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WIND-TUNNEL INVESTIGATION OF ‘A NUMBER OF TOTAL-PRESSURE TUBES AT HIGH
ANGLES OF ATTACK

SUBSONIC, TRANSONIC, AND SUPERSONIC SPEEDS ‘

By ~ILLIAM &ACEY

SUMMARY

The effect of ina%na.tionof the airstream on the mea+rured
premures of 64 total-pressure tubes hus been determimxifor
angles of attackup to 60° and over a Mach number mnge from
0.26 to 1.62. The imwstigaiion was conducted in jiw wind
tunnels at the Langley Aeronautical Laboratory.

For simple, nonshieldedtuba, the uaabikangulur range was
jound to depend on the ezternal shape of the nose section, the
size of the impact opening (relative to the tube diameter), and
the duzpe of tlw inlernal chamber behind the impact opening.
The bat combination of these design feature-s (that ti, a tube
having a cylindrical nose shape, an impad opening equal to
tlu tube diameter, and a 30° eonica+?chamber) produced the
highestu.mblerange (aboti 98° at a Mach number of 036) of
any of the nonshieldedtubes.

In cases where a wiable angular range larger -than &28°
is reguired, a much higherrange may be obtainedwith shielded
tubes. Thewable rangeof a tube m“tha shield havinga conical
entry, for example, ti abed dz410 at a Mach number of 036.
6’hangingtlw shape of tlw enty of the shki.dto a highly curved
section increastx the usable range to aboui &63°, the higlwst
of any of the tubes tested. The throateof these tub~ were vented
throughthe wah of the shield, a designfeuture permitting end-
mounting of the tube on a horizontal?boom.

For airspeed applicaiion8 wh.meit k not .m8eni3u.ltlwt th
tube have a large negative angle-of-aitazk range, the usable
range may be extendkdto higher positive angles of aituek @
meani+of a leading-edge siant projd.e. ~or skzni profi up
to 20°, the usable range at positive angltzsof attack can be ex-
tended by about 1° for each degree of slant.

The e$ect of Mach number on both unshielded and shiekled
tubes WC3found to be considerable. For most of the unshielded
tuba the mable range increased wdh lMach number, wham
that of the shie?dedtubes deereasedwith Mach number.

INTRODUHION

The National Advisory Committee for Aeronautics has
conducted a seriesof wind-tunnel investigations to determine
the effect of inclination of the airstmam on the measured
pressures of a number of total-pressure tubes through a
wide range of angle of attack at subsonic, traneonic, and
t3upersonicspeeds. The results of these investigations have
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been reported in references 1 to 6. This report summarizes
these results and presents the data in a form permitting a
mom detailed comparison of the effects of the pertinent
design variables.

Thw,e investigations were conducted for the purpose of
obtaining information which would lead to the design of
rigid-type tubes capable of meamring total pressurm cor-
rectly at high angles of attaok and at high speeds. The
need for this information has arisen in recent years because
of the development of airplanea having the capability of
maneuvering to high angles of attack at supersonic speeds
and beoause conventional tubes, both rigid and swiveling,
are unsatisfactory under these conditions. Conventional
rigid tubes, that is, those with hemispherical or ogival no:e
shapw, are unsatisfactory because the memured pressure
begins to deviate from the fiee+tream value at moderate
anglw of attack. Swiveling tubes, on the other hand, are
considered undesirable because of the possibility of structural
failure at high speeds.

Information needed for designing a tube which would be
satisfactory at high angles of attack at subsonic speeds has
been available for some time. In 1.935,for example, Mer-
riam and Spaulding (ref. 7) showed that a tube emdd be
made insensitive over a wide range of angle of attack by
making the impact opening a large percent of the tube di-
ameter. During the same year, KM (ref. 8) reported a de-
sign of a shielded tube which read correctly to an angle of
attack of about 35°. Unpublished tests by the National
Advisory Committee for Aeronautic of this tube, however,
showed that the flow about the circular spindle on which
the tube was mounted caused the tube to vibrate so severely
at a Mach number of about 0.6 that the tube could not be
used above this speed.

With this information m a starting point, the program
for the present investigation -wasformulated to investigate
(1) various con.figurations of simple, unshielded tubes hav- .
ing large impact openings and (2) a design of a shielded tube
in which the throat would be vented through the wall of
the shield and thereby eliminate the spindle mount and per-
mit the tube to be mounted on the end of a horizontal boom.
In addition, various conical-shaped tubes were included in
the tests because of their possible use as instruments to
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measure angles of attack and yaw (ref. 9). Also, because of
its widespread use in service operations, an ogival-shaped
tube was investigated. Although this particular tube had
already been tested at supersonic speeds (ref: 10), these
testswere limited to angles of attack of 10°. Hemispherical-
shaped tubes, as exemplified by the Prandtl tube, were not
included in the present investigation because they were
known to be very sensitive to angle of attack (ref. 11).

SYMBOLS

frontal area of shield (shielded tubes)
vent area of shield (shielded tubes)
diqtance km leading edge of total-pressure probe

to face of shield (shielded tubes)
diameter of impact opening of tube
body diameter of tube
diameter of tube at face of conical tube
diameter of throat of shielded tube
total pressure of free stream
total pressure measured by tube at a=OO
total pressure measured by tube at a # 0°
total-pressure error (p,—pz” at subsonic speeds;

pt’-pt” at supersonic speeds]
static pressure of free stream
indicated impact pressure (p~-p at subsonic speeds;

p~–p at supersonic speeds)
free-stream Mach number
angle of attack of tube, deg
angle of yaw of tube, deg
internal cone angle, deg
slant profile angle, deg

APPARATUS AND TESTS

Diagrams of the M total-pressure tubes which were tested
during the investigation are shown in figure 1. For pur-
poses of comparison, the tubm were divided into five groups
on the basis of the external shape of the nose section: cy-
hh’ical (seriesA), 15° COIliCd (Sties B), 30° COnic.d(Sties
C), 45° conical (series D), and ogival (series E). For ccm-
venience, the cylindrical tubes in seriesA have been divided
into two subgroups: A (nonshielded) and A, (shielded).
Tubes A.-l, A,-2, A.–3, and A,4 had body diametem of
%~ch so that they could be tested in the test section of the
Langley 9-inch supersonic tunnel during the initial part of
the investigation. All other tubes had body diameters of
1 inch. The design of the various tubes in each of the five
series was varied as regards both internal shape and con-
figuration of the total-pressure entry.

The invwtigation was conducted in five wind tunnels: the
6- by 6-foot test section of the Langley stability tunnel, the
Langley high-speed 7-by 10-foot tunnel, the Langley 8-foot

~ transonic tunnel, tie Langley 9-inch supersonic tunnel, and
the Langley 4- by 4--foot supersonic tunnel. For the tests
in the Langley stability, 9-inch supersonic, and 4- by 4-foot
supersonic tunnels, the total-pressure tube to be tested was
mounted on a speciaJ U-shaped swivel mechanism which was
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FIGURE l.—lhgrame of tdd-prwsure tubes,

lounted on the side wall of the tunnel. A typical iustrdla-
!on is that of the stability tunnel shown in figure 2. These
I-supports were designed with the axis of rotation in lino
tiththe leading edge of the total-pressure tube in order that
le total-pressure entry would remain at the same point in
le airstreamfor all angles of attack. The inclination of the
lbe to the air flow was set by means of a control mm
ttached to the U-support rmd located outside the tumml
‘all. The angle of attack of the tube was measured either
n a circular scale attached to the control arm or with a

ithetometer located outside the tunnel. For those testsin
hich angle of attack was measured by a scale, deflection of
le U+upport under air load was investigated nnd in each
w.ewas found to be negligible.
For the tests in the Langley high-speed 7- by 10-foot

mnel and 8-foot transonic tunnel, the tubes were mountod
1 a bent sting adapter attached to a sting support. The
Igular setting of the sting-coupling combination was such
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FIGm I.—Conclude&

that the leading edge of the tube remained in approximately
the same point in the tunnel for all settings of the tube. The
inclination of the tubes with this apparatus was set by means
of a remote-control mechanism and the angles of attack of
the tubes were measured by means of a cathetometer. The
measurements of angle of attack were made with the tunnel
operating in order that the effects of sting deflection due to
airloads might be eliminated.

The various tubes were tested at one or more values of
Mach number between 0.26 and 1.62. I?or each test speed,
the tubes were moved through the angle+f-attack range
(+45° for most tests but as high as 60° in some cases) in
increments of about 5°. For each setting of the tube, the
total-preswre error was determined by measuring the dMer-
ence between the total pressure registered by the test tube
and a suitable reference pressure. In most of the subsonic
tests, a total-prewure tube iixed at zero angle of attack and
located in another part of the tunnel provided the reference
pressure. In the supemotic tests, the pressure in the tunnel
settling chamber was used as the reference pressure. For the
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~GUllE 2.—Diagram of swivel meobaniem used for ohanging angle of
attack of total-pressure tubes in stabili@ tunnel.

subsonic tests, the total-pressure error vi-as determined
directly as the difference between the pressure of the test
tube and the pressure of the reference tube (p/’-p,). For
the supersonic tests, where shock formed ahead of the test
tube, the total-pressure error was. determined as the di.f3er-
ence between the pressure measured by the tube at a given
angle of attack and the pressure measured by the tube at
zero angle of attack (p/’-p/). As this test procedure
corrected, in effect, for the totil-pressure loss through the
shock ahead of the tube, the total-pressure errors presented
in this report for supersonic speeds are a function only of
changes in angle of attack and are therefore directly com-
parable with the subsonic data. Estimated accuracies are
* follows:

1-
A#OJf

Tunnel Ap//q.’
q d&

Langley stability 0.25 &0.002at M=O.26
Langley high-speed 7-by 10- .25

foot

[

+ .005atM=O.5
+.002at i’U=O.9

Langley 8-foot transmio .1 +.003 at lM=O.6

Langley 9-inch supereonio
+.001 at M=l.11

.1 +.002 at M= 1.62

[

+.003 at Ji=l.61
Langley 4 by 4foot super- .2

Sonio &:$%k~\.61
(16 lb/sq in.)

RESULTS AND DISCUSSION

The results of the tests of the 54 total-pressure tubes are
summarized in table 1, which presents the range of insensi-
tivity of each of the tubes at Mach numbers ranging from
0.26 to 1.62.

The range of insensitivity asused in thisreport is a criterion
which has been chosen as a basis for comparing the perform-
ance of the various tubes. It is defined as the range of angle
of attack over -whicha tube remains insensitive to inclination
to within 1 percent of q.’. For convenience, another term, the
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sensititi~ ruqgle,is also used. This is detlned as the angle of
attack at which the total-pressure error reaches a value of
1 percent of g.’. For symmetrical tubes the sensitivity
angle is half the range of insensitivity.

An example of the basic data from which ‘the sensitivity
angle of each of the tubes was determined is given in figure 3
for tube A–2. This @pre shows the variation of the t&al-
prewre error Ap,/qo’ with angle of attack for Mach numbers
of 0.26 and 1.62. As defined by these curves, the sensitivity
angle is 23° at 31=0.26 and is 29° at M=l.62.

It will be seen from figure 3 that the tmtal-pressureerror
remains zero up to a certain angle and then begins to deviate
in fbnegative direction. In this case the sensitivity angle is
determined by the angle of attack at which the total-pressure
error becomes —1 percent of qc’. This variation of total-
pressure error with angle of attack is typical for the non-
shielded tubes at all Mach numbers and for the shielded
tubes at subsonic and transonic speeds. In the calibration
of one shielded tube at supersonic speeds, however, the error
deviated fit to positive values and then, at a higher angle
of attack, began the normal deviation in @negative direction
as shown in figure 4. In this case the sensitivity angle is
determined by the angle of attack at which the error reachea
a value of +1 percent of q=’.

EFFECT OF IMPACI’.OPENING SIZE

The effect of varying the size of the impact opening (or
more specifically, the ratio of the impac&opening diameter d
to the tube diameter D) of three cylindrical tubes at .M=O.26

Ar@eofottd(, a,&q

Fmmm 3.—Variation of total-pressure error with angle of attack of
tube A-2 at .subsonio and supersonic speeds.
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Fmmm4.-Variation of total—premuw error with angle of attack of
shielded tube A.–12 at M= 1.61.

may be seen from figure 5 (a). This figure shows that tho
sensitivity angle increases with increasing size of impact
opening and reaches a value of 23° for the tubes having
impact openings of 0.96 and 0.98. Although the calibrations
of these two tubes (ref. 1) showed that the tube having the
larger opening was actually 109ssensitive to inclination at
angles of attack above the sensitivity angle, the diilhnnces
were insufficient to produce a noticeable effect on tho values
of the sensitivity angle.

The variation of sensitivity angle with impacLopening
size for tubes having a 30° conical nose section is presented
in figure 5 (b). & in the case of the cylindrical tubes, tlm
sensitivity angle is shown to increase with increasing size of
the impact opening.

The effect of varying the size of the impact opening for
tubes having 15°, 300, and 45° conical nose sections is shown
in figure 5 (c). In contrast to the data shown in figure 6 (b),
the size of the impact opening in this mse is deiined as the
ratio of the impact diameter d to the diameter of the face
of the tube .DI. The curves in figure 5 (c) show that for
each of the three conical tubes the sensitivity angle increases
with increasingvalues of d/D1,the rate of increase being grmt-
est for the 15° conical tube and least for the 46° conical tube.

EFFECTOF VARYING THE SHAPE OF TED4 INTERNAL CHAMDER

The effect of the shape of the internal chamber on the
characteristicsof cylindrical tubes having blunt leading cdgos
can be shown from a comparison of the sensitivity nnglea of
tubes A–2 and A–5 at kf=O.26. (See table I.) The design
of these tubes was similar in leading-edge shape, sizo of
impact opening (0.98D), and depth of chamber (1.OD);
the tubes d.Mered,however, in that the chamber of tube A-2
was cylindrical whereas that of tube A-5 was hemisphmictd.
Comparison of the sensitivity angles of the two tubes shows
that the performance is improved by changing tho chomber
horn cylindrical to hemispherical and that the magnitude of
the improvement is about 2%0.

The effect of internal shape on cylindrical tubes hawing
sharp leading edges may be seen from a comparison of the

015° m-&d
n w mid
045° Cmkd

f

b) ‘ k)
5 Loo .5 1.0

@v

(a) Cylindried

d/D d/Dl

(b)30°Oonical. (o) Conioal,

FIGURE5.—Variation of sensitivity angle with size of impaot opening
of cylindrical and oonical tubes. M=0,26.
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sensitivity angle of tube A+ with that of tubes A–10 and
A-1 1 (table I). These tubes are alike in that each has an
internally beveled leading edge but differ in that tube A4
hasa cylindrical chamber (1.ODin depth); whereastubes A-10
and A-1 1 have conical chambers extending 1.15D and 0.90D,
respectively, behind the leadiug edge. Since the average
depth of the chambers of tubes A–10 and A-n approximate
that of tube A-4, an average value of the sensitivity angles
of tubes A–10 and A–11 should provide a valid comparison
of the relative merits of the two chambers On this basis,
the sensitivity angle for the conical chamber would be 24.5°,
rLvalue which compares with 23° for the cylindrical chamber.
The conical chamber is therefore shown to be slightly superior
to the cylindrical chamber for M= O.26.

The effect of varying the angle of the conical chambers in
tubes having cylindrical, conical, and ogival external shapes
is shown in figure 6. For each of the five series of tubes the
smsitivity angle increased with decreasing angle for cone
angles between 30” and 50°. Tests of cylindrical tubes with
cone angles less than 30°, however, showed that the sensitiv-
ity angle remains essentially constant for cone angles below
this value.

EFFECT OF EXTERNAL SHAPE

The effect of external shape on the angle-of-attack char-
acteristic of total-pressure tubes may be determined by
comparing tubes having the same type of pressure entry in
each of the five series. Such a comparison maybe made from
figure 6, where data are presented for five external shapes,
each having conical chambers of 30°, 40°, and 50°. It will be
seen horn figure 6 that the sensitivity angles of the cylindrical
tubes me greater than those of any of the conical or ogiv@
tubes. Of the conical tubes, the sensitivity angle of the
15° tube is the greatest and that of the 45° tube, the least.

klkYrdam*/3, deg

FIGURE f3.-Vanation of serktivity angle with internal cone angle for
cylindrical, oonical, and ogival tuk. M= O.26.

The sensitivity angles of the ogival tubes approximate those
of the 15° and 30° conical tubes.

From the foregoing discussion it will be seen that the
usable angular range of simple nonshielded tubes depends on
the external shape of the nose section, the size of the impact
opening (relative to the tube diameter), and the shape of
the internal chamber behind the impact opening. The best
combination of these three design features (a cylindrical tube
having an impact opening equal to the tube diameter and a
15° conical chamber) produced the’ highest range of insensi-
tivity (+27.5° at M= O.26) of any of the nonshielded tubes.

EFFECT OF SLANT PROFILE

The effect of varying the slant of the leading-edge profile
of a cylindrical tube may be seen by comparing the calibr-
ationsof tubes A–2 and A-6 (fig. 7 (a)). The range of insen-
sitivityy of tube A–2 is + 23° whereas that of tube A-6 is
—13 to 32. Changing the profile from square to a slant
of 10° is shown to have the beneficial effect in shifting the
calibration of a square-ended tube along the angl~f-attack
scale by 9.5° so that the tube remains insensitive to higher
positive angles of attack. The range of insensitivity of
tube A–6 at angles of yaw was shown in reference 1 to be
+ 23° or the same as that of tube A–2 at angles of attack
and yaw. From tests of tube A-6 at angles of attack com-
bined with angles of yaw (ref. 1), it is possible to define the
complete boundaries within @ich the tube will remain
insensitive to within 1 percent of the impact pressure (@g.
7 (b)). This iigure shorn that, for angles of yaw up to
15°, the sensitivity angle of the tube is still as high (23°) as
that of tube A–2. It may be concluded, therefore, that a
slant profile has the effect of extending the range of insensi-
tivity to higher positive angles of attack (with t=OO) without
loss in performance at either angles of yaw (with a=OO) or
at anglea of attack combined with angles of yaw up to 15°.

The effect of changing the slant of the leading-edge profile
of an ogival tube &m 10° to 20° may be determined by
comparing the ranges of insensitivity of tubes E-2 and E-3.
(See table I.) It will be seen from these values (–1.5° to
11.5° for tube E-2 and 8.5° to 21.5° for tube E-3) that the
effect of in~easing the slant angle fkom 10° to 20° is a shift
of the curve along the angle-of-attack scale by 10°. It
would appear, therefore, horn the remilts of the tests of
cylindrical and ogival tubes having slant profles that, for
slant angles up to 20°, the sensitivity angle maybe extended
to higher positive angles of attack by about 1° for each degree
of slant angle.

EFFECTOF VENTING OF SHIELDED TUEES

The effect of venting Kiel-type shielded tubes is shown in
iigure 8 (a). This figure she-m that at M=O.26 the Meet
of venting is considerable, for the addition of a vent area
equal to on~half the frontal area of the shield increases
the sensitivity angle tim 24° (for the no-flow condition) to
38.5°. A further increase in the vent area to 1.0 times the
frontal area is not nearly as effective because the sensitivity
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angle in this case was extaded to ordy 41°. Increasing
the vent area to 1.5 times the frontal area produced a negli-
gible further increme in the sensitivity angle (X”).

The curve in &ure 8 (a) indicates that at JM=O.26 the
throat becomes choked when the vent areaA,/_& is somewhat
less than 1.0. Since the size of the vent area ccmmponding
to the choked condition decreases with increasing Mach
number, a vent area of about 1.0 would be satisfactory for
hlach numbem above 0.26. In order “that the vent area
be large enough for hlach numbers below 0.26, a vent area
A,/& of 1.5 w-asadopted as a standard for the shielded tubes
of this investigation. A point of interest in this connection
is the fact that, at least for 34=0.26, the wall-type venting
of these tubes was shown to be as effective as the type of
venting of the Kiel tube (ref. 8).

EFFEOT OF VARYING THE PROBE POSITION AND THE THROAT DIAMETER
OF SHDILDED TUBES

The effects of varying (1) the location of the leading edge
of the probe with r~pect to the leading edge of the shield
(a/D) and (2) the diameter of the throat of the shield (DJD)
were investigated by tests of tubes A.–5, A.–6, A.–7, A.–8,

and A,–9. Tubes

AERONAUTICS

AS–8 and A8–9 were the same as A,-6,
A,-6, and A,–7 except for the throat diameter which w~
increased from the Kiel standard of 0.5 to 0.691 (an increase
of 50 percent in the area of the threat). (Note that the
increase in throat diameter of tubes A,-8 and As-9 was
accompanied by a small decrease in the angle of the entrrmce
cone.)

The variation of sensitivity angle with vmyiug probe posi-
tion and throat diameter is shown in figure 8(b). This figure
shows that, for this particular configuration and at M= 0.26,
moving the probe forward of the 0.5 position has a negligible
effect on the value of the sensitivity angle, whereas moving
the probe to the rear decreases the sensitivity angle by 1.2°,
The effect of increasing the area of the throat 60 percent is
shown to increase the sensitivity angle by about 2.6°.

EFFECT OF SLANT PROFILE ON SHIELDED TUEE9

The effect of varying the leading-edge profile of a shielded
tube by 10° maybe seen by comparing the sensitivity angles
of tubes A.–5 and A,–10 for M= 0.26 (table I). The probo
position for each of these tubes was 0.600. The effect of tho
profile in this case was to increaae-the sensitivity angle by
9.7°, which corresponds ahnost exactly with the incream
obtained with the nonvented cylindrical and ogival tubes.

It had been thought that, in order for the tube with the
slant profile to be comparable with that of the standard
Kiel design, the position of the probe for the slanted shield
should be moved rmard to a point where the leading edge
of the probe would be midway between the rear of tho cono
and the point where the slant intersects the axis of the tube,
It was for this reason that tube A.–11 was tested with the
probe located at a/D= O.544. The results of the tests of this
probe position, however, showed the sensitivity angle to
decrease by 3.3° from the value of the sensitivity angle with
the probe at the 0.5 station.

In the tests of the shielded tubes with the slant profile
the angular range in the negative direction was insuflicirmt
to define the negative sensitivity angle. From the tests of
the nonvented cylindrical tube A–6, however, it was shown

Relotivej vent area, ~/~
-,

-f-

=

-.. _ ----=_- ——--—________-2 “– -’-.

(b) ‘;
‘D2

.2 .4 6
Probe ~tian, urD

—

(a) Vent area. (b) Probe position and throat diameter.

FrGURE8.—Variation of sensitivity angle with vent area, probo pod-
tion, and throat diameter of shielded tubes. M= 0.20.
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that the range of insensitivity remains essentially constant
wlmn the profile is changed from square to a 10° slant. On
tho assumption that the range of insensitivity of shielded
tubes also remains constant, the negative sensitivity angles
of them tubes were estimated on the basis of the range of
insensitivity of tube A.-6. These estimated valuea are in-
cluded in table I.

From the calibration of tube A,–10 at anglea of yaw
(with a=OO) at M=O.9 (ref. 3), the mnsitivity angle was
found to be 38°. This is essentially the samo as that of
tube A,–5 at M=O.9. A 10° slant proiile on a shielded tube,
therefore, mh.ibits the same characterietica as those of a
nonshielded cylindrical tube; that is, the sensitivity angle is
extended to higher positive angles of attack without loss in
performance at angles of yaw (a=OO).

EFFECT OF THE SHAPE OF THE ENTRY OF SHIELDED TUEES

The effect of varying the shape of the entry of shielded
tubea will be seen by comparing the results of the teats of
tubes A,–5, A,-12, A.–15, and A,–16 at a Mach number of
0.26, )?or each of these tubes, the dimensions @ and
D2/Dwere the same (0.500). The entry of tube A,–5 was
conical with a 14° angle whereas that of the rematig tubes
was curved. The slope of the entry of A.–12 was 60° at
the leading edge and 0° at a distance 0.5D behind the leading
edge, The slope of the entry of tube A,–15 was 30° at the
leading edge and 0° at a dietance 1.OD behind the leading
edge. The entry of tube A,–16 is an adaptation of an
NACA nose inlet, and the leading edge of this tube was round
whereas that of the remaining tubes ma sharp. The dea.ign
of the tubes having curved entries was suggested by a report
by Moffat (ref. 12) of tests with small-scale shielded tubes
designed for engine and duct survey work.

The sensitivity angles of tubes A.–5, A,–I2, and A,–15 at
M=O.26 me shown in figure 9 as a function of the internal
cone rmgle of the shield. (The sensitivity angle of tube
A,-16 was not included in &we 9 since its leading edge is
round, whereas those of the other tubes were sharp.) This
figure shows the sensitivity angle to increase with an increase
in the cone angle and that the magnitude of the increase
between the 28° cone of the Eel tube and the 120° angle of
tube A,–12 is 21.9°. Thus, the sensitivity angle of a shielded
tube may be increased by about 50 percent by changing the
conical entry of the Kiel design to a curved entiy having a
high degree of curvature.

The effect of varying the position of the probe in a tube
having a curved entry was investigated for positions a/D of
0,466 and 0.644 (tubes A,–13 and &–14). The results of
these twts (see table I) showed the sensitivity mgle to be
affected to only a negligible extent for this variation in
probe position.

When the results of the tests of the total-pressure tubes at
subsonic speeds are summarized, it will be remembered that
the best of the nonshielded tubes (aside from those having
slant profiles) produced a range of insensitivity of about
& 28°. For those cases where a usable angular range larger
than + 28° is required, a much higher range of insensitivity
may be obtained with a shielded tube. The range of insen-

sitivity of a tube with a shield having a conical entry, for

example, is +41° at Lf=O.26. Changing the shape of the
entry of the shield to a highly curved section increases the
range of insensitivity to about + 63°, the highest of any of
the tubes t-ted. ,

EFFECT OF MACH NUMEER ON NONSHIELDED TUEE9

The effect of Mach number on the sensitivity of non-
shielded tubes, as based on the data at M=O.26 and 1.62, is
shown in figure 10. It will be seen from this figure that, for
those tubes in each of the five serieshaving conical chambers
(for which d/Dand d/D,= l.0), the sensitivity angles at super-
sonic speeds are appreciably greater than those at subsonic
speeds. The increase in the sensitivity angle for cylindrical
tubes is 4%0 to 6°, whereas the increase for conical and
OgiVd tubes is 8° to 10°. Tubes having relatively small
impact openings, on the other hand, were affected by Mach
number to a lesser extent. The sensitivity angle of cylin-
drical tube A–1, for example, showed no increase with Mach
number, whereas the sensitivity angles for the 15° conical
tubes, B–2 and B–3, increased by about only 4°.

The calibration of ogival tube E-2 at transonic speeds
(ref. 5) is presented in iigure 11 to show the effect of Mach
number on nonshielded tubes throughout the Mach number
range. In order to extend this calibration to lower subsonic
speeds, use has been made of the data of tube E-1 at M= 0.26.
The design of these two tubes was the same with the excep-
tion that the impact opening d/D of tube l&2 was 0.43
whereas that of tube E-1 was 0.32. The sensitivity angle of

/

‘o~
0 20 40 60 80 100

wEnlolmem@%Rdeg

l?mmm 9.—Variation of sensitivity angle with angles of entry of shield
of three shielded tubee at M= O.26. Tubes A.-5, A.–12, and
A.-15.
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FIGURE il.—Variation of sensitivity angle with Mach number of
Ogival tube E-2.

tube E-2 at iW=O.26 hss been estimated from that of tube
E-1 by assuming the impact opening of tube E-1 to be in-
creased to 0.43. The rate of increase of the sensitivity angle
with impac~pening size of tube E-1 was asaumed to be the
same as that of the conical tubes shown in iigure 5 (b). On
the basis of these assumptions, the sensitivity angle of tube
E-1 was found to increase from 16° to about 19°. In order to
estimate the mnsitivity mgle of tube E-2 at M= 1.62, the
assumption was made that the increase in sensitivity angle of
tube E-2 between iW=O.26 and M= 1.62 would be the same
m that of tube E-6 (9.5°). On this basis, the estimated value
for tube E-2 at iU=l.62 would be 28.5°. It will be seen from
i@re 11 that the estimated sensitivity snglea at subsonic and
supemonic speeds are in good agreement with the linear cali-
bration of tube E-2 through the transonic speed range. From
these data it would appear that the sensitivity angle of non-
shielded tubes varies in a linear manner with Mach number
throughout the Mach number range from M=O.26 to 1.62.

BFPECT OF BfACH NUNZZE ON SHIELDED TUBIH

The effect of Mach number on the sensiti@y of four
shielded tubes over a Mach number range from 0.26 to 0.9
is shown in figure 12. It will be seen from figure. 12 that
the sensitivity angle of all the tubes decreasedwith increasing
Mach number, the magnitude of the decrease varying from
3° for tube A.-5 to 6° for tube A,–12. The variation in
sensitivity angle with Mach number of the tube with a
shield having a conical entry (A.–5) was linear, whereas the
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Fmmm 12.—Variation of sensitivity angle with Maoh number of four
tubes with shfelds having oonioal and ourved ontnos,

calibration of the tube with a curved entry (A,-12) shows a
break in the curve at M=o.5.

The effect of Mach number on a shielded tube throughout
the subsonic, transonic, and supersonic speed ranges (up to
M=l.61) is given in figure 13. As indicated by figure 13,
the sensitivity angle remains at a constant value of 63°
from M=O.26 to M=o.5, decreasea linearly to 66° at
M=1.1O, and then decreases further to 40° at M=1,61,

The calibration of tube A.-12 at Mach number 1.61 is
presented in iigum 4 because it dilhs from the calibrations
of this tube at subsonic and transonic speeds in ono impor-
tant respect. At the lower speeds, the total-pressure error
remained zero up to an angle of attack just below tho
critical angle. Beyond this point, the errcm became in-
creasingly negative. The calibration at M= 1.61, however,
shows the eiror to become positive at angles of attack below
the range where the error becomes negative. It is believed
that the positive erron at angles of attack between 34°
and 55? results from the fact that, nt angles of attack above
34°, the tube no longer measures the total prasure behind
a norrmil shock but measures instead the pressure behind
an oblique shock with higher total pressure.

From the preceding discussion it will be seen that the
effect of Mach number on the range of insensitivity of both
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FIGURE 13.—Variation of sensitivity angle with Maoh number of
shielded tube A.–16.

nonshielded and shielded tubes is considerable. For most
nonshielded tubes, the range of insensitivity increased
linearly with Mach number, the increase amounting to as
much as 10° over a Mach number’ range of 0.26 to 1.62.
Tho range of insensitivity of shielded tubes, on the other
hand, was found to decrease with Mach number, and, in
this case, the variation was nonlinear.

CONCLUSIONS

The more sig@cant conclusions which may be draw-n
from the results of the tests of 64 total:prcssure tubes at
angles of attack up to 60° and over a Mach number range of
from 0.26 to 1.62 are summarized as follows:

170rsimple, nonshielded tubes the usable angdar range (or
the range of insensitivity, arbitrarily defined as the angle-
of-att.ack range over which the total-pressure error remains
within 1 percent of the impact pressure) was found to depend
on the external shape of the nose section, the size of the im-
pact opening (relative to the tube diameter), and the shape
of the internal chamber behind the impact opening. The
best combination of these design features, a cylindrical tube
having an impact opening equal to the tube diameter and a
30° conical chamber, produced the highest range of in-
sensitivity (about 28° at a Mach number of 0.26) of any of
the nonshielded tubes.

I’or airspeed applications where it is not essential that the
tube have a large negative angleaf-attack range, the usable
range may be extended to higher positive angles of attack
by means of a led.ing~dge slant proiile. For slant profiles
up to 20°, the usable range at positive angles of attack can
be extended by about 1° for each degree of slant. The range
of insensitivity of a thin-walled cylindrical tube, for example,
was extended from 23° to 32° by a slant profile of 10°.
The sensitivity of this tube at angles of yaw and at angles
of attack combined with angles of yaw up to 15° was found
to be no greater than that of a similar tube without leading-
edge slant.

In cases where a usable angular range larger than +28° is
required, a much higher range of insensitivity may be ob-
tained with a shielded tube. The range of insensitivity of

4ollll14-G&33

a tube with a shield having a conical entry, for example, is
about +41° at a Mach number of 0.26. Changing the shape
of the entry of the shield to a highly curved section increases
the range of insensitivity to about +63°, the highest of any
of the tubes tested. The throats of these tubes were vented
through the walls of the shield, a design feature permitting
end-mounting of the tube on a horizontal boom.

The efFectof Mach number on both unshielded and shielded
tubes was found to be considerable. For most of the un-
shielded tubes the range of insensitivity increased linearly
with Mach nuinber, the increase amounting to as much as
10° over a Mach number range of 0.26 to 1.62. The range
of insensitivity of shielded tubes, on the other hand, was
found to decrease with Mach number. For the tube with
the shield having the highly curved entry, the range of
insensitivity remains at a constant value of & 63° from
Mach numbers of 0.26 to 0.5, decreases linearly to +56°
at a Mach number of 1.10, and then decreasw further to
+40° at a Mach number of 1.61.
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TABLE I

RKNGE OF ANGLE OF ATTACK OVER WHICH TOTAL-PRESSURE TUBES REMAIN INSENSITIVE TO
NCLINATION TO WITHIN 1 PERCENT g.’

Range of angle of attaok for Mach numbers of—
Tube

Q 26 0.5 0.6 0.7 0.8 0.9 0.95 1.00 L 05 L 10 1.61 1.62

cylindrical tubes

A-l---- +11 ------ ---- ------ ------- ------------ ------ ------ +11
A–2--- - *23

------ ------ ------
------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ *29

A-3---- +23 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ *29
A-L--- &23 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ + 27.6
A-6---- +25.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ --------
A-6---- – 13, 32 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------
A-7---

a—20, 38
*28-O ------ ---- ------ ------ ------------------ ------ ------ ------ ------ --------

A-8---- + 27.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ -.------
A-9---- + 27.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ +32
A-lO--- +26.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ $:; 5
A-ll--- +23. 5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------

Shielded tubes

A.–1--- +24 ------ ---- ------
A.–2---

L----- ------k----- ------ ------ ------ ------ ------ ------.-
*3&5 ------ ---- ------ ------ ------------ ------ ------ :----- ------ ------ --------

A,-3--- +41 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ -.----.-
A,+ L-- &4L 5 ------ ---- ------ ------ -2-ii-6-__--
A,-5--- +4L 3

------ ------ ------ ------ ------ ------- .

A.-6---
*4c14 ---- * 39.5 ------ ------ ------ ------ ------ ------ --------

* 40.1 ------ ---- ------ ------ ------------------ ------ ------ ------ ------ --------
A.–7--- * 4L 5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ --------
A.-8--- *44. o ------ ---- ------ ------ ------------------ ------ ------ ------ ------ --------
A.-9--- *42.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ --------
A,-lO-- .—3L 6,51 ------ ---- ------ ------ ●—3O.7,40.5 ------
A.-ll-- “::: ; 47.7. ------ ---- ------ ------ -=G7-i_---- ------

------
------

------
------ ------

------ ------ --------

A,-12-- +63-3 ---- + 60.6 ------
------ -----.--

+5& 6 * 57.0 +5i13 * 55.7 * 40.0 --------
A,-13-- 563-8 ------ ---- ------ ------ -----:------------- ------ ------ ------ ------ --------
A,–14-- *63-8 ------ ---- ------ ------ __G-i------
A,-16-- +51.4 ------ ---- ------ ------

------ ------ ------ ------ ------ --------

A,–16-- + 53.9 ------ ---- ------ ------
------ ------ ------ ------ ------

+ 50:6 ------ ------ ------ ------ --d---
--------
--------

15°conioaltubea

B-l---- +21 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ *20
:;::_. *13 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ +17

* 10.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------
B-4-:: +21

+14
------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ + 20. b

B-6--- +19
B-6----

------ ---- ------ ------ ------------ ------ ------ ------ ------ .----- +2&6
*18 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ + 27.6

30°conical tubw

c-l---- + 15.6 ------ ---- ------ ------ ------------ -----: ------ ------ ------ ------ --------
c-2---- * 17.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ --------
c-3---- +19
G4_---

------ ---- ------ ------ ------------ ------ ------ ------ ------
**1: 5

------ ------- -

c-5----
------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ --------

c-6----
------ ---- ------ ------ ------------ ------ ------ ------ ------

*2a 5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------
------ ------- .

:% 5
G7---- +18 ------ ---- ------ ------ ------------ ------ ------
c-8---- + 17.5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------

------ -- - --- ------
+ 27.6

45° conical tuk

D-l---- +14
D-2----

------ ---- ------ ------ ------------ ------ ------ ------
*O.5 ------ ---- ------ ------ ------------------ ------ ------

------
------

------
------

----.--.

D-3---
-------.

------ ---- ------ ------ ------------------ ------
D-4__-

------ ------ ------ --------
+s. 5

D-5---
------ ---- ------ ------ ------------------ ------ ------ ------ ------ --------

*15 ------ ---- ------ ------ ------------------ ------
D-6----

+24.6
* 13.5 ------ ---- ------ ------ ------------------ ------

------
------

------
------

------
------ --------

Ogivaltukl

E-l---- *16 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ --------
E-2---- ------------ ------ *21 &2L5 &222
F.-3---- –;#g

*Z8 + 23.1 +23.5 +23.8 +24. 2 ------ --------
------ ---- ------ ------ ------------ ------ ------ ------ ------

E-4----
------ - ----.--

------ ---- ------ ------ ------------ ------ ------ ------
E-5--- +19 ‘ . ------ ---- ------ ------ ------------ ------ ------ ------

------
------ ----.-

------ ------ - -

E-6---- +18-5 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ -??!-..
E-7---- +18 ------ ---- ------ ------ ------------ ------ ------ ------ ------ ------ --------

● Estimated.


