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 TXPERIENCES WITH FLOW-DIRECTION INSTRUMENTS*

By B. Eckert
SUMMARY

The method of recording the direction of flows on the
basis of the hydrodynamic zero-point measurement has now
reached a certain limit, in spite of the good results
achieved, While the available flow~direction devices are
accurate enough for many purposes, they are all insuffi-
cient for perfectly exact prediction of the flow direce—
tion. The next prodlem will be to achieve a point-by-
point flow—direetion record, whereby the test procedurec
must be simplificd, accelerated, and the defgrec of accu-
racy of the test data, improved.

INTRODUCTION

I. METHEODS OF FLOW-DIRECTION RECORDING

. Theoretically, there are two ways of measuring the
direction of flow?! direct and indirecct.

ls.Direct MYeasurement

Br this method the angle of theé flow and the pressure
of the flowing medium are directly recorded and read on
protractors or pressure iandiecators. The ‘angle of yaw of
the instrumen% with respect to a.fixed reference plane,
affords an indication of the flow direction. The process
is therefore very simple; bdut because of space require-
ments, such an instrument can only be cmployed in thae
free stream or ir spatially very exténsive flows, If a
Prandtl tube is used, the static pressurc and the total
head are obtaincd immediatcly vwithout pressure conversion
factor, while most of the other instruments require o cor-—
rection factor for thc preqsure.

"Erf shrungen nit Mess”er ten zur Bestinnung der StromunPs~
richtung." Jahrbuch 1938 der Deutschen Luftfahrt=- ..
forschung, pp. II 381-385,

r;
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2. Indirect Heasurement.

In principle, a2 surface contains a numdber of ori-
fices at certain angles (for instance, the spherical pi-
tot) on which the pressure is recorded. These pressures
afford coefficients which are represented in calibration
curves for the particular instrument. ZFrom the recorded
pressure and the calibration curve, a definite angle of
flow, also the static pressure and the total head are od-—
tained. To plot the calibration curves, the instrument is
mounted on a yawing device and the pressure at the differ-
ent orifices of the instrument recorded at different an-
gular settings. The obtained and compubted coefficients
are then plotted against the angular setting. This method
is simple and much preferred for experimental use. It has
the added advantage of requiring a minimum of space.

II. INSTRUMENTS FOR FLOW-DIRECTION MEASURENENTS

I. Generalities

The simplest method of flow—-direction measurement 1ig
to render the flow paths visidle and to record the strean-
lines by canera or notion-picture machine. The ctream-
lines in the water can be made visible by air dHuddles,
dyes, or lycovodium powder. A simple direction reading of
an air stream is possible with the aid of wool tufts or
streamers. Thig method is preferred in small tunnels, for
instance, between the fins of cylinders, or for viewing
flow around models where, for reasons of space, pitot
tuves are unsatisfactory. Smoke mixed with air affords a
better insight into the flow conditions,

Where space permits, the hydrodynamic zero-point meas-
Urement is widely used. This method employs a symmetri-
cally designed pitot-static head, with the same pressure
distribution on both sides, so that the orifices provided
at the same angles to the stagnation point indicate the
same pressure, The advantage of this type ig its satis-—
factory use in bothr water and air. The turbulence effect
is small, especially since the errors accruing from de-
fects in symmetry are usually much greater. TFor accurate
reading, stagnation-point instruments are unsatisfactory
by nonstationary flow with respect to time since, by peri-
odic flow, only a time average of the flow velocity




WACA.Techniecal Memorandum Ho. 969 3

il =
v F pgtat)uétm )
instead of ﬁhe;gdﬁual.avera%e value
| abl‘t . .  ?;5”
v.= /n e (Ptot - Pstat) at
J v rl2
0 ° .o o
éan be measured. Flows embodying .strong vortex zones,

such as downstream from bodies of re31starce, are also
difficult to measure.

\

In restricted flow spaces, measurement with pitot- \

static heads is no longer possible, since the spatial ex~
tent of the instrument disturds -the . fiow at the test point
The tosgt ins trument itself must be suspended in the Flow
so as to be bend-resistant and free from vidbrations. Its
size depends upon the mechanical practicability and the
possibility of housing the littlec pressure tubes on the
inside. The spindle or shaft diameter also depends on the
size of these little pressure tubes. .If thoy are too nar—
row or too long, especially in water, the tcrminal pres-—
sure state can -oenly be accurately defined after several
minutes. For this very reason, the pressure tubes are
given a greater diamcter downstream from the cxnbrlnpntal
head,

2. Design Types

The design of the head is lar3ely dependent on vheth-
er the flow is two- or thrce—~dimensional:

a) Two—-dinensional flow direction - pitot tube.-— Fixg
ure 1 shows the. pitot tube and the r811t10n341b between
tot%l.head and an%lp of yaw as obtalnod by calibration -
the tube oelnv yawed untll zern totwl hend is achieved by
a posztlve or a nezative angle o vaw. This brings the
direction of flow in the exact certer of the two pressure-
reverswl voints., The total head is neasured very sinply
by setting the pitot in the median position. Up to *
15°. vaw,. the pitot tube ig not directionally suscentible
to obllque flow:, and: therefore, very practical for total-
pressure necasurement (fisg, 1). But, after determination
of the pressure-reversal points, it is also useful for
flow—~direcction measurenment. The yawing. of the instrument
nust be nade avout the pressure test station. The static

e
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pressure is ther best deternined by nnother instrument -

s by Prandtl tudbe, as cahbﬂrative instrunent. By sirons
;turbulence, however, the pitot tube fails as direction in-
2strument because the errors become, excessive.. The princi-
pal advantage of the pitot tube consists in its point-by-
point measurement, since onlr a very restricted Zone of flow
is involved.

Prandtl Pitot Tubve

Fisure 2 shows this well-lrnown instrument and the
pressure variation in relation to the angle of yvaw. The
pressure-reversal point &F the instrument employed in tae
Institute is located at £48°. The permissidle angle of
vaw is VY = #*5°. Theoretica 211y, this instrument is also
suitable for flow—~direction measurerments, provided the re-~
versal points, as in figure 2, are known. These reversal
points must be defined for everyv instrument, since the
nemd shape hns a far-reaching effect 'on the direction sus-

ptlblllty.

Since the Prandtl tudbe, like the p itot tube, must Dbe
bent for point-b¥y-point measurements, waere the opindle
must be wawed around the total head st tion, these instru-
ments are unsuitadle ian measurements adjacent to flow bound-

aries (i.e., walls).

Figure 2 showeg a Prandtl tudbe arranfed for a three-—
dimensio al~flow measurement, which is also suitable for
direction determination in tne oven jet.

'Sers Plate (reference 1)

Thies instrument is illustrated in figure 4. It con-—
sigts of o round plate with a O. 4-millimeter pressure or=—
ifice in the center soldered 'to a tube. The pressure re-

versal point is determined by vawing and, throush it, a
certain anzular ‘deflection from the zero Dositidn is as-
certnined. The pressure variations obtalned with differ— -
ent olates are shown in figure 5. The ‘normal setting -
i.0., parallel flop around the plate, *1ves the static
pressure, to be corrected with a correction factor; a 90°
setting of the plate to the flow direction erna »bkes the
‘total—-head measurement.  On-slightly curved flow, the in-
strument is quite practical for flow-direction- measurements.
but on sreatly curved flovw nqtns, the = ecessary disk di-
mensions involved prove its’ use as unsatisfactory. h
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Two Pltot Tubes Set at Spec1flc Ansgle (fl”. 67

In the tests tho pitot tubes sloned at about 126° to-
ward one another. The zero voint was determined by ad=-
~Justnment for .equal pressures on both pitot tudes, or.zoro
-setting on the differential pressure gage., The bisector
of both pitot~tube axes is then identical with:the flow
direction.. Based on the calibration of the single pitot
tube, the pressure+reversal point occurred at Y £ 53°
and with it-also, a marked direction susceptidility, as
seen in figure 1., » :

Cvlindrical Tube with Openings (fiz. 7)

The instrument consists of a cylindrical tube with
two pressure leads connecting with the outside surface
{reference 2). The location of the hcles in the cylin-
der was first mwthemwtlcwllv computed by determining the
Pressure distrivution on the surface of the cylinder -
vielding the pressure-reversal point at around 42°. Graph-
ical differentiation established the maximum pressure
change at 42° deflection with respect to neutral position;
so the pressure orifices were located at these angular
settings. The great deflections on the pressure indica-
tors, 'even by very small rotations of the cylindrical
tube, were indicantive of the great susceptidbility of the
instrument to directions., With the test orifices at 42°
angle, the static pressure Py 1is measured by exact flow

on the center line of the cylinder. The total pressure
Piot is neasured by turning one orifice 42° in the flow

direction, or dy providing an orifice at angle 0. Fisure
7 also shows the pressure variation plotted agzainst angle
of yaw Y. As comparntive instrument in these tests, a
Prandtl tube with a recorded dynamic pressure of

P
Pog. " FPoy T2 7

was employed. The coefficient k

SR :
T8y 1°v § v

computed from these"véiués, unfortunately varied with the
distance of the test orifices from the tunnel walls - the
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rapid velocity decreaseé. on.the tusnel - 'wall entailing a
transverse flow along the sta%nation line of the cylinder.

.

‘ leferent schenes- vesortéd to in the.attenmpt to re-
rnove this. effect on factor k, were o6nly  -partially suc-—
cessful; i.e,, they lowered the effect but fpiled to re-
nove it in its entirety. More elaborate. investizations
are under way, The transvérse flow oceurs, even in -un-
disturved free flow when, as'.always in pipe.flow, spiral
phenomena occur. In general, however, the cylindrical
tube is very practical for determining.the {&irection in
two~dimensional flow, and can be used successfully. It is,
in addition, sinple to maﬁufactu“o aad ceasy to nount in
closed wind tunncWS.

.®) [Thrce~dimensionnl. flow-direction reasurenment -
dynamic pressure cliaw with three nitot tubes Li ig. 8).- The
claw consists of three pitot tubes at 63° slope toward the
nedian axis. Using two such claws in two planes at risgat
ansles to each other, a three-dinensional flow-direction
neasurercent con be effected (or a two-dinmensional, with
ornly one claw). .. In the latter case. the two outszde tubes
serve to swing taeAlnvtrument in the zero position; then
the central tube sives the ftotal pressure, and the two on
the outside, the static.pressure. The claw can .be used
to special advantage on boundary flows since it - in ¢
trast to the snherchL, itet - marnifests no neasgurabdble

all effect.. The shnpe of the claw prevents the advance
of an eventual transverse flow fronm reaching the instru-
nent. ’ ’

Since the three pitot tubes are close togebther, the

instrument is suitadle.nlse by sreat path curvatures,
The middle tube Is in shaft-axig direction, or, in the
second case, turned through 90°, and loes not change its
position by rotation around the shaft. In three—dincn-

sional flow—~direction mneasurenents, with two pressure
clavs, the measurenents must be nade successgively. For
this reason, it is newver cortain that the second claw 1is
actunlly in the same place as the first-wiich, . by unfavor-
able velocity distribution in the tunrel, inevita blv leads
to errors. Moreo¥er, the obligue settin% gauses vorvices
on the two laternl pitot tubes vhich moy falsify thce ac-
tunl pressure.

Pressure ul%w w1tb Flve Pltot Tubes (rexerence 3)

‘This instrument (fig 9) cons1ste' f five yitot
tubes, of which each %two tub s slope at about 63° toward
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the £fifth and: median tube. For practlcal use, the instru-
ment is mounted as shown in figure 9, wiieh permits yawing
in the vertical and the horizontal planes. The axesg of
rotation intersect in the central test point, hence its
prosition remains unchanged and the measurement is point

by point. [The opvosite tubes are connecied with a nanom-~
eter each, so that when the axis of the instrument coin-
cides with the flow direction, the paired—off pressures
are zero, The flow angles aro read on graduated disks.
The zero reading on both angle graduations is to be ob-
tained previously in the normal air stream. The velocity
is measured by connecting the central with one of the out-
side pitot tubdes.

However, this instrument, like the one with three
pitot tubes, is extremely sensitive at the tips on ac-—-
count of the vortices. In other than homogeneous air
flow, the necessary size of the ianstrunent nakes the find-
ings unreliadle. In closed tunnels, it is hardly practi-
cal because of its yvawiang rmechanisn, and even in direct
wall proxinity, the size of the head presents obstacles.

Spherical Pitot (reference 4) (fig. 10)

Thig conprises, aside fron a spherical head, the

shaft with the pressure tubes, thse lcads, and a scale.
The pitot itself has five orifices on two nmeridians at

right angles to each other, Pressure tubes lcad from thae
orifices through tne shaft toward the instrument end, as
shown in figure 11l. Taree orifices (5, 2, and 4) at 459,
are located on the equator, orifices 1 and 3 on a nmerid-
ian, each at 51° to the axis 2 to O. The zero point on
the scale lies on the plane of reforence through the nme-
ridiansl, 2, 3., The five loads terninate in five U tubes
asgs pressure %ages. While on four of the pressure indi-~
cators, one freec arn of the U tube connects with the
outside air, the fifth records the difference in the
bressure lincs 4 and 5. A Prandil pitot recording the
static, dynanie, and total pressure, serves as conparative
instrument, During measuring, the sphere is turned around
axis ¥ till pressure—~difference indicators 4 and 5 indi-
cate deflection O. Then thec neridian plane 1, 2, 3 is ex-
actly in flow direction.. The setting VY = 0 4is ascer—
tained on thoe scale disk, after which the pressures =~
neasured on pressure sages 1, 2, 3, 4 -~ afford the coeffi
cients for determining the flow angle &8, the rate of
flow v, and the static pressure Doy e
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With Ptot . ptotg ... Aenoting the deflections on

the individual test orifices 1 :4, we nave:

P _=2
= -+ R~

Piot, = Petat T 27

o P,

Ptotg = Pgtat T X35 7

where

Py ot total pressure (mm, water)
Potatic static pressure (nn, water)

k,, kg mnondineansional factors of the individual
orifices

P ailr density

v flow velocity

Angle 8 follows as function of Ptotl to ptot4 frow

o Ptotg ~ Prot,
®1,2,3,4 7

Piot, ~ Prot,
The flow velocity v follows from

ptotg - ptot4
P

’4—2_

k,

k2 being ascertained by superposition of ks on ks.
The cocfficients were deternined rmathematically and ex-
perinentally. The static pressure follows fron

;-' . lr-p— 2
Pgtat = Ptot = €3 7V
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, The theoretical caleculation of the coefficients was
carrled out by potontial theory on the assunption of a
"fictionless, stationary flow. Figure 12 gives a conpar—
ison betwcen the theoretically conputed (rcferencc 5) and
the experinentally defincd curve of the coefficient.: The
calibration curve for orifice 1, where the disturding ef-
fecet of the shaft is least, sorvcd for conparison. The
spheres were cxplored in the cealibration test system (fis.
13). The offects of an ovbntual change in the air hu-~
nidity of the baroneter reading and of the tenperature
during the experinent nust be wllowed for in the calibra-
tion. The calibration curve of the sphere shown in fig-
ure 14, is indicative of satisfactory flow. For record-
ing flow direction - total, static, and dynanic pressure =
the use of sphorical pitots is recomriended. According to
figure 15, the drag coefficient of the sphere is practi-
cally constant between Ry = 4.0 x 10® and 1.5 x 105,
equivalent to a spced range of fron 11.5 to 430 ncters
per second for the enplored spnhere diametors.,

Angular deflections up to about *#60° proved to be
the 1init of application of spherical pitots. 3By rapid
Airectional changes, the ncasurencnt is very time-consun-—
ing as o result of the 3zreat incrtia of the water column
in the U +tubves. Despitc all attenpted reductions in the
dinmensions of the spherical head, n really accurate test
result cannot be secured witlh the spherical pitot.

Spherical Pitot without Transversc Flow BEffects (fig. 16)

This desizgn followed the nornal type of spherical
pitots, but with special attention to tihe spindle which,
to secure a symmetrical pressure distridution across the
sphere surface, is plnced rearward, so that the trans-
verse flow forning on the spindle cannot creep forward to
the test orifice and affect the pressure pattern. In or-
der to keep orifice 2 at the sane pDlace while yawing about
angle Y, it is located on the extension of the spindle
axis. Introduction into the flow requires n slightly
3reater hole in the tunnel walle. The chief drawdback of
this desizn version is that, owing to the bend in the shaft
the flow direction can only be ncasured up to a certain
distance from the tunnel wall, On tho nost reeent desiizgn
versions, the spheore has a dianmeter of only 3 nmillineters
{reference 8), while the bent shaft has becen retained.
Sinco it can be passed throuzgh a hole of only 6 nillineters,
its use is very convenient.

Translation by J. Vanier,
National Advrisory Comnitte
for Aeronoutics.
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Figs. 13,14,15,16
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Figure 13.-Calibration set-up.
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