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EXPERIENCES VWITH FLOW-DIRECTION INSTRUMENTS*

By B. Eckert
SUMIMARY

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. Vhile the available flow-direction devices are
accurate enough for many purposes, they are all insuffi-
cient for perfectly exact prediction of the flow direc=-
tion. The next prodblem will be to achieve a point-by-
point flow—direetion record, whereby the test procedurec
nust be simplified, accelerated, and the desgreec of accu-
racy of the test data, improved.

INTRODUCTION

]
-
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I. METHODS OF FLOW-D CTION RECORDIXNG

o
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Theoretically, there are two ways of measuring
direction of flow: direct and indirecect.

ls Direct Measurement

Br this method the angle of the flow and the pressure
of the flowing medium are directly recorded and read on
bprotractors or pressure indicators. The angle of yaw of
the instrument with respect to a fixed reference plane,
affords an'indication of the flow diroction. The process
is therefore very simple; dut because of space require-
ments, such an instrument can only be cmployed in the
frec stream or ir spatially very extensive flows. If a
Prandtl tube is used, the static pressure and the total
head are obtaincd immediatcly without pressure conversion

‘factor, while most of the other instruments require a cor-

rection Tactor for the pressure.

* i 1
"Erfahrungen nit Messgeraten zur Bestimmung der Stromungs-—

richtung." Jnhrbuch 1938 der Deutschen Luftfahrt=.
forschung, pp. II 381-385,
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2. Indirect lMegsurement

In principle, a surface contains a number 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. From the recorded
pressure and the calibration curve, a2 definite angle of
flow, also the static pressure and the total head are obd—
tained. To plot the calidbration 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 computed 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 LEASUREMENTS

f4o

I. Generalities

The simplest method of flow-direction measurcment is
to render the flow paths visidle and to record the strean-
lines by canera or motioan-picture machine. The stream-
lines in the water can be made visidle by air dubbdles,
dyes, or lvcopodium powder. 4 simple direction reading of
an air stream is possible with the aid of wool tufts or
streamers. This 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
tubes are unsatisfactorv. 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 sane pressure
distribution on bosh sides, so that the orifices provided
at the same angles to the stagnation point indicate the
same pressure. The advantage of this type is its satis-
factory use in both water and air. The turbulence effect
is small, especially since the errors accruing from de-
fects in symmetry are usually much greater. For accurate
reading, stagnation-point instruments are unsatisfactory
by nonstationary flow .with respect to time since, by peri-
odic flow, only a time avera3e of the flow velocity

SN
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can be measured. Flows embodying strong vortex zones,
such as downstream from bodies of resistance, are also
diffdenlt  to. measure,

In restricted flow spaces, measurement with pitot-—
static heads is no longer possible, since the spatial ex—
tent of the instrument disturbs the flow at the test point.
The test instrument itself must be suspended in the flow
so as to be bend-resistant and free from vibrations. Its
size depends upon the mechanical practicabdility and the
possibility of housing the little pressurec tubes on the
inside. The.spindle or shaft diameter also depends on the
size-of these little pressure tubes. If they are too nar-

.row or too long, especially ian water, the tcrminal pres-

sure state can onlv be accurately defired after several
ninutes. For this very reasoan, the pressure tubes are
given a Sreater alamctbr downstream from the cxnbrzmbntml
head,

2. Design Types

The design of the head is largely dependent on wheth-
er the flow is two- or three—~dimensional:

a) Two—dimensional flow direction - pitot tube.— Fizg-
ure 1 shows the pitot tube and the relationship between
total head and angle ofﬁyaw 28 obtained by calibration '—
the tube being yawed until zern total head is achieved by
a positive or a negative angle of vaw. This brings the
directioa of flow in the exact center of the two pressure-
reversal points., The total head is neasured very 51nblv
by setting the pitot in the median position. Up tq. V &
15° yaw, the pitot tube is not directionally suscentlble
to .oblique flow, and thercfore, very practical for total-
pressure measurenent (fisg, 1), But, after determination
of the pressure-reversal points, it is dlso useful for
flow—-direcction measurempnt. - The yawing rof ‘the'instrunent
nust be nade about the pressure test station.  The static
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.

precsure is thern best determined by another instrument -
gav . by Prandtl tmbe, as.ccmpirgtlve.iz strunent. By stro
turbulence, however, the pitot tube fails as direction in
strument because the errors become. excessive. Thie. prdnei
pal advantage of the pitot tube cons sists in its point-dbv-

point measurement, since.onlr. a very restricted Zone of fl

g involved.
Prandtl Pitot Tube

Fizure 2 shHows this well-known instrument and the
pressure variation in relation to the angle of vaw. The
pressure~reversal point of the instrument emploved in tae
Institute is located at £48°. The permissidle angle of
waw is Y = #59, Theoretically, this instrument is also
suitable for flow—~direction measurements, provided the re
versal points, as in fidgure 2, &re knoWwn! These reversal
points must be deFined for every. instrument, since the
head shape has a far-rea chln’ effect on the direction sus

e Pt bt

Since the Prandtl tube, like the pitot tube, must be
bent for point-by-voint measurements, warere the spindle
must be vawed around the total head station, these instru
ments are uasuitable in measurements adjacent to flow bou
arfes” (i16.) walla).

Fisgure
dimensional
direction

shows a Prandtl tube arranged Tor a three—
low measurement, which is also suitable for
ermination in the open jet.

d‘ Ha [N ]

Sers Plate (refercnce 1)

This instrument is illustrated in figure 4. It con-
sigts of a round plate with a O.4-millimeter pressure or-
ifice in the center soldered to a2 tube. The pressure re-
versal paint is determined dy yawing and, through it, a
certain anzular deflection from the zero position is as-
certained., The pressure variations obtained with differ-
ent plates are shown 'in figure 5. The normal setting -

1 NCnl, parall el filicny around the plate, Zives the static
pressure, to be corrected with a correction factor; a 90°
setting of the vlate to the flow direction enables the

‘total-head measurement. On siizhtly curved flow, the in-

strument is quite practical for flow—direction measuremen
but on 2reatly curved flow vpaths, the necessary digk ai-—

mensions involved prove its use ns unsatisfactory.
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Two Pitot Tubes Set at Specific Angle (fig. 6)

In the tests tho pitot tubes sloped at about 126° to=
ward one another. The zero point was determined by ad-
Justment for equal pressures on both pitot tubes, or zero
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 V¥V £+ 53"
and with it also, a marked direction susceptibility, as
seenwinniicure 1.

Crvlindrical Tube with Openings (fiz. 7)

The instrument consists of a cylindrical tudbe with
two pressure leads connecting with the outside surface
(reference 2). The location of the holes in the ecylin-
der was first mathematically computed by determining the
Pressure distrioution 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;
s0 the pressure orifices were located at these angular
settings. The 3reat deflections on the pressure indica-
tors, even by very small rotations of the cylindrical
tube, were indicative of the great susceptidility of the
instrument to directions., With the test orifices at 42°
angle, the static pressure Po 1s measured by exact flow

on the center line of the cylinder. The total pressure
Piot 1S measured by turning one orifice 42° in the flow

direction, or by providing an orifice at angle 0. PFisgure
7 also shows the pressure variation plotted against angle
of yaw Y. As comparative instrument in these tests, a
Prandtl tube with a recorded dynamic pressure of

P LB
= v
was émployed. The coefficient Xk
-
R LB T
)e) - D . 2
Sy s - i

computed from these values, unfortunately varied with the
distance of the test orifices from the tuanel walls - the
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rapid velocity decrease on tiae tunnel wall entailing a
tr ynsverse flow along the stagnation line of the cvlinder.

<t

Different schemes resorted to in the .attempt to re-
nove this effect on factor 'k, were only partially sue~
cessful; i.e.; they lowered thé effect but failed to re-
nove it in its entirety. More elaborate investizations
are under way. The transvérse flow occurs, 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 directiion in
two—=dimensional flow, and can be used successfully. It is,
in addition, sinple to manufacture and easy to nmount in
closed wind tunnels.

B) Thrce—dimensional £low-di ection rmeasurenent =~
dynanic pressure claw with three pitot _tubes (fig. 8).- The

claw consists of three pitot tubes at 63° slope toward the
nedian axis. Using two such claws in two planes at risht
angles to each other, a three—dimensional 10lov—a*rectlor
neasurerent can be effected (or a two-dinmensional, with
only one claw). Irn the latter case tqe two outside tubes
serve to swing the instrument in the-zero position; then

the central tube Sives the total pressure, and the two on
the outside, the static pressure. The claw cnn de used
to specianl acdvantage on boundary flows since it - in con-
trast to the spherical pitot -~ marnifests no measurable.
well effect. The shape of the claw prevents the advance
of an eventunl transverse flow fron reaching the instru-

nent.

Since the three pitot tubes are close together, the
instrument is suitable also by 3reat path curvatures.
The mniddle tube is in shaft-axis direction, or, in the
second case, turned throuzh 90°, and loes not change its
position by rotation around the shaft. In three—~cdinen-—
sional flow—direction measurenents, with two pressure
claws, the neasurenents nmust be nade successively. For
thls reason., it ig newvor cortain that the second claw is
actually in the same place as.the first waichyaby unfaver=
able weloeity distributien in the tunnel, inevitadbly leads
to errors. Moreower, the oblique setting causes vortices
on the two lateral pitot tubes vhich may falsify the ae~
tual pressure.

Prossure Claw with Five Pitot Tubes (reference 3)

This instrument (fig., 9) consists of f
tubes, of which each two tubes slope a
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the fifth and median tube. For practical use, the instru-
ment is mounted as shown in figure 9, which permits yawing
in the vertical and the horizontal planes. The axes of
rotation intersect in the central test point, hence its
position remains unchanged and the measurement is point

by point. The opposite tubes are connected with a2 manom-
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 arc 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 tubes.

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 instrument makes the find-
ings unreliable. In closed tunnels, it is hardly practi-
cal because of its yawing mechanism, and even in direct
wall proximity, the size of the head presents obstacles.

Spherical Pitot (reference 4) (fig. 10)

This conprises, aside fron a spherical head, the
shaft with the pressure tubes, the lcads, and a scale.
The pitot itself has five orifices on two meridians at
right angles to each other. Pressure tudes lecad from the
orifices through the shaft toward the instrument eand, 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 reference through the me =
ridlansl, 2, 3. The five leads terrinate in five U tubes
as pressure gages. While on four of the pressure indi-
cators, one free arm of the U +tube connects with the
outside air, the fifth records the difference in tiae
Pressure 11n 8 4 and |5, A Prandtl pitot recordine the
static, dynamic, and total pressure, serves as conparative
instrunent. During measuring, the sphcro is turned around
axis ;v 1 0 presgure~di1forence indicators 4 and 5 indi-
cate deflection O. Then the meridian plane:.l, 2, 3 is ex-
actly in flow direction.. TH setting - V¥ is ascer—
tained on the scale disk, after which the pr
neasured on pressure gasges l 2, 95 4 - afford whe Coecf il
eients for determining the flow an%le Ol WS
flow v, and the statie pressure Dst'

fl
O

-
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With Ptotl’ ptotz-"* denoting the .deflections oa

the individual test orifices 1:4, we have:
Piot, ~ Petat

ptotg = Patat

where

total pressure (mm, water)

. i N
static pressure (nn, water)

ki, kn nondinensional factors of the individual

erifices

P air density
v flow velocity

Angle & follows as function of Piot, to Pyot,

ptotg - Ptotl

e e e et e e e e e

Prot, ~ Ttot,

:
L

Phe flowl veloclity vy follleosrs Hron

P
“foteo “tota
# ir
Kn’4 o
k5 4 Dbeing ascertained by superposition of kg on
The cocfficients were determined rmathematically and
perinmentally. ‘The static pressure follows fron

L i E
Bttt & Rgot ™ =7 ¥

fEon

1{4 .

X~
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The theorectical calculption of the coefficients was
carried out by potontial theory on the assunmption of a
fictionless, stationary flow. Figure 12 gives 2 conpar-
ison betwecen the theoretically computed (reference 5) and
the- ctpcrlnontaIIV‘“efln d curve ‘of the coefficient.. The
calibration curve for orifice 1, where the dlsturoing ef ~
fect of the shaft is least, scrvod for conparison, . The
spheres were cxplored in' the calidration test system (fis.
13). The offects of an eventual change in the air hu-
nidity of the baroneter reading and of the tenperature
during the experinent rust be allowed for in the calibra-
tion. The calibration curve of the splhere shown in fig-
ure 14, is indlicative of satisfactory flow. For record-

<

insg IlOW direction - total, static, and dynanic pressure =

-tho use of spherical pitots is recomnended. According to
:figure 15, the drag coefficient of the sphere is practi-

cally constant between Rg = 4.0 x 10® and 1.5 x 105,

"equivalent to a spccd range of fron 11.5 to 430 nmeters

per second for the émpléred snhere dianeters.

Ansular deflections up to about #60° vproved to be
the linit of application of spherical pitots. By rapid
direcctional changes, the neasurenent is very time-consun=—
ing as a result of the 3reat inortia of the water colunmn
in the U tubes, Despitec all attempted reductions in the
diﬂersions of the Uhericnl Jead a rea llJ qccurmte test

Spherical Pitot without Transverse Flow Effects (fisg. 16)

This design followed tho normal type of spherical
pitots, but with smecial attention to tihe spnindle which,
to secure a synnetrical pressure distribvution across the
sphere surface, is placed rearward, so that the trans-
verse flow fornming on the spindle carnot creep forward to
the test orifice and affect the pressure pattern. In or-
der to kecep orifice 2 at the sane place while yawing about
angle VY, it is located on the ecxtension of the s»indle
axis. Introduction into the flow requires a slightly
Zreater hole in tho tunnel wall. The chief drawback of
this design version is that, owinz to the bend in the shaft
the flow direction con only be no ed up to a ecertain
distance fron the tunnecl wall. Or tﬂc nost recent desisgn
versions, the sphere has a diareter of only 3 nillineters
(reference 6), while the bent shaft has boen retained.
Since it can be passed throuzh a hole of only 6 nillineters,
its usec is very convenient.

Translation by J. Vanier,
National Advisory Conmnmittoe
for Aeronnutics.
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Figs. 1,2,3
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Pigure l.- Pitot tube and pressure variation for the
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Figurs 2.~ Prandtl pitot and pressure variation obtained
by yawing the total head tube.
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Figure 3.~ Yawing arrangement for determining the flow
direction with a Prandtl tube.
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Figure 5.« Pressure plotted against angle of flow and for
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Figure 7.~ Cyindrical tube used for recording two-dimensional flows
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