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MEASUREI’VIENT

SUMMARY

OF STATIC PRESSURE ON AIRCRAFT ‘

By WILLIAM GRACBY

Existiw data on the error8 involved in the meamrement of
8tatic pre88ure by means of 8tati.e-pre88ureiiuhs and fu+dage
vents are pre98nted. The errors aesociati with the vari0u8de-
@In features of 8tatic-pres8uretubes are d&mu#8edfor the wndi-
tiun oj zero angle of attack andfor the cage where the tube G in-
ci%nedto the$?ow. Error8 which result from variatiorwin tlw
conjiguralionof 8Wic-pres8ure venti are alsopresented. Error8
du to thepo8itim of a $tatic-prcewxe tube in thej?owjdd of
the airplane are givenjor locuti ahead of thefuselage no8e,
ah.cadof the wing tip, and aheud of the vertical tail jin. The
errors of 8tatic-pre3surevenh on thejuaelage of an ai.qiune are
&o pre9ente4L

A comparison of the cai?ibratiomof .!&fowr stai%-pres8w-e-
measuri~ instuL?&ms indicuti that,for an airplane ohigrwd
to operate at 8uper80nti speeds, a static-premme twbe located
ahead of th?fw$elageno86 will, ‘in general, be the most desirable
insta.i%ztion. If the operating range h confined to qwo% below
8onia, a skzti.c-pressuretube located ahead of the wi~ tip may,
for 8omeairplane con$guratti, prove more 8at&facta7ytin a
fw9elu.g6-no8einstallation. For operation at Mach number8
bdow 0.8, a static-pressure twbeahead of the vertical tailjin-or
jww-lage vents, properly locm%xi?and imdaUed, 8h0uLdprove
sati-sfactmy.

Variiw mdi.ods of calibrating8tati.o-pre8wreinAal.latiOnain
il@ht are briq?y di&?w88ed.

INTRODUCTION

The proper functioning of fire-control and guidance sys-
tems for airplanes and misdcs depends fundamentally on the
accurate measmement of total and static pressures. For
each of these measurements the basic problem is that of de-
termining what type of sensing device to use and where to
locate it on the flight vehicle.

The National Advisory Committee for Aeronautic has
been studying this problem for many years. A comprehen-
sive survey of the subject, based on information obtained at
subsonic speeds, was published in 1948 (ref. 1). Since that
time additional data have been obtained horn wind tunnel,
rocket-model, and flight teats in the transonic and low super-
sonic speed rangea. Beeause of current interest in this in-
formation, it appeared appropriate at this time to present
them data and to rwiew the overall problem in the light of
this new knowledge.

The measurement of total prexmre is not discussed in this
report because this measurement can be accomplished quite
accurately with little or no difllculty and because the subject
has been adequately treated in other reports. The problems

involved in the design and location of a total-pressure tube
on the airplane are discussed in reference 1. The ordy error
of any consequence in the measurement of total preqsure is
that due to the inclination of the tube to the airstream. This
error can be avoided by wing a swiveling tube or a suitably
designed rigid tube. Information required foi designing a
rigid tube which will measure total prcswre correctly over a
wide range of angle of attack at both subsonic and supaonic
speeds may be found in reference 2.

SYMBOLS

P
P’
Ap
Pt

!2

q.
M
M’
T
T’

K

L
NE,
T
c.
c.
h
d
D

t

1
1’

x

v
a

P
-)’

free-stream static prewure
indicated stdc pressure
static-prwsure error, p~—p
total prcsaure

dynamic pressure, $ PV2

impact pressure, pt—p
free-stream Mach number
measured Mach number
ambient temperature, absolute units
measured temperature, absolute units

temperature recovery factor, ~T~T.
mass densi@- of air
gas constant, 63.3
Reynolds number
radius of curvature
lift weficient
normal-force coefficient
altitude
diameter of static-pressure tube; diameter of orifice
diameter of collar on static-pressure tube; maximum

diametar of model or fuselage
maximum thickness of stem on static-pressure tube;

maximum thiclmess of wing or vertical tail fin
length of model
twice distance horn nose of model to maximum-

diameter station
axial position of static-pressure orifice from reference

point
height of protuberance near static-pressure oriiice
angle of attack
circumferential position of static-prw+mreorifice9
ratio of specific heats, 1.4 for air

Subscripts:
1 lower limit
2 upper limit
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STATIC-PRESSUREMEASUREMENT
The sensing deyica which hss been universally used for the

measurement of static pressure is a surface orilice oriented
parallel to the flight path. Orifices are installed either in the
walls of the body of the &craft or on a tube attached to some
part of the aircraft. In either we the pressure at the point
in the airstream where the orifice is located usually Mere
from the free-strean value because the air flowing over the
aircraft creates a flow field in which the pressuresvary widely
from one point to another. At subsonic speeds the flow field
extends in all directions for a considwable distame from the
aircraft. At supemonic speeds the field is confined to the
regions behind the shock waves which form ahead of the
aircraft.

The amount by which the local static prwsure at a given
point in the flow field diifers fkom free-stnwn static pressure
is called the ~~poeitionerror” of the installation. If the static-
premure source is a static-pressure tube, there may be an
additional error due to the flow field created by the tube.
The flow field around the &craft as well as that around the
tube changea primarily with Mach number and angle of at-
tack and, secondmily, with Reynolds n~ber. The pressure
developed at the static-pressure orifice is, therefore, a func-
tion of these variablea.

The most dif%cult problem in dwigning a stati-prasure
installation is that of locating the stati~preasure source
(tube or vent) on the aircraft, because the flow field of each
aircraft configuration is unique. Because of the impossibility
of finding a location on or close to the aircraft where the

–static-pressure error is zero for all flight conditions, the
problem becomes one of choosing a location where the error
is of su.fhienily small magnitude or where it varies uniformly
with Mach number and angle of attack. Generally, the
greater the distance from the aircraft that the static-pressure
source can be located (preferably ahead of the aircraft), the
more nearly will this objective be realized. For such remote
locations of the static-pressure source, the magnitude and
variation of the static-pressure error can be predicted with
some success from the calibrations of similar installations on
other aircraft.

The actual errors of a given installation, however, w be
determined only by a calibration in tight. Such a flight
calibration eatablieheathe overall static-pressure error, that
is, the error due to the location of the static-pressure source
and the error due to the source itself. H the reeuhing errors
are higher than desired, corrections may be applied either
before or after the pressure indication is displayed. E-ven
when corrections can be applied, however, it is advisable to
choose an installation with as small an error as practical
because, in general, the greater the magnitude of the cor-
rections the more they will change with each change in flight
condition and the more inaccurate and involved will be the
calibration and correction procedure.

Inaccuracies in stati~preasure mesaurement may also arise
from instrument errors and from errors due to pressure lag
of the tubing that connects the instrument to the static-
presure source. A general discussion of instrument and
pressure-lag errors may be found in reference 1. Other
aapects of the prwmre-lsg problem are treated in references
3and4. .

STATIC-PRESSUREERRORS OF TUBES

The flow field around an isolated static-pressure tube is
detmmined by the shape of the nose section, the size and
‘shape of any protuberance on the rear portion of the tube,
the Mach nurnbe:, the angle of attack, and the Reynolds
number.

TUEIZS AT ZZEO ANGLEOF ATTACK

For the condition of zero angle of attack, the pressure
registered by a static-pressure tube at a given Mach number
depends on the axial location of the orifices along the tube
and the size and cor&guration of the oriiicea.

Axial looation of orifhes rearward of the nose,—
The variation of static pressure along a static-pressure tube
may be illustrated by two examples of theoretical pressure
distributions over the forward portions of tubes at zero angle
of attack. Figure 1 presents a subsonic (incompressible flow)
pressure distribution for a tube with a parabolic nose (ref. 5)
and a typical supersonic pressure distribution for a tube with
a conical nose, ,

The symbol Ap in this figure denotes the static-pressure
error, which is de&ed by the relation Ap=pfT) where p’
is the static pressure measured by the tube and p is free-
stream static pressure. For the theoretical case considered
in figore 1, Ap is cqmssed as a fraction of the dynamic
pressure q; for most of the experimental data presented
subsequently, Ap is expressed aa a fraction of the impact
presmre qc. With a few exceptions, the values of Ap/q and
Ap/qO are in all cases plotted to the same scale.

The two curves in iigure 1 show that, downstream from the
end of the nose sections, the pressures at subsonic and super-
sonic speeds are below free-stream static pressure. With
increasing distance horn the nose, the pressuresin both speed
ranges approach the free-stream value. At supersonic

~1-

~L — %bsonic

$

Fmuzz l.—Theoretioalpreesuredistributionalongoylindrioal bodies
(eubscmiudata from ref. 5).
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speeds, however, the return to free-stream pressure occurs
farther downstream. The axial location of orifices on a tube
designed to function at both subsonic and supersonic speeds
would, therefore, be determined by the pressure distribution
at supemonic speeds.

Es-perimentaldata showing the variation of static-pressure
error with axial location of oriiices on three tubes are pre-
sented in figure 2. The subsonic data were obtained with a
tube with a truncated ogival nose (ref. 6), whereas the super-
sonic data were determined with tubes having a more elon-
gated truncated ogival nose (ref. 7) and a conical nose (ref. 8).
Note that the axial locations of the oriiices on these tubes
are referenced to the end of the nose section rather than the
tip of the nose as in figure 1. The data horn investigations
conduct ed with these tubes show that at subsonic speeds
(M=O.6 to 0.9) a static-pressure error of Z percent of q. is
reached at a distance of 4 tube diametem behind the end of
the nose section. At supersonic speeds (M= 1.55 to 2.87) an
error of ji percent of q. is reached at 5 to 7 diarnetm rearwmd
of the nose section.

The effect of varying the shape of the nose of a static-
prcssure tube has also been determined at both subsonic and
supersonic speeds. Subsonic tests (11=0.3 to 0.95) of tubes
having hemispherical, ogival, and truncated ogival noses
showed that, when the oritices were located 6 or more tube
diameters behind the end of the nose section, the static-
pressure errors of the three tubes were in close agreement
(ref. (3). Supersonic tests (~=1.61) of tubes having cylindri-
cal, hemispherical, 30° conical, short ogival, and long ogival
noses showed that, for orifice locations at least 10 diametera
rearward of the nose section, the measured pressures were
substantially independent of the shape of the nose (ref. 9).

l?rom all of these results, it maybe concluded that a tube
with orifices located 10 or more diameters behind the end
of the nose section measures free-stream static pressure with
small error at both subsonic and supersonic speeds and that
for this axial location of the orifmes the measured pressure
is unaffected by the shape of the nose.

The investigations referred to in the previous paragraphs
were conducted with small-scale tubes in small-throated
tunnels. Tests of a larger (0.97-inchdiameter) tube in the
Langley 8-foot trrmsonic tunnel provide full+.tale confirm~

‘“6 orifices

I . Jr d=0.25- ----- 1.94
..\

2 orikes of0.02” diorn.

Jr ~=o.05H
—— 1.55

*X42 cxir~esofO.COFccO~2“87
o \ - ~ ~-~--- ---- --=

/ ~ ./ r

AP -.02
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~
-.04
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~
d

FIomm 2.—Experhnentalpressuredistributionalongstatic-pressure
tubes(refs.6, 7, and8).

62060740+3

tion of this work at subsonic speeds. This tube had a trun-
cated ogival nose with oriiices located 7.8 diametem rearward
of the end of the nose section. The calibration of this tube
(iig. 3) shows the static-pressure error to be within &%
percent of q, up to &f= O.95.

kid looation of orifices ahead of protuberanoes.-The
pressure developed by a static-pressure tube depends not
only on the axial location of the oritices behind the nose but
also on the location ahead of protuberamxs on the rear of
the tube. Protuberances may be either transverse stems or
collam (expansion of tube to accommodate a support or
boom of larger diameter than tube). . .

The effect of a transveme stem maybe seen horn figure 4,
which presents the theoretical pressure distribution (incom-
pressibleflow) ahead of a body of infinite span (ref. 5). The
static-pressure errors shown by this curve would apply to a
tube with a stem extending from two sides; for a stem ex-
tending from only one side, the values would be halved. It
will be seen from @ure 4 that the static-pressure error due
to the stern (’Mocking effect”) is positive and decreases
rapidly with increasing distammfrom the stem.

Experimental effects at subsonic speeds -of a streamlined
stem extending on one side of a tube (ref. 6) are given in
figure 5. These data show that the static-pressure error
decreases with distance ahead of the stem and increases, at
high subsonic speeds, with Mach number. For oriiices
located a distance of about 10 times the stem thickness ahead
of the stem, the static-pressure error will be within ~ percent
of qCfor Mach numbers up to 0.7. The fact that the error
caused by protuberances is positive is often used in the

32 orificesd 0.043=diem-..

FIQURE3.—Calibrationof a static-pressuretubeat a=OO.

Flow +x

f.

l?IG~ 4.—Theoretioalpressuredistributionaheadof a bodyof in6rdte
lengthtransverseto theflow(inoompressibk+flowtheory,ref.Q.
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Fmurm 5.—Effeat of transversesterp on the pressure developed by a
static-pr&wre tube.at a=OO (ref. 6).

design of a static-pressure tube to compensate for the nega-
tive error due to the pressure distribution along the forward
portion of the tube.

Data horn reference 6 on the blocking effect of collars at
subsonic speeds are prwented in iigure 6. In these tests the
ratio of collar diameter to tube diameter was iimd and the
position of the cellar with respect to the orifices was varied.
The distance of the oriikes from the nose section (I2 tube
diameters) was such that the error of the tube without the
collar was essentially zero. The results indicate that the
static-pressure error decreases with distance of the collar
from the orifices and that, for z/D greater than 3.2, the vaxi-
ation of static-pressure error with Mach number is negligible
up to M=O.95 With a=OO. The data shown in this iigure
apply to a ratio of c#ar to tube diameter D/o? of 1.43; for
larger values of D/d, the blocking effect of the collar will be
greater.

The calibration of a 0.91-inchdiameter tube with a collar
behind the oritlcm and a=OO is given in figure 7. These
data, obtained from tests in the Langley S-foot transonic
tunnel, show the static-pressure error to be about +X
percent of goup to M=O.9. Tests of SiIIlikW tubes in Oth

wind tunnels (refs. 10 and 11) showed the errors below
M=o.9 to be as high as 2 percent of qm

.--6wifices
7
D=L43d

04
x

Ap 02 / ‘ 1.8

co -32— — — — - - ~
8.8

-.oy
2 .4 .6 .8 I.0

M

FIWEB 6.—Effeot of IXIk on the prwsure devejoped by a etatic-
pressuretube at CC=O”(ref. 6).

=!?”’\...
6 orifices of 0.043” diam,

FIGURE7.—Calibration at a= 0° of a static-preesuretube with collar.

TUBZSAT ANGLIM3OF ATTACK

The pressure developed by a static-pressure tube at on
angle of attack other than 0° depends not only on the axial
location of the orifices but also on their circumferential
positions. TVhen orifices encircle the tube, the measured
static pressure decreases with inclination of the tube, and
the variation of static-pressure error with inclination is the
same for angles of attack and angles of yaw. The static-
pressure error of a tube with this oriiice cofigumtion
remains within 1 percent of q. of the value at a= 0° over an
angular range of about + 5° (ref. 12). The additionrd
error resulting from the inclination of the tube can be
avoided by pivoting the tube so that it always dines itself
with the aimtream. Because of the relative fr@lity of
swiveling tubes, however, attempts have been made to
devise rigid tubes which would remain insensitive over an
appreciable range of angle of attack.

The basis of these attempts is the pressure distribution
around a cylinder. Figure 8 presents the results of pressure-
distribution tests of a 2-inch-diameter cylinder at angles of
attack of 30° and 45° and at low subsonic speeds (.ib?<0,2).
These curves show the static-pressure error to be positive on
the bottom of the cylinderj negative on the top, and zero &b
a circumferential position of about 30° from the bottom.
It would appear, therefore, that insensitivity to inclination
might be accomplished either by locating orifices at a cir-
cumferential position of about + 30° or by placing oriiices
““idongthe top and bottom of the tube to achieve compensa-
tion of the positive and negative pressures. The application
of both of these methods will be discussed.

The datn from reference 13, as exemplified in figure 8,
show that, at low subsonic speeds and at a>30°j the pressure
distribution at circumferential positions greater than 30°
varies appreciably with the Reynolds number. In another
investigation (ref. 14) in which cylinders at a= 90° were
tested at higher Mach numbers (0.3 to 2.9), the effect of
Reynolds number on the pressure distribution was found to
be negligible at supersonic speeds.

Ori.fleesat +30° location.-The effect of angle of attack at
subsonic speeds for a l-inchdiameter tube with orifices
located on the bottom of the tube 30° on either side of a
vertical radius is reported in reference 15. Sample remdts
of these tests (fig. 9) show that the static-pressure error
remains within 1 percent of q. of the value at a= 0° for
angles of attack up to at least 20° at M= 0.30 and to 9° at

M= O.65. At angles of yaw the angular range for an error
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Fmurm 9.—Calibmtion at angles of attaok of a static-prwure tube
with oficea at circumferentialstations of 30° and –30° (ref. lo.

of 1 percent of g. is about + 5° (ref. 15).
Supersonic tests of a 0.05-inchdiameter probe with

orifices at a circumferential position of + 33° are reported
in reference 8. The calibrations of this tribe (fig. 10) show
that the static-pressure error remains within 1 percent of
q, for angles of attack up to 17° at M= 1.56 and up to at
least 8° at ~=2.92.

Supersonic tests of a 0.63-inch-diameter tube with orifices
at a circumferential position of + 37.5° are reported in
reference 16. The results of these tests (fig. 11) show the
static-presure error to remain within 1 percent of q. for
angles of attack up to at least 12° at ~= 1.57 and at least
15° at lM=l.88.

Orifices on top and bottom of tube.—Calibrations at angles
of attack of a O.91-inch-diameter tube with four orifices on
the top of the tube and seven on the bottom were deter-
mined at several Mach nnmbera between 0.20 and 0.68 (ref.
17). Data for these two Mach numbers (fig. 12) show that
the static-pressure error remains within 1 percent of q. of
the value at a=OO for angles of attack up to 40° at iM=o.20
and to 18° at M= O.68. At some angle of attack above 30°
and at M above 0.3 the static pressure registered by the tube
increases abruptly and fluctuatw erratically. For angles of
attack between 15° and 30° and Mach numbers between 0.2
and 0.68 the static-pressure error was found to increase as
much as2 percent of g. for a change inReynolds number (based
on the local velocity and the diameter of the tube) of from
100,000 to 250,000. Because of the unsymmetric arrange-
ment of the orifice-s,the sensitivity of the tube at angles of

n
— 1.56

QE
-[0 o 10 20

H
w
A-A

2 orifices of
0.00S’ dimn

a, deg

Fmwrm 10.—Calibration at angles of attack of a static-preamretube
with orit%mat oiroumferentialstatione of 33° and – 33° (ref. S).
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l?mum Il.—Calibration at angles of attaok of a statio-pressuretube
with orificesat circumferentialstations of 37.5° and —37.6° (ref. 16).
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hwrm 12.—Calibrationat angles of attaok of a static-pressuretube
with an unsymmetricaloriiice arrangement(ref. 17).

yaw is, like that of the +30° orifice arrangement, much
greater than at angles of attack. At angles of yaw the error
remained within 1 percent of qc over an angular range of
+5° at. M=O.2.

Tests of an 0.88-inch-diameter static-pressure tube with
four orifices on the top of the tube and seven on the bottom
were conducted at M=O.6 to 1.10 (ref. 18). The calibrw
tions of this tube at M=O.6, 0.8, and 1.0 (fig. 13) show the
static-pressure errors to remain within 1 percent of q. of
the value at a=OO for angles of attack up to 11° at M
between 0.6 and 1.0.

The effect of angle of attack w a 0.91-inch-diameter tube
with four orilices on the top of the tube and six on the
bottom was determined at supersonic speeds through an
angle+f-attack range of + 7°. The r,wdts, as presented in
reference 7, showed that, for this range of angle of attack,
the static-pressure error remained within about 0.4 percent
of qc of the value at a=OO at M=l.62 and 1.93.
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FIGURE13.—Calibration at angleaof attaok of a static-pressuretube
~th ~ ~e~~l OfiIM ~gem~t (ref. W

CONICALSTATIC-PRESSURETUBE9

Orifices on the surface of iLcone have been proposed for
the measurement of static pressure at supersonic speeds.

Experimental data for an orifice at two locations mmr Lho
nose of a 3° cone are presented in figure 14. These datn
were obtained from trots in the Langley 8-foot trnnsonic
tunnel at values of a between 1° and —10 nnd M= 0.20 to
1.13. The calibrations show the static-pressure errors for
the two oriiice locations to remain within about 1 pwcenb of
q. over the range of Mach number tested.

Tests of orifices on a conical-nose body of revolution nt
M= 1.59 are reported in reference 19. In these tests four
ori6ces were located 0.29 maximum body diameter from the
front of a parabolic body of revolution with an apex angle
of 15°. For the test iMach number (1.59) the results incli-
cate that the static-pressure error is about 6 percent of q at

an angle of attack of OO.

ORIFICESUR AND CONFIGURATION

The static-pr~ure errors due to the asird and circum-
ferential location of the oriiices, as discussed in the previous
sections, apply to tubes with orifices which me nccurntely
drilled and- free from burs, protuberances, or depressions.
Variations m the diameter and edge shape of the oriiices can
result in additiomd errorsin the static-pressuremeasurements.

The influence of oritice diameter on the measured stntic
pressure has been investigated with oriiices on the inside wnll
of a cylindrical test section (ref. 20). The tests were con-
ducted for orifice diameters of 0.006 to 0.126 inch over n
Mach number range of about 0.4 to 0.8. The results of the
tests at these two Mach numbers (fig. 15(a)) show the static-
pressure error to increase with both orih dianmter nnd
Mach number.

The effect of orifice diameter has also been determined for
two orifice diameters on a 0.5-inch-d amiter static-pressure
tube at M= 1.45 in an investigation made at the Douglas
Aircraft Co., Inc., by T. W. Buquoi, L. E. Lunclquist, and
J. M. Stark. The results of these tests showed that an
increase of 0.025 to 0.052 inch in the oriiice diameter caused
the static-pressure error to incrense by 0.6 percent of q,
at a=OO.

In other tests of reference 20, the effect of varying the
cross-sectional shape of the orifice edge was investigatocl
with 0.032-inch+3iameter orifices on the inside wall of a

,.,--1orifice of 0.013” diarn.

I=L.311JI .=,.S

I

FIGUEWI14.—Calibration of orifices on the nose section of a ooniod
static-presmretube at a= 1° to – 1°.
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cylindrimd test section. Sample results of these tests are
p~esontedin figure 16(b), which gives the difference between
the static-prwure error of each oritke conflgumtion and
that of a sharp-edge orifice of the same diameter.

In the previously mentioned investigation of Buquoi,
Lunclquist, and Stark at Douglas Aircraft Co., Inc., the
effect of elongating the orifices in a 0.6-inch diameter static-
pressum tube. was also investigated. The three cont@ra-
tions tested me show-nin figure H(c); the ditlerenc~ in the
static-pressure errors of the conljqmations, as referenced

to a tube with 0.025-inch-diameter oritices encircling it, are

given for the tubes at LY=OOand JI=2.55 and 3.67.

STATIC-PRESSURE ERRORS OF INSTALLATIONS

Static-pressure SOU.TCES(tubes and vents) have been
located at numerous positions on or near the aircraft.
Static-pressure tubes have been locwted ahead of the fuselage
nose, ahead of the wing, and ahead of the vertical tail fm.
Static-pressure vents have generally been located on the
fuselage between the nose and the wing or between the
wing and the tail surfaces. The choice of type and location

‘$iaaEI1
o .04 .08 .12 .16

Orlflce dumeter, in.

(a)

0,032”~ d & r = d/4

AP/q = O 0.002

(b)

(n)

(b)

(o)

r=d ‘d/8 Ld,~

0.01I -0.001 -0.003

M= 2.55 IU=3.67

18 orifices
%?qc APIQC

0.025” dim. o 0

m
(c)

8 slots
0,032”x 0.228” 0.0309 -0.0001

IMfeotof orifice diameter (ref. 20).
Effcotof edge shape of orifices. - Static-pressureerror of each edge

shapo referenced to square-edge orifice of 0.032-inch diameter
(ref. 20). M=O.4 to 0.8.

Effeot of elongating orifices. Statio-pressure error of slotted.— —
orifices referenced to 18-orifice configuration (data from Douglsx
Airoraft CkIe,Ino.).

FIQUEE15.—Effcot of orifice size and ccmtiguration on sfatic-pressure
measurements.
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of the static-pressure source will depend on numerous con-
siderations, such as the contlgu.ration and speed iange of
the aircraft, the accuracy ~equired, pressure lag, icing, and
the possibility of damage due to ground handling.

For any practical location of the static-pr~ure source,
the installation will have a position error which will vary to
some degree with Mach number and angle of attack. The
position error will, therefore, vary with impact pressure,
static pressure, aircraft weight, and normal acceleration.
The error may also vary with changes in the configuration,
and thus the flow field, of the airplanfifor example, changes
in flap setting and landing-gear extension. As the flow field
about an airplane is markedly different for the subsonic,
transonic, and supersonic speed ranges, the position errors
for locations near the airplane may be expected to be quite
ditlerent in each of the three speed ranges.

In the discussion to follow, the static-pressure errors of
the various installations are presented as a function of Mach
number or lift coefficient. Wherever possible, the effects of
Mach number and lift coefficient have been separated. In
those cases where the static-pressure errors of level-flight
calibrations are plotted as a function of Mach number, the
lift coefficient varies throughout the lMach number range.
At the high subsonic and transonic Mach numbers at which
these calibrations were performed, however, the variation
of lift coefficient was small.

The static-pressure errors represent the overall stat,ic-
pressure errors of the installation, that is, the sum of the
position errors and the static-pressure errors of the pressure
source. Diagrams of the static-pressure tubes used for the
airplane installations are presented in figure 16, and the
type of tube used with each installation is noted in the
calibration fl.gnres.

STATIGPREJ?9UREERRORRAHEAD OF FUSELAGE NOSE

At Mach numbem below that at which a shock passes
the static-pressure orifices, the position error at a given
distance ahead of the fuselage nose is detetied by the
shape of the nose and the maximum diameter of the body.

Effeot of nose shape.—The effect of nose shape was
investigated in wind-tunnel tests of bodies of revolution
(fineness ratio, 8.3) with circular, elliptical, and elongated
ogival noses (ref. 21). The tests were conducted at a Mach
number of about 0.2 and at a=O 0. The results of the tests
(fig. 17) show that, for a given distance ahead of the body,
the position errors were greatest for the circular nose and
least for the elongated ogival nose. At a distance of 1
diameter, for example, the errors were about 9, 4, and 1
percent, respectively, for the circular, elliptical, and elon-
gated ogival noses. At 2 diametm the effect of variations
in nose shape had diminished considerably.

The static-preewre errors at three distances (%, 1, and Iji
fuselage diameters) ahead of a fuselage were measured on
an airplane with an elliptical nose section (ref. 22). The
results of these tests at small angles of attack (Oz= 0.2)
are shown in figure 18 together with the data for the elliptical
nose model taken from figure 17.

Effect of Mach number,-The effect of Mach number on
the static-prwmre errors ahead of two bodies of revolution
at transonic meeds was determined bY fieflow tats
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(ref. 23). The nose shapes (that portion ahead of the maxi-
mum-diameter station) of the two bodies (i&g.19(a))- were
similar. The nose shape of body A was developed from a
circukw arc, whereas the shape of body B was based on that
of an actual airplane. The calibration of three installations
on body B (fig. 19(a)) shows that, when the critical Mach
number of the body is reached, the error begins to increase
because the effect of negative pressures on the rear of the
body are then diminished by the shock which forms around
the maximum body diameter. When the free-stream Mach

.36

I
.34

.32 I I

an I

28 \

.26
.

.24 - \,

\
22

20 R\~p5ii

I I I 1 I I I , ,

0 .4 .8 1.2 1.6 2.0 2 4

Fmum 17.-Static-pressure errorsat various distancesahsnd of three
bodies of revolution with different nose shapa ilf = 0.21: a=O”
(ref. 21).

Fmmm 18.-Static-pressure errors at three distancesahead of cm air-
plane fuselagewith an elliptical nose shape (ref. 22).
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number becomes supersonic, a shock wave forms ahead of
the body and the static-prwsure error continues to increase
as the shock moves toward the body. When the shock wave
passes the orifices on the tube, the error falls to a value near
zero, because the pressure field of the body is then isolated
from the orilices. At the Mach number at which the shock
wave passes the ofices, and at all higher Mach numbers,
the.pressure registered by the orifices should be that of the
isolated tube. However, if the shock, after passing the
orifices, interacts with the boundary layer to form a complex
shock pattern in the vicinity of the orifices, the static-
pressure error following the drop from the pmk error will
be slightly higher than that of the isolated tube. In this
case, the static-pressure error will not return to that of the
isolated tube until some higher Mach number has been
re~ched.

In reference 23 it was shown that, for slender bodies having
similar nose shapes, the position errors below the critical
Mach number of the body and the peak errors just prior
to the shock passage can both be cmrelated by the use of
pammetem which include the length as well as the diameter
of the body. The manner in which the data of reference 23
correlde is shown in figure 19(b), which includes a theoretical
curve for a parabolic-arc body calculated on the basis of the
linearized subsonic theory. I?or the bodies considered, the
peak errors nre~abouttwice the subsonic errors.
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of nose.
Fxaum 19.-Static-presaure errors at various distanc~ ahead of two

bodies of revolution at a=OO (ref. 23).
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The calibration at tmnsonic speeds of a static-pressure
tube ahead of the nose of the airplane of which body B of
figure 19 was a model (ref. 24) is prwented in figure 20.
These data confirm the rwdts of the model tests by showing
(1) the rapid increase in the static-pressure error at Mach
numbers near 1.0 and (2) the discontinuity which occurs
in the calibration when the fuselage bow wave passes the
static-presswre orificw. The static-prwure errors of this
airplane at values of M between 0.8 and 1.0 and those of a
number of other airplanes with somewhat similar nose
shapes are plotted in figure 21 as a function of x/D. For a
fuselage with a more elongated nose, the static-pressure

errors will, as shown in figure 22, be considerably lower.

The cahbratiopa of fuselage-nose installations up to low

supersonic speeds indicate that, after the body bow wave

and any boundary-layer-shock interaction have passed

downstream of the oficea, the static-pressure error becomes

that of the isolated tube and should remain at this value

for all higher Mach numbers. That the static-pressure error
remains small at higher supersonic speeds has been shown
by calibration tests of a nos~boom installation on a free-
fhght rocket model. In this calibration, the error dropped
to zero when the ftee-stmam Mach number became super-
sonic and remained zero up to M=4.5.

Effect of angle of attack,-The variation of static-pressure
error with angle of attack for a number of positions ahead of
bodies of revolution was investigated during the tests report-
ed in reference 21. The results of these tests (fig. 23) SIIOW

the error to decrease with increasing angle of attack. The
change in static-presure error for a given change in angle of
attack is greatest near the nose and decreases with distance
from the nose. At a distance of 1 diameter ahead of the nose,
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Ramm 20.—Calibration in level flight of a static-pressuretube ahead
of an airplanefuselagewith a pointed nose (ref. 24).



----- —,———---. —.. ----

654 REPORT 1364—NATIONAJJ ADVISORY

“:0==1
—

4 :

c 0.68

c 0.95 4 :

c’ 1.11

.16

0%0
.14 — ~ .90

~ .95 <
— I .00

.12 I

.10 (

Ap
~

.08

.06

.04

.02

0 .4 .

\

\

.8 12

FIGURE21.—Strdic-presure errors ahead of five airplane fuselagea
with pointed noes.

COMMTPTWE FOR AERONAUTICS

I
.06

A& “w
‘ .02

E
o

1 r~l0.96D

Tube C

FIGURE22.-Calibration in level flight of a static-pressuretube ahmd
of a fueelagewith an elongatedpointed nose.

rlx D = 6.5”7

)

\ ()
.10 1

.0s

.06
Ap

y
.04

.02

0 .4 .8 1.2 1.6 2.0
x/D

o
.10

.09

.06
Ap

y
.04 \

.02

0

“4=456‘ 2
.10

.08 \
a, deg

\’ \
/0

.06 ./’,10
AP ,/ /’20

,’,/ /’~
T I 1,, , .. ,,

“zHi!3--
0 .4 .8 1.2 L6 2.0

,

x/D

I?murm 23.—Effect of angle of attaak on the preasureeat. various

distances ahead of three bodies of revolution with diEercmtnom
shapes,M=O.16 (ref. 21).



MEA8UR13MENT OF STATIC PRESSURE ON AIRCRAFT 655

the change in static-pressure error for a change in angle of
tittnck of 30° is about 8 percent of qCfor the circular nose,
tind 2 percent of qOfor the elongated ogiv~ nose.

In reference 25, the position errons ahead of slender
parabolic-arc bodies of revolution at angles of attack were
calcul~ted on the basis of the subsonic linearized’ theory.
Comparison between the theoretical and measured values
for a body of revolution with a fineness ratio of 6 at a hlach
number of 0.2 showed the theory to be valid for distances
greater than 0.5 body diameter ahead of the body and for
angles of attack less than 20°.

The effect of angle of attack on the static-pressure errors
of fuselage-nose installations on airplanes at low and high
subsonic speeds (refs. 22 and 24) is presented in ilgure 24.
l?or lift coefficients up to 0.5, the effect of angle of attack is
negligible. At CLabove 0.5 the static-pressure errors of the
installations on airplane A decrease with increasing CL.
However, for other combinations of fuselage-nose shape,
boom length, orientation of oritices on static-pressure tube,
nnd ] 10C11number, the static-pressure error may increase
nt high angles of attnck.

Effect of nose inlet,-The position errors at various dis-
hmces nhend of a body of revolution with a nose inlet were
determined by wing-flow tests (ref. 23). The tests were
conducted at trnnsonic speeds and at a=OO. The inlet
velocity ratio varied from about 0.68 at 1?=0.7 to 0.57 at
.dl= 1.0. The results of the tests (fig. 25(a)) show the same
genernl vnriation of static-pressure error with Nfach number
m the installations on sharp-nose bodies (fig. 19(a)). The
vnrintion of the static-pressure error at subsonic speeds

n
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FIQmw 24.—Vnriation of static-prasure error with lift coefficient of
fuselage-nose installations on two airplanes (refs. 22 and 24).

(&f=o.7) with distance ahead of the body (fig. 25(b))
is also similar to that of the sharp-nose bodies. In other
tests to determine the effect of inlet veloci@, it was found
that the static-pressure error increased when the inlet
velocity ratio decreased.

Calibrations of nose-boom installations ahead of an air-
plane having a nose inlet (ref. 26) are given in figure 26.
For these tests the orifices were located at various distances
along a boom extending horn the upper lip of the inlet. The
calibrations of these installations exhibit the same-variation
of static-pressure error with Mach number as an installation
ahead of a pointed-nose fuselage (fig. 20). The variation of
the static-pressure errors with orifice location for a number
of other airplanes with nose inlets is shown in figure 27 for
_ll=O.80 to 1.00.

STATIC-PRES.SURRERRORSAHRADOF lVINGS

Prior to the pm.sage of the shock over the static-pressure

otices, the position error at a given distance ahend of the

wing of an airplane depends on the shape of the airfoil section,

the maximum thiclmess of the airfoil, the svreepbacli angle

of the wing, and the spamvke location of the static-pressure

tube. In order to avoid the influence of the fuselage and the

wake of any propellers, static-pressure tubes are usually
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Fumm 26.—Calibration in level flight of static-premure orificez at
four diatanceaaheadof an airplanefuselagewith anose inlet (ref. 26).

installed on the outboard span of the wing. The lengths of
tubing between the static-prwsure tube and the instruments,
however, may create undesirable problems as regards the
pressure lag of the installation.

EiTeot of location of orifices.-Calibrations of static-prw
sure installations at various distances ahead of the leading
edge of the wing tip of an unswep~wing airplane were
detetied at low subsonic speeds (ref. 22). The variation
of static-pressure error of these installations (at small angles
of attack) with distance ahead of the wing, expressed as a
multiple of the maximum fig thickness, is given in iigure
28. At z/t= 10 (or 1 chord length for a 10-percen&thick
airfoil), the error is about 1 percent, and it decreases only
slightly with increasing distance ahead of the wing. The
static-presawe errors of wing-tip installations on nine other
unswept-wing airplane9with similar airfoil sectiom are also
plotted in figure 28. This variation of static-pressure error
with distance ahead of a wing tip is similar to that ahead
of a transverse stem shown in @urea 4 and 5.

Effect of Mach number (unswept wings) .-The variation of
atatic-pressure error with Mach number for a static-pressure
tube located ahead of the wing tip of an unswept-wing air-
plane at transonic speeds (ref. 24) is presented in iigure 29.
The calibration of this installation is similar to that of the
fuselage-nose installations up to the Mach number at which
the discontinuity due to shock passage occurs. At this point,
however, the error falls to a negative value and then, with
incensing Mach number, begins to increase to positive
values. The explanation for this behavior may best be
illustrated by diagrams of the shock waves ahead of the air-
plane (fig. 30). At a Mach number of about 1.03, the wing,
bow wave has passed the orifices, thus effectively isolating
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I?&nm 27.-Static-prwure emorsaheadof six airplane fuselagsswith
nose inlets.

them from the pressure field of the wing. At this Mach
number, the pressure at the ori.&es is influenced by the
negative pressures around thci rear portion of the fuselage
nose, the eflect of which extends outward along Mach lines
from the surface of the fuselage. As the Mach number in-
creases, the Mach lines slant backward, and the orifices come
under the influence of the positive pressures around the
forward portion of the fuselage nose and behind the fuselage
bow wave. At some higher Mach number, the fuselage bow
wave will traverse the orifices, which will then be isolatml
from the flow fields of both wing and fuselage. At this and
all higher Mach numbers, the statio-presure error will, in
the absence of any boundary-layer-shock interaction, be
that of the tube itself. It should be noted that, when the
wing or fuselage bow shock is in the vicini~ of the static-
pressure Oriticesj the statio-pressure error may vary con-
siderably with angle of sideslip. For this reason a wing-tip
installation at fi 1.0 is much more sensitive to angle of
sideslip than a fusekqy-nose installation.

Effect of angle of attack (unswept wings) .-The variation
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FIGUIWI29.—Calibration in level flight of a static-pramre tube ahead
of the wing tip of an unswept-wing airplane (ref. 24).

of static-pressure error with lift coeilicient at low subsonic
Mach numbers (0.1 to 0.36) for various distances ahead of
the wing tip of an unswept-wing airplane (ref. 22) is given
in figure 31. These data show that, for lift cdlicients up to
0.7, the effect of angle of attack is small for distances of
x/t= 4.2 or greater. At higher lift coefficients, however, the
effect of rmgle of attack is appreciable even for values of
x/t fIslarge m 16.8.

The effect of angle of attack on the static-premure errors
of a wing-tip installation with z/t=4.l (ref. 27) at higher
subsonic speeds (up to M= O.SO) is presented in figure 32.
For the range of C. covered by the teats, the curves show
that, at Mach numbers between 0.30 and 0.60, the static

pressure error decreases with lift coefficient. At -ill= O.70,
the effect of angle of attack is negligible, and with increasing
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Mach number (up to M=O.SO), the static-pressure error
increases with lift coefficient.

Effect of Mach number (swept wings) .-Calibrations of
static-pressure tubes ahead of the wing tips of two swepfi
wing airplanes (refs. 28 and 29) are presented in figure 33.
In one case the static-pr-ure tube was located 16t ahead
of a 35° swept wing; in the other the tube was located 8.4t
ahead of a 40° swept wing. The calibrations of these
installations d.ifler from those of wing-tip installations on
unswept wings in that the static-pressure errors do not drop
abruptly after the peak error is reached, but decrease toward
zero at a more gradual rate.

Effect of angle of attack (swept wings),-The variation of
static-pr-ure error with normal-force coefficient for a
wing-tip installation on a swept-wing airplane at transonic
speeds (ref. 28) is pr~ented in figure 34. These data show
that at M=o.75 to 0.90 the static-pressure errom increase
with angle of attaok as in the ‘case of the unswept-wing
installation at M=o.75 to 0.80 (fig. 32).

STATIC-PRRSSURE RRRORS AEBAD OF VERTICAL TAIL FIN

Calibrations at transonic speeds of static-pressure tubes
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FIGURE32.—Vmiation of static-pressure error with lift coefficient for
a wing-tip installation on an unmvepi%ving airplane (ref. 27).

ahead of the tip of the vertical tail fins of two free-flight
models are given in f3gure 35. One of these was a free-fall
model of a canmd airplane with the static-pressure orifices
located 13.5t ahead of the tail b. The other was a rocliet-
propelled model of aD airplane configuration with the
oritices 16.7tahead of the tail ti. Although the magnitudes
of the errors of both the installations are open to question
(bemuse of uncertainties in the telemetered measurements),
the curves may be accepted as an approximate indication
of the type of static-pressure-error variation to be expected
for a vertical-tail-fln installation in the transonic speed
range.

STATIGPRESSURE ERRORS OF VENTS ON FUSELAGE (hfODRM)

For the purpose of locating a fuselage static-pressure
vent, the fuselage may, in a very general way, be likened to
a static-pressure tube. As with the static-pressure tube,
the pressure at a fuselage vent at zero angle of attack is
determined by the axial location of the otice along the
body. The pressure at a given point on the body may,
of course, be modified by the blocking effect or the wake
of any protuberances extending from the body. At angles
of attack other than 0°, the pressure at a fuselage vent is,
as with the stati~pressure tube, determined by the circum-
ferential orientation of the oritice.
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FIGURE33.—CaLibration in level flight of wing-tip instnllntions on tv’o
swept-wing airplanes (refs. 28 and 29).

Static-pressure vents have generally been located on
opposite sides of the fuselage in order to minimize ungle-of-
sidesdip effects. Calibrations, at angles of sideslip, of a
vent installation in which two vents were located at appro.u-
mately + 67° from the bottom of a circular fuselage are
riported in reference 30. The results showed that a~ an
angle of sideslip of 4°, the mrmirnumangle reached in the
tests, the static-pressure error varied by 0.2 percent of q~
from the value at zero angle of sideslip. When the cross
section of the fuselage is circular, the orifices may also be
located at approximately +30° from the bottom of the
body to minimize angle-of-attack effects.

Because of the complex nature of the pressure distribution
along the fuselage of an airplane, it is difficult to predict,
with any degree of certainty, those locations where the strkic-
pressure error will be minimum. It is customary, therefore,
to make preswre-dktribution tests in a wind tunnel with n
detailed replica of the airplane, and to choose from the results
a number of locations that appear promising for static-
pressure vents. These locations are then calibrated on
the full-scale airplane and the best location is chosen for tho
operational installation. In reference 31, the calibrations
of fuselage-~ent installations on a number of ~irplmws are
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compared with comparable installations on wind-tunnel
models of these airplanes. For the low speeds at which
these tests were conducted (below 175 knots), the results
showed that the errors of the airplane installations could
be predicted from the model tests to within +-2 percent ~
of qc. “

Effect of axial location of vents,—Presure-distribution
studies of rLbody of revolution (ref. 32) provide a generalized
indication of the pressure variation which might be expected
along the fuselage of an airplane or missile. Sample results
of these tests, which were conducted with a body of revolu-
tion with a fineness ratio of 12 at transonic speeds and at
a=OO, are presented in @e 36. These curves show that
for nny given Mach number there are at least two axial loca-
tions, one on the forward portion and the other on the
rearward portion of the fuselage, where the static-pressure
error equals zero. It is evident, however, that these axial
locations vary appreciably with Mach number.

Pressure-distribution tests of prolate spheroids (with
aspect ratios of 6 and 10) and of a typical transonic body
are reported in reference 33. In these tests the pressures
over the forward hrd.fof the bodies were measured at -ii= 0.3
to 0.95 and at a=OO to 7.7°.

k——————81”—————+

i=--

M

~GURE 35.—Calibrations of vertical-tail-tin installations on free-
flight models.

Effect of Mach number.-The variation fith Mach number
of the static-pressure error of 01Mcc9 at three axial locations
along a body of revolution (ref. 32) is given in’&ure 37.
These curves show that the magnitude and variation of
static-pressure error change considerably along the body.
In contrast to most of the static-pressure-tube installations,
the variation of static-pressure error &th Mach number
for these vent installations is comparatively irrcggar.
These variations, it must be remembered, apply to a simple
body without protuberances of any kind. For ah actual
flight vehkde with wings, tail surfaces, external stores, and
so forth, the pressure variation with Mach number can be
expected to be much more complex.

The calibration of a vent on the cylindrical portion of the
fuselage of a rocket-propelled model of an aircraft con-
figuration at transonic and supersonic speeds is presented
in figure 38. The single oriiice was located on the top of
the fuselage at 0.28 of the fuselage length behind the nose.

IMect of circumferential location of vents,—The possibility
of minimizing the effect of angle of attack by properly
locating the orifices around the circumference of a fuselage
w-as investigated in reference 34. This study was based

on tests with a body of revolution of fineness ratio 12.2 at

.&l= 1.59 and at angles of attack up to 36° (ref. 35). k this
investigation (ref. 35) complete circumferential pressure
distributions were obtained with oriikes located at 12
stations along the body. The circumferential pr~sure
distribution for an orifice located at the mtiumdiameter
station is given in figure 39 as a typical example of the
results obtained. From these curves it would appear that
the optimum location for static-pressure vents at this
station would be about &400 from the bottom of the body.
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For this orientatiori of the ori6ces, the static-pressure error
remains within about ~ percent of q of the vqlue at a= 0°
(–3 percent of q) for angles of attack up to 20°. For tho
other axial locations tested, the optimum circumferential
location and the range of angle of attack over which the
error remained small differed from those at the maxtium-
diameter station.

STATIGPRRSSURE ERRORI3 OF VENTS ON FUSELAGE (AIRPLANE)

An example of the type of calibration which moy be ex-
pected for a static-premure-vent installation at tmnsonic
speeds (ref. 28) is given in figure 40(a). The static-pressure
vents of this installation were on ench side of the nose of a
jet tighter with a nose inlet and 35° swept wings, Tlm
calibration of this installation showed the static-pressure
error to change abruptly at a Mach number of about 0.98,
This abrupt change is believed to be caused by passage of
shock waves, which form in the local supemmic flow field
around the nose of the fuselage, over the vents. Tho fact
that the variations occur over a range of Mach number (0,97
to 0.99) is probably due to asymmetry of the shook w~ves
on each side of the fuselage which results from variations in
angle of siddip.

The effect of angle of attack on a fuselage vent (ref. 28) is
shown in figure 40(b). At a Mach number of 0.75, the error
begins to vary with normal-force ccefEcient at values of ON
above 0.3. At the higher Mach numbers (.ikf=0,96) the
effect of normal-force coefficient becomes evident at values
of ONbelow 0.1. In comparison with the datfi of fuselage-
nose and wing-tip boom systems on the same airplone (ref.
28), the fuselage-vent installation was shown to be affected
to a much greater extent by angle of attack.

VENTCONFIGURATION

The pressure registered by a fuselage static-pressure vent
depends not ordy on its location on the fuselage but also on
any protuberances or skin-contour variations in the vicinity
of the ori.tice. The error of a vent installed on a pressurized
fuselage may also change if the skin on which the vent is
mounted flexes with pressurization.

Model tests of the “effect of protuberances in the vicinity
of a vent, waviness of the skin, and proximity of rivets am
reported in reference 36. The results of these tests showed
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that relatively mntdl imperfections in the surface surround-

ing the orifice can produce sizable changes in the position

error. Sample data showing the effect of protuberances and

skin waviness on the pressure of a 0.23-inch-diameter ofice

at a speed of 175 knots are presented in figure 41.

For some fuselage-vent installations, specially designed

protuberances have been installed near the vents in an at-
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Fmrmm 40.—Calibration of a static-pressure vent on an airplane

- fuselage (ref. 28) .

tempt to compensate for the position errors at the vent

location. Tests of several types of protuberances and in-

dentations Mended as aerodynamic compensators for fuse-

lage vents are reported in reference 37.

CONVERSION FAOTORS

The static-pressure errors in this report have in most cases
been expressed as a fraction of the impact pressure q.. The
errors me sometimes expressed in other nondimensional
forms such as Ap/p or Mi/JA For the convenience of the
reader, a chart for converting Ap/qOto Ap/p is given in figure
42. Charts from refmence 38 for converting Apjq. and Ap/p

to AM@l ye presented in figure 43.

COMPARISON OF INSTALLATIONS

& stated earlier, the choice of type and location of the

static-pressure tube or vent depends on a number of factors.

If the magnitude of the static-prwsure error is the prime

cmsideration, the selection will depend largely on the con-

figuration of the aircraft and the speed range through which

it is expected to operate.

A comparison of the calibrations of the various installa-

tions presented in this report indicates that, for an airplane

designed to fly at supersonic speeds, a static-pressure tube

located ahead of the fuselage nose will, in general, be the

most desirabha installation. This selection is based on the

fact that the calibration has only one discontinuity (when the
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fuselage bow wave passes the ofices) rmd that at I@her
mpersonic speeds the error will, for the usual ease, be that
of the isolated tube. In addition, the sensitivity of this in-
stallation to angle of sideslip at supersonic speeds will be
that of the isolated tube. At subsonic and tmmsonicspeeds,
the errors at a given distance ahead of the nose (in terms of

fuselage diameters) depends on the shape of the nose section.

As these errors decrease with increasing fineness ratio of the

nose section, the static-pressure error of an installation ahead

of Q fuselage with rLlong pointed nose will be comparatively

smrdl throughout the speed range. An illustration of this

fact may be seen from the calibration in figure 22. l’or in-

stallations ahead of blunter fuselage-nose sections, the arrors

at subsonic rind transonic speeds will be considerably higher.

If the operating range of the airplane is conii.ned to speeds

below sonic, n static-pressure tube ahead of the wing tip

may, for some airplane configurations, prove more satisfac-

tory than a fuselage-nose installation. At equal distances

ahead of the wing rmd fuselage nose, for example, the static-

press.ure error (at subsonic speeds) of the wing-tip installa-

tion will ordinarily be smaller than that of the fuselage-nose

installation. The relative magnitudes of the errors of the

two installations will, of course, depend on the relative values

of the wing thickness and fuselage diameter and on the shape

of the fuselage-nose section.
At speeds above sonic, a wing-tip i.imtallationwill genwally

be less desirable than a fuselage-nose installation because of
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MEASUREMENT OF STATIC

the relative]y high sensitivity of the wing-tip installation to
angle of sideslip, particularly at the Mach numbers at which
the wing or fuselage shock waves are near the static-pressure
orifices. In addition, the calibrations of wing-tip instplla-
tious at supersonic speeds are more difiicult to apply be-
causo of the two &continuities which occur when the wing
and fuselage bow waves pass the orifices.

??or operation in the subsonic speed range, a static-pres-
sure-tube installation ahead of a vertical tail flu may, for
some configurations, offer certain advantages. In compari-
son with a wing-tip installation, for example, the thinner
sections of vertical tail iius permit the use of shorter booms
to achieve an equivalent static-pressure error. Because of
the complex nature of the shock waves which form on the
wing and fuselage, however, it would appear advisable to
limit the use of vertical-tail-fin installations to Mach num-
bers below appro.sinmtely 0.8.

Subsonic cdibmtions of numerous ‘fumkge-vent installa-
tions on airplanes (not included in this report) have demon-
stmted that acceptable static-prwsnre errors can be ob-
tained through a Mach number range up to about 0.8. The
model tests presented in figure 37, however, showed irregular
variations of static-pressure error with Mach number at
trrmsonic speeds. I?urtherniore, if the vents are near the
fuselage nose, the static-pressure errors, as shown in figure
40, are apt to fluctuate erratically because of variations in
angle of sideslip. It may be concluded, therefore, that fuse-
lage vents, properly located and installed, may provide
satisfactory calibrations at subsonic speeds up to M= 0.8.

FLIGHT CALIBRATION MRTHODS

The calibration of an aimpeed installation is usually ac-

complished by determining g the errors in the pitot and static

systems independently. The pitot system can be calibrated

quite simply by comparison with a ties-swiveling total-

pressure tube or a shielded tube (of the type described in

ref. !.2) installed on the test airplane. The total-pressure

error of the system being calibrated can be determined with

a high degree of accuracy, since the diilerence between the

total pressures of the two tubes can be measured directly
with n differential pressure indicator or recorder.

The calibration of the static-pressure system maybe per-
formed by any one of a number of methods of varying de-
grees of complexity and accuracy. The choice of the cali-
bration method will, in general, depend on the instrumenta-
tion available, the accuracy required, and the ranges of
speed rmd lift coefficient over which the airplane is to be
calibrated. h the procedure and instrumentation of most
of the methods tirequite involved, only a general description
of each of the methods will be given here. Detailed infor-
mation may be obtained by reference to the original reports.

SPEED-COURSE METHOD

In the speed-coume method, the true airspeed of the air-

plnne is determined by measuring the time required for the

airplane to fly at constant speed and constant altitude be

tween two landmarks (ref. 39). The effects of winds must be

accounted for either by direct mtiement or by elimination

(by flying a trianguhm course or by flying in opposite direc-

tions along a straight-line course). The static-pressure error

PRESSmt13 ON. mcm,km? 663

is determined by comparing tihemeasured indicated airspeed
with the correct indicated airspeed (as computed from the
measured true speed). The method is limited to speeds above
the stall region and-to the mtium speed of the airplane in
level flight. The accuracy of the method is largely dependent
on the accuracy of the measurement of time, the constancy of
the wind speed, and the degree to which constant airspeed is
maintained throughout the test.

TR~G-9TATIGPRES9URR-TUBE METHOD

The static pressure of the static-pressure installation is
compared directly with free-stream static pressure as meas-
ured by a static-pressure tube suspended on a long cable
below the airplane (ref. 40). The cable must, of course, be
long enough to place the trailing tube at a distance below the
airplane where the pressure is approxinmtely ambient. In
reference 40, it was shown that the cable length should be
approximately 1z to 2 wing spans. The advantage of this
calibration method is that the calibration can be conducted
at altitude and at speeds down to the stall. The maximum
speed at which the tests may be conducted is limited by the
speed at which the trailing tube enconnt~ instability. The
unstable motions of the towed body which develop above this
limiting airspeed have been attributed to cable oscillations
which oliginate near the airplane and are amplified by aero-
dynamic forces as they travel down the cable (ref. 41).
Simple trailing tubes which depend on the weight of the body
to keep them below the airplane have a maximum usable
speed of appro-ximately M= 0.4. A more complex trailing
tube with wings set at a negative angle of incidence to keep it
below the airplane has been towed to a Mach number of 0.85
(ref. ‘27). The accuracy which can be achieved by t~
method is relatively high because the difference between the
system and free-stream pressures can be measured directly
with a dMerential pressure instrument.

ANEROID MRTHOD

Basically, the aneroid method tinsists in measuring the
static pressure developed by the static-pressure system of the
airplane at a lmown height and measuring the free-stream
static pressure at the same height. The static-pressure error
of the installation is then determined as the difference be-
tween these two pressures. The pressure developed by the
static-pressuretube may be me~ured eitherwith an absolute-
pressme gage or with au altimeter. The measurement of the
reference height and of the free-stream static pressure at this
height may be accomplished by any one of a variety of
methods to be described.

Reference landmark.-’l?he simplest form of the aneroid
method is that in v&ich the refarence height is eatablished as
Lhetop of a tall tower or building of known height (ref. 42).
The free-stream static pressure at the reference height may
be determined directly with an absolute-pressure gage or al-
timeter located at the top of the landmark. This measure-
ment may also be determined by measuring the atmospheric
pressure and temperature at the ground and computing the
pressure at the reference height on the basis of the standard
lapse rate. The flight calibration procedure consists in meas-
uring the static pressure of the airplane installation as the
airplane flies past the landmark in level flight at constant
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speed. Any deviations in the height of the airplane above or

below the reference height may be determined either by visual

observation or by photographing the airplane from the land-

mark. The speed range of the calibration is limited to speeds

above the stall and below the maximum level-flight speed of

the airplane. Because of the ease and precision with which

the referwce height and the bee-stream static pressure can

be measured, the static-pressure error of the installation may

be determined with a relatively high degree of accuracy.

The principal disadvantages of this method are the fact that

the calibration is limited to level-flight speeds and the hazards

involved in flying the airplane near the ground.

Photographic.-The height of the airplane may be deter-

mined either by photographing the airplane aa it passes over

a camera directed vertically upward from the ground or by

photographing reference landmarks on the ground with a
camera pointed vertiwdly downward from the airplane. In

either case, the height of the airplane is calculated from the

focal length of the camera and a comparison of the size of the

image on the fihn with the true dimensions of the object.

For accurate measurements, corrections must be applied for

any deviations of the airplane horn zero angle of bank. The

free-stream static pressure at the reference height is com-

put ed by using the standard lapse rate and measurements of

pressure rmd temperature at the ground. Because the ac-

curacy of the determination of free-stream static pressure by

means of these computations decreases as the altitude of the

airplane is increased, it may be advisable in some cases to

determine the stream pressure by flying the airplane at a

speed for which the installation has been previously cali-

brated by another method, for example, the reference-land-

mark method.

The calibration procedure consists in flying the airplane at

constant speed and altitude ov& the ground station. Al-

though the speed range of the calibration is the same as that

of the reference-landmark method, this method is less haz-

ardous because the tests can be conducted at higher altitudes.

In one application of thk method, satisfactory calibrations

have been made at heights of 300 to 800 feet (ref. 43). An

attempt to use the method at much higher altitudes (25,000

to 30,000 feet) did not prove very successful (ref. 44).

Qeornetric .—In the first of two forms of the geometric

method (described in ref. 45), the height of the airplane is

determined by flying the airplane at constant speed and alti-

tude over a predetermined ground course such as a line down

a rummy, and in measuring the elevation angle of the air-

plane from a ground station that is a known distance from

the ground course. I?or best results, the distance of the

ground station from the ground course should be about the

same as the height at which the airplane is expected to fly.

The elevation angle of the airplane maybe determined with

either Qvisual indicator (sighting stand of ref. 45) or a photo-

theodolite. Lateml deviations of the flight path of the

airplane from the ground course must be estimated and

corrected.

A second, and more accurate, form of this method involves

-the determination of the elevation angle of the airplane from

two ground stations located a known distance apart and pref-

erably an equal distance on each side of the ground course

<ref. 45). This method has an advantage in that the ilight

path of the airplane m~y deviate from the ground courso

without affecting the accuracy of the height measurement.

Jn either of these methods the free-stream static pressure UL

the reference height is calculated by using the standard lapse

rate and measurements of pressure and temperature at some

reference point on the ground, or it is measured by flying the

airplane at a speed for which the calibration has boon

determined by other means.

Reference airplane.-The reference height may be mtab-

lished by another airplane flying at a low and constant speed

and at constant pwsure altitude (refs. 42 and 46). The

static-pm-s-sure system of the reference airplane must have

been previously calibrated for the speed at which it is flown

in order to determine the free-stream static pressure at the

reference height. The teat airplane is then flown at a series

of constant speeds past the rbference airplane. Corrections

for any differences between the height of the two airplanes

can be determined most accurately by photographing the

test airplane m it flies past the reference airplane.

Radar phototheodolite.-In another form of the aneroid
method, the height of the airplane is calculated from tho
slant range and elevation angle of the airplane as measured
by a radar-photothepdolite sembly located at a ground
station ‘(ref. 38). The radar antenna is directed at the test
airphmeby a separate optical fracking unit operated through
a servosystem. The radar-phototheodolite assembly con-
sists of a radar unit which has been moditied by the addition
of (1) an elevation scale on the radar antema and a cnmem
to photogmph this scale and (2) a camera with a long-focal-
length lens mounted at the center of, and boresighted with,
the radar antenna. The scnle camera provides a memuro
of the elevation angle of the optical tis of the antmum
camera, and the antenna camem provides a means of correct-
ing for any deviations of the position of the airplane from
the optical axis of the antenna camera. A third camera is
installed in the radar unit to photograph the range scope.
The three cameras, together with the pressure-recording
instruments in the airplane, are all synchrtmized by meons
of radio time signals transmitted from the airplane.

As this method permits calibrations of the airphum in
dives and maneuvers as well as in level flight, the tests ore
usually conducted over a range of altitude. The free=troam
static pressure at the reference altitudea must, thoroforo, be
determined by measuring the variation of pressure with
height over the test altitude range. This variation of
pressure with height may be determined by any of tho
following methods:

(1) The test airplane is tracked by the radar photothcocl-
olite as the airplane climbs through the test altitude range
at a low, constant speed for which, the static-pressure error
has been determined by other means. The airplane is then
flown through the same atmosphere at the higher speeds at
which the installation is to be calibrated. I?or best results
it is advisable to repeat the survey after the calibration runs
have been made.

(2) For cases in which the airplane cannot bo flown
through the test altitude Yange at ~ht conditions (Mach
number and lift coefficient) for which t%e calibration is
known, the free-stream static pressqre at one height (as



MEM3UREMENT OF STATIC

measured by the radar phototheodolite) is first determined

for one flight condition for which the static-preswre error is

known (ref. 47). The airplane is then tracked by radar at

other speeds through the test altitude range. From measure-

ments of temperature and pressure during this ascent, the

pressure p2 at any given height & may be determined by

means of the following equation:
●

where PI is the free-stream pressure at the start of the test

(at altitude fi,), p’ and T’ are the measured presmpe and
temperature rutaltitude h, and 34’ is the Mach number
determined from the measured total pressure and the static
pressure p’. The value of n depends on the temperature
recovery factor K of the thermometer and on the Mach

number. For K= 1, n value of n of ‘~ (or 0.286) gives

m tisfactory results at subsonic and low supersonic speeds.

(amputations of n for other values of K and M are given
in reference 47.

(3) A radiosonde transmitting pressure measurements is
tracked by the radar phototheodolite through the test
rdtitude range. Although this method appears attractive
because of its simplicity, calibration tests have shown that
the mdiosonde measurements are not snfliciently accurate
to establish the static-pressure error of an installation to
the accuracy required for most research tests.

(4) The variation of pressure with height at the test alti-
tudes is computed from measurements of temperature and
pressure transmitted from a radiosonde. The height at any
given pressure level may be computed from the equation

Jh=– ‘~Tdp
OP

(2)

where p and T are simultaneous radiosonde measurements.

This equation indicntes that an error in static pressure

results in an error in altitude of opposite sign. Therefore,

in a plot of pressure against altitude, the error in altitude

tends to compensate for the error in static pressure. AS a

consequence, the variation of static pressure with altitude

obtained by this method will be closer to the actual variation

than that obtained when the static pressure is measured by

by the radiosonde and the height of the radiosonde is mea&

ured by a radar theodolite.

Radio altimeter.-The reference height is determined by

means of a radio altimeter installed in the airplane (ref. 48).

The variation of free+kream static pressure with height is

first detemined by flying the airplane through the test

altitude range at a low constant speed for which the static-

pressure error is known. The calibration tests are then

performed through the same atmosphere, the height of the

airplane being measured by the radio altimeter.

L&e the radar-phototheodolite method, this method

allows the calibrations to be conducted at high altitude.

The instrumentation required for this method, however, is

much simpler and has the advantage of being entirely cxm-

tained within the airplane. The method has the dis-
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advantage of requiring a level ground-reference plane, and
thue it is restricted to flight over a large body of water.
From the tests repo;ted in reference 48, the accuracy of this
method was found to’ be of the same order as that of the
radar-photo theodolite method.

Accelerometer.—lh the accelerometer method (ref. 47), the
free-stream static pressure at a given height is determined
by flying the airplane in level fight at a speed for which the
static-pressure error has previously been determined by
another method. The airplane is then flown in level flight
or in vertical-plane maneuvers at the higher speeds for which
a calibration is desired. From measurements of normal and
longitudinal acceleration and the attitude angle of the air-
plane, a calculation is made of the verticil velocity which,
when integrated, provides a mwywre of the change in height.
The height increment is then combined with temperature
measurements to determine the variation of free-stream
static pressure with height during the calibration run. An
evaluation of this method (ref. 47) as compared with the
radar-phototheodolite method showed the accuracy of the
two methods to be comparable.

RADAR-TEMPERATURE METHOD

In the radar-temperature method, the variation of ambient

temperature with height is first determined by (1) tracking

a radiosonde (transmitting temperature measurements) with

a radar phototheodolite or (2) computing the height of the

radiosonde from equation (2) using values of pressure and

temperature transmitted from the radiosonde. The test

airplane is then tracked by the theodolite as the airplane is

flown through the atmosphere surveyed. During the cali-

bration runs continuous measurements are made of the total

temperature developed by a probe on the airplane. l?rom

a knowledge of the total temperature T’ and the ambient

immperatnre T at a given height, the true Mach number at
‘ this height maybe determined from the equation

$=1+0 .2KMi (3)

From a comparison of the true Mach number with the Mach
number measured by the airplane installation at this height,
t~e static-pressure error maybe calculated.

TEMPERATURE METHOD

This method is based on the assumption that the tempera-
ture and pr=ure at a given point in the atmosphere remains
unchanged over a short period of time. The method, as
described in reference 49, consists in measnring the tempera-
ture, static pressure, and total pressure from the airplane as
it is flown through the test altitude range at a speed for which
the calibration is known. This snrvey establishes the
relation between the ambient temperature and the free-
stream static pressure. The airplane is then flown through
the altitude range surveyed, and the same measurements are
repeated. The values of the indicated temperature and
total pressure at a given instant in the calibration run,
together with the temperature recove~ factor of the ther-
mometer, deiine the relation between the ambient tempera-
ture and the indicated static pressure at that instant. From
a comparison of this temperature with the temperature-
prew.urevariation determined in the survey, the free-stream
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static pressure at’ that instant is determined. The sfiatic-
pressure error is then found as the difference between the

indicated and free-stream static pressures. Although the

instrumentation required for this method is comparativdy

simple, the measurement of temperature must be wry pre-

cise. The accuracy which may be obtained with this method

was determined in the tests reported in reference 50.

FORMATION-FLIGHTMFXHOD

In the formation-fl@ht method, the test airplane is flown

in formation with another airplane that has a calibrated

airspeed system. The static-pressure error may be deter-

mined by comparing either the altimeter or the airspeed

indicator readings of the two airplanes. If airspeed readings

are compared, the errors, if any, in the total-pressure systems

of the two airplanes must be taken into account. This

method is limited to the altitude and speed capabilities of

the reference airplane. An evaluation of the accuracy

which may be achieved with this method at speeds between

!200 and 400 lmots is reported in reference 51.
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CONCLUSIONS

I?rom a comparison. of the calibrations of four types of
static-preewre-mmsuring installations (fuselage nose, wing-
tip, vertical tail b, and fuselage vent) the following con-
clusions may be drawn:

1. For an airplane designed to operate at supmsonic
speeds, a static-prmure tube located ahead of the fuselago
nose will, in general, be the most desirable installation.

2. If the operating range is contlned to speeds below sonic,
a static-pressure tube located ahead of the wing tip may, for
some airplane codgurations, prove more .mtisfrtctory than
a fuselage-nose installation.

3. l?or operation at Nlach numbers below 0.8, a stwtic-
presmre tube ahead of the vertical tail h or fuselago vents,
properly located and installed, should prove satisfactory.

LANGLEY AERONAUTICAL LABORATORY,

IXATIONAL ADVISORY COMMKFPEE FOR AERONAUTICS,

LANGLEY FIELD, VA., December 17, 1966.
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