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Flow direction measurcments in supersonic vind tunnels

by
D.J. Raney, B.Sc.Bng,, A.C.G.I., D.I.C.

SHTNWARY

Some general requirements for satisfactory flow direction
measurements in supersonic tunncls are stated and examples are gaven
of the dcsign and calibretions of typical yavmeters. 'fne results
of flow dircetion measurcments mide in two {unnels arc given and some
of the flow characteristics are discussed,
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to avolid condensation shocls, At hrgh i:ch numbers vhen this 1deal may
not bes postablis to achieve, the drymess should be kept constant at as low
a value as possible, Stamatiorn tenperature should 2lso be kept constant,

The boundery loyer on the tunnel wall can have an important
influence on the distribulzon in the working section. Trecautions
should therefore be taken to enmure stable conditionz by fixing boundary
layer tronsition at o position apstreum of the throat?.

3 Yawneber designs

The types of anstruments surtable for use 1n supersonic tunnels
are

{1) Direct reading anctruments fiom which the flow girection
18 dotermincd from the inclinaticn of the instrument when 1t
alimms itself, or when 2t 15 alaigned, with the local flow.

]
{11) Indirect reading wistruments .hich remain fixed in zngle
relative to the tumnel andg from whaich the {low dairection is
debernined by the effeocts of flow changes which they induce.

These tvo types of instruments are considered sgparately.

3.4  Dairect rcaging vawneters

Darcet reading yaswetern tend to be wmore complex than indircct
reaxding instruments., Thear chief advantage 215 that indicated flow
{ircetion is indepondaent of Mach nunber and all {low paramcters other
thoan dircetion, assuming uniform condltbions over the yawneter, Jnstru-
ments of this type are rore suited to tects vhere these paramecers are
likely to vary than for & normsl tunnel calzbration., The two mzman types
of direct reading anstrunents are the venz type vhich euioraticelly
“lrgng itecll to the local stremn directina, and the pressare type of
inatrwnent which has to be sct to zero incidoenoe.  Beveral types of
sgtruments wilh freedom in onc and also in v planes have been designed
Cor various purpcses.  They must pe accuratcely belanced and have negli-
gible friction, The extrenc accaracy neceded to achicve this in suitably
soall inetiuments precludes their use for tunnel calibrabion.

The presoure type yawmeter ased as a2 null reading instrument
requires o complicated mecheanima 1o vary the angles of piteh and yaw
ond 13 more &penslve in tunnel running time for no gain 1n accuracy
conpared with 1ts use as an indirect reading instiument, when used in
the relatively unalorm £flow to be explored in o tunnel calibration.

3.2  Trusrscl resding ya.meters

Flow directzon ts obvained from an indirect readings yawmcter,
which mighl ricasure a change in pressure or force, by comparing this
changec v2bn that measured during a calibrzticon of the instrument. This
calabratior of the yawumeter wust be made at 1he Mach number and stream
stagnation pressure sppropriate 1o the calibration of the tunnel.

The most comnon form o1 the indirect readiny instrument is the
differential pressure yawneter, There are o nuuber of decigns all of
wiich nake use of the pressure dqufferconce set up by a pair of holes 1n
opposite sides of the wnstrument when i1t is at ancidence, The flow
angle i any planc ray be measured by an appropriate sctiing of the
holes; for o tunncl calibration tne flow anglcs in piitch and yaw ars
normally reguired and 1t 1s possible to measure thege concurreniiy wath
an anstrument having two pairs of holes an planes perpendicular to each
other,
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For normal use in tunnel calibrations this design of instrument
has meny advantages over direct reading yawmeters and is almost univer.
sally preferred. They are simple to makc compared to the direct reading
vane type and the use of complex swivelling gear is avoided., They oan
be made swall enough to enable several to be mounted on a comb which
enables tunnel running time for a calibration to be reduced, The
differential pressure yawmeter can also be adapted fairly simply to
measure both Mach pumber and flow directions in two planes?.

Pig.2 shows three designs of yawmeter heads used at R.A.E. Though
the scneiltivity increases with apex anglce as shown in Fig.3 the sensie-
tivaty of the 15° angle cone is adequate for most purposes. Hence the
choice of design rests more on other considerations, e.,g. ease of manu-
facture or availability of some sort of multibore tubing. Another problem
is to avoid the mutual interference of pitch and yaw. This was largely
the reason why one group chose a pyramid head as opposed to a conical
head, Waith conical or hemispherical heads the positions of the pressure
holes muat be accurately located in two perpendicular planes passing
through the axis of the head, With a pyramnid shaped head the flow is
less three dimensional in character and therefore the exact peosition of
the holes is less critical,

The additzion of a pitot tube along the centre of the multibore
tubes used in the manufacture of the 90° spcx angle heads would make them
suitable for measurement of both lMach number and flow direction. It is
worth noting that even without a central pitot tube, the four-tube conical
yawneter head can be used 0 measure ilach number by averaging the pressure
measured by the four tubes to obtain the sverage pressure on the %ead and
deducing the xach numbcr from theoretical results for yawed cones”,

Calibration curves for the thrce yawmeters shom in Fig.2 are given
in Fig.4; they are all linear even when the gshock is detached as in the
case of the 90° pyramid head at ¥ = 1,6, Fag.3 includes these results
and other published and unpublished results. Assuming that a water
manometer can be used to measure differcntial pressure to +0.05 in, watber
the crror in determining the flow dircetion is _-!_'0.025o with the 159
vavmeter and ;I;O.O’lo with tho 90° conical yswrtcter., These accuracies are
adequate, especially the latter. TFor convenience at the time, a mercury
manometer was used for calibrating the 90° pyramd hcad, Assuning the
pressurc difference can be measured to 0,02 in, mercury the possible
ervor is +0.04° in flow direction, Yhis is barely sitisfactory; a water
manometer ghould have been used., These valucs would represent the order
of accuracies of comparative measuremants for one setting of the head.
The error in setting the head is at least +0.1° and this therefore
determines the error in absolute flow cngle.

L Regilts of tunncl calibrations

The results of some brief calibrations made of two mall tumnels
are gaven, The tunnels are the R.AE. No,6 tunnel and No,18 tunnel,
The following teblc shows the total variations {neglecting the effects
of wandow joints on yaw) measured in pitch (Aa ) 2nd in yaw ( A).

Mach Working Total variation
Tunnel a
Number | Scetion Size| Aa degrees | AR degrees
R.A.E. No.b 2,50 |6 in x 11 1n 1.3 0, 9%
R.A.B. No.18}| 1.64 9 in x 9 in 2.5 2.0

% Excluding indicated flow angles close to the sidewalls,
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.1 R.AE, Wo.5 Tummel (M = 2.5)

This 1s an open jet tunnel havang a doable-sided nouzlie, the
distance belween the stde walls being 6 in, Measurements of flow dareo-
tioa werc made with a conical head yawneter of 90° apex angle (Fig.2b and
4b). The results are given wn Fig, 5. flecther pitch nor yaw varies more
than +C, 19 along the tunael contic line For 6 in, downstream from the end
of the no.sle, Lateral and vertical traverscs at the oid of the nozzle
show how masleading thas rcesult can te., There 16 a strong in-r'low towards
the funncl centre line in both plancs, An in-Tiov 1n the horizental plane
of about 0.1° ncar the side walls veulda ne expected os the walls are
parallel and the ratc of boundary layer growth gives on effeciive inward
slope of this amount, but the measurcd deviation 1s wucn greater thon 0.1°.
The nozzle walls arc each corrected for the boundwry layer grovth an two
walls and hence an outyrlow would be expected in pitch on & vertical
traverse. An error in the setbing or shopang of the nozzles svens
probeble,

2 RUALE, No.12 Tunncl (3 = 4.51)

This 1s a closed oaxrenset verable pressure tunnel. A corprchensive
investigation of the hach number distributicns throuph the working scction
13 gven in Hef, 1, but systomatic measurerants of flov direction hove not
yet been made,

The results of some preliminary measurements with a comb »f four-
tube 90° pyramid yavmeters (I'ig, 2c 2ad 4c) in horizontal and vertacal
planes through the tunnel cenlre line ot ¥ = 1,61 are givea in Pips.6-9.
Some of the traverses were done 1n two parts; duc {0 an errer in measuring
the cettingo of the yaureler heads a diocontinuity in slope appeoars vhere
one troverse ends esnd the other beguns, For most of ihe tests one of the
tandoves was fitted 2n the siade wall »ith 2 ghep of 0,007 in. betveen the
{rare and the side vell; the resultang disturbance i1n yaw can be easily
traced througn tae test reclion (Tag,7). This step was later reduced to
0.001 an. and the disturbance wis substantaally reduced (Fig.7, top curve),
The suep at the wandow joint on the other sgide of the tunnel varied up to
0.002 1r, 1lts effect can bo meacuzed thongh 1t was anpreciably less than
that of the other windove Very locggs changes an flov direction occur at
seCclions acioes the ftumnmel. Thas sz 1liustrated in Fag.10 for a typical
gcetion, 2,9 .in. upstecan of the contres of the wvaindows, which 13 not
srfected by disturbonces from the iindows, The fipurce chows the exaistence
of o cioclvigze rotaetion of the {low tnrough the werking section. This
had¢ previously poen suspected from the resulis of rolling moment measurc-
ments on a nodel., In addrtion to ithe rotation therc Lo o davergence of
the flov fran the sumnel coanbre line,

5 ireussion

It hao been shown (Fip. 3 and L) inad by urang @ifferential water
ranomevcrs to measure the diffc:ience in pressure registered by a yvavmeter
hizh sengitavities of the order of 5 - 10 an, of waler per degree incidence
car bo obtained at oderate supersonic Hech nuwbers vath yavmeters having
quite a wide rengc of apex oagle.  The choxce of apex angle can thus be
made for reasone other than wosimum sunsitivity, Some work has been done
ath the prorary objective oi develepang yavmeters of swall dimconsions
for uwe 1n exploring Tlowv faelds beohind ericiforn vaings 2t high incidences.
An apcx angle of 909 hay been found o be very sabisfactory for fnis
PUrpOsLC, gLvin, a linear colabration over a vade rwge of incidence,
There oppears to be lattle to choose in practice belweor instrumentys having
conical and pycramid heads; the monutfccvuaring problems oppear to be of
the same order,

-6 -



The largest uncerteinty in flow direction measurements (about
+0.1 ) 18 1n the basic setting of the yawmeter; this does not, of
course, affect oomparative measurements made with the same setting.

o

Care should be taken in yawneter measurements to ensure that the
nose shockr is either attached or detvached for any gaven set of measure~
ments. Experience has shown that attachment or detachment of the shock
gives a change in calabration,

Some interesting features are shown by the yawmeter calibrations
of two tunnels presented in section 4.

There are more aminor irregularities in pabtch than in yaw. Those
in pitch arise from small irregularities in the nozzle surface., The
side walls are of stcel and were machaned flat ond therefors do not
normelly couse small random irregularities in flow., In the calibration
of the No.13 tunnel bad window joints in the side walls caused serious
disturbances in the flow and in this sizc of tumnel it aeppears that
ateps at window jointa should be less than about C,001 in,

The calibration of the No.6 tunnel shows a strong in-flow from the
walls townrds the centre line in the vertical and transverse planes. No
explanation can be offered but it indicates the need for flow direction
calibrations off the centre line,

Some degree of rotational flew has been meagured 1n a number of
low speed tunnels (see for example Ref.l), These have been attributed
to either the fan or to turning vanes at corners. Measurements in the
No,18 tunnel show that, in spitc of the large contraction ratio, some
rotationnal flow may also exist in a supersonic tunnel, The measurements
reported here indicate a rotational flow havang a resultant angle of
about 1°.

This last feature of the flow in the No,18 tunnel shows how
importont it 1s to make yavmeter cslibrationa of supersonic tunnels,
The existancce of the rotation of the flov would not have been suspected
from pressure measurements (Ref. 1),
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