"to rotate the vane.

~¢. Decrease system friction to decrease the

aercdynamic force reguired to rotate tha vane,
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Teklia 3

Flow Direction Vane Sattling Times and.

Response Frequan¢ies

5
—
e}
£

-~

Ls {sec)

" Richardson Vane 0.172 _ 5.8

Hall Effect

Hall Effect

Ball Bffect

ane #) 0.136 R R
Vane %2 - 0.118 &.5

Van G.083 2.0
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