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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Symbol 

Metric 
1 

English 

Unit ■ Abbrevia- 
tion 

i 
i         m 

s 
kg 

1 

Unit Abbreviation 

Length  
Time  
Force  

I 
i 
F 

meter...     
ft (or mi) 
sec (or hr) 
lb 

second. second (or hour)  
weight of 1 pound.. weight of 1 kilogram 

Power  

Speed... 

P 

V 
horsepower (metric) hp 

mph 
fps 

/kilometers per hour 
linetera per second.. 

kph 
i      mps 

miles per hour  .. 
feet per second  

2. GENERAL SYMBOLS 

Weight —mr? p 
Standard acceleration of gravity=9.30665 m/s: 

or 32.1740 ft/sec2 

W 
' g 

Moment   of   inertia=OT/C
2
.    (Indicate   axis   of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 

Mass= 

Kinematic viscosity 
P Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m~4-s2 at 15° C 

and 760 mm; or 0.002378 lb-fr4 sec2 

Specific weight  of  "standard"  air,   1.2255  kg/W  or 
0.07651 Ib/cu ft 

3. AERODYNAMIC SYMBOLS 

b2 

"S 

Area 
Area, of wing 
Gap 
Span 
Chord 

Aspect ratio, 

True air speed 

Dynamie pressure, ^pV- 

Lift, absolute coefficient CL 

Drag, absolute coefficient CD — 

Profile drag, absolute coefficient CDl 

Induced drag, absolute coefficient CD.= 

it 

Q 
n 

R 

L 
~~qS 

£ 
~aS 

qS 

(lS 

a 
t 

«o 

Parasite drag;, absolute coefficient C1D =—? 
"    qS 

Cross-wind force, absolute coefficient Cc=-S, 
qS 

Angle of setting of wings (relative to thrust line) 
Angle of stabilizer setting  (relative to  thrust 

line) 
Resultant moment 
Resultant angular velocity 

VI 
Reynolds number, p — where / is a linear dimen- 

M 
sion (e.g., for an airfoil of 1.0 ft chord. 100 
mph, standard pressure at 15° C. the corre- 
sponding Reynolds number is 935,400; or for 
an airfoil of 1.0 m chord, 100 mps, the corre- 
sponding Re^ynolds number is 6,865,000) 

Angle of attack 
Angle of downwash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero- 

lift position) 
Flight-p:i!h angle 
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REPORT No. 919 

ACCURACY OF AIRSPEED MEASUREMENTS AND FLIGHT CALIBRATION PROCEDURES 
By WILBER B. HUSTON 

SUMMARY 

The sources of error that may enter into the measurement of 
■airspeed by -pilot-static methods are reviewed in detail together 
with methods of flight calibration of airspeed installations. 
Special attention is given to the problem of accurate measure- 
ments of airspeed under conditions of high speed and maneu- 
verability required of military airplanes. 

The accuracy of airspeed measurement is discussed as limited 
by errors in each of the quantities that is directly measured in 
flight. Existing data on the errors at the total- and static- 
pressure openings associated with the geometry of pitot-static 
tubes are summarized, followed by charts and a qualitative . 
description of the errors caused by operation within the pressure 
field of the airfoil. The errors introduced at the measuring end 
of the system due to lag in pressure transmission are reviewed 
and some new material on this subject is included along with 
methods and charts for making appropriate lag corrections to 
airspeed measurements. 

A brief discussion is given of the magnitude and type of error 
introduced by the mechanical and elastic characteristics of the 
conventional airspeed indicator and altimeter. Similar material 
is given for typical NACA pressure-recording instruments. 
Since knowledge of true airspeed is dependent upon a tempera- 
ture measurement, existing material on the accuracy with 
which temperature can be measured with various types of probes 
is summarized and discussed. Methods used by the National 
Advisory Committee for Aeronautics in flight calibrations of 
airspeed and temperature installations are outlined. 

The present report has been arranged in such a way that each 
section may be read independently of the others. An attempt 
has been made to consider all factors that limit the accuracy 
with which airspeed may be determined by the usual pitot- 
static methods. {A -''-'i"V > .-,,- ■_...._ / , 

INTRODUCTION '        -/ 

a 

Accurate determination of Mach number and true airspeed 
is of fundamental importance in the flight testing of aircraft. 
Although the increasing demand for greater speed, altitude, 
and maneuverability has brought about refinements in 
measuring technique, the differential pressure indicator or 
recorder connected to sources of total and static pressure 
remains the standard means of measuring airspeed up to a 
Mach number of about 0.95. 

The determination of Mach number and true airspeed by 
means of pitot-static arrangements is limited in accuracy by 
errors which may be separated into the following five broad 
categories: 

(1) Errors associated with the geometry of the pitot- 
static tube 

(2) Errors induced by the field of flow about the airfoil 
(3) Errors caused by lag in the tubing which connects 

the pitot-static tube with the indicating or record- 
ing mechanism 

(4) Errors due to the indicating or recording mechanism 
(5) Errors in the determination of free-air temperature 

The purposes of the present report are to bring together 
from many different papers the results of investigations of 
these errors and to present this information in a form suitable 
for convenient use. The published results of these investiga- 
tions have been combined with unpublished results obtained 
at the Langley Memorial Aeronautical Laboratory of the 
NACA in such a manner as to be useful to those who plan 
airspeed instrumentation and interpret data obtained in 
flight. Each section is independent of the others and may, 
therefore, be read separately. 

Special attention has been given to the magnitude or im- 
portance of the various errors and to methods of correcting 
them. Cognizance has been taken of those conditions under 
which rates of change of speed or altitude are high such as 
maneuvers required of some military airplanes. 

The supplementary tables required in determining Mach 
number, the speed of sound, and the properties of the U.S. 
standard atmosphere are given in reference 10. 

An extensive bibliography covering all material reviewed 
and judged to be of interest, with the exception of several 
valuable British papers of limited distribution, has been 
prepared. 

SYMBOLS 

A area, feet2 

a speed of sound in dry air, feet per second 
aw speed of sound in moist air, feet per second 
B volume coefficient of elasticity, equation (20), feet3 

per pound 
C capacitance of a container defined by equation (18), 

fcot;7 (H>/ft2) 
1 
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C 

c, 
Cp,  c„ 

D 
e/p 

g 

H 
h 

h,  . 
i 
K 

k' 
L 
m 
¥ 
n 
Pr 
P 
Po 

idp 

B 

Re 
T 
To 

t 
TT 

t 
v . 

T' 

w/s 

airplane lift coefficient 
airfoil chord, feet 
airfoil section lift coefficient 
specific heats  at constant pressure  and volume, 

respectively, Btu per pound °F 
diameter, feet 
ratio of partial pressure of water vapor in atmos- 

phere to static pressure 
acceleration due to gravity  (32.1740  ft/sec2  for 

U.S. standard atmosphere) 
total pressure, pounds per foot2 

absolute altitude, foet; surface heat-transfer coeffi- 
cient, Btu/(sec) (ft2) (°F) 

pressure altitude, feet 
impact orifice diameter, feet 
temperature   recovery   factor   defined   by   equa- 

tion (40); pitot-static-tube calibration factor 
thermal conductivity, Btu/(sec) (ft2; (°F/ft) 
length, feet; constant, equation (47) 
equivalent mass, (slugs/ft3)/foot 
Mach number {VIa) 
load factor; constant, equation (47) 
Prandtl number (cPng/k) 
static pressure, pounds per foot2 or inches of water 
sea-level pressure in standard atmosphere (2116.229 

lb/ft2 or 407.2 in. water) 
dynamic pressure, pounds per foot2 

(iPv2;|7,M2) 
impact pressure, difference between total pressure 

and static pressure, pounds per foot2 

compression ratio 

constant in perfect gas law -=RgT- resistance to 

fluid flow defined by equation (17), pound-seconds 
per foot5 

Reynolds number {VDpfi) 
temperature of free stream, °F absolute 
temperature at sea level in standard atmosphere, 

518.4°F absolute or 59°F 
theoretical temperature of a flat plate, °F absolute 
total  temperature  defined  by equation  (43),  °F 

absolute 
time, seconds 
volume, feet3 

volume of elastic container with no loud, feet3 

true airspeed, feet per second 
indicated airspeed, feet per second 
wing loading, pounds per foot2 

distance between static orifices and nose. 
and stem, respectively, in diameters oi 
static tube 

angle of attack 
ratio of specific heats, taken as 1.4 for air in stand- 

ard tables (c„.'cr) 

collar, 
pitot- 

A error in a quantity (indicated value minus true 
value) 

&px error in pressure due to lag 
8 dive angle, measured from horizontal,  degrees 
X lag constant, seconds 
X«- lag constant of total-pressure system, seconds 
Xp lag constant of static-pressure system, seconds 
M coefficient of viscosity, slugs per foot-second 
v kinematic viscosity, feet2 per second (ß/p) 
P density, slugs per foot3 

Po sea-level density of dry air in standard atmosphere 
(0.002378 slug/ft3) 

T acoustic lag due to finite speed of sound, seconds 
s" local angle of flow relative to airfoil chord, degrees 
.Superscripts and subscripts: 

measured or indicated quantity 
0 sea-level conditions in the U.S. standard atmos- 

phere 
a aneroid capsule 
c instrument case 
cr critical 
d difference 

■ e equivalent 
obs observed 

' r reference airplane 
t connecting tubing 

PRECISION OF AIRSPEED MEASUREMENTS 

In this section the general equations are given relating 
Mach number and airspeed to the directly measurable quan- 
tities, static pressure, impact pressure, and indicated free-air 
temperature. An investigation is made of the error in M, 
T, and V (see list of symbols for definitions) resulting from 
an error in the pertinent measurements. The effects of 
humidity are evaluated and shown to be small. 

Total or pitot pressure as developed at the pitot orifice of 
a pitot-static tube is the sum of two components: free-stream 
static pressure and impact pressure. The relationship be- 
tween the total pressure, the true free-stream static pressure, 
and the speed of flow is given in the following equation which 
is based on the Bernoulli relation for adiabatic compressible 
flow: 

H=qe+p 

-K i+^iwj = r -^ a) 
where Af<l and the speed is expressed in terms of Mach 
number 

M=~ (2) 

and 

■ A T/'/P 

= yyligT (3) 
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These relationships show that Mach number can be derived 
from two measurable quantities: the static pressure p and 
the differential or impact pressure qe. The pressures may be 
measured either by instruments calibrated in units such as 
inches of water which are convenient for measuring pressure, 
directly or by flight instruments calibrated in miles per hour 
and feet of pressure altitude together with suitable computers, 
charts, or tables.    (See references 5, 7, and 10.) 

If the value 1.4 is used for y, equations (1) and (3) are 
especially convenient for the routine analysis of flight data. 
Equation (1) can be reduced to 

«-V'[(J+')"-«] (4) 

A tabular expression of equations (3) and (4) is given in 
reference 10. By use of such tables the compression ratio 
qjp yields M directly. The true airspeed V can be derived 
from measured values of the air temperature and Mach 
number; the dynamic pressure q can be obtained from the 
relation 

<l=ll>M- (5) 

Pressure or pressure difference is seldom determined in 
flight research with an over-all precision greater than that 
corresponding to ±0.5 inch of water. In the measurement 
of static pressure p a precision of ±0.5 inch of water repre- 
sents an error of only 0.5/400 or 0.125 percent at low alti- 
tudes; whereas the error is 2 percent at 65,000 feet. For 
values of qe obtained at low speeds, such as those encountered 
in stall testing, a precision of ±0.5 inch of water represents 
a large error, which may often be improved, however, by . 
special instrumentation. For large values of qc obtained at 
high speeds, the error is smaller although dependent on 
altitude. 

In pitot-static installations the total pressure H is usually 
developed to a high degree of accuracy. An error in the 
differential pressure Aqr usually exists because of Ap, an error 
in the static-pressure system; thus, the precision with which 
static pressure is developed is a limiting factor in the accuracy 
with which differential pressure is known and is a critical 
factor in Mach number determination. 

PRECISION OF MACH NUMBER 

Mach number errors are customarily expressed in any of 
* ,,,   AM 

the following forms: AM (which equals M —M),-^-> or 

100 ^N-    The effect of errors in qc,p, and Hon the magnitudes 

of both AM and AMjM through large ranges of Mach num- 
ber and altitude is illustrated in figure 1, based on the result 
of differentiating equation (4): 

dM   M2 

M 
M_M2_±?> (<h,i'Y' (<l<lc_<Jc dp\ 
VI ~   7M2   V.7>       /   V /'     V V ) 

(6) 

.4      .5      .6      .7 
Mach number, M 

(a) Error in q, and p of 0.5 inch of water. 
(b) Error in H, «., and p of 1 percent. 

FIGURE 1.—Mach number error correspondinj to various errors in pressure measurement. 
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In figure 1 (a) the effect is shown of an error Aqc of 0.5 
inch of water which exists because of an equivalent error, 
Ap=—0.5 inch of water, in the static-pressure system. 
The curves of this figure are based on the following equation, 
which can be obtained from equation (6) when the measure- 
ment of H is considered exact and thus dqc= —dp: 

AM   M2+5 
M ~ 7M2p Aq< 

_    M2+5 Ap 
7M2   p (6a) 

The curves have not been extended beyond a "stall line" 
which is arbitrarily based on the assumption that the Mach 
number for stall at any altitude is given by M„all=0.1-yjp0/p. 
Figure 1 (a} shows that except at very high altitudes or at 
low Mach numbers a precision either of ±1 percent or of 
±0.01 in the Mach number is achieved if an error of only 
±0.5 inch of water exists in qr and p. Errors inherent in 
the measurement process itself, however, may introduce 
inaccuracies which materially increase the value of ±0.5 inch 
of water. 

The precision of M corresponding to a 1-percent value of 
pressure defect is given in figure 1 (b). A pressure defect 
as used in this paper is the pressure error expressed in non- 
dimensional form, as Ap/p, Ap/qc, and so forth. The curves 
for AH/qe (p, exact) and Ap/qc (H, exact) are useful in the 
interpretation of calibration curves of pitot-static tubes. 
The curve for Aqc/p (II, exact) represents an error in qc 

which exists because of 1-percent error in p. In order to 
determine the effect on M of errors in static pressure alone 
(Ap \ 
^"=0-01; 2c, exact V the curve for AH/qc may be used since 

a 1-percent error in either the numerator or the denominator 
of the compression ratio qjp results in the same magnitude 
of error in M. 

Figures 1 (a) and 1 (b) can boused to determine the error 
in M for other conditions since AM and AM/M are directly 
proportional to the error in H, p, or qc. They may also be 
used to estimate the precision necessary in pressure measure- 
ment to achieve a desired minimum error in M. 

PRECISION OF TEMPERATURE 

The temperature of the free air T is not indicated by a 
thermometer moving at speed M relative to the free stream 
but must be computed from the relation 

7'=- T 

l-f7./ KXP 

where the temperature recovery factor K may have a value 
varying between 0.3 and 1.0 for different installations. The 
value of T used in equation (3) may, therefore, be in error 
because of limitations in the precision with which the values 

of T', K, and M may be determined. Based on a value of 
7=1-4, this error may be expressed by the root-mean-square 
of the contributing errors : 

AT_ ,     //AT'Y    /   0.2KM2  Vr/2AMV , /A£Y~| 
T -=Vvr) +\I+O.2KM0 LKrzr) +\-iz) _ 

(7) 

In many installations, the value of K may not be known 
with a precision greater than ±10 percent. At Mach 
numbers less than 0.3 although AM/M is as large as ±10 
percent, Tmay easily be determined with a precision greater 
than ± 1 percent. As M approaches 1, however, in order 
to achieve an accuracy in T of ± 1 percent when M is known 
to ±1 percent, 7" must be known with a precision greater 
than ±1 percent and K, with a precision greater than ±5 
percent. For high-speed aircraft, especially those for 
navigational or research purposes, therefore, a thermometer 
installation with an accurately known value of recovery 
factor is essential. 

PRECISION OF TRUE AIRSPEED 

From equations (2) and (3), the root-mean-square error 
in true airspeed may be expressed as 

AV 
V'' 

(*m+(. :±\Vlw7 'V2 
l ATV 
2  f) (8) 

In order to obtain the true airspeed to within an accuracy 
of 1 percent, the errors must be less than 1 percent for M 
and less than 2 percent for T, as indicated by equation (8). 

At low speeds, at which ^ -f is usually much less than 

-j£-> the precision of V is almost entirely dependent on the 

value of AM, and AF«700 AM (where V is given in mph). 
The precision acceptable for V varies with the purpose 

of the measurements. Although airspeed indicators may 
be graduated in 1-mile-per-hour units and Mach numbers 
are often given to three significant figures, precision as high 
as such numbers indicate is contingent upon the ability to 
maintain or improve the accuracy of ±0.5 inch of water in 
pressure measurements. 

EFFECT OF HUMIDITY 

Values of M and V computed by means of the tables or 
formulas for M and a are usually based on dry air and 7= 1.4. 
These values of M are accurate within 0.1 percent and for 
V within 0.4 percent at temperatures of 68° F or less. In 
warm summer weather under conditions of high humidity, 
requirements of high precision may indicate the need for a 
humidity correction. Since moist air is less dense than dry 
air at the same temperature and pressure, complete correc- 
tion involves not only a change in the value of M as deter- 
mined by equation (4) but also a correction for both 7 and 
density in determining the speed of sound from equation (3). 
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The variation of 7 with atmospheric conditions is given 
in the following table furnished by the National Bureau of 
Standards.    (See reference 8.) 

Temperature 7 for dry air 7 for saturated air 

°C °F 760 mm Hg 0 mm Hg 760 mm Hg 0 mm Hg 

40 
20 
0 

-20 
-40 

104 
68 
32 

-4 
-40 

1.4012 
1.4020 
1.4028 
1.4037 
1.4046 

1.3998 
1.4003 
1.4007 
1.4010 
1.4012 

1.3963 
1.3989 
1.4000 
1.4010 
1.4020 

1.3935 
1.3965 
1.3983 
1.3994 
1.4004 

Since 1.39<7<1.41, a simple linear correction can be 
applied to values of M derived from equation (4). The 
variation of M with 7 for a range of qc/p is shown in the fol- 
lowing table, in which the change in M is only approximately 
T0.3 percent for a change of ±0.01 in 7. 

t./p 
Mach number 

7-1.39 7-1.40 7-1.41 

0.01 
.10 
.20 
.40 
.60 
.SO 

0.1198 
.3728 
.5188 
.7126 
.8502 
.9589 

0.1194 
.3716 
.5171 
.7103 
.8477 
.9562 

0.1189 
.3702 
.5153    ' 
.7081 
.8452 
.9534 

The speed of sound au in moist air of temperature T and 
partial vapor pressure e may be computed from the speed of 
sound a in dry air of the same temperature as given in 
standard tables in reference 10 (or by use of equation (3) 
•with 7=1.4) by the following formula based on ordinary 
thermodynamic considerations: 

att=     y— 

VO- 
ARgT 

0.3783 JYA     yi.4(l-0.3788j) 
(9) 

/ 
The aforementioned data indicate that for dry air the 

standard tables give values of M that are slightly too large; 
whereas values of a are small in almost exactly the same pro- 
portion, the net error being less than 0.02 percent. For 
fully saturated air above freezing, values of both M and a 
are too small when computed from the standard tables. 
The resultant error in V is 0.4 percent at 68° F, although it 
increases to 1.4 percent at 104° F. Under most conditions 
in the temperature range of the standard atmosphere, there- 
fore, no improvement in the precision of airspeed measure- 
ment in flight is gained by correcting for the effects of 
humidity. 

CHARACTERISTICS OF TOTAL- AND 
STATIC-PRESSURE HEADS 

In this section the discussion is limited to the isolated 
pitot-static device, unaffected by the interference effects of 

fuselage or wing which may be present in a practical instal- 
lation. The results of tests of a number of different pitot- 
static tubes are used to show the influence of the geometry 
of the head, angle of attack, Mach number, Reynolds num- 
ber, turbulence, and drain holes on the development of total 
and static pressures. Calibration curves of standard pitot- 
static tubes are included. 

TOTAL-PBESSURE HEADS 

In accordance with the Bernoulli relation, the total-pres- 
sure H in the impact orifice of a pitot-static or total, pressure 
tube at a given airspeed is not affected by small changes in 
the local velocity due to the presence of the tube itself or of 
the airplane provided that the direction of flow is parallel 
to the axis of the head. Potential flow, free from circulation 
losses, is thus implied together with the further assumption 
that as the air comes to rest compression takes place adiabati- 
cally without sensible heat transfer. 

The results of reference 22 indicate that when the axis of 
the head is parallel to the flow direction the value of H is 
given correctly by equation (1) for values of M as large as 
0.995. Results contained in reference 1 indicate that for 
values of impact orifice diameter i ranging from 5 inches to 
0.0097 inch and for small tubes at low velocity (Reynolds 
number greater than 30) H is independent of orifice diameter 
within 0.0002 inch of water. 

Effect of angle of attack, Mach number, and orifice 
diameter.—The total-pressure defect (H'—H)/qc increases 
in magnitude as the angle of attack a increases from zero, 
decreases as M increases, and decreases as the ratio of impact 
orifice diameter to tube diameter i/D approaches 1.0. The 
magnitude of these effects for a tube with a hemispherically 
shaped nose is illustrated in figure 2.   Figure 2 (a) was 

obtained by cross-plotting and extrapolating to ^=0.125 

the data in reference 20 which were obtained at a value of q 
of 3 inches of water in an open-jet tunnel (that is, ilf=0.1). 

At a=24° the defect is still zero for p= 1.0. 

The total-pressure defect for values of a from 0° to 20° in 
the region 0.57<M<0.995 is illustrated in figure 2 (b), which 
is derived from reference 22. This tube, a Prandtl-type 
laboratory instrument, has a ratio i/D of 0.3, for which, in 
tubes of this type, the variation of total- and static-pressure 
errors with angle of attack is such as to give a nearly correct 
value of qe. For given values of i and D if the nose shape is 
elongated (for example, semielliptical or ogival) the elonga- 
tion is equivalent to an effective increase in the value of i/D, 
and the magnitude of the total-pressure defect at a given 
angle of attack will be less than is indicated by figure 2. 

Investigation of the total-pressure defect for 0.3<il/<0.9 
and angles of attack up to 180° (reference 24) shows that the 
defect (H'—H)/qc increased in magnitude to (approx.)—2.0 
at about a=87° and then decreased for values of a>87°. 
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(a) Variation with orifice ratio and angle of attack.   Data from reference 20. 

(b) Variation with Mach number and angle of attack; —-0.3. 
Data from reference 22. -D 

FIGURE 2.—Total-pressure defect for hemispherical nose. 

1.0 

For applications in which a large change in angle of attack 
of the pitot head is expected and especially for research 
purposes, shielded total-pressure heads, which give zero 
total-pressure defect up to angles of attack of 35°, are avail- 
able (reference 19). For many uses a simpler form of tube 
would be suitable; that is, one that makes use of the small 
rate of increase of total-pressure defect with angle of attack 
as i/D approaches 1, as shown in figure 2 (a). 

Effect of turbulence.—Reference 15 indicates that the 
presence of turbulence in the air stream causes values of H' 
to be less than the true value H. As turbulence may be 
considered, in part, as a change in the local angle of flow, the 
data of references 15 and 20 indicate that the total-pressure 
error would decrease with an increase in the ratio i/D. 
Although often important in wind tunnels, such turbulence 
is not a source of error in airspeed measurements. 

Effect of drain holes.—The error in total-pressure measure- 
ments as a result of drain holes depends on the size and 
location of the holes. References 23 and 25 show that the 
error introduced by such holes can be about ]{ percent at low 
speeds and decreases with an increase in speed. 

STATIC-PRESSURE HEADS 

The static orifices in the wall of a pitot-static tube do not, 
in general, develop the true static pressure at the head loca- 
tion because of disturbances associated with the flow over 
the head. The error is closely associated with the dimen- 
sions and design of the head, Mach number, angle of attack, 
changes in configuration during use, and Reynolds number. 

Effect of dimensions and design.—Theoretical analysis for 
incompressible flow (reference 18), confirmed by experiment 
(reference 14), indicates that the local static pressure is less 
than free-stream pressure for a distance of about 16 diameters 
back of the nose. Use is often made of the interference of a 
supporting streamline strut or of a collar back of the orifices 
to increase the pressure at the static holes. The strut or 
collar is an integral part of the head and is so proportioned 
that true static pressure is more nearly approached. The 
effectiveness of such compensation may vary with Mach 
number, and new designs should always be tested in a wind 
tunnel over the maximum Mach number range for which 
they will be used. 

Early investigations of the effect of dimensions (references 
14, 15, and 20) have been extended by the British to Mach 
numbers of 0.95 and are summarized in figure 3. Figure 3 (a) 
shows the pressure at static orifices located at a distance 
xN back of an ogival nose over a range of Mach number from 
0.3 to 0.95. Figure 3 (b) shows the effect of a 43-percent 
collar at a point xc behind the static holes, and figure 3 (c) 
shows the effect of placing a mounting stem of thickness 
DS=0.9D at various distances rs behind the static holes. 
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Cross-plotting of the data of figures 3 (a), 3 (h). and 3 (e) 
shows that at constant values of M the effect of orifice location 
relative to both nose and collar varies directly with (1/x.v)2 

and (l/xc)2, respectively, and the effect of a stem varies 
directly with l/xs. 

Effect of Mach number and angle of attack.—Figure 3 (d) 
and figure 3 (f) illustrate the complexity of the interaction 
of changing direction of flow and the effects of high-speed 
flow. The pressure increase at Mach numbers larger 
than 0.8 exhibited by the Prandtl-type tube in figure 3 (d) 
is associated with shock due to flow over the nose (first 
evidenced in schlieren photographs at M=0.7). but the 
drop at M=0.97 is associated with the fact that the shock 
wave moves to a location behind the static orifices. Theory 
(reference 21) indicates that, by use of the nose shape known 
as a Rankihe ovoid, the effects of shock displayed in the 
head, the characteristics of which are given in figure 3 (d), 
are delayed to larger values of free-stream Mach number. 

Change of static defect with angle of attack is in part a 
function of the diameter of the static orifices and of any 
interior constrictions which may be built into the static- 
pressure head. Common procedure is to have the static 
orifices open into a small settling chamber in which any 
turbulence or random changes of equilibrium associated with 
flow through the orifices when the direction of flow is not 
parallel to the axis of the head may be neutralized. The 
tube for transmitting the static pressure opens into this 
chamber. In such designs, if the static orifices are less than 
0.20 inch in diameter, the energy losses tend to diminish the 
static-pressure errors due to the angle of attack. The 
orifices of the tube for which curves are plotted in figure 3(d) 
are in the form of a circumferential slot of width O.lD; 
whereas the twenty orifices of the tube for which curves are 
plotted in figure 3(f) are holes of 0.025-inch diameter. For 
service tubes exposed to spray, circumferential slots are often 
used since their larger dimension reduces the tension for 
rupture of any water films that form. 

Unless the static orifices are symmetrically placed and at 
least eight in number, the static-pressure error will vary with 
the plane of the inclined flow (reference 20). For a static- 
pressure head with the static orifices concentrated on the 
upper and lower surfaces, the static-pressure error is sub- 
stantially constant over a range of pitch of ±7.4° but is not 
constant for an equivalent range of yaw. 

When airspeed is measured under laboratory conditions 
under which the angle of attack of the head can be controlled, 
calibration curves such as are shown in figure 3 are of use 
but in flight they do not dispense with the necessity of making 
a flight calibration when the angles of attack and yaw and 
bodv interference effects are not known. The use of free- 
swiveling static heads does not eliminate the necessity ol 
calibrating for interference effects. 

Effect of small changes in configuration.—The tube must 
be smooth and free from burrs in the vicinity of the static 
orifices. For two tubes of the same manufacture which 
differed only in that some of the metal plate near the static 
orifices of one had been stripped, the tests of reference 23 
indicate a change in static defect from 4 percent to 2 per- 
cent (a 2:1 ratio) over the entire speed range. Small changes 
in configuration which may occur during use can. therefore, 
have a marked effect on the calibration of a static-pressure 

head. 
Effect of Reynolds number.—Tests (reference 17) have 

shown that a Reynolds number greater than 2300 (when the 
linear dimension is the diameter of the static head) is essential 
if the measured static pressure is not to be subject to scale 
effects. This fact is shown in figure 3 (el where the cross- 
hatched area represents the region of scatter in the values of 
static defect apparently associated with some instability of 
flow. In figure 3 (e) the data as given in reference 17 for 
tube  calibration  factor K,  which  equals  q/q'  have  been 

.     p'-i>_Kr\ 
replotted by means of the relation —- j{   ■ The vari- 

ation of static defect with Reynolds number indicates a lower 
limit at high altitude for the diameter of static heads and 
rakes for wake surveys. 

SERVICE PITOT-STATIC TUBES 

With commercially available pitot-static tubes, differential 
or impact pressure could be measured with great accuracy if 
interference effects of the airplane and lag and instrument 
errors were not present. Pressure defects obtained in cali- 
brations at zero angle of attack of two standard pitot-static 
tubes (reference 23) arc given in figure 4. In figure 4 the 
total-pressure defect is entirely due to the drain holes. 

The defects at other angles of attack can be expected to 
vary from those given in figure 4. Since these tubes have 
ratios ill) of about 0.3, the defect in 77 would be negligible 
(less than )i percent) for angles of attack up to at least 6° or 
S°. Since the nose shapes are elongated, the total-pressure 
defect at greater angles of attack would undoubtedly be 
smaller than the data for hemispherical noses would indicate 
(fig. 2). but published detailed calibrations are lacking. 
Errors in total pressure can be expected with these heads, 
however, when used in a leading-edge position. 

Uniform static defect over a wide range of Mach number 
results from the addition of a collar or fin that compensates 
for the negative defect associated with flow over the nose; 
the resultant positive static defect amounts to 2 or 3 percent 
of qc. Although this defect could introduce an error of 1 to 
1.5 percent in Mach number, the corrections described m 
the section entitled "Flight Calibration of Airspeed and 
Temperature Installations" allow for it. 
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THE FIELD OF FLOW ABOUT AN AIRFOIL 

Tin- accuracy required in each of several measured quan- 
tities in order to achieve a specified accuracy in airspeed has 
been discussed. This discussion was followed by a summary 
of the available material on the deviations in pressure meas- 
urement to be expected from the isolated total- or static- 
pressure head. In the following section the field of flow 
about an airfoil is discussed and available data are sum- 
marized in order that qualitative estimates may be made of 
the errors from this cause that must be expected and allowed 
for when pitot-stalie devices are attached to an airplane. 

The direction and velocity of the flow about an airfoil 
vary, in general, from point to point with the shape and 
thickness ratio of the airfoil, with the lift coefficient, and 
with the Mach number. As a result of these variations, the 
static-pressure error associated with the flow can be expected 
to van-; in addition, both static- and total-pressure heads 
may be in error because of inclination of the flow with respect 
to the head. 

The results of a number of theoretical and experimental 
investigations of the flow in the vicinity of airfoils are avail- 
able in references 2ti to 29 and in reference 31. These 
results are based on the theory of incompressible flow and 
low-speed wind-tunnel tests and are summarized in figures 5 
and (> to which are added unpublished results from an in- 
vestigation at the Langley Laboratory of the flow in the 
vicinity of a Joukowski airfoil for a range of values of c, 
from 0.2 to O.S. The data presented in references 2(i to 28 
in terms of the ratio of the local velocity v to the free-stream 
velocity Y and the local direction of flow relative to the wind 
direction or tunnel axis have been modified in figures 5 and 0 
as follows: 

(a) Values of -  = 1 —( T>) bave been substituted for 

the velocity ratio on the velocity contours. 
(b) The angle of attack to the nearest degree has 

been added to the angle of flow to give the angle j" 
between the local flow at any point and the airfoil 
chord. 

i'e) Some contours have been omitted for clarity. 
Some variation is to be expected in the value of Ap/q with 

Mach number. The results of reference 34 show, however, 
that ahead of the wing the variation is small and also that 
at a point 1.3c ahead of a 15-percent-thick high-speed airfoil 
section the value of Ap/qc is within the limits of experimental 
error for M^ O.S. 

LOCATION OF STATIC HEAP 

The ideal location for the static head would be one for 
which no installation correction is necessary throughout the 
flight range. A good practical location is one with a small 
constant installation error. Figures 5 and (i show that no 
such location exists in the undcrwing region. It is more 
nearly approached for wings with a convex lower surface, 
but the effects of shock, including a large increase in static 
pressure, have indicated the need for other locations for the 
static- and total-pressure orifices. For research testing, a 
boom-mounted static head in front of the leading edge of 
the wing approaches the characteristics of the ideal location 
most closely. Even with a boom of 1 chord, however, some 
variation of local static pressure with c, may be expected. 
Although variations of Ap/q and angle of flow with c, may 
be small and decrease with increasing length of boom, some 
control of the static defect is possible by choice of the vertical 
displacement of the static head relat ive to the chord extension. 
If, for example, a location is chosen which has zero defect 
at a high value of c,, the magnitude of Ap/q increases at a 
low value of <■,. Since low values of c, are ordinarily asso- 
ciated with high speed and high values of q, the actual 
departure from free-stream static pressure expressed in 
inches of water or feet of pressure altitude may be large. 
On the other hand, if the static head is located so that 

-2=0 at c,=0, small departures from  free-stream  values 

result even though Ap/q may increase at larger values 'of c,. 
Spanwise location of the static head is in part determined 

by structural considerations, a location between 0.2 and 0.5 
semispan inboard of the wing tip usually being chosen. 
This choice is based partly on the general requirement that 
the measuring head should be so located as to be free of the 
effects of a source of energy such as the propeller, and on the 
fact that the boom can be shorter when located farther out- 
board on a tapered wing. There is evidence in reference 29 
that a location ahead of and 0.043 semispan outboard of 
the wing tip would also give satisfactory results with a still 
shorter boom. 

Flight calibration of the airspeed installation is needed 
regardless of the location selected for the static head. The 
variation of Apiqc in the field of flow about a wing is such 
that this calibration is greatly simplified, however, if a static 
head and its associated mount are used that have an inherent 
static-pressure defect {p' — p)iqr which, if not zero, is essen- 
tially small and constant over the entire range of Mach 
number for which they will be used. I'se of such a head 
allows more simple and precise extension of airspeed calibra- 
tions secured in level flight to high speed, high lift, and 
high load factor. 
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LOCATION OF TOTAL-PRESSURE HEAD 

Total-pressure heads should be located outside a region of 
energy change such as the slipstream or wake. For multi- 
engine airplanes a location at the nose is satisfactory. An 
undenving location is especially suitable when large changes 
in c, are encountered since, as shown in figures 5 and 0, the 
change in angle of flow at the head is small. The underwing 
of a typical high-speed fighter airplane is, however, subject 
to shock at high values of Mach number and, as shown in 
reference 30. the resulting loss of total pressure extends a 

considerable distance below the wing surface. Although the 
head could be placed forward of the shock location, if the 
speed of sound is exceeded locally shock occurs at the total- 
pressure orifice and the assumption of accurate total pressure 
is no longer justified. Since total-pressure values, when in 
error, are too small, they will tend to cause the indications 
of both airspeed and Mach number to be too small. Since 
the effects of shock on total pressure do not extend upstream, 
a location forward of the leading edge is desirable for any 
airfoil for which the local flow velocity exceeds the speed of 
sound. 
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Large changes in angle of flow may be encountered in the 
region forward of the wing leading edge. Total-pressure 
heads for this location must, therefore, be designed for satis- 
factory operation at large angles of attack in order to be a 
reliable source of total pressure under all conditions of flight. 
As shown in figures 5 and 6, at the station 0.1c ahead of Un- 
loading edge the change in angle of flow for a change in e, 
from 0 to 1.0 is of the order of 40° to 50° and decreases to 
17° at 0.55c and l.S° at 1.0c. The angle of flow relative to 
the orifice of a leading-edge total-pressure head may also be 
estimated by the following relation based on the flow around 

a flat plate: 

(10) 

where f is the local angle of flow relative to the chord at a 
point IJc chords ahead of the leading edge along the chord 
extension, and CL may be considered the airplane lift 
coefficient. 

LOCATION OK STATIC VENTS 

For flight research, a suitably located and calibrated static 
head is the standard source of free-stream static pressure. 
A frequently used auxiliary or alternate source of static pres- 
sure is the static vent (flush static-pressure orifice). A static 
vent must be calibrated against a standard source, in flight, 
but once a suitable location is found, identical installations 
on other airplanes of the same typo usually have the same 
calibration. For the. convenience of the pilot it is customary 
in service installations to select a location giving constant 
indicated-airspeed error, that is, one for which to a first 
approximation 

J^Zl=A Vt=Constant 
V2po!Z 

A promising location for the Static vent may often be 
found by wind-tunnel tests of a model of a new airplane; the 
final location must be selected by trial-and-error test in flight. 
For conventional airplanes a suitable location is usually 
found near the geometric center line of the fuselage, forward 
of the leading edge of the horizontal stabilizer a distance- 
equal to 0.1 to 0.2 of the over-all length of the airplane. 
Locations on opposite sides of the fuselage, not necessarily 
symmetrical because of slipstream effects, should be used if 
possible, and the static-pressure line should be connected to 
the midpoint of a line connecting both vents. Such a dual- 
vent system is less subject to sideslip and slipstream effects. 
Checks should be made for the effect of flaps and for freedom 
from the effects of movable armament. For multiengine 
airplanes, a dual-vent system can sometimes be located on 
the nose, forward of the propeller plane. 

LAG IN PRESSURE-MEASURING  SYSTEMS 

In addition to the pressure deviations at the pressure- 
nieasuring instrument due to the geometry of the pitot-static 
arrangement   and   interference   from   neighboring   bodies, 

errors due to lag may occur. When changing pressures are 
involved, both the finite speed of pressure propagation and 
the pressure drop associated with flow through the tubing 
introduce a lag in pressure at the indicating or recording end 
of the measuring system. In some instances the error can be 
serious. In dives, for example, lag tends to make the pressure 
altitude at any time too large, whereas the airspeed may be 
made either too large or too small in accordance with the 
relative amounts of lag in the total-pressure and static- 
pressure systems. Furthermore, airspeed errors throughout 
a dive and pull-out may not always be in the same direction. 

As long as lag errors are smaller than the other possible 
errors in the instrumentation, recorded or indicated pressure 
may be assumed equal to actual pressure in the interpretation 
of flight data. On the other hand, in attempts to attain 
greater altitude, speed, and acceleration, lag errors which are 
too large to be acceptable may be encountered. 

The purposes of this section are: to discuss the errors 
which can be. introduced by pressure lag, to summarize the 
methods for evaluating the lag constant, to establish cri- 
terions and methods for minimizing the errors due to lag, and 
to outline a method for correcting flight records for the 
effects of lag, should that be necessary. 

MATHEMATICAL THEORY 

A general mathematical treatment of the response of a 
pressure capsule and its connecting tubing to a pressure 
change includes simultaneous second-order partial differential 
equations involving the physical properties of the air in the 
measuring system, the viscous damping at the walls of the 
tubing, and the characteristics of the measuring instrument. 
Even when the system is simplified by neglecting the mechan- 
ical parts of the instrument, the mathematical treatment 
is not simple. In many respects, however, the performance 
of a typical airspeed system is similar to that of a damped 
oscillator of one degree of freedom in that there are condi- 
tions under which resonance may take place (system under- 
damped) and other conditions under which it is not possible 
for resonance to occur (system critically damped or over- 
damped). The mathematics of such systems is well-known. 
Reference 42, in which a generalized recording instrument 
is considered, lists solutions for equations of the type 

(11) 

for typical values of the equivalent mass m, viscous damping 
E, and elastic constant 1/C, and for different types of forcing 
function p(t). Although such solutions cannot be easily 
used to find the true pressure from the indicated pressure, 
they are useful in showing the general nature of the response 
of an airspeed system under different operating conditions. 

Airspeed systems may be resonant (underdamped) when 
tubing is short and the altitude low. If buffeting or oscilla- 
tory pressures are being measured, an underdamped system 
will  exaggerate  the  amplitude  of  the  oscillation  although 
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mean values arc usually given correctly. Whenever the 
value of a steady pressure chancres to some other value, a 
(lamped transient oscillation is introduced. Solutions of 
equation (11) indicate, however, that for pressures changing 
at a constant rate the rate, of pressure change is reproduced 
correctly after the transient is damped out and the indicated 
pressure lags behind the true pressure by a time dependent 
upon the product of 1\ and (' for the system. 

For most conditions under which airspeed is measured, the 
system is critically damped or overdamped. Jn these 
instances too, for constant rates of pressure change after (lie 
transient has died out, the indicated pressure lags behind 
the true pressure by an amount determined by the product. 
IiC. Thus in all cases, for constant rates of pressure change, 
the system behaves as if the mass were zero and could be 
described by the relation 

~dl 
l!C->: +,/=p(t) (12) 

The assumption thai equation (12) can be applied to an 
airspeed system for conditions other than constant rates of 
change leads to a simple method of correcting pressure data. 
This method depends only on the indicated pressure ;/, the 
rate of change of indicated pressure, and the product IW 
which is the "lag constant" X. 

Another factor which is often important in airspeed meas- 
urements may be termed the "acoustic lag" T. A pressure, 
disturbance at one end of a tube does not reach the other 
end until a time lias elapsed equal to the length of the tube 
divided by the speed of pressure propagation (sound) in the 
tube.    Thus, in general, 

L 
T= — 

a (IS) 

A  satisfactory  approximation  for  3iB-inch  inside-diameter 
rubber tubing is that A = 1000 feet per second. 

The acoustic lag acts simply as a shift in phase; therefore, 
a more generally applicable form of equation (12) is 

y(')=;''('+r)+x dp'(t+j) 
dt (14) 

Equation (14) states that the true pressure at any time / 
is equal to the indicated pressure at the corresponding time 
r + 7 plus the product of X and the rate of change of indicated 
pressure, at the time 7-j-r. 

The applicability of the approximations involved in 
equation (14) to pressure measurements in flight is illustrated 
by an extreme case in figure 7. The lower solid line is the 
recorded pressure //(/) during a pressure surge of 00 inches 
of water per second or a simulated dive at a rate of 11,000 
feet per second from a base pressure altitude of ,'!5.000 feet 
as recorded by an XACA airspeed recorder through SO feet of 
?is-iiicli inside-diameter rubber tubing. The upper solid 
line is the true pressure p(1) as measured simultaneously by 
a similar recorder with no tubing. „Note that the indicated- 
pressure   rise   began   -   seconds   after   the   start,   of   the 
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true-])ressure rise. The curve labeled ]>'(t + T) represents the 
indicated pressure shifted in phase Tseconds toward the origin. 
The   curve   labeled   corrected   ])ressure   was   obtained   by 

add .      N dp'(t + T) t 
ing X -■-,:■ -     to ,. ie p'{i-rT), the value of X being deter- 

mined by the methods outlined in the section entitled 
"Determination of Lag Constant by Experimental Methods." 
The nature of the original pressure change has been 
determined with satisfactory precision from the recorded 
pressure and a knowledge of the system. If the acoustic 
lag is small, the phase shift represented by the dashed line 
could be omitted and equation (14) becomes (as in refer- 
ences 40 and 40) 

7'(0=/W + X^ (15) 

As shown in reference 40, equation (12) or (15) can be de- 
rived and the lag constant X can be simply computed on the 
basis of the assumptions that pressure changes take place 
according to the adiabatic law, that the Ilagen-Poiseuille 
law describes the viscous forces (and thus the How is laminar), 
that the distributed resistances and volumes of the system 
can be lumped together in a total resistance li and a total 
capacitance C, and that m and T may be ignored. The fol- 
lowing relations then apply: 

\=11C 

32ßL 
H= 

IßA 

r„„„-= 

Wins 11, 

IP 

•n+liri>__V, 
yp yp 

(16) 

(17) 

08) 

(18a) 

Equation (IN) applies to rigid containers and equa- 
tion (ISal applies to elastic containers such as aneroid 
capsules for which the volume may be taken as a linear 
function of the pressure: 

>■='-, +p'J^r.+Bp 
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The equivalent rigid volunii—that is, the volume of n 
rigid container having the same capacitance as the elastic 
container—can he expressed as follows: 

Since 
er=v0+ByP 

dv 
B- 

dj> 

(19) 

(20) 

in the limiting case, equation (18a) reduces to equation (18) 
as ]i approaches zero. 

In the application of relations for R and 0 to a particular 
installation, values of p and M should he used which corre- 
spond to the pressure and temperature at which measure- 
ments are made. For comparison of pressure-measuring 
systems it is-convenient to use values of p and M correspond- 
ing to sea-level conditions in the standard atmosphere, in 
which case the lag constant is denoted by X0. A consistent 
system of units must he used. Where necessary to dis- 
tinguish between dimensions of tubing and aneroid capsule, 
the* subscripts t and a, respectively, are used and the sub- 
script c refers to the air space in the case surrounding the 

capsule. 
The. constant y is included in equations (18), (18a), and 

(19) through the assumption that pressure changes take 
place adiabatically. In the. absence of experimental data 
on the speed of sound in tubing of small diameter, the 
isothermal relation—that is, 7=1 (as used in reference 40)— 
which makes use of a diminished speed of sound, can be 
assumed to apply to such tubing since the amount of gas next 
to the inner surface is a large proportion of the total amount. 
With tubing of JiVinch inside diameter, unpublished tests 
at the Langley Laboratory indicate that the adiabatic 
relation more "nearly applies for the pressure changes 
encountered in airspeed measurement. 

For a pressure measuring instrument and the connecting 
tubing, the general relation \=KC becomes 

In the development given in reference 40, v, has been 
neglected as being small compared with v„. This solution 
leads to an expression in which X varies inversely as the 
fourth power of the tubing diameter. Such an expression 
does not apply to typical NACA recording instruments or 
others of small volume or to standard panel instruments with 
long connecting tubing. 

Substituting LA for v, and vAjA for r„ in equation (21) 
results in the following equation for use with aircraft 
instruments: 

X=- l)-yp ('+£() (22) 

In  the  application  of  equation   (22),  since  i:/A  has  the 
dimension length, the instrument volume can be conveniently 

•alue (l+£f ■ 

expressed as v/A feet of equivalent tube length. For instru- 
ments of small volume a convenient approximation for 
equation (22) is obtained by ignoring the parenthetical part 

of the expression and substituting for L- the v 

(See reference 40.) The value v should be determined In- 
equation (19) with allowance for the elasticity of the cap- 
sule. Often, as stated in reference 40, no allowance need 
be made for elasticity, but for capsules of high sensitivity 
th«. increase in effective volume due to the term Byp m».V 
be large as shown in the following table: 

i   Untre) PilpSlllc 
seiisiUvilv 
(in. JiiOj 

Idiuiviilenl 
nuid volume 

111 Si'Jl ll'Vi'l 
(fl ') 

Equivalent rinid 
volume :il 

3I).(IU!1 ft 
(1: >) 

Kililiviilolll ml«' i IC'lllivnk'tit tube 
lend lull sen level leiiBlli nl 3l).IKH)ft 

(fl (it 3)11 111.        i        (fl of 4|0 Ml 
1. 1). tuhini!)         I. O. tubiiii!) 

1     ,;; 
3(1 

r! 
|        HID 

27. 5X1Ü-' 
14. 3 
7. K 
.V (i 
3. S 
3.0 
2. .1 

'J. oxiii-' 
5. 1 
4. 1 

2.11 
1.7 
l.f, 

14.4 

4! 1 
2.'.) 
2.(1 
1.(1 
1.3 

4.7 
2.7 
2. 1 
1.3 
1.0 

.11 

.h 

Values in the foregoing table were computed from equation 
(19). The constant B is computed from the capsule diameter 
(1% i»-) on the assumption that the rated pressure corre- 
sponding to a deflection of 0.040 inch at the center of the 
capsule causes it to expand as a cone. The value 1.2 X10 4 feet3 

for the volume »„ is applicable to NACA instrument capsules. 
For the case surrounding the capsule ?'0=7.5X10_4 feet3. 

Values of lag constant at sea level.—The value of X under 
sea-level conditions for a number of instruments and instru- 
ment combinations has been plotted in figure 8 as a func- 
tion of length of ft6-inch inside-diameter tubing. Values 
of X for NACA recording instruments are derived from 
equation (22) by use. of representative values for vJA of 
1 foot and for'ivM of 4 feet for the capsule and case, 
respectively. Values used for the volume of the stand- 
ard panel instruments are as follows: 

Volume 
(r.u fl) 

Altimotrr  
Airspeed indientor: 

Totiil-pressure side  
Stiltio-presstiro side     

Much ineler-stiilic-pressure side. 

KOXKr-1 

Approximate values of X„ for other tube diameters 1) can be 
found by multiplying values of X„ (from fig. 8) by the. ratio 

Pjf)~ where the value of 1> is given in inches. 

For use in determining the acoustic lag r for any length of 
tubing, the. diagonal straight line has been included in 
figured. Values of T are based on the approximation that 
the speed of sound in ;lf,-inch inside-diameter tubing is 

1000 feet per second. 



16 

.08 

r,,   .00 
6 

.006 

■ OOP 

Hi 

H   

POUT NO. 01!)—NATIONAL ADVISORY COMMITTEE FOH AERONAUTICS 

6   

Altimeter        /   /  / > 

1 //////, 
Alnmcter and airspeed indicator / / ///'/ """ -/ / / //. / 

/ W 
1 V, /o altimeiera and or speed naica 'or._ '..    / <///' 1           1 /   / /'i 

7r.\- oi'irreterrs, / '      /    , 7/' mrsp -ed indicator. / / // / ' 
0"J Mach rieTcr._ / / / 

/A 
;t . 
/'/ 

/ / y "' •-■ ...r 

/       /l r- 

//, 
1 

1 1 

I / 

/   / f Y    / 
/ ' 

// 

v / 

  
' C°PSU/* \A/ACA airspeed recorder 

/ - Y- Case |    1 | 

/ ; / 
/ /     // / / 

/ / /        // / / 
/ J 

/ 
/ / ' /       / / / 

/ /       / /       / /     , l     - 
■ --..S-aric-pressure side [ 

/ /     / 
■ / 

/ V ■ Tctal-p^essurc Side   j 
eed :nd/cator    

  / /-      v ''      / 
/ 

/ 
/ 

/        , / 
/ /       / 

/ /          / > 
t ''          / 

/ / 
• / 

/ 
-/-- 

/ 
/ 

/ 

' / ' 
/ 

/ 1 1         I 1 
6'             ff        /O                               PP                                ..V                (,\-          re 

fece /enotr. /, '"' 

FIGURE 8.—Lac-TOiistaiil variautm wiili length of }io-ineh iiisiili'-ilKinu'tiT tubiiip.    Si'a-lcvi'1 conditions. 



ACCURACY   OF   AIRSPEED   MEASUREMENTS   AND   FLIGHT   CALIBRATION   PROCEDURES 17 

Although values of X0 for a particular installation as 
determined from figure 8 may not be directly applicable to 
surges when the installation is in an underdamped condition, 
they will be applicable to steady changes of pressure, after 
the transient oscillation has died out. When the value of 
X0 is corrected for the variation of p and n with altitude, for 
most airspeed systems X^r; thus the system is either 
critically damped or overdamped and this corrected value of 
X may be applied directly to flight data through use of 
equations (14) or (15). 

Variation of lag constant with altitude.—Equations (17) 
and (18) for li and C indicate that X will increase with increas- 
ing altitude (decreasing pressure) and that it will decrease 
with decreasing viscosity (decreasing temperature). Most 
experimental methods for measuring X that simulate different 
pressure altitudes do not involve changes in temperature. 
The relation between values of X obtained under such 
conditions of simulated pressure altitude and the value of X 
under standard sea-level conditions can be expressed as 

X=X0 

For flight conditions the relation is 

V Mo 

(23) 

(24) 

Values of X/Mrom equations (23) and (24) have been plotted 
in figure 9 as functions of pressure altitude for the standard 
atmosphere by using values of viscosity taken from refer- 
ence 10. 

DETERMINATION OF LAG CONSTANT DY EXPERIMENTAL METHODS 

Although the lag constants of a total- or static-pressure 
installation may be calculated with satisfactory accuracy 
when the geometry of the system and the reference pressure 
are known, it is often desirable to de'termine X by experiment. 
Methods are available, that depend upon measurements of 
the response .when an instantaneous pressure change (step 
function) of magnitude \Ap\ takes place, or when the rate 
of pressure change can be controlled. Since X increases 
markedly with altitude, laboratory tests are best made under 
conditions of simulated pressure altitude corresponding to 
the highest altitude at- which flight tests will be made. 

Laminar-flow condition.—In the measurement of X, the 
basic assumption that the flow is laminar should not be 
violated. As shown in reference 40 the relation between 
pressure drop, Reynolds number, and the dimensions of the 
tubing may be expressed as 

L p 
(25) 

Since laminar flow in a straight tube cannot be assumed for 

values of Re much greater than 2000, equation (25) may be 
written as a condition for laminar flow: 
At sea level, 

At 50,000 feet 

J-j If 

m^_ox^i{in.n2om 

(20a) 

(20b) 

For Vineh (0.0150 ft) inside-diameter tubing the require- 
ment therefore; is that the step function should not exceed 
0.19 inch of water per foot of tubing at sea level or 0.8 inch of 
water per foot at 50,000 feet. 

The limitation expressed in equation (25) can be extended 
to an arbitrary pressure variation by using the value of Ap 
from equation (15), by making the conservative substitution 
of dp/dt for dp'/dt, and by using the value of X from equation 
(22) as follows: 

dp      2000/iavl 
dt = D(v+LÄj 

Whence, at sea level, 

dp „      180.-1      ,.     „ r\i «n\ 
i^ 77(7+13) (U1-Hj0/80C) 

and for a small capsule volume for which v< LA, 

til * LD <- H<0/-> 

(27) 

(27a) 

(27b) 

In the, (let ermination of X by methods (2) and (3) of the follow- 
ing section, much higher values of dp/dt than those encoun- 
tered in flight may be used without exceeding conditions 
for laminar flow. 

Theoretical basis for measurement.—Three simple 
methods of measuring X are^based on the solution of equation 
(15) for different initial conditions and on the assumption 
that equation (15) applies exactly to the particular installa- 
tion. In the measurement of pressure differences or elapsed 
times it will usually be necessary to allow for r as outlined 
in connection with the discussion of figure 7 in the section 
entitled "Mathematical Theory." The three methods are 
as follows: 

(I) When the applied pressure is changed instantaneously 
from p, to p2 (slop function), the indicated pressure changes 
as an exponential function of time: 

]'■: -/'' 
P- -/'i 

>>' -Pi 

P- -/'i 
= 1— er (28) 
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When the applied pressure is change instantaneously, there- 
fore, X is the number of seconds in which the difference 
between the indicated and applied pressures is reduced to 
l/e (0.368) times its initial value. 

(2) Solution of equation (15) for a constant rate of change 
of pressure (references 40 and 42) shows that, when the 
applied pressure lias been changing at a constant rate for a 
time long enough for conditions to become steady, X is the 
number of seconds between the time when the applied pres- 
sure attains a given value and the time when the indicated 
pressure reaches this value. 

(3) Equation (15) provides the basis for a method of deter- 
mining X; that is, when the applied pressure is any arbitrary 
function of time, X is the difference between applied and 
indicated pressures divided by the rate of change of indicated 

pressure (x=g^) 

Any value of lag constant determined on the basis of the 
foregoing methods is applicable for the temperature, and 
base pressure of the test but should be corrected to sea-level 
conditions by means of either equation (24) or figure 9 in order 
to obtain a value of X(, for use in the analysis of flight data. 
All the methods are subject to the limitations that the 
equivalent mass and acoustic lag of the system have been 
ignored and that equation (15) has been applied to a system 
that is a damped oscillatory system. Although usually 
justified as a practical step in airspeed measurement, the 
assumption of the applicability of equation (15) is not valid 
for the transient oscillation observed when a step function 
is applied to an underdamped system (X<T). Although a 
value of lag constant X can be determined from the oscilla- 
tion by other methods (see reference 42) it would not differ 
greatly from a value obtained from equation (22) or figure 8. 
If, for such a system, lag cannot be ignored as a source, of 
error, either the step function should be applied at a pressure 
altitude sufficiently great to make the system critically 
damped or overdamped or method (2) should be. used. 

Procedure for use with indicating instruments.—For the 
static line and connected iastruments, the lag constant X„ 
may be determined by applying a step function Mir to the 
altimeter system and by timing the change in indicated alti- 
tude with a stop watch to l/e (0.368) times the initial step 
value. If A/(„ is 500 feet, X,, is the time required for a 
decrease of 316 feet. Alternatively, if sufficient suction is 
applied at the static orifices to give a reading of 100 miles per 
hour at the airspeed indicator, X;, is the time required for a 
decrease to 01 miles per hour, or one-half the time for a 
decrease to 37 miles per hour when the suction is suddenly 
released. For a group of instruments connected by short 
tubes and then to a common orifice, the volumes are additive, 
and X„ determined from any instrument applies to all. 

! For the total-pressure system, the lag constant X„ may 
j similarly be found by applying a pressure to the phot orifice 
i sufficient to give a reading of 100 miles per hour at the air- 
| speed indicator and by timing the change in indication as for 
I the static line. Because of the small volume of the airspeed 
j   capsule, X„ ordinarily is much less than Xp. 

For instruments of small volume with short lines, a step 
function large enough to ensure accurate measurements some- 
times numot be applied without violating the Reynolds num- 
ber criterion of equation (26). in such cases, several differ- 
ent step functions can be used and a plot of X against the size 
of the step, when extrapolated to zero step, gives a usable 
result (reference 47). 

Procedure for use with photographic records.—The basic 
procedure for determining X is to apply to the open end of 
the system a known suction, to release it, and to determine 
from the film record the time required for the initial differ- 
ence to fall to l/e (0.308) times its initial value, or one-half 
the time to fall to 13 percent, of the initial value. The film 
speed should be as high as possible and provision should be 
made for placing timing impulses on the record. When nec- 
essary, X may be determined for a range of step function, 
and extrapolated to zero step. 

Use of an arbitrary pressure variation for determining X 
requires two instruments that may record either on one film 
or on separate films with simultaneous time records. The 
two instruments should be connected to the same source of 
pressure variation through a Y-connector. One connection, 
as short as possible, is assumed to measure the true pressure 
at any instant; the other instrument and connecting line 
show the effects of both pressure and acoustic lag. Time 
histories of the two records give, values of p, ;/, and dp'jilt; 
these values substituted in equation (14) or (15) yield values 
of X. 

CORRECTIONS OF FLIGHT DATA FOR LAG 

Pressure-altitude and static-pressure measurements.— 
During a change of altitude a time record is secured of ;/, 
the measured static pressure. The error due to lag &px in 
assuming that ;/ is equal to p, the pressure at the static 
pressure orifices, may be written 

,   dp' 
p-p=-K dt- 

,    x dp'_. (20) 

Equation (20) shows that the error is directly proportional 
to dp'Ml and increases with altitude. In the evaluation of 
Apx for the correction of pressure data, the rate of pressure 
change dp'UH along with ;/ is determined from the flight 
records. Values of X/X„ (fig. 9) corresponding to // instead 
of to p may usually be used without introducing errors 
greater than the uncertainty in the correction itself. Some- 
times a method of successive approximations must be used. 
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A chart such as figure 1Ü oilers u simple method of evaluat- 
ing equation (29). The lines tliat. represent the term X/X„ 
in equation (29) have been labeled with the value of pressure 
altitude to which they are applicable. 

The error due to lag in static-pressure or pressure-altitude 
determination for a particular rate of descent may be deter- 
mined in advance. The basic differential relation between 
pressure and altitude in the atmosphere dp——pg dh may be 
written by means of the gas laws in terms of rate of change 
as 

1 dp_ _  1   dh 
p'dt^    RT'dt (30) 

In terms of sea-level temperature Ta and any other temper- 
ature, equation (30) is equivalent to 

UP. 
p dC 

1    7'„ dh 

RTn T dt 
-, =-3.616X10" 

T0 dh 
T dt (31) 

Substituting values of X and dpjdt from equations (24) and 
(31), respectively, in equation (29) gives 

?/-^=1.47X10-%„ ^°,~ (in. H2(>) (32) 

Since ßT0/ßoT in the standard atmosphere varies between 
1.0 and 1.05, the error in static pressure at any altitude may 
be approximated by 

j/-^«0.015X„0g (in. IV)) ;33) 

where dk/dt will have negative values during a dive. 
Since the magnitude of dhjdt for a fighter airplane rarely 

exceeds 800 feet per second during a dive, equation (33) may 
be written as 

v'-v 
12 V< 

This equation indicates a maximum value for X,0 of 0.04 if 
the error in static pressure is to be limited to 0.5 inch of water 
during very high speed dives. 

For standard altimeters, the error in pressure altitude; is 

/,„'-/,„=-X 
X dh, 

"°X„ dt 
(34) 

Equation (34) indicates that for a constant rate of descent the 
error due to lag increases with altitude; for example, the 
value at 30,000 feet is 2.8 times as large as the sea-level value 
and at 60,000 feet is 11.1 times as large.     (See fig. 9.) 

Impact-pressure measurements.—In reference 40 approxi- 
mate equations for the effect of lag on the readings of an air- 
speed indicator are developed. These equations show that 
the error is a resultant of two terms—a climb term, chiefly a 
function of changes of static pressure, and an acceleration 
term associated with changes in speed. Since precise evalua- 
tion of flight data involves the determination of the impact 
pressure qc and the static pressure p and, from the ratio qjp, 
the Mach number, a more detailed analysis is needed to show 
under what conditions corrections to flight pressure data may 
be necessary on account of lag. This analysis also gives a 
basis for planning an instrument setup to minimize the 
errors due to lag. 

Let ;; denote the static pressure at the static orifices, and 
let II—p-\-qc denote the total pressure. At the differential 
pressure recorder a record of q/ is made for which 

qc' = Il'-p' (35) 

At the same time, the altitude record of p' is made inde- 
pendently, usually on the same film strip or with an adjacent 
altimeter.  Applying equation (15) to equation (35) gives 

üc =H—p — \„'^r+\ 
dir 

dt 
dp' 

" dt 
(35a) 

No record of II' is made; but, since at any time, 

H' = qc'+p' 
then 

dll'^dq/    dp' 
"df   ' dt + dt 

and equation (35a) becomes 

dp' 
K" dt ' 

dqr' 
Hi (35b) 

But II—p=qr, the true impact pressure, and except for cor- 
rections due to the flow about the static, head which can be 
made independently, the usual assumption that q/ = qc 

therefore involves an error due to lag 

dp' 
' 'dt 

dp' dq/ 
'dt (36) 

The pressure in the total-pressure line is greater than that in 
the static line by an amount equivalent to ijr or q/. The lag 
constant of the static-pressure system may be expressed as 
the following modification of equation (24): 

X -x    ^i1 —x     X 
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FIOBBE 10.-Cbart to correct measured pressures for lap.   dp"dl. inches 11,0 per second; p', inches IIiO. 
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For  the  total-pressure, system  if second-order  effects  are 
disregarded, the corresponding expression is 

X;/ — X/j 
M    )h 

jr 

l"o Mo 

X 1 
"o Xo 

1+2',' V 

(37) 

The. true impact pressure qr mny, therefore, he derived from 
flight records by the following relationship involving measur- 
able quantities: 

1c=<h' + 
X"o   ((il>',dq/ 

1+J ■V dt + 'dt 
)■ "» dt 

P 

X 

Xo 
(38) 

The variation of X/X„ with ])ressure altitude in the standard 
atmosphere may be obtained from figure 9. 

The rates of pressure change in equation (38) can be ex- 
pressed in terms of Al. dAl/dt, hp, and dhv\dl. In the result- 
ing expression the term containing dM/dt is multiplied by a 

factor -T^QTJJT which is approximately equal to 1 at high- 

speed and altitude, the condition under which lag is of most 
significance.    Equation (38) may therefore be expressed as 

»'--[-"'•(-^S'-^'TK-* 
Climb 
term 

Acceleration 
term 

D) 

(39) 

Equation (39) can be used to find out in advance whether 
for any planned maneuver the error in vc due to lag will 
exceed any specified standard of accuracy. 

The ratio AWo/X,0 is significant in determining the relative 
magnitudes of climb ami acceleration terms. Equation (39) 
shows that in rate-of-climb testing since dM kit may be 
ignored, zero impact-pressure error due to lag may be 
achieved by balancing the lines, that is, by increasing X/; 

until 5—t'=l. During dive testing, however, balancing the 

lines can result in larger lag errors than those that were present 

before  balancing.    Dur""  ••  ''"-" lc- —<J 

.      (dM    „\.,X//„ 
number I -•,. 

a dive,   ,- =    at the peak Mach 
V      V 

dt = 0 ) if - - "=l + c, a characteristic of the instru 
7      A"o V 

mentation which may be desirable under some conditions. 
The Much number error M'—.1/ which would result from 

the evaluation of qc'/p' for any specified maneuver without 
correction for lag can be computed from equations (39), (33), 

and (4). The error in .1/ that would result from the use of 
such uncorrected data is shown in figure 11 as the time his- 
tory of AM during a dive to a Mach number of 0.8, a dive 
that is representative of the performance of high-speed 
fighter airplanes. The error is shown for a static-pressure 
system with X„o=0.1 which is representative of panel-type 

instruments in airplanes of fighter size, and for four different 
values of X#0/X,,0 which range from the limiting minimum of 

zero to a maximum oi  : 5. the value for which the error in 

Much number should be zero when :U=0.N and -,, =0.     The 
dt 

time histories of AM for the dive and recovery show large 
changes in magnitude and also changes in sign.    In general, 
if this dive had been performed at a different altitude, the 
error would have varied approximately inversely with the 
static pressure.    For example, if the altitude had been about 
65,000 feet, the errors would have been about seven times as 
great.   The Mach number error is also directly proportional to 

X;)(1, as is shown by the dotted-line curve for -"°=0.5, X„0=0.5, 

the ordinates  for which  are  approximately five   times  as 

great as for the solid-line curve for —"=0.5, \„ =0.1. 

The lag errors shown in figure 11  for the condition for 

For  most -— = 0.5  could   usuallv 
Xj»„ 

ignored if Xp0S=0.1 

practical installations, as shown by figure 8, the use of 
/16-inch inside-diameter tubing is required to obtain values 
of Xj,0§0.1. Higher speeds and altitudes, however, neces- 
sitate corrections or special care in keeping the lag constant 
small. 

32X101 

IS 16        SO 
Time,  sec 

itK 11 — Time history of Much number error due to lac [or representative values of lap 
constant during typical tlivc and recovery of u high-speed fighter airplane. 
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METHODS FOR REDUCING LAG 

Since correction of flight data for lag effects may involve 
considerable labor, the lag constants of the total- and static- 
pressure systems should be reduced so that no corrections 
are necessary. In order to reduce the length of tubing it 
may be necessary to relocate instruments. Photo-observers 
or automatic-recording instruments may be located in a 
wing to eliminate a long line from a total- or static-pressure 
head. For research purposes separate installations for the 
pilot's indicating instruments and the instruments installed 
in a photo-observer are often desirable in order to reduce 
the volume of instruments attached to one line. Extra 
volume in instrument cases may be reduced with fillers. 

For rate-of-climb or glide testing it may be desirable to 
make the lag constants of the total- and static-pressure 
svstems equal. In practical applications it is usually neces- 
sary to increase the lag constant of the total-pressure system. 
Either length or volume may be added, but additional volume 
in the system does not increase, the value of T. A quick 
check for balance is to apply a pressure from a single source 
to both static- and total-pressure orifices. When this 
pressure is suddenly released, the differential-pressure 
indication is not steady if the lines are unbalanced. Little 
or no advantage is obtained by balancing the lines for high- 
speed dive tests. 

The fact that the increased accuracy that corresponds to 
low values of X may be offset by the presence of surges and 
transients in an underdamped system must be considered 
in the design of airspeed systems. Whether a particular 
installation is underdamped can be determined by a com- 
parison of values of T from figure 8 with values of X obtained 
from the product X0(X/X0) from figures 8 and 9. The relation 
for critical damping X=T (reference 46) may be written by 
use of equations (13) and (22) as 

D2a (     1     \ (40) 

Systems with tubing shorter than that given by equa- 
tion (40) are underdamped; those with longer tubing are 
over-damped. The length of tubing for critical damping 
decreases rapidly with an increase in altitude and is 54, 18, 
and 4 feet at sea level, 35,000 and 05,000 feet, respectively. 
These values apply to %6-ineh inside-diameter tubing and 
are based on the assumption that v may be neglected in 
equation (40). 

Because of the small values of Lcr at high altitudes, 
resonant effects are not a problem with the usual airspeed 
system. For flight at low altitudes, in gusts or turbulent 
air, and under landing conditions, critical damping or over- 
damping of both total-pressure and static-pressure systems 
may be desirable since the correction for lag is then not 
complicated by oscillations that are recorded but not present 
in the applied pressure. 

CRITERION FOR AVOIDING LAG CORRECTIONS 

A simple measure of the error in Mach number resulting 
from lag errors can be based on equations (33) and (39). 
Since the chief source of lag error in the value of qc'\v\ as 

determined from flight data is the climb term of equations 
(33) and (39) and since the number and volume of instru- 
ments on the static-pressure line are usually much greater 
than those on the total-pressure line. X/,(] is much smaller 

than X„ .   A convenient approximation is, therefore. 

T_ (^) fyc+15X10-:,X,„ 
'Jc      (41) 

The ratio of the climb term to the static pressure determines 
A/' —A/, the amount that the measured Mach number varies 
from the correct Mach number. If the rate of altitude change 
is expressed in terms of Mach number, speed of sound, and 

dive angle (-,l-=Ma sin e\ then from equation (On) the fol- 

lowing relation can be obtained: 

AM<2.15X10~3^ (A/2+5)X,0sin 6 

where a is in feet per second and p is in inches of water. 
The error in Mach number depends only slightly on the 

absolute value of M. An average high-speed value of 0.8 
may therefore be used. Since this expression for AM gives 
a maximum value, for Mach number error and the effect of 
acceleration is to reduce the magnitude or to change the 
sign, the following expression may be written for the maxi- 
mum error in Mach number due to lag during a dive: 

AM< — x„0 sin 6 (42) 

Equation (42) is shown graphically in figure 12 for a range of 
pressure altitude from 0 to 60,000 feet and for four different 
values of dive angle. 

A quick estimate of the need for lag corrections can be 
made as follows: Select from figure 8 a value of X0 applicable 
to the instrument installation. With this value of X0 and 
with maximum values for pressure altitude and dive angle, 
a value of Mach number error AM can be obtained from 
figure 12. If this value of AM is smaller than the desired 
precision for the contemplated flight-test program, correc- 
tions for lag may be omitted in the analysis of flight data. 
If the value of AM is too large and a more detailed analysis 
made by using equations (33) and (39) gives erroi-s that are 
too large, the lag constants of the system can be reduced. 

PRESSURE INSTRUMENTS 

The instruments used in recording or indicating the pres- 
sures of a pitot-static arrangement are subject to a variety of 
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mechanical errors, many of which may be large in comparison 
with the precision of airspeed and Much number measure- 
ment that is desirable in research. In this section, the 
sources and magnitudes of these errors are discussed together 
with methods for their reduction or elimination. 

Since the operation of these instruments is based on the 

elastic properties of metnl capsules, a main source of error is 
the property of elastic lag common to all stressed materials 
that makes the deflection for any pressure change depend on 
the magnitude, direction, and rate of the change, as well as 
upon the direction. magnitude, and rate of previous changes. 
All the effects of this property are defined in terms of the 
experiments by which they are measured and are usually 
known as hysteresis, after effect, recovery, and drift. 

Hysteresis is the difference between the instrument read- 

ings for a given pressure cycle when a given pressure is reached 

by increasing the pressure and when that pressure is reached 
by decreasing it. Linkage friction present must be eliminated 

by vibration. The difference remaining immediately upon 
return to the initial pressure is called after effect. The after 

effect decreases with time; this change is called recorery. If 

an instrument is subjected to a change of pressure and the 

.too 
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FIGUKK 12.— Maximum Maeli number errur due to lac in di< 

new pressure is held constant, the reading of the instrument, 

in general, varies with time. This change in reading is called 
drift. The drift is positive if the reading continues to change 
in the same direction as during the pressure change. The 
local sensifirilij of an instrument is the change in reading 

I   with respect to a change in pressure. 
Temperature error is the change in the indication of the 

instrument due solch" to a change in instrument temperature. 
In instruments not compensated for temperature, the error 
is only secondarily due to a change in size of the parts and is 
the result chiefly of change in the elastic modulus of the dia- 
phragm material (reference 52). This error in indication is 
about 0.02 percent per °F for most metallic diaphragm 
materials. Temperature compensation is built into modern 
instruments, and the residual error varies for individual 
instruments. 

Friction error is the change in indication when the instru- 
ment is tapped after a change of press! ' in the absence of 

vibration. It is a measure of any binding or sticking of the 

instrument parts. 

Acceleration error is the change in indication per g of 

acceleration. This error is usually greatest in a direction 

normal to the plane of the instrument diaphragm. A special 
case of acceleration error is sometimes called position error, 
the difference between the reading of the instrument when 
held in any one position and tapped and the reading at any 
other position. It is a measure of both play in the parts 
and static unbalance. 

Vibration error, as considered in the present report, is the 
change in reading resulting from a shift in the midpoint of 
the indicator oscillation due to instrument-panel vibration. 
It is evidence of nonlinearity in a system. 

Zero shift is the change in the zero point of the calibration 
due to the gradual release of fiber stress in the diapliragm 
material. In a •well-made instrument, this effect is small and 
normally does not change the shape of the calibration curve. 
With instrument use there may also be zero shift due to wear 
of the component parts. 

In instrument manuals the quantity called scale error 
usually refers to an over-all measure of both hysteresis and 
the adjustment of the linkage with which the proper relation 
between diaphragm deflection and pointer deflection is 
secured. By proper calibration the hysteresis and the cor- 
rection for linkage adjustment can be determined. Scale 
error therefore is not considered in the aforementioned sense 
in the present report. 

An instrument is said to be rested if it has, for all practical 
purposes, been subjected to no pressure change in the pre- 
vious 24 or more hours. An instrument is put into the 
cyclic state (reference 55) by subjecting it to a number of 
cycles (about 5) of pressure change. The magnitude of the 
cycle defines the range of pressure for which the cyclic state 
exists.    The effect of the cyclic state lasts about ] hour. 

Although all pressure instruments for aircraft are subject 
to these errors to some extent, the property of elastic lag is a 
more serious source of error in altimeters than in airspeed 
indicator's because of the large mechanical multiplication in 
altimeters between capsule and pointer deflection. 
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THE AIRSPEED INDICATOR 

In accordance with the formula by which airspeed indi- 
cators arc calibrated (see references 10 and 51) a change in 
indication of 1 mile per hour corresponds to a change in 
impact pressure (sensitivity measured in inches of water) 
as given for various indicated airspeeds in the following 
table: 

Indicated airsp ■I'd. mph ion 200 :(IIII 41II) 5(10 Ml) 
1 

700     j 

Ml,. In. HiO .    0. Ill 11.21 0. 32 II. 15 u. on 0.71. 1.0.-1    i 

The possible magnitude of errors that may be encountered 
in airspeed indicators in service together with methods for 
their elimination or reduction is given in table I, which is 
based on values from instrument handbooks and specifica- 
tions. Although available commercial instruments are likely 
to be more accurate than the values in table I indicate, 
careful instrument selection and calibration at frequent 
intervals are necessary if a precision of ±0.5 inch of water 
is to be achieved in the measurement of differential pressure. 

TABLE I.—INSTRUMENT ERRORS—AIRSPEED INDICATORS 

Tyix' Magnitude Method of correction or elimination 

I   Hysteresis     
Friction   

I   position  and 
|      acceleration. 

j   Tem|>eraturc 

I 
Readability... 
Vibnition  

3 mph to 0.2 mph. _   Select instrument with low hysteresis. 
±3.5 mph '< Provide sullicient instrument-panel vibra- 

tion. 
Up to 3 mph per».. Calibrate over rank'e of indicated nlrsiwed 

and y\ mount so that axis of hltth sensitiv- 
ity lo acceleration is axis of small airplane 
acceleration. 

Calihratent tempcraturesofexjiceled use or 
over ranne of temperature and interpo- 
late. 

±3.5 mph for «0° C 
(144° F) temix'ra- 
ture chaotic. 

±0.5rnpli  
±2.5 mph  Check forexcessive instrument-panel vibra- 

tion; adjust exposure time of photo record- 
ers to include at least one complete oscil- 
lation of needle. 

THE ALTIMETBR 

Aircraft altimeters are calibrated in accordance with the 
relation between pressure altitude and static pressure ex- 
pressed in standard tables such as those in reference 4 or 10. 
Errors of ±100 feet or ±0.5 inch of water at different alti- 
tudes correspond to errors in pressure or altitude, respec- 
tively, as shown in the following table: 

Pressure altitude, M> !> M. 
ft , ft.r Shp=± KHl It Tor -V --±0.5 in. HiO 

(ft) 

1 
d-a .v. 

If 
— (ft) 

(1 ±31 
fi.niMi i             ±.37 ±3'J 

10. Dim 1             ±.:VJ ±-ir. 
211. DIM) ~. t_' ±lil 
SO. IKK) —. i" ±'J1 
40. niKi —. 47 illii 
r*i oi HI =z- 17 ±2211 
(Ml. 0(H) -.1, ±31 in 
70. OIK) =.-. r ±5.111 

The possible magnitude of errors thai may be encountered 
in sensitive altimeters in service is given in table II (adapted 
from reference 52). 

TA13LE II.—TNSTRU.\IENT ERRORS—SEXSITIV1 
ALTIMETERS 

Macnitude 

Type 50,(Xm-foot 
altimeters 

35,000-fOOt 
altimeters 

Hysteresis, ft 
For 32.000 ft pressure cycle at I.IKHI (t/min 

At 20.000 ft ; 25ti 
At 12.IKX) ft  : 2011 

For 300 ft deviations from sea level  3d 
Drift at 32.000 fl, fl 

In 30 sec  25 
From 30 sec to 10 min  I;) 

From 30 sec to 5 hr  40 
After effect. fI  w 

ltecovery, ft 
1 >urine 30 see   -■' 
DurillB 1 hr  *,' 
DurillK 5days     ^ 
DurillB 21 days  ,"'..», 

Friction and vibration, ft    l p lo ±jn 
Zero shift, in 50 days, ft  — »> 
Readability, ft  ,.   ±'>   ,A 
Acceleration, till  l,l> lo ±10 
Temperature 

At sea level, ft/°F  ±»-> 
At an altitude above 5,(HKl ft, ft 'ft " F  ±0.0001.' 

15 

40 

Uli to ±2(1 
-III 

I'p to ±10 

±0.4 
±0.00007 

The elastic-lag errors in table II are based on unpublished 
results of tests at the National Bureau of Standards; in these 
tests pressure and deflection are measured without interrupt- 
ing the change to make the measurement, thus conditions of 
actual use are more nearly realized. The hysteresis errors 
are about twice as large as expected on the basis of previous 
test methods. The values of hysteresis, drift, after effect, 
and recovery are based on the average of four rested altim- 
eters of eacli of the two altitude ranges for a pressure cycle 
of 32,000 feet at 1000 feet per minute, with a drift period 
of approximately 5 hours at 32,000 feet. These values are 
given to show order of magnitude and should not be used as 
corrections since individual instruments may show irregular 
departures from the average of as much as 35 percent. 

For precision airspeed measurements and especially in 
flight calibration of airspeed installations by fly-by methods, 
utmost care is both essential and justified in the preparation 
and use of altimeter calibrations. 

Temperature error may be eliminated by selection of a 
a temperature-compensated instrument with very small 
residual error. Except for elastic-lag effects, most of the 
errors can be readily allowed for or can be reduced by care- 
ful instrument adjustment and selection. 

Since elastic-lag errors depend so greatly on previous 
instrument history, a calibration can be used with more 
confidence if there is a similarity between conditions of use 
and of calibration. If a rested instrument is used, successive 
hysteresis loops will not be identical, and calibrations can be 
obtained accordingly. Since the hysteresis, drift, after effect, 
and recovery, in general, increase with the range of pressure 
change, the range of the calibration can lie adjusted to the 
maximum pressure altitude of any planned flight or series 
of flights. If small changes in altitude indication »re impor- 
tant. Us in runs past a reference landmark, a special calibra- 
tion should be made since for small changes in pressure 
individual altimeters often exhibit marked variations in 
local sensitivitv.    If the altimeter is in the cyclic' state both 
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for calibration and flight test, hysteresis can be reduced 
about 50 percent and after effect, about 75 percent. (See 
reference 55.) 

For some purposes measurements of pressure altitude 
must be converted to true altitude. True altitude can be 
derived from pressure altitude if corrections are made for 
ground temperature, departure from the constant lapse 
rate, moisture content of the air. and the mean local value 
of gravity. Methods of making these corrections are out- 
lined in reference 55. 

NACA INSTRUMENTS 

The pressure-recording instruments used at the labora- 
tories of the NACA are much like those shown in figure 23 
of reference 51, except that a corrugated metal capsule has 
been substituted for the stretched diaphragm. The capsule 
deflection is multiplied by a stylus-hairspring-mirror arrange- 
ment and readings are made of the record of a light trace on 
a moving photographic film. A wide range of sensitivities 
is available, so that the instrument range can be adapted to 
the maximum pressure to be measured. Multiple-mirror 
instruments are available to expand the scale. The pres- 
sures in two or more cells may be recorded on the same film. 
A reference line is recorded on the film by means of an aux- 
iliary fixed mirror which eliminates shifts in the film drum 
as a source of error. Several instruments are correlated by 
means of a time signal recorded on each film. The natural 
frequency of the mechanical parts is 100 cycles per second 
or more so that inertia effects may be ignored. Hysteresis is 
made small by selection of capsules with favorable elastic- 
lag properties. Temperature-compensated instruments are 
available. By individual calibration of each capsule in an 
airspeed installation, errors from hysteresis, temperature, 
and acceleration effects may be either made negligible or 
allowed for in evaluating data. 

TEMPERATURE MEASUREMENTS 

Temperature measurements are essential in the conversion 
of pitot-static pressure data to true airspeed. Since instru- 
ments which measure directly the true free-air temperature 
in flight are not available, this quantity must be computed. 
The accuracy of the result is governed by the accuracy with 
which the recovery factor of the temperature probe is known, 
the accuracy of the Mach number, and the calibration of the 
indicating or recording instrument. In this section the 
sources and magnitudes of errors and the evaluation of 
temperature data are discussed. 

SOURCES OF ERROR 

Important sources of error in free-air temperature measure- 
ment are: 

(a) Variation in the recovery factor of the temperature 
probe due to the incomplete conversion of kinetic cnergy 
into thermal effects as affected by 

(1) Probe design 
(2) Local velocity 
f.'i)  Local angle of flow 
(4)   Free-stream velocity 

(b) Errors due to lag 
(c) Errors of the measuring apparatus caused by 

(1) Temperature effects on springs, resistances, bearings, 
and magnets 

(2) Acceleration   error,   zero   shift,   vibration    error, 
friction error, and hysteresis 

(3) Electrical effects such as changes in voltage, contact 
or lead resistance, and local magnetic field 

(d) Radiation to or from surroundings or sun 
(e) Conduction to or from surroundings 
Other errors such as those due to heating caused by 

electric-current flow, probe contamination, and so forth are 
generally small and may be neglected. 

Velocity effects.—Sources of error due to velocity effects 
may be the largest and most difficult to remove by calibra- 
tion. As shown by a number of investigators, the tempera- 
ture 7" indicated by a thermometer in a gas stream of 
relative velocity Tis larger than the true free-stream temper- 
ature T. For a thermometer that brings the air to rest at a 
stagnation point without heat transfer the indicated tempera- 
ture is the total temperature of the gas TT and the ther- 
mometer registers the full adiabatic rise: 

TT-T= 7-1 T/2_n 
2yRg 2 

TJ\P=0.2TM2 (43) 

Equation (43) is not limited to Jl/^1.0 but is applicable to 
supersonic flight speeds. 

Thermometer probes of the stagnation type have been 
developed that register the full adiabatic rise, or very nearly 
all of it (references 65 and 80). Many of the thermometers 
in use on aircraft, however, are not of the stagnation type. 
On the basis of theoretical considerations references 02 and 71 
show that for laminar flow over a thin plate parallel to the 
air stream, in which case the air is brought to rest by friction 
at the plate surface, the temperature rise is, to a close 
approximation, 

T'-r=2yÄ7rw/2 (44) 

47 
The Prandtl number Pr has a theoretical value of „ r- yy— o 
For air under standard conditions (7= 1.4), Pr= 0.737 and 
equation (44) can be written 

7',-7 = 0.858 ^-T,1 T*- = 0.858 (0.2 T.!/-) (45) 

Within the limits of experimental error, equation (45) is 
confirmed by wind-tunnel tests (references (>!) and SO) as 
applicable to an object of small diameter such as a ther- 
mometer bulb parallel to the air stream under conditions of 
a laminar boundary layer. When temperature is measured 
in flight, however, the numerical factor in equation (45) may 
be subject to considerable variation. In order to have a 
convenient basis for comparison, a temperature recovery 
factor K based on equations (43) and (44) has been delined as 

7"- T 
(4H) 
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The temperature recovery factor is a measure of the ability 
of a particular probe, under particular conditions of flow, to 
develop the total temperature of the gas stream. Values of 
if between 1.0 and 0.3 have been reported for different probes, 
high values applying to those of the stagnation type. Re- 
ported values frequently show a variation with velocity, and 
wind-tunnel values may differ from values determined in 
flight. The reason undoubtedly lies in one or several of the 
factors in the following discussion. 

For probes of the plate type, the theorectical value of 
K=(Pr)1'2, which should be nearly independent of speed and 
atmospheric conditions, is only applicable to conditions of 
laminar flow. The results of theoretical calculations (refer- 
ence 70) show that for turbulent flow, tfc>5Xl05, A in- 
creases with Be and is between (TV)"2 and 1.0. (This result 
is applicable' to the temperature of a wing or fuselage in 
flight, as is shown in reference 60.) When A is a function of 
Re, it will vary with both speed and altitude. For cylindri- 
cally shaped probes mounted transversely to the air stream 
(references 63 and 70), there are large variations of local 
velocity over the probe, and A* varies between 0.56 and 0.83. 
The minimum value occurs when a local Mach number of 1 
is reached at the cylinder surface (about A/=0.5) and is due 
to the effect of shock. Because the variation in A' is large, 
transverse mounting of temperature probes is not suitable 
for high-speed flight. In supersonic flow, plate-type probes 
would be in a region influenced by shock, and the value of A 
would be expected to differ from that at low speeds. Local 
variations of the velocity field about an airplane may be 
quite large and can cause an apparent variation in the value 
of A, since local temperature changes in this field take place 
with full adiabatic efficiency but the change from kinetic to 
thermal energy at the probe does not. Apparent variations 
may also be caused by radiation effects, local sources of heat, 
and changes in airplane configuration. 

Probes of the stagnation type, with housings shaped like 
conventional total-pressure heads, show a variation of A 
with angle of flow and ratio i/D similar to the variation of 
total-pressure defect with angle of flow. (See fig. 2 (a).) 
Such probes are, however, little subject to apparent changes 
in the value of A due to local variations in the velocity field. 
Radiation and conduction errors may be made smaller and, 
since these probes measure total temperature, the measure- 
ment is not affected by shock. 

Lag errors.—Temperature measurements in flight under 
conditions of changing temperature indication, as in a dive 
or sudden' change of speed, are in error by an amount 
determined by the lug constant of the thermometer. The lag 
constant may be defined as the time for a suddenly applied 
temperature difference to fall to 36.8 percent (1/f) of its 
initial value. Because most thermometers are of composite 
construction and some parts lake longer to reach their final 
temperature than others, a value of 1 percent of the initial 
value is sometimes given, but 36.8 percent is used in the 
present paper because of its correspondence with the value 
used for pressure lag in the section entitled "Determination 
of Lag Constant by Experimental Methods." 

Theoretically, temperature data may be corrected for lag 

on the basis of a relation analogous to equation (15). (See 
reference 42.) In practice, except for small thermocouples 
under carefully controlled conditions, the correction is com- 
plicated not only by the correction for speed (equations 
(43), (44). and (45)) but also by uncertainty in the value of X 
which is a function of T. As shown in references 59, 61, 
and 68, X may be considered to vary directly as the effective 
volume, density, and specific heat of the thermometer 
materials and inversely as the exposed area and surface 
heat-transfer coefficient h between the gas and the probe. 
As shown in reference 74, for turbulent flow of air transverse 
to a metal cylinder, an average value for h can be written 
in the notation of the present report as 

-^=0.26 (Re)™ (Pr) 0.3 

A similar relation applies for flow parallel to streamline 
shapes. Over a wide range of Re the exponent 0.6 can be 
expected to vary; thus, to a first approximation for a limited 
range of temperature 

L (47) X = 
(PV)' 

where L is a constant for the particular probe concerned and 
n has a value between 0.35 and 0.85, this value averaging 
about 0.6 for a range of Re from 1,000 to 50,000. 

Thermometers of the, plate type will usually have lower 
values of X than the stagnation typo and are therefore com- 
monly used in applications where low lag is important. The 
common metal-to-metal contact between the probe and the 
metal parts of the airplane should be eliminated. An idea 
of the order of magnitude of the errors in temperature 
measurement due to lag may be gained from unpublished 
tests at the Langley Laboratory; these tests indicate that for 
a resistance-type cylindrical probe, of a sort commonly used 
on airplanes, mounted transversely to the air flow the value 
of X is 13 seconds at 350 miles per hour at sea level. Such 
a probe would be useful therefore only for determining tem- 
peratures under steady conditions. 

Other errors.—Failure to provide adequate radiation 
shielding can cause a thermometer to read as much as 6° F- 
to 8° F too high. (See reference 75.) The shield should be of 
highly polished metal, unpainted, insulated from the bulb, 
and may well be incorporated in a ventilated housing for the 
conventional resistance bulb or other temperature sensitive 
element. Radiation shielding is of less importance when an 
underwing mounting is used since sunlight strikes the bull) 
only when the sun is near the horizon. The effect of solar 
radiation may vary for flight into and away from the sun 
and with the intensity of the radiation. The effect is smaller 
at- high speeds or high atmospheric, densities. 

Fluctuations in the free-air temperature are frequently large 
at any one altitude below 20.000 feet, although their exist- 
ence may be masked by the lag of instrument installations. 
At 5,000 feet, variations of 5° F have been observed in one 
locality, the variations dropping at 10,000 feet to 2° F. 
These variations can be a source of error in calibration and m 
temperature data drawn from temperature-altitude surveys. 
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In electrical methods it milliammcter is used to measure 
the degree of unbalance in the bridge circuit. The possible 
existence of errors in this measurement due to changing 
voltage supply, cockpit temperature, or acceleration should 
be checked by calibration since the rated scale error of even 
a well-designed instrument may be as much as ±2 percent 
of the midscale absolute temperature. 

LOCATION OF TEMPERATURE PROBE 

Most of the considerations governing the proper location 
of the total-pressure head also apply to the temperature 
element. If a probe of unit recovery factor is available, an 
undenving position free from the effects of slipstream, engine 
exhaust, and de-icer heating is satisfactory. If the recovery 
factor of the probe is less than unity, departures of the loral 
velocity from the free-stream value should be reduced by 
mounting the probe well in front of the leading edge of the 
wing. If direct indication, as with a bimetallic probe, is 
needed, the front tip of the nose of two- and four-engine 
airplanes is usually a satisfactory location. 

Whatever the location selected for the thermometer probe, 
more accurate values of free-air temperature can be ob- 
tained if a value of recovery factor K is used which has been 
previously obtained by a flight calibration under conditions 
of use, as outlined in the section entitled "Temperature 
Installation." 

EVALUATION OK FREE-AIR TEMPERATURE 

If the recovery factor is known, the true free-air tempera- 
ture may conveniently be determined from flight measure- 
ments of Mach number and indicated temperature by means 
of the chart (fig. 13) that is a graphical solution of equation 
(4G). If true airspeed is required, the indicated temperature 
and Mach number may be used directly in the equation: 

V= 
M^yllyT' 

(48) 
V1+0.27O/-' 

for which the solution is given in figure 14. 

FLIGHT  CALIBRATION   OF  AIRSPEED   AND   TEMPERATURE 
INSTALLATIONS 

In the previous sections, material has been given con- 
cerning the errors which may be present in the determination 
of airspeed by pitol-static arrangements. Some of the 
sources of error encountered are inherent in the instruments 
and maybe eliminated or allowed for by instrument selection 
and calibration. Although the errors caused by lag cannot 
be entirely removed by these means, a method lias been 
given for making corrections when such corrections are 
necessary. There remain, however, possible errors in both 
the total and static pressures due to the location of the 
pitot-stati'- device in the field of flow. These errors can 
best be determined by flight tests. Since the field of How 
about an airplane varies with angle of attack and Mach 
number, the errors in both total pressure, and static pressure 

vary with the magnitude of these quantities. Similar condi- 
tions apply to the determination of true temperature from 
the value of the temperature recovery factor and Mach 
number. 

AIRSPEED INSTALLATION 

Methods used to calibrate airspeed installations may be 
divided into groups which may be. loosely termed: 

(a) The speed-course method in which time to cover a 
given distance is measured 

(b) The suspended-head method in which readings of the 
airspeed system under calibration are referred to those of a 
suspended static or pitot-static head which is either free 
from error or has known errors 

(c) The pacing method in which the airplane with the 
installation to be calibrated is flown in formation with one 
which has an airspeed installation already calibrated by 
method (a), (b), or (d) 

(d) The altimeter method in which errors are determined 
from the difference between recorded and known pressure 
heights 

Some advantages and disadvantages of each of these methods 
have been discussed and the methods described in detail in 
reference 92. The speed-course method is simple when used 
near the ground but is hazardous under these conditions, 
particularly at speeds near the stall. The range of calibra- 
tion is limited by the top speed in level flight. Attempts to 
reduce the hazard of the speed-course method by testing at 
higher altitudes generally necessitate the use of elaborate 
timing and tracking methods. Corrections for wind and 
deviations in course are necessary and the airspeed obtained 
is, at best, only an average value. 

The suspended-head method (references So and 00) is 
more accurate than the speed-course method and is especially 
applicable to stall testing. It is the preferred method fol- 
low and medium speeds but the obtainable range is limited 
by instability of the trailing head. For the NACA trailing 
airspeed head this limit is about 275 miles per hour. Because 
of pressure lag in the long connecting tubing the method 
is not suitable for maneuvers. For single-seat airplanes an 
automatic reel that simplifies the handling problem is 
available. This method may be used to obtain a direct 
measurement of the errors at the total- and static-pressure 
openings. Instruments of high sensitivity may be used for 
this measurement: thus, results of high precision are given. 
The induced velocity in the field beneath and behind the 
airplane must be allowed for when a suspended total- 
pressure head is used. Tests should be performed in stable, 
smooth air to avoid errors caused by turbulence and wind 
gradients. 

The pacing method is relatively simple and removes the 
hazard of low-level flying. The calibration is less accurate, 
however, than the calibration of the reference airplane; the 
speed range is limited by the speed range of the reference 
airplane: and the practical diliicullies increase, when attempts 
are made to increase the speed range of the calibration by 
performing dives. 
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J'iGUliK IS.—True froeair temperature as a hmctiun of Mach number, recovery factor, and indicated temperature. 
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FIG run 11. - Trut- airspeed as a rune! ion of Mach ntimher, reeovery factor, anil indicated temperature 
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Because of the wide applicability of the altimeter method, 
especially at high speeds, the remainder of this section will 
be confined to a description of this method, and its variations, 
for the determination of errors in the total and static pres- 
sures. The altimeter method may conveniently be sub- 
divided into four principal variations: 

(1) Fly by a reference landmark. This variation is 
inherently simplest and most accurate, requiring measure- 
ment of the fewest quantities, but is limited to the speeds 
of level flight. 

(2) Fly by a reference airplane. The possible hazard of 
flight near the ground is eliminated, and the calibration can 
be made at higher values of Much number. 

(3) Dive by a reference airplane. Calibration at speeds 
up to the terminal velocity of the airplane is possible, but 
elaborate instrumentation is required. 

(4) Establish reference altitude by radar. Calibration is 
possible at values up to the terminal velocity and at lift 
coefficients associated with high accelerations. 

Each of variations (2), (.'i>. and (4) is dependent on the 
existence and precision of a basic calibration secured by 
flight past a reference landmark (variation (1)) or by some 
other method. At the Langley Laboratory variation (1) 
is used, supplemented, when necessary, by a combination of 
radar and phototheodolite (variation (4)). 

Since errors in total and static pressures vary with the 
field of flow, for a given installation—that is, airfoil section, 
type of head, and location of head—the error would be 
expected to vary with Mach number and lift coefficient or 
angle of attack. A complete flight calibration for experi- 
mental purposes therefore involves determination of the 
errors throughout the maneuver envelope. A more limited 
but frequently adequate calibration consists only of calibrat- 
ing in steady flight at 1 g. Position of flaps, landing gear, 
and movable armament, the power-on and power-off con- 
ditions can each make enough change in the lift characteristics 
of the wing to necessitate special calibration under some 
conditions. 

Since the purpose of an airspeed calibration is to provide 
a means of correcting data obtained in flight, it is desirable 
to determine the pressure errors in a ratio form to be used in 
the following equations: 

.-■ o- if + i?) (49) 
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(50) 

Measured values of total-pressure error All and static- 
pressure error Ap are correlated by plots of total-pressure 
defect All/q/ and static-pressure defect Ap/g/ as functions of 
airplane lift coefficient CL with uncorrected Mach number 
as a parameter. The correct values of Mach number, true 
airspeed, and dynamic pressure may then be determined by 
inserting the values of qr and /; as obtained from equations 
(49) and (50), respectively, into appropriate equations such 
as equations (2), (4), and (5), or by using the convenient 
tables and graphs given in reference 10. 

Total-pressure error.—The total-pressure error, in general, 
is small and may usually be neglected. The necessity for a 
calibration of this error can usually be determined from a 
visual inspection of the pitot tube to determine: (a) the ratio 
of impact orifice diameter i to tube diameter D, (b) the 
possible angle of flow relative to the tube, and (c) whether 
the tube is located in a region where energy changes are 
introduced by shock or the slipstream. When, on the basis 
of equation (10) and figure 2, a calibration is deemed neces- 
sary, it is most conveniently performed by balancing the 
tube under calibration against one which has negligible error 
and by measuring the pressure difference. A tube with 
negligible error is one such as is described in reference 19 
mounted on a boom at least }{ chord in front of the airfoil 
and parallel to the airfoil chord. In the absence of a shielded 
total-pressure head, a tube with a large ratio i/D or a con- 
ventional pitot-static tube on a free-swivel mount such that 
the tube faces the relative wind may also be used, but 
stability at high speeds is difficult to achieve with this latter 
arrangement. 

The instrumentation required in determining total-pressure 
error is relatively simple as it involves only the measurement 
of acceleration, altitude, and impact pressure in addition to 
the total-pressure difference. The flights required consist 
of a series of steady turns or slow pull-ups at various speeds 
in order to cover as wide a range of lift coefficient as possible. 

Static-pressure error.—The principal error in most pitot- 
static installations is due to pressure defect at the static 
openings. An accurate static-pressure system depends, 
therefore, on a static-pressure head which does not introduce 
serious or indeterminate errors over the range of Mach 
number for which flight is contemplated. Since the geometry 
of the head influences to so great an extent the magnitude 
of the static-pressure defect, this information should always 
be determined for a new design by wind-tunnel tests, and the 
heads should be so installed that unnecessary changes in the 
calibration are not introduced by mounting studs, screws, and 
so forth. 

The altimeter method of determining static-pressure defect 
is fundamentally a method in which the defect is determined 
from the difference in static pressure measured at the static 
orifices and the known pressure at a paint of reference outside 
the pressure field of the airplane, which reference point the 
airplane either flies by or dives by. 
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The essentials of the altimeter method arc illustrated in 
figure 1"). A point of reference is established by an airplane 
of either known or unknown airspeed calibration that is 
flying at a slow constant indicated airspeed V, and at 

constant value of indicated pressure altitude p',. In general 
this reference airplane has a static-pressure defect at the 
static orifices, so that although the instruments show a 
pressure altitude h'p corresponding to the static pressure 

y',, the airplane is flying at a true pressure altitude hp 

corresponding to ]>'r—Ap,. The airplane to be calibrated is 
first flown in formation with the reference airplane and the 
readings on both altimeters as well as the distance of the 
airplane above or below the reference airplane are noted. 
After this initial run the airplane is flown past the reference 
airplane at increasingly higher speeds (V.,, V3, . . . Vn) 
and instantaneous notations or recordings are made in both 
airplanes of pressure altitude, observed relative heights, 
differential pressure (// (indicated airspeed), and acceleration 
it. The altitude differences obtained (lo'P—h'p) and 
(h—Ar)0», are converted to pressure errors Apd and Apobs 

by means of the equation 

Aj)=—pg Ah (51) 

For altitude differences obtained from altimeters, p is the 
density of the standard atmosphere at the indicated pressure 
altitude; whereas for observed altitude differences, p is the 
density applicable to the pressure and temperature condi- 
tions of the test. The value of p may be approximate. 
When the pressure error of the reference airplane Apr is 
known from a prior calibration, the required static-pressure 
error Ap may be obtained directly from the equation 

Ap = Apr+Ap,, — Apotl (52) 

where the signs are consistent with the definition of error 
used in the present report, as shown in figure 15. 

If Apr, the error in the reference pressure, is not known 
by prior calibration, it may be determined from at least 
one known point on the calibration curve of the airplane 
being calibrated: such a point can be established by flying 
past a landmark such as a tower of known pressure height. 
Accuracy is improved if several runs past the landmark are 
made at the same or at different speeds through the range. 
Alternatively, if it is not desirable or possible to fly the 
airplane being calibrated past the landmark, the reference 
airplane may be flown past at the same indicated speed 
V,t that was used in the calibration and Apr determined 
from the difference between indicated and true pressure 
height. Accuracy is sacrificed when this latter means is 
adopted. 

In figure 15 and equation (52) when the fly-by reference 
altitude is established relative to a fixed landmark, or what 
is essentially equivalent, by sonic triangulation method as 
with   the  dual  sighting stand   (reference  1)2).   the  pressure 

altitude of the reference may be considered as known and the 
value of ApT is zero. If a captive balloon of known pressure 
height were used, Apr would also be zero. 

Since the value of Ap/(/c established by the altimeter 
method is dependent on the precision with which pressure or 
altitude differences are observed, the following equation may 
be derived from equation (51) and the definition of q: 

__Ap V^_     Ap M~a- 
A/< = - 

<1   M) 

In order to establish a value of Apiq (or Apjqr) with a pre- 
cision of ±0. 01, therefore, the altitude difference Ah at 
Mach numbers of 0.1, 0.3, 0.7. and 1.0 must be established 
to ±2, ±20. ±100, and ±200 feet, respectively, at sea level. 
These values would be decreased by 25 percent at altitudes 
above 35.000 feet. Since the altimeter method is limited 
in the lower speed range, at the Langley Laboratory better 
results have been secured when photo-observers were used 
to record altimeter readings and the relative height of 
airplane and reference landmark. 

The procedure outlined in connection with figure 15 is 
particularly adapted to tests in which calibrations are re- 
quired only in the lift-coefficient range associated with flight 
near 1 g. When calibrations outside this range of lift 
coefficient at high Mach number are deemed necessary, the 
Langley Laboratory has used a combination radar-photo- 
theodolite method to establish the press;■ ■:• height variation 
during calibration maneuvers. In this :hod, records are 
taken on the ground of the range measu by the radar unit 
and the elevation angle of the airpla .ensured  by the 
phototheodolite in order to determine c geometric height 
during a constant-speed climb or glide over a range of alti- 
tude. Simultaneous values of pressure altitude, acceleration, 
and indicated airspeed are obtained in ■: c airplane, correla- 
tion being secured by means of a radi- -ignal. From these 
data a curve of the variation of airplane pressure height with 
radar height is established for the particular indicated air- 
speed of the climb. After the constant-speed climb or glide, 
dives, pull-ups, turns, or pull-outs are performed to cover as 
much of the maneuver envelope as may be required. During 
the maneuvers, simultaneous records are made at the ground 
and in the airplane, and the records are correlated by means 
of the timing impulses transmitted from the airplane. 

The pressure difference (Ap,, of fig. 15) is determined from 
the difference between the pressure altitude recorded during 
the maneuver and the pressure altitude which was recorded 
in the climb for the particular height indicated by the ground 
station. The pressure difference at the reference speed of 
climb Aj)r is determined by a subsequent lly-by test or other 
tests considered adequate. The radar is thus used to estab- 
lish the reference height rather than true airspeed so that 
wind velocities need not be taken into account. An example 
of the use of radar in establishing a reference height is given 
in reference \)4. 
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FIGURE 15.—Diagrammatic sketch showing essentials for determining static-pressure error by altimeter method. 
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The accuracy obtainable with the particular modification 
described is at present better than that obtained in flying by 
a reference airplane and about as good as that obtained in 
flying past a reference landmark. In order to obtain this 

accuracy, however, corrections for pressure lag, acceleration 
effects on instruments, the curvature of the earth, and refrac- 

tion effects in the optical patli are sometimes necessary in 
establishing geometric height. Care must be taken to have 

the radar scales horizontal. With corrections taken into 
account, the slant range is known to within ±15 yards and 
the elevation angle to about W mil. At a range of 1 ().()()() 
yards, the total error in height is limited to approximately 
+ 20 feet, which is equivalent to a pressure error of about 0.2 
inch of water at an altitude of 10,000 feet. 

TEMPERATURE INSTALLATION 

The calibration of a temperature installation consists, 

essentially, of the determination of a temperature-recovery 
factor K as defined by equation (40). If the error in true 
airspeed determination due to temperature error is to be 
less than ±'4 percent, the temperature measurement must be 

within ±2° ¥ or about !- percent of its absolute value. 
(See equation (8).) This specification requires that for 
high speeds the recovery factor A' and its variations with 
Mach number and lift coefficient be established to an 
accuracy better than ±5 percent. 

The flight procedure for calibrating a temperature installa- 
tion is similar to that for calibrating an airspeed installation 
by the altimeter method; in fact, the calibrations may be 
made at the same time. An adequate procedure in most 
cases consists of flying the airplane being calibrated past a 
landmark at a series of speeds and either noting or recording 
the temperatures at the instant of passing the reference 
point. In the first series of tests the fly-by's should be 
made at the same heading (preferably away from the sun) 
and in as small an elapsed time as possible. Some fly-by 
runs should be made, if possible, on a heading, such as to 
obtain the maximum effects of solar radiation. Knowledge 
of radiation effects may be required subsequently in evalu- 
ating data. 

The true temperature at the landmark is obtained from a 
calibrated temperature installation shielded from solar 
radiation, such as the standard weather shelter (Stevenson 
screen). Small corrections are made to this temperature 
in order to account for any differences in height between 
the landmark and the airplane as it flies by. If a calibrated 
temperature installation is not available, T may often be 
determined by a plot of T' against M-. Equation (40) shows 
that for constant values of A" and 7'such a plot should be a 
straight line, which when extrapolated to A/=0 gives the true 
free-air temperature to be used. The differences between 
recorded airplane temperature and the corrected landmark 
temperature are then plotted against the quantity 0.2771/-. 
The slope of this curve represents the recovery factor; the 
difference  between   two  curves  obtained  for headings into 

and away from the sun is a measure of the effect of solar 
radiation. A considerable variation of slope along the 
curve may signify that the recovery factor- varies with 
changes in the flow-field pattern, in which case a more 
complete calibration with Mach number and lift coefficient 
as variables may be required. 

LANGLEY MEMORIAL AEROXAVTICAL LAHOHATORY, 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis 

Force 
(parallel 
to axis) 
symbol 

Moment about axis Angle Velocities 

Designation Sym- 
bol Designation Sym- 

bol 
Positive 
direction 

Designa- 
tion 

Sym- 
bol 

Linear 
(compo- 

nent along 
axis) 

Angular 

Longitudinal  X 
Y 
Z 

X 
Y 
Z 

Rolling  
Pitching  
Yawing  

M 
y ,Z Roll . 

Pitch  t u 
n 
w 

V 
1 
r N    \     X >Y    ; Yaw  __i    it 

Absolute coefficients of moment 
r- L r -M r-E u'-~$b~S Um~qcS         L",_?6<S 
(rolling) (pitching)       . (yawing) 

Angle of set of control surface   (relative  to  neutral 
position), &.    (Indicate surface by proper subscript.) 

D Diameter 
p Geometric pitch 
p/D Pitch ratio 
V Inflow velocity 
V, Slipstream velocity 

T Thrust, absolute coefficient CT- 

Q Torque, absolute coefficient C0= 

1 hp=76.04 kg-m/s^--550 ft-lb/sec 
1 metric horscpower=0.9863 hp 
1 mph=0.4470 mps 
1 mps=2.2369 mph 

4. PROPELLER SYMBOLS 

F 

n 
n 

Speed-power coefficient^ 7: 
P 

til 
Pn* 

~ prPIP 

5. NUMERICAL RELATIONS 

Efficiency 
Revolutions per second, rps 

Effective helix angle = tan-1 ( ;y ~ ) 

1 lb = 0.4530 kg 
1 kg= 2.2046 lb 
1 mi= 1,609.35 m=5,280 ft 
1 m=3.2808 ft 


