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FOREWORD

The publication of a series of handbooks on the performance
testing and evaluation of all types of Air Force aircraft is planned
by the Flight Research Division, Air Force Flight Test Center.
This handbook has been issued as an interim measure to provide
assistance to flight test personnel pending publication of the new
series of handbooks. Chapters I and III of the originai Technical
Report Number 6273 have been replaced by AFFTC Technical
Notes 59-22 and 59-47. These technical notes are on airspeed,
altitude and temperature measurement, and turbojet engine
performance. They represent updated and improved versions
of the original contents of TR Number 6273,

As a matter of expediency, the numbering of charts, figures,
and equations in the technical notes has been retained. This has
led to inconsistency in the numbering system, but, since appropriate
references in the text have been changed, it is felt that no confusion
will result.

The United States Standard Atmonspheve used as the basis for
charts and tables in Chapter 1 is equivalent to the Interrational
Civil Aviation Organization (ICAQO) Standard Atmospher.: adopted
by NACA on November 20, 1952 and contained in NACA Rcport
1235 "Standard Atmosphere - Tables and Data for Altitudes to
65, 800 Feet'", 1955 (Reference 6), The equations of this report
were used to extend the tables to 80,000 feet, The properties
tabulated in Chapter 1 are identical with those in the ARDC Model
Atmosphere, 1956, the U. S, Extension to the ICAQO Standard
Atmosphere, 1958 (Reference 7) and the ARDC Model Atmosphere,
1959 (Reference 8). One exception should be noted: the sea-level
speed of sound is taken as 1116,45 ft sec~! in Zhapter 1, whereas
it was 1116.89 it sec™! in NACA Report 1235, since the ratio of
specific heats, 4, was taken as 1,4 exactly for Chapter 1 and
implied as 1.40.{1 in NACA Report 1235, on the basis of experimental
values of sound speed,

The constants and conversion factors used in Chapters 2 through
7 and Appendixes I and Il are based on the earlier '""Standard Atmosphere
Tables and Data', NACA Report 218, 1948, The gas constant, R used
in Chaptir I, s g. in the perfect gas law P, = pRT,, has the dimen-
sions ft°/sec? It is equal tec ihe product of the gas constant used
in the remaining che.r ters and _..e acceleration due to gravity., The
dimensions of ihe latter .. are ft/°K

While this handbook continue» to provide, in general, adequate
instruction for conducting performance tests on turbojet and recipro-
cating engine powered conventional aircraft, Chapter VII, "Helicopter
Flight Test Performance and Analysis', is in need of updating. Also,
analysis is lacking in regard to high performance aircraft, Caution
should be exercized in applying correction procedures to flight data
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obtained with this type of aircraft. For example, significant errors
may be incurred in making corrections to climb data for wind gradients
and for weight because of the simplifying assumptions which have been
made,

The addition of a list of references has been made (reference TABLE
OF CONTENTS). Contained in these references is consideraZle sugple-
mentary information including data on standard atmospheres °/ 7, 8, a
review of aerodynamics prepared by the USAF Experimental Test Pilot
School ¢, and a comprehensive NATO flight test manual prepared under
the auspices of the Advisory Group for Aeronautical Research and
Development 3,

ii




ABSTRACT

Methods of obtaining flight test data for reciprooating engine airoraft
(inoluding helicopters) and turbojet airoraft are presented together with
various methods of data analysis and data pregentation. Ccarrsction of air-
oraft performance to standard conditions is inocluded, am are detailed
derivations of carreotion factors and performance pmrameters. Numerous
graphs and charts contalning information required by and useful to the
flight test enginser are presented, together with sample data reduotion

forms and sample flight test progranms.
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INTRODUCTION

Yo single or rigid method of data analyeis and presentation has been set
down in this report. Rather, an attempt has been made to show various wethods
of data standardization and plotting. The flight testing agency can best
determine the procedures most suited to the particular test, type of aircraft,
or %ype of reyort desired,

Considerable detail concerning the derivation of correction factors and
performance parameters has been included, The function of these derivations
is not to prove the results, but to show thes methods. When performance analysis
Problems result from new type of alrcraft, engines, or flight conditions, these
methode of deriving corrections and paramcters msy be useful as a starting
point,

Alrcraft stability and control tests and methods are not included, dut
will be the subject of a separate report.

Although extreme care was taken in the preparation of this report, there
is a possibility that errors are present. Please address correspondence to,

COMMANDER

AIR FORCE FLIGHT TEST CEETER

TINWARDS AIR FORCE BASE

EDMARDS, CALIFORNIA

ATTE: Flight Research Divi sion, FTTER

ATTR 6273 xiii




Term

d/dt

8sSL

A

SYMBOLS USED IN GCHAPTER ONE

Definition Units

Speed of sound, 38,967 ,Ta("K) knots

Standard day speed of sound,. 38.967
’Tag(ox) knots

Test day speed of sound,- 38.967/Tat(°K) knots
Speed of sound at standard sea level, 661.48  knote

Degrees centigrade
Airplane lift coefficient, nW/(th?‘S/Z)
"Indicated' lift coeffitient, nW /¢ PgM;c25/2)

Differential
Example: dHj. = differential indicated
pressure altitude corrected for instrument
error

Time rate of change
Example: dH;./dt = time rate of change of
indicated pressure altitude corrected for
instrument error

Function of (
Example: Pg = f3(Hjc). This means that P,
is a function of Hjc. In other words, P4 may
be determined if H;. is known.

Acceleration due to gravity at a point feet/second?

Acceleration due to gravity at standard sea 32. 17425 feet/

level second

Gravitational constant 32.17405 feetz/
second? -
geopotential
feet

Tapeline altitude feet

Geopotential at a point (this is a measure
of the gravitational potential energy of a

unit mass at this point relative to mean geopotcntial
sea level) feet
Pressure altitude, Hj + AH;j. + AH;g +
AHpe feet
Inches of mercury
Indicated pressure altitude feet
Inliicated presaure altitude corrected for
instrument error, Hj + AH;. feet

XV
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Altimeter instrument correction

Indicated pressure altitude corrected for
instrument and lag errors, H; + &AH; . +
AHj¢;

Altimeter lag correction

Altimeter position error corresponding to
APy,

Altimeter position error correction

A constant
Example: Kg = 52,86784

Temperature probe recovery factor
Degrees Kelvin

The slope of a line at a point

Flight or free stiream Mach number

Indicated Mach number

feet

feet

feet

feet

feet

Indicated Mach number corrected for instrument

error, M; + &M

Machmeter instrument correction

Machmeter position error corresponding to APP

Machmeter position error correction
Load factor

Prandtl number, ./“/pd where d is the thermal
diffusivity

Reynolds number, pLV /A where L is a
characteristic length and V is axial velocity

The applied pressure at time t

Atmospheric pressure corresponding to H.
Atmospheric pressure at standard sea level
The indicated pressure at time t

Static pressure error (or position error)
Pressure corresponding to Hj¢

Free stream total pressure

xvi

"Hg
"Hg
29.92126"Hg
"Hg
"Hg
"Hg
"Hg




9c

9cic

tasL

Total pressure at total pressure source
(for subsonic speeds, P,' is equal to the
free stream total pressure, P,, For
supersonic speeds, Pt' is equal to the total
pressure behind the shock which forms in

front of the probe and is therefore not equal
to Py).

Dynamic pressure, q = thZIZ = 0. 7PaM2

Differential pressure, P;' - P,(q. is also
called impact pressure or compressible
dynamic pressure)

Differentiai pressure corresponding to Vi,
Pt' - PB

Radius of the earth

Gas constant for dry air

Total wing area
Time
Atmospheric temperature

Standard day atmospheric temperature
corresponding to H

Standard sea level atmospheri. iemperature
Test day atmospheric temperature
Indicated temperature

Indicated temperature corrected for
instrument error, t; + At

Air temperature instruineant correction
Atmospheric temperaturs

Standard day atmospheric temperature
corresponding to H.

Standard sea level atmospheric temperature
Test day atmospheric temperature
Indicated Ternperature

Indicated temperature corrected fcr
instrument error, T; + ATj¢

Xxvii

lng
lng

"Hg

"Hg
feet

3089.67 festzl
*K second

feet?
seconds
°C

°C
15°C
°C
°C

°C
°C
°K

°K
288.16°K
°K
‘K

°K




ic

Vics

AVicy

Air temperature instrument
correction
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CHAPTER ONE
SECTION 1

THE STANDARD ATMOSPHERE

The performance of an aircraft 1s influenced by the pressure and
temperature of the air through which the aircraft is flying. Studies of the
earth's atmosphere have shown that these quantities depend primarily on
altitude, and vary relatively little from day to day. Consequently, a
"gtandard' atmosphere can be usefully established by definition of a
pressure and temperature for each altitude. This standard will approximaite
the atmospheric conditions for any day fairly closely. By applying small
corrections to data acquired on a non-standard day, the data may be re-
duced to the standard day. This makes possible comparison of results

obtained on other days with the same aircraft and with other aircraft.
1.1 THE UNITED STATES STANDARD ATMOSPHERE

For many years a standard atmosphere based on NACA Report No.
218, "Standard Atmosphere - Tables and Data, ' has been used in the
United States, Recently many orgamzations including the Air Research
and Development Command of the United States Air Force have adopted
a new standard, the United States Standard Atmosphere, which is
consistent with that of the International Civil Aviation Organization, This
new standard atmosphere 1s discussed 1n NACA Report No., 1235, "Standard ‘
Atmosphere - Tables and Data for Altitudes to 65,800 Feet," All charts

and tables in this manual are based on the US Standard Atmosphere,

1.1.1 Basic Assumptions:

The United States Standard Atmosphere 1s derived from the
following assumptions which closely approximate true atmospheric
conditions;

(1) The air is dry

(2) The atmosphere is a perfegt diatomic gas:

P, = /RT, 1.1
In specific units
p = 0.022891 22 1.2
Ta

o = 9.6306'§i 1.3
1y




where

P, = atmospheric pressure, '"Hg

Ta = atmospheric temperature, °K

p = atmospheric density, slugs/ft3

R = the gas constant for dry air, 3089.7 ft."'/secZ *K
o- = density ratio, p/pgy,

(3) Hydrostatic equilibrium exists:
dP4 = - £ gdh 1.4
This equation is derived from a consideration of the forces acting in
the vertical direction on a small column of air of unit area. (See Figure
1.1)

P +dP
a a
~—— Unit Area = Forces in Vertical
/— . Direction = 0
b N—— W+dP, ¢l = ©
dP_ = -W
a
< W dPa = -pg*1~dh
: dPa = - pgdh
- N
P
a
Figure 1.1
Forces Acting on a Small Column of Air of Unit Area

(49 The measure of vertical displacement is geopotential. ;
Geopotential is a measure of the gravitational potential energy of a unit
mass at a point relative to mean sea level. It is defined in differential

form by the equation




GdH = gdh 1.5
where

h = tapeline altitude; i.e., the actual distance from
mean sea level to a point in the atmosphere, feet

g = acceleration due to gravity at the same point, feet/secZ
H = geopotential at the point, geopotential feet

G - a dimensional constant, 32.17405 ftzl(secz - geopotential
feet)for the above system of units

Each point in the atmosphere has a definite geopotential as“g’is a function
of latitude and altitude.
(5) Sea level pressure is 760 mm Hg or 29.92126 inches Hg
(6) Sea level temperature is 15°C or 288.16°K
(7) Temperature variation with geopotential is expressed as a
series of straight line segments:
(a) The temperature lapse rate in the troposrhere (sea level
to 36,089 geopotential feet) is 0.00198120°C/geopotential feet.
(b) The temperature above 36,089 geopotential feet and below
82,021 geopotential feet is constant -56.50°C. (The latest
issue of "The ARDC Model Atmosphere' should be

consulteu for data above 82,021 geopotential feet.)

1.1.2 Relationship Between Variables:

From the basic assumptions listed above it is possible to express
the atmospheric pressure, temperature, and density as functions of
geopotential.

Introducing the definition of geopotential (Equation 1.5) into the
equilibrium equation 1.4,

dPa = -/SGdH 1.6
Eliminating p by means of the perfect gas equation 1.1,

4P, . G dd

Pa R Ta

Assumption(7) above expresses

1.7

Ta = f; (H) only.




_— T

Hence. integration of equation 1.7 is possible with the result
Pa = f; (H) only.

Finally, from the perfect gas equation,
p = f3 (H) only.

For geopotentials below 36, 089 geopotential feet

Ta
0 - = (1 - KiH 1.8
TasL ( 1H)
Pa 5.2561
- = (1 - Ky H 1.9
BosL ( 1H)
4,256l
¢ =£— = (1 - K{H) 1.10
PSL
where
K| = 6.87535x 10™%/geopotential feet

For geopotentials above 36,089 geopotential feet and below 82, 021

geopotential feet

Ta = -56.50°C = 216.66°K 1.11
5 - PpaSL - 0.223358 e "K2(H - K3) 1.12
a

~ =—P_ =0.29707e “Ka(H - K3) 1.13

PSL
where
Kz = 4.80634 x IO‘SIgeopotential feet
K3 = 36,089,24 geopotential feet

From the above eguations, pressure, temperature, and density,
plus several other parameters useful in flight test are tabulated in Table

9.2 for incremental geopotentials of 100 geopotential feet. In addition,

P, in inches Hg and £ are tabulated in Table 9.3 for every 10 geopotential

feet. A summary of basic data is given in Table 9.1.

1.1.3 Determination of Tapeline Altitude:

In flight testing, the exact position in space is usually not
important; altitude is important only as a means of descr.bing the

properties of the air through which the test aircraft is flying. Hence, it
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is celdom necessary to determine tapeline altitude. It is sufficient to
express the aimospheric properties in terms of geopotential.

If one finds it necessary to determine the tapeline altitude, the
acceleration of gravity as a function of tapeline altitude must be defined
to allow integration of equation 1.5. An approximate expression is
obtained by assuming that the altitude variation of the acceleration of
gravity from its sea level value is given by the Newtonian inverse square
law* r 2

g = ssL (773) 1.14
where

gsL = the sea level value of the acceleration of gravity,
32.17405 ft/sec?

r = radius of the earth, 20, 930, 0C0 feet
h = tapeline altitude, fcet.

Introducing this expression into equation 1.5 and integrating yields

. 8sL (rh
B o= =5 5w 115
where
G = 32.17405 ft%/sec? - geopotentia. feet
Solving for h - H(G/gsL)
2
2, G
h-I—I(g)=H( ) 1.16
BsL _‘g&%—
(r -H—)
8sL

where
G/ggy, = } ft/geopotential feet
A plot of altitude correction factor, h - H{G/ggL,), versus H(C’/gSL) is

given in Chart 8.1. This factor, when added to the geopotential,

%“Use of the Newtonian in* rse square law is based on the assumption
that the earth is a nonrotating sphere coinposed of spherical shells of
equal density. This assumption is very good at altitudes attained in
routine flight test work (H < 100,000 geopoiential feet). For higher
altitudes, a more sophisticated analysis niay be necessary. A method
which is good to several million feet is given in AFCRC TN-56-204,
"The ARDC Model Atmosphere, 1956," by R. A. Minzner and W. S.
Ripley.




H(G/gSL), will give the corresponding tapeline altitude.

1.2 THE NON-STANDARD ATMOSPHERE

Flight test data is always reduced to a standard day so that comparison
may be made among data obtained on different days. The usual technique
is to present the data in terms of pressure altitude. (Pressure altitude is
defined as the geopotential at which a given pressure is found in the
standard atmosphere.) Whether found in a standard atmosphere or non-
standard atmosphere, any given pressure indicates one and only one
corresponding pressure altitude. Therefore, reduction to a standard day
consists of making corrections for temperature to the value given in the
standard atmosphere corresponding to the test day pressure altitude (or
pressure).

The pressure altitude and geopotential are not simply related on a nen-
standard day. If the geopotential is desired, it is necessary to make a
survey of the atmosphere to determine T, as a function of P, to allow

integration of equation 1.7, Fortunately, this operation is seldom

required. However, the computation is outlined in NACA Report No.

538, '""Altitude - Pressure Tables Based on the United States Standard
Atmosphere',




SECTION 2
THEORY OF ALTITUDE, AIRSPEED, MACH NUMBER AND AIR
TEMPERATURE MEASUREMENT

Pressure altitude, airspeed, Mach number and free air temperature
are basic parameters in the performance of aircraft, The instruments
used to measure these quantities are the altimeter, the airspeed indicator,
the machmeter, and the frce air temperature probe. The basic theory of
the construction and calibration of these instruments is given in this section.
The actual methods employed in their calibration will be given in sub-

sequent sections.
2.1 THE ALTIMETER

Most altitude measurements are made with a sensitive absolute
pressure gage, called an altimeter, scaled so that a pressure decrease
indicates an altitude increase in accordance with the U.S. Standard
Atmosphere. If the altimeter setting* is 29.92, the altimeter will read

pressure altitude whether in a standard or non-standard atmosphere.

gg"sx.. = (1 -6.87535 x 10"’Hc)5'2561

for Hc € 26,089 ft 2.1
Po . o 2233584 + 80634 x 1077(H, - 36,089. 24)
PasL

for 36,089<H.< 82,021 {t 2.2

where

P, = atmospheric pressure, inches Hg
He¢ = pressure altitude, feet
Pasl. = 29.92126 inches Hg

*The altimeter setting is an adjustment that allows the scale to be moved
so that the altimeter can be made to read field elevation when the aircraft
touches the ground, In flight testing, the altimeter setting should be
29.92 in order that the altimeter reading will be pressure altitude.




The altimeter is constructed and calibrated according to this relationship.
The heart of the altimeter is an evacuated metal bellows which expands
or contracts with changes in outside pressure. The bellows is connected
to a series of gears and levers which cause a pointer to move as the
bellows expands or contracts. The whole mechanism is placed in an
airtight case which is vented to a static pressure source; the indicator
then reads the pressure supplied to the case. The dial is calibrated to
indicate pressure altitude. The altimeter construction is shown in

Figure 2.1

Static
Pressure ——

®,)

Figure 2.1

Altimeter Schematic

The static pressure measured at the static source of the altimeter

(P ) may differ slightly from the atmospheric pressure (P ). For any




. % .
P the altimeter, when corrected for instrument error, will indicate

Sl
the corresponding indicated pressure altitude corrected for instrument

error (Hic).

P 6 -6 5.2561
_ipaSL = (1 - 6.87535 x 10" "H;.)
for Hic4 36,089 ft 2.3
-5
Ps _ 0.223358, " 4.80634 x 10 “(H;. - 36,089.24)
PasyL
for 36,089 < H;.< 82,021 2.4
The quantity Pg - P, is called the static pressure error or position

error. The value which is added to Hj. to determine H. is termed the
altimeter position error correction. The position error corrections for
the altimeter and the other instruments will be considered in later sections.

The altimeters available and their expected characieristics are:

Type Range - ft Readability - ft Repeatability
C-12 0 to 50,000 5 Determined by

calibration
C-19 0 to 80,000 5

2.2 THE AIRSPEED INDICATOR

True airspeed (V;) is the velocity of an aircraft with respect to
the air through which it is flying. It is difficult to measure V; directly.
Instead, it is usually determined from calibrated airspeed (V¢),
atmospheric pressure (P3), and atmospheric temperature (T,). V. is
obtained from a conventionai airspeed indicator, P4 is measured with

an altimeter, and T, is measured with a free air temperature probe.

»The instrument error is an error built into the instrument conaisting

of such things as scale error and hysteresis. This error is discussed
in Section 3.




The airspeed indicator opeiates on the principle of Bernoulli's

compressible equation for frictionless adiabatic (isentropic) flow in
which airspeed is expressed as the difference between total and static
pressures Therefore, the airspeed indicator consists of a pitot-siatic
pressure system which is used to measure the difference between total
and static pressures,

At subsomc speeds lernoulli's equation expressed as follows is

applicable
"
%ﬁ: {l+r2‘l(xa'-)z] PRl 2.5
where:
gc = Py' - P, = differential pressure. (This s equal
to the free stream impact pressur e or compressible
dynamic pressure (Py - P,) for subsonic flow )
Py = frec stream total pressure
P, = free stream staiic pressure (or atmospheric pressure) ‘
L = ratio of specific heats
V¢ = true zirspeed
a = local atmospheric speed of sound
For air, ¥ = 1.40. Equation 2.5 becomes
- v, 27 3.5
g§_= L1+ 0.2 (%) Jl -1 2.6

For supersonic flight, a shock wave will form in front of the total
pressure probe., Therefore equation (2.5, 2.6) 15 no longer valid. The
solution for supersonic flight is derived by considering 2 normal shock
compression in front of the total pressure tube and an isentropic
compression in the subsonic region aft of the shock. The normal shock
assumption is good as the pitot tube has a small frontal area so that the
radius of the shock in front of the hole may he considered infinite. The
resulting equation. known as the Rayleigh supersonir pito! equation,

relates the rotal pressure behind the shock to the free stream ambient

10



pressure. , " |
Q. . ﬁ_t_l_(_\[_t)] -1 ¢+ 1 T'_l-l
F. [ ¢ ' a Lo pt 24 (2

qc = P' - Pa = differential pressure. (This is not equal
to the free stream i1mpact pressure or compressible
dynamic pressure, Py - P,, for supersonic flow as
Pt' # Pt.)

P;' = total pressure at total pressure pickup behind the

shock. (This is not equal to the free stream total
pressure (Pt) for supersonic flight.)

For air, ¥ = 1.40. Equation 2.7 becomes

2.7
where

2 ) 3.5
v v
gc . =) -1 36 (=) - 2.
P, 4_6 V:Li 1 8
5 [7 () -1

This may be written more conveniently in the form

P r_\7_5_32._5—1 2.9

where 3.5
= 166.921
Examination of equationa (2.5, 2.6) and (2.7, 2.8, 2.9) shows that the

4

true velocity (Vt) 15 dependent on the local atmospheric properties, speed
of sound (a), and static pressure (P3), as well as the differential pressure
(ge). Therefore, an airspeed indicator measuring dii. . —ntial pressure
can be made to read irue airspeed at one and only one afi:. piuesic
condition. Standard sea level 18 taken for this condition. ‘[rerefore, the
dial of the airspeed indicator is scaled so that a given differential pressure
will indicate a speed in accordance with equations 2.6 and (2.8, 2.9) in
which sea level standard a and P, are inserted. This sea level standard

value of V; is defined as calibrated airspeed {V.).

11




9c = (1+0.2(v—° )
" asL,

-1 2.10
PasL
for Vo £ agp, and
-
qc 166.92]1 { %S )
£ = asL, -1 2.11
aSL vc p i 2.5
E U
for Vo 2 agp-
where
qc = differenmnal pressure, inches Hg
V. = calibrated airspeed, knots

agy, = 661.48 knots

PasL © 29.92126 inches Hg
Airspeed indicators are constructed and calibrated according to these
equations.

In operation, the airspeed 1ndsicator is similar to the altimeter, but,
instead of being evacuared, the inside of the capsule 1s connected to a
total pressure source and the case 10 the stanic pressure source. The
instrument then senses total pressure (P;') within the capsule aund static

pressure (P.) outside it as shown in Figure 2.2.




Total
Preassure

‘‘‘‘‘‘‘‘‘ (P,')

Figure 2.2

Airspeed Indicator Schematic

For any indicated differential pressure (qcic) felt by the instrument,
the airspeed indicator, when corrected for instrument error, wiil
{ndicate the corresponding indicated airspeed corrected for instrumeut

error (vic ), or

deic =[1+02(_v_i£)2]3'5_1 2.12
Fogp, asL
<
for vic" agL and vic 7
166.921 ( —
Uic _ SL




for Vic= agg..

In the general case, q ., will differ from q. as a result of static
pressure error. As a result, an airspeed position error correction must
be added to Vjc to obtain V., the desired result. This correction will
be discussed in later sections.

Qcic in inches Hg is given for various values of Vi, in knots in Table
G.5. This table 1s also good as q. in inches Hg versus V. in knots.

At the present time, the following arrspeed sndicators are commonly

used in flight test work.

Type Range Readability Repeatability
F-1 50 to 650 knots 0.5 knots Determined by
calibration
059 50 to 850 knots 0.5 knots
0153 10 to 150 miles per 0.5 miles per hour
hour

Calibrated airspeed (V) represents the rrue velocity of the aircraft
(V¢) at standard sea level conditions only. V,; may be determined at
altitude by a knowledge of atmospheric pressure and density {or
temperature).

The equivalent airspeed (Ve) 18 defined as

Ve = Vt Jo 2.14
where ¢ 1s the density rano, p/pgy..

Solving the subsonic equation 2.6 for Vtz

2 2 2/7
v,” =5a [(%‘-‘l‘l) -1 2.15
a
The speed of sound in a perfect gas may be expressed as
a=| tPa 2.16
, 2, P 2 L2 :
Introducing Ve“/o for V¢ and replacing a“¢ by ¢P,/fg1.:
[ p 2/t
Ve =/ a [( %c. + 1) - l-l 2.17
/ fsL a ]
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Introducing equation 2.10, the following result is obtained:
1

2/]7
: (%L*_Q_ﬂ;i Py (° 218
C (%QSL + 1) ¢ -1 Pa.SL

From equation 2.14, Vi is simply V, corrected for the difference between

<L<

sea level standard density and actual ambient density. This has been
shown for subsonic flight only. It could similarly be shown to be true for
supersonic flight as well.

This relationship between V. and V, is presented for explanation only;
a shorter method of obtaining Vi from the same required variables is given

later in Section 2.5,
2.3 MACH NUMBER AND THE MACHMETER

2.3.1 Mach Number:
Mach number (M) is defined as the ratio of the true airspeed to

the local atmospheric speed of sound

. Vit
M-—;—- 2.19

With the advent of high speed aircraft, Mach number has become a
very important parameter in flight testing.

For isentropic flow of a perfect gas, Bernoulli's equation states
¥

FERY

% = (14 %—imz) ! 2.20
where

P, = f{ree stream total pressure

P, = free stream static pressure

Y = ratio of specific heats
For air, ¢ = 1.40. Equation 2.20 becomes

%a = (1+o.zM"-)3'5 2. 21

This equation which relates Mach number tc the free stream total and

static pressures is good for supersonic as well as subsonic flight. It

15




must be remembered however, that Py rather than P is measured in

supersonic flight.

2.3.24 The Machmeter:

The Machmeter equation for subsonic flight is formed by inserting

the definition for M into equation 2.6.

~

3.5
de = (1 +0.2M%) -1

Pa 2,22
Solving for M
P —QC 2l
M = ‘.' 5 L('?'a*' 1) - l] 2.23
Fer supersonic flight, from equation 2.9
. 7
Py (7M2 _ 1)2' 5

b

hquation .2, 2} cannot be solved explicitly for M. It can, however,

e pul . the following form which is convenient for rapid iteration:
3 . 5
Fqce Vool ] A
= i =l o va ! - N
M i Pa 1} K4 l,_\-l v 2,25
Where

K; = 1.287560
The madcihmeter is essentially a combination altimeter and airspeed
indirator designed to solve these cquations for Mach number. An

altimeter capsuie and an airspeed capsule simultaneously supply signals

' a series of gears and levers to produce the Mach number indication,

" macnrmeter schematic is given in Figure 2. 3. i

16



|
Mach Indicator |
|
|

Static Pressure

P
r(s)

]
i
""-—. I
B ‘
[ =) - -, I
— !
Altitude Diaphram |
Differential
P ota Pressure |
I B¢ L Diaphram __ __ _ _ __ _ J
t
Figure 2.3
‘ Machmeter Schematic

‘For any static pressure (Ps) and differential pressure (qCic z Pt' - Ps)
felt by the instrument, the Mach meter, when corrected for instrument
error, will indicate the corresponding indicated Mach number corrected

for instrument error (Mic)' or

3.5

q ...
cic . (1+0.2M %) -1 2.26
P, ic

for M. % 1.00, and

1C

q 166.921 M, "
cic _ ’ ic \ 2 27
Py (TM; % - )=

for M. 2 1.00,
ic

The true Mach number (M) is determined from Mic and the Mach

meter position error correction which is a resuilt of the static pressure

‘ rror, P - P_.
€ Y a

17




These equations relating M to q¢ /P, and M;j. to qcic/Pg are useful
not only as machmeter equations, but as a means for relating calibrated
airspeed and pressure altitude to Mach number. M, is given for values
of qcic/Pg for Mjc < 1.00 in Table 9.4, q.i./Ps is given for values of
M;. from 1,00 to 3,00 in Table 9.5. These tables can also be used to
find M as a function of q./Pg,,

At present the accuracy of these meters is poor so that they are not
suitable for precision work, but as flight-safety indicators only. The

machmeters in general use are;

Type Range Readability Repeatabiliy
Al 0.3t01.0; 0to 0.01 Determined by
50, 000 feet calibration
A2 0.5to1.5; 0to 0.01
50, 000 feet
G09501 0.7to 2.5; 0 to 0.01

60, 000 feet
2.4 FREE AIR TEMPERATURE PROBE

The atmospheric temperature is a measurement of the internal
thermal energy of the air. Therefore, it is a very important parameter
in aircraft and engine performance. Unfortunately, it is difficult to
measure accurately in flight, If the air surrounding the probe is
brought to a complete stop adiabatically and the probe correctly senses

the resulting temperature then

.. @ -
Lic - I, . 1+ = 1 M2 2. 28
Ta Ta 2

where
Tic = indicated temperature corrected for instrument

error, °K

Ty = total temperature, °k
Ta = free stream static temperature, °k
M = {free stream Mach number

For various reasons, such as radiation or heat leakage, most probes

18




do not register the full adiabatic temperature rise. It is, however,

acceptable to write

Tic - r-1 2
Ts 1 + K > M 2.29
For air with ¢ = 1,40, this becomes
T M2
1C -
=2 - 1 + K 5 2.30

a
The value of K represents the percentage of the a .abatic temperature

rise detected by the probe and is called the probe recovery factor. For
many installations it may be considered a constant, but it may vary with
altitude and Mach number, particularly at supersonic speeds. K
seldom is less than 0,90 for test installations and ie usually between 0.95
and 1.00. Methods for determining K for a given insatallation are discussed
in Section 6.2,

Equation 2.30 is plotted in Chart 8.2 as Tj./T, versus M for
constant K and as T, versus M for constant t;. and K.

The frce air thermometers now in use are all of the electrical
resistance type. Their operation is based on the fact that the
resistances of the sensing elements change with temperature. To
obtain a signal from such a temmperature sensing unit the element is
placed in a bridge circuit. The circuit is designed so that tke indicator
registers the ratio of the current flow in two legs which makes the

indicatioa independent of the source voltage supnly. (Sec Figure 2.4.)
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i

R - Fixed Resistance \77/;
C1 and C2 - Indicator Coils K

|
|
.||[||f——1/ ).Af:

|

Figure 2.4
Resistance Temperature Bulb Bridge Circuit

The indicator consistas of an ammeter whose armature containg both

indicator coils wound so that the indication is proportional to the two

currents, {Sea Figure 2.5)

20




Figure
Construction of Resistance Temperature Bulb Indicator

. The following instrument is in general use:
Type Range Readability Accuracy
C-10 -60 to +60 degrees C 0.5 degrees C + 0.5 degrees C
(or other range as
desired)

2.5 THE CALCULATION OF EQUIVALENT AIRSPEED, MACH NUMBER,
AND STANDARD DAY TRUE ALRSPEED

2,5.1 Equivalent Airspeed:

The equivalent airspeed (Ve) is frequently used as a basis for
reducing flight test data for piston-engined airplanes as it is a direct
measurs of the free stream dynamic pressure (q),

1 2 1 2 2
9 =gpVy =geaLVe = KV, 2.31

Ve may be expressed in terms of pressure altitude (Hc) and Mach

number (M) as

\'
me=af;- 2,32

This equation i{s plotted in Chart 8.3 as Ve/ M versus H_.
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2.5.2 Mach Number:

The machmeter in 1ts present form should not be used 1n
precision flight test work as 1t 1s not sufficiently accurate. Therefore.
Mach number must be determined bv other means

If the true airspeed and ambient temperature are known, Mach

number i1s defined by the relation

M = A 2.33
a
where
Vit = test day true airspeed
ay = test day speed of sound

The velocity of sound 1n a perfect gas 1s propertional to the square

root of the remperature, or

a - Ta 2.34
asL. ! TasL
where '
Tat = test day ambient temperature, K
agp, = 661,48 knots
Tasp = 288.16~K
Hence
ay = 38,967 »-E knots 2.35
and v Vi (knots) 2 36

38.967 [Tal (°X)
This equation 1s plotted 1n Chart 8.4 as Vy versus T, for constant
Mach number lines.

Inasmuch as the true velocity is seldom available directly, Mach
number 1s more conveniently obtained through the compressible
flow equation (2.23, 2.25), M s given as a function of 4. /Pg1n
Tables 9.4 and 9.5. P, 1s obtained from pressure altitude (H_) 1n
the standard atmosphere, Table 9.2 or Table 9.3, and g, is found
from V. and Table 9.6,
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This information is plotted in Chart 8.5 as Mach number (M)
versus calibrated airspeed (V.) for constant pressure altitude (H.).
Given any two of these variables the third may be found directly from
this chart. Chart 8.5 is also applicable for indicated quantities
corrected for instrument error. In this case, the chart may be

interpreted as M;. versus V;. for constant H; ..

¢.5.3 Standard Day True Airspeed:

In the previous section, Mach number is expressed as a

function of pressure altitude and calibrated airspeed; therefore, at a
given Hc and V¢, the test day Mach number is equal to the standard

day Mach number,

.y . Vts _
Mtest = ?:L = MBtd = .;é_ = M 2.37
where
Vig = standard day true airspeed
ag = standard day speed of sound

The verity of this statement is evidenced by the fact that Mach number
is a function of P, and P, (equation 2.20, 2.21) and therefore can be
expressed independent of the ambient temperature. The standard

day speed of sound can be expressed as:

ag = 38.967 [T,g, knots 2,38
where
T,g = standard day ambient temperature
(corresponding to H. in the standard
atmospnere), °K
Hence,

Vig = 38.967M [ T,g, knots 2.39
where T_g is in K. This equation is plotted in Chart 8.5. This
chart can be used to find Vi{g from M and H., M and V., or H. and

Ve.
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SECTION 3
INSTREUMENT ERROR - THEORY AND CALIBRATION

Several corrections mus! be applied to the indicated altimeter and
airspeed indicator readings before pressure altitude and calbibrated
arrspeed can be determined. The :nd:cated readings must be
corrected for instrument error, pressure lag error and posilion error,

in that order. In level unaccelerared fiight there will be no pressure

lag, 1n which case the position error correction can be apphied directly
following the mnstrument correction, The instrument error 1s the
subject of tins secnion The pressure lag error and pesition error are
discussed in sections 4 and 5,
3,1 INSTRUMEXNT ERROR

The altimeter and airspeed yndicator are sensitive to pressure
and pressure differential respectively, but the dials are calibrated to
read althitude and calibrated airspeed according to equations (2.3, 2.4)
and (2.12, 2.13). It 1s not possible to perfect an instrument which
¢on represent such nonlinear equations exactly under all flight conditions. E

As a resuit an error exists called instrument error. Instrument

_rror 1s the result of several things:

(1} Scale error and manufacturing discrepancies
(2) Ilvsteresis

{3) Temperature changes

(4) Coulomb and wviscous friction

(5, lvertia of moving parts
The calibruticn of an altimeter or mirspeed 1ndicator for instrument
cerror is usu: iy conducted 1n an instrument laboratory. A known
pressure ur pressure differential 1s applied to the instrument to be
tested. The instrument error s determined as the difference between
this known pressure and the instrument indicated reading. Such

things as friction and temperature errors are considered as

tolerances since they are not dependent on the instrument readings.




An instrurnent with excegsive friction or temperature errors should
be rejected.

Data should be taken in both directions so that the hysteresis can
be determined. Hysteresis is then the difference between the "up' and
"down'' corrections. An instrument with large hysteresis must be
rejected as it is difficult to account for this effect in flight.

As an instrument wears, its calibration changes. Therefore,
each instrument should be recalibrated periodically. The repeatability
of the instrument is determined from the instrument calibration history.
The repeatability of the instrument must be good for the instrument

calibration to be meaningful.

3 2 THE ALTIMETER

The altimeter is calibrated by placing it in a vacuum chamber
where pressure is measured by a mercury barometer. The chamber
pressure is varied up and down throughout the range for which the
altimeter is intended to be used. Simultaneous readings of the
barometer and altimeter are taken. The instrument correction
(AHj.) is determined as the difference betwsen the instrument

corrected and indicated altitudes.

AHjc = H;_ - Hj 3.1
where Hj. corresponds to the applied pressure according to equations 2,3

and 2.4, The results are usually plotted as shown in Figure 3.1.
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Altimeter Instrument Correction
to be Added, AH.
/

20,000 40,000 60,000
Indicated Pressure Altitude, Hi

Figure 3.1

Altimeter Instrument Calibration

To use this instrument correction chart, the instrument correction
(AHic) is added to the indicated altitude (Hi) to obtain the indicated

altitude corrected for instrument error (Hic)

H=H+AH1C

ic i

In general, at the Air Force Flight Teat Center, the altimeter
is calibrated every 1,000 feet to 20,000 feet and every 2,000 feet
for higher altitudes.

3.3 THE AIRSPEED INDICATOR
The airspeed indicator is calibrated by applying a known

differential pressure to the instrument to be calibrated. The

pressure is varied up and down throughout the range for which the

3.
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instrument is intended to be used The instrument correction (AV;.)
is determined as the difference between the instrument corrected

and indicated airspeeds.

AVic = Vic =V 3.3
where V . corresponds to the applied differential pressure according to
equations 2.12and 2,13 The results are plotted in the same general
form as the altimeter instrument correction the correction is plotted
versus the indicated airspeed To use this instrument correction
chart, the instrument correction (AV;.) is added to the indicated

airspeed (Vi) to obtain the indicated airspeed corrected for instrument

error (Vic)

Vic = V; ¥Vj, 3.4
At the AFFTC, the airspeed indicator is calibrated every 10 knots

throughout the intended speed range




SECTION 4
PRESSURE LAG ERROR - THEORY AND CALIBRATION

4.1 PRESSURE LAG EKROR AND THE LAG CONSTANT

The altimeter and airspeed indicator are subject to an error called
pressure lag error. This error exists only wnen the aircraft in which
the instruments are installed is changing airspeed or altitude, as during
an acceleration or climb. In this case, there is a time lag between such
time as the pressure change occurs and when it is indicated on the
instrument dial. The effect on the altimeter 1s obvious; as the aircraft
climbs, the instrument wiil indicate ar altitude less than the actual
altitude. In the airspeed indicator, the lag may cause a reading too
large or too small depending on the proportion of the lag in the total
and static pressure systems. Converted to 'feet" or 'knots", this
error is often insignificant. However, it may be significant and should
be considered in certain maneuvers such as high speed dives and z200m
climbs i which the instrument diaphragms must undergo large pressure
rates. Pressure lag is discussed in detail in NACA Report No. 919,
"Accuracy of Airspeed Measurements and Flight Calibration Procedures,"
by Wilbur B. Huston.

Pressure lag 1s basically a result of:

(1) Pressure drop in the tubing due to viscous friction,

(2) Inertia of the air mass in the tubing,

(3) Instrument inertia and viecous and kinetic friction.

(4) The finite speed of pressure propegation; i.e., acoustic lag
A detailed mathematical treatment of the response of such a system
would be difficult. Fortunately, a very simple approach is possible
which will supply adequate iag corrections over a large range of
flight conditions encompassing those presently encountered in the
performance testing of aircraft In this approach, it is assumed that
the pressure system can be adequately represented by a linear first

order equation:
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where

P (r) : the applhied pressure at ime {1). This 1s
P 1n the case of the altimeter and either Py
or P\’ in the case of the airspeed indicator.

¥ (t} - the indicated pressure at ime (t).

P = lag constant
This equation is derived by means of dimensional analysis.
The lag constant for laminar flow of air 1n tubing can be expressed

as:

32418 Q
— (l+m) 4,2

A
D2 yP

where

coefficient of viscosity of air, slugs/ft-sec
length of tubing, feet

diameter of tubing, feet

rati0 of specific heats, 1.4 for ar

applied pressure, lbs/feet?

3

instrument volume, feet

> 0 W s U %

cross-sect:onal area of tubing, feel‘2
Many assumptions are made 1n the fermulation of the differential
equation and in 1ts solutton. The most important of these are:

(1) The rate of change of the applied pressure is nearly constant.

P(t) = Kt 4.3
where K = Z?TI? = a constant. This 1s a good assumption.

(2) Laminar flow exists. For this to be true, 1t is necessary that
the Reynolds number {(NR) be less than 2000, where
NR « -/ﬂ- %, g%’ 4.4
for a given installation. In typical altimeter and airspeed systems,
a NR of 500 1s seldom exceaded in flight. Therefore, 1n laboratory
calibrations. pressure rates greater than those encountered in flight

should not be applied or erroneous results may be obtained.

(3) The pressure lag 1s small compared with the applied pressure,.
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This is generally the case; however, at very high altitudes this
assumption becomes critical.

(4) The air and instrument inertias are negligible.

(5) The acoustic lag (7' ) is negligible. 7T is defined as the time

for a pressure disturbance to travel the length of the tubing.

T L 4.5
c
where
L = length of tubing, feet

c speed of pressure propogation in the tubing,

1000 feet per second for small diameter tubing.

In flight test application, the acoustic lag cortribution is usually small.
However, if T is not small compared to 7\, this assumption is not
valid and a more detailed analysis such as that outlined in NACA
Report No. 919 is necessary.

(6) The pressure drop across orifices and restrictions is negligible,
This is true only if a minimum of such restrictions exist so that the
tubing is nearly a smooth, straight "pipe' of uniform diameter.

(7) The lag constant (A) is a constant. This is not strictly true as
A o< /1-; 4.6

for a given installation. However, over a small pressure range, A

is nearly constant so that it may be treated as such in the solution

of equation 4.1.

The particular solution to the differential equation with these
assumptions is:

dP
Pi-’-—dt—‘(l-l) 4,7

From equation 4.3 and 4.7.
dP
P;= P - T 4.8
Solving for ), the definition of the lag constant is

A = P - P

dP/dt 4.9
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The lag constant for a given static or total pressure system can be
determined experimentaily by comparing the indicated and applied
pressures for a given pressure rate. This can be done in flight or in
the laboratory, In either case, the test should be conducted over a
small range of pressures so that the assumption that A is a constant
is not violated.

When the lag constant at one value of /P is obtainec, it may

be extrapolated to other conditions by the expression

N AP, 4.10
A2 M2P)

which is obtained from egquation 4.6. Usuaily, the test results are
reduced to sea level standard static conditions. Then the lag constant

at any value of /4 and P can be obtained from the expression

Vant P
A=AsL T —ik 4.11

With the lag constants for the siatic and total pressure systems
known, the error in altimeter and airspeed indicator readings due
to pressure lag can be calculated for any test point from the basic
indicator readings.

Due to the nature of the approximaticns made in this analysis.

is generally not possible to assume that the overall lag error

/

correction can be made with a precision of more than 80 percent.
Reduction of instrument and line vilumes, however, can usually
reduce the system lag errors under any set of conditions to a small
percentage of the quantity being measured: in which case, more

precise corrections are not requirea for practica. vsork.
4.2 CORRECTION OF FLiGHT TEST DATA FOR LAG

4.2.1 The Altimeter:

The indicated pressure altitude corrected for instrument

error (Hjc) is related to the static pressure (P ) by tire diiferential
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equation:
dPg = - GpgdH,, 4.1c¢

where ps = the standard day air density.
For small increments, the differentials of equation 4.12 may be

assumed to be {finite differences.

APgy = 'GPSAHicl 4.13
where

Apsj = the staiic pressure lag:

APgy, = (Pgy - Pg) 4.14
where

P, = static pressure corresponding to H;.

P,; = static pressure at static pressure source
and &H, . p = altimeter lag error correction:

AHi;cf = (Hycg - Hid) 4.15
where

Hic = indicated pressure altitude corrected for

instrument error

Hicp = indicated pressure altitude corrected for
instrument and lag error

The lag constant for the static pressure system ( \g) can be

defined {rom equation 4.9 as:

hs=-£ﬁ£—ijii = 2FPsé 4.16
dP sy / dt dP ¢ /dt

With the approximation that

dP.; _ dPs
a2 = 4.
dt. dt 17

equation 4. 16 can be written as

AP
Xs = 3574 418




Substituting for APgy and dPg/dt
_ dH
AHjcy = A 'a—t'm
From equation 4.11
A Pasy 4,20
Pg

As = A
s sSL A3,
NssL is the ig constant for the static pressure system at

where

standard sea level conditions.

For convenience in plotting, equation 4.20 is rewritten as
s = Assp 2ot s 4.2l
AsSL  MHic
where
X”.' - AHye ——aSLPp 4. 22
sSL. /«SL 5

7 al .23

2sHije MHic "as
The approximation of equation 4.23 is very good for the usual case

where the difference between the test and standard day temperatures

is small.
Equation 4.22 1s plotted as the STATIC LINE of Chart 8.6l

0 (STATIC)

in the form
7\H.
1. versus Hj. for Vi,

ASL
(The parameter Vjc included on this chart is used in the determination

of the total pressure lag constant.)
Equation 4.23 is plotted in Chart 8.62 as

A
SHL versus H;. for t;,(°C)
In summary, the calculation for altimeter lag error correction
(OHjc g ) at any test point (H ., tyy, dH;c/dt) is then:
) _ 7\5 dHjc
AHicl = 5~ —at 4.24
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where

A = AsHic g 4.21
S AssL AsSL )‘sHic
with dHic/dt = indicated rate-of -climb corrected for instrument
error, feet/minute
)‘SSL = sea level static pressure lag constant, from
previous calibration, sec
>\5Hic
ey from Chart 8.61 for Hic, V;. = STATIC
;\\:H' from Chart 8.62 for Hj¢, ta; (°C)
ic

The indicated altitude corrected for instrument and lag error is then
chl = ch + AHIC,Z 4.25
An example of the calculation of Hj.g is given with Chart 8.6.

4.2.2 The Airspeed Indicator:

The differential pressure corresponding to the indicated
airspeed corrected for instrument error may be given as,
qcic = Pt' - Py 4.26
where

P,' = total pressure felt by the total pressure
diaphragm of the airspeed indicator

Py = static pressure felt by the static pressure
diaphragm of the airspeed indicator

With any lag in the total and static pressure systems accounted for,

Qeic f ~ Py -Pgy 4,27

where

total pressure applied to total pressure source
ot pitot static system

Py

static pressure applied to static pressure
source of pitot static system

Pgy
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Defining the ditferential pressure error due to lag (Aq , ) as
C

1cd
= - .2
chicl Qeice qcic 4.8
it follows from equation 4,9 that
- L] - ] - -
Bagje, = (B'y- BN - (P -P)
dpt|l dPSl
= A-w C Asw 4.29
Differentiating 4, 27 and dividing by dt,
1
dqcick - dpti _ dpsi 4.30
dt dt dt ’
Therefore, quicz dpsg
= - (A -
Ay dr Ay =2 —x 4.31
With the approximations that:
chicﬂ. - dqcic dpsl - dps 4.32
dt dt T dt dt .
equation 4. 32 becomes
Aq = X dacic (A - )dps 4,33
cic? t dt s t' T dt

With the use of the altimeter equation 4, 12 which relates dPs to dHic’
and the airspeed indicator equation (2.12, 2.13) which may be diffezrentixted
to give dq_; as a function of dViC and V., , equation 4.33 may be modified to
give the airspeed indicator lag correction factor (&Vicz) in termes of dvic/dt

in knots/sec and dHic/dt in feet/min as

d}-Ii
- A <
dvic ()\S t)G T at 4. 34
AVicﬂ. = )\t t * vic 292,56 )
d 170.921V, [1 + 0.2 ) .3
ic E
for V. - a__, and
ic SL ) dHiC
dv A ~X)Gp ——
. _ ic s t s dt :
Avici - )\t dt * V. > 4.35
v R0
224,287( 180 Sk
a,. V. - 3.5
SL {7( 1C ')d _ ]]
451
where

for V.
ic
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AVic!. = Vicl - Vic 4.36

and Vic = indicated airspeed corrected for instrument error

vicl = inaicated airspeed corrected for instrument and lag error

This may be written as:

dvic (ks B At) dHic
MVip = ANt 60 & * F(H . V) 4.37
where
Go
F (H N V. ) = 3
1Y ic ic V- s 4, 38
2.84869 vic[l +0.2( -f—‘-) ]
SL
s
for V;_ 3 and Voo 3.5
G o, [”:;J -1
FiH V) = 35307 v v 4.39
(2)°[2(522)? - ]
a. a -
SL SL

2 . .
for V. % ag, where o and p, are measured at Hic' FJ.(Hic' Vic)

has been plotted versus V, with Hic as the parameter in Chart 8, 63,

As 1u the case of the altimeter,

A= A Mg s 4,21
S s SL '\sSL )\S Hie
Similarly,
A A
H: t
A o= X tlic 4.40
t tSL Xigy Xem,
where
P
M P +q .
tSL SL S cic
)\t - M ~ Tat
xtHic #ch Tas 4,42

Equation 4.41 has been plotted in Chart 8. 61 as

A
—xﬂiﬂ. versus H, {or V.
SL ic ic
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Equation 4.42 has been plotted in Chart 8.62 as

7‘:1‘_. versus Hj. for ta:(°C)
i

In summary, the calculation for airspeed indicator lag error correction

(AVics) at any test point (H ., tat, Vic, dVic/dt, dH;c/dt) is then:

dv; (hg - dH;

AVicyg = At ‘&t‘m’ + _5-60_&1 E-m-x F1 (Hic, Vic) 4.4>

where
X = _AS_}.-I.LC_ __lﬂ_ 4.21
s © SL RS Tehic

A = s MHe A 4,40

c 2
with

dViC/dt = indicated acceleration corrected for instrument

error. knots/second
‘ dH;./dt = indicated rate-of-climb corrected for instrument

error, feet/minute

7ss], - sea level static pressure lag constant, from
previous calibration, seconds

A\SL = sea level total pressure lag constant, from
previous calibration, seconds

)\ﬁﬂm from Chart 8 61 for Hic, Vic = STATIC
sSL
L " from Chart 8. 62 for H (°C)
= rom Chart 8, or Hie, tal’

NHIC )SHiC ¢

A

—{—}t{gl}—i from Chart 8.¢61 for H;., Vic

Fj(Hjc, Vi) from Chart 8.63 for Hjc, Vic

Then the indicated airspeed corrected for instrument and lag error 1s

Viepg = Viet OVycy 4.44
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Data reduction outline 7.1 is included in Scction 7 as a guide in

performing this calculation. A numerical example is given with Chart B.6.
4.3 DETERMINATION OF THE LAG CONSTANT

With the aid of equation 4.2 it i8 possible to compute theoretically
the lag constants for an aircraft pitot-static system. The lag constants
usell for flight corrections, however, should not be computed, but should
be determined experimentally, either in flight or in the laboratory. The
computed lag constant is useful only as a rough check of the approximate
magnitude of the lag error that may be expected under certain flight

conditions.

4.3.1 Laboratory Calibration:

The lag constant ( A) has been defined in a previous section as

P -P;
A GPTar 4.9
where
P = the applied pressure at time t
P;i = the indicated pressure at time t

This equation suggests the use of a laboratory procedure to determine A
in which a steady rate of change of pressure is applied to the aircraft
pitot -static system with P, P; and dP/dt all determined as a function of

time.

4.3.1.1 The Static Pressure Lag Constant
The static pressure lag constant can be determined by the

use of an experimental apparatus similar to that shown in Figure 4.1
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Enclosure
Statlc Countes
Source / O—-T
Pitot-Static Head ) Altimeter
Photopanel '
eedle
Storagevalve (
Tank
Camera
to Intervalometer |
vacu controlling counters
| |pumry . I NI _
‘ ounteraltimete" X '
photopanel !
| |
switch controlling
e —— ] Intervalometers
camera ' and cameras
- }:igure; 41 B

Schematic of Equipment for Determination

of Altimeter Lag Constant

The static pressure vent on the probe is sealed in a close fitting

enclosure. Anm altimoter prpressure gage) is mo

unted on a photo-panel

as close as possible to the enclosure. Another altimeter (or pressure

gage) is connected to the static pressurc system.

Timing counturs

operating at a one-per-second rate from an intervalometer are installed

as shown !n the figure. The pressure in the enclosure is lowered to the
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limit of the adjacent altimecter by means of a vacuum gpump. The cameras
and intervalometer are startcd and the necdle valve {8 opened graduallyto
maintain a dh/dt of about 5000 fect per minute.

If pressure gages are used, the data from the two camera fllms is
most conveniently plotted in accordance with equation 4.16 as shown in
Figure 4.2.

8 dP_ /dt

Here, psﬂ {s the pressure in the enclosure and P_ 1s the pressure
indicated by the aircraft static pressure system. At a given P‘, )‘s

is equal to the time increment between Pa and PBI .

a J"’;y "
——t+r1—-r—-t-
@ } /i ]
. ! 7| 7
. |
& 1
3 o /
: ] ‘
15/ i/
o L 1
- L
S ]

il

Time, t (Sec)

Figure 4.2
Plot Used to Determine Altimeter l.ag Constant, X'
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If altimeters are used rather than preassure gages, it is convenient

to plot the data in accordance with equation 4,19 (sce Figure 4. 3).

Hy - H
) 2 le 4.45

8 dH, ./ dt

Again, the lag constant for a given Hic is given by the interval between

the two lines representing the indicated and actual simulated altitudes.

N\ \HK

1€y ~Hi¢
/

for Instrument Error, Hic

]

|

i
ST
!

|

|

T

I

!
L/

/!(

t

!

)
)
'

> o= =

— o ot

| RN

4
Time, t (Sec)

Indicated Pressure Altitude Corrected

Figure 4.3
Plot Used to Determine Altimeter Lag Constant, X'

The value for k. obtained at any altitude, 1s the lag constant for
the static pressure corresponding to that altitude and the temperature
of the room in which the test was conducted. The sea level static
pressure lag constant ( )“SL) can be determined from the relation

TaSL Pl

= N

s
SL s T, PaSL




where

Ty
Pg

This equation is applied to a number of pressures of Figure 4.2 or

room temperature

pressure in the enclosure

altitudes of Figure 4.3. From this information, a final value for )\SSL

is selected. In general, the values obtained for high altitudes will be

the most reliable, as )\s, the quantity with the most uncertainty, is
larger. A sample format for the determination of Aggp 1s included as

data reduction outline 7.2.

4.3.1.2 The Total Pressure Lag Constant

The total pressure lag constant can be det ermined hy the use
of a somewhat modified apparatus. In this case, a pressure is applied
to the total pressure source and the static pressure source is left open
to pick up atmospheric pressure. Either pressure gages or airspeed
indicators may be used. (lf airspeed indicators are used the pressure q
applied to the total pressure source should not exceed ambient pressure
by an amount greater than the q.;. corresponding to the maximum V.
for which the airspeed indicator was designed.) The applied pressure

is bled off slowly to give the change in pregsure (or airspeed) as a

function of time.
If pressure gages are used, the data may be plotted in accordance
with the definition of the total pressure lag constant ( A;). From equation

4.9
' - '
N = 24 Pt 4, 47
dP¢g'/dt

where P!y is the pressure in the enclosure and P,' is the pressure
indicated by the aircraft total pressure system. Such a plot is shown

in Figure 4. 4.
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Figure 4.4

Plot Used to Determine Total Pressure
Lag Constant, )‘t

Here, as before, the total presesure lag constant at a given Pt' is
equal to the time increment between Pt' and Pt'ﬂ, .

It is usually more convenient to use airspeed indicators. With
the applied static pressure held constant, dH{c/dt 2 0; therefore,
from equations (4. 34, 4.35)

= Avicx . Vic - Vic 4. 48
t T dVi./dt dvy./dt )

Hence, the data can be plotted as in Figure 4.5. Then, the total

pressure lag constant at a given V. is equal to the time increment

between V;. and Vicl‘
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Plot Used to Determine Total Pressaure
Lag Constant, ).t

The value for )‘t obtained at any airspeed is the lag constant for
the total pressure corresponding to that airspeed and the temperature
of the room in which the test was conducted. The sea level total

pressure lag constant is then obtained from the relation

P!
MsL T M T;SL Pat
a SL
N T?TSL (ch +F)
a aSl,
where Ueic = £(Vic) and is given in Table 9.6. A sample format for

the determination of the sca level lag constant ia included as data
reduction outline 7. 3.
4.3.2 In-Flight Calibration:

Little experience has bcen obtained with in-flight methods

for determining lag constants. However, sirce ground calibrations

must be extrapolated to altitude where lag constants are much greater,

14
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in-flight calibrations do have an obvious advantage in that they can be
determined more accurately provided suitable measurements can be
made. Special equipment which is not generally available is necessary,
however. Using in-flight methods, tapeline altitude is measured while
the aircraft is changing flight conditions rapidly, as during a maximum
power climb., (These measurements are perhaps best made with
Askania cameras.) Tapeline aititudes are then converted to pressure
altitudes by means of radiosonde data. A special installation must be
made in the aircraft to provide correlation of altitudes recorded on
the ground to those recorded in the aircraft,
4.3.2.1 The Static Pressure Lag Constant

The static pressure lag constant can be determined in flight

as the aircraft climbs or dives. The indicated altitude (Hj) is compared

to the pressure altitude (H.) where

He = Hj + AH . + AHje g + OHp, 4. 50
where

AHje = altimeter instrument error correction corresponding
to H;

AHjc g = altimeter lag error correction corresponding
to I_IIC

AHpce = altimeter position error correction corresponding
to Hic

The altimeter lag error correction is determined as

AHjcp= He - Hic - AHPC 4.5)
With AHjcp known, the static pressure lag constant can be determined
from
e = omicd 4.45
dH;/dt

dH;./dt can be determined from a time history of the test

aircraft altimeter. The rate-of-climb indicator can be used but it

may introduce considerable error as it is subject to lag error. The




pressure altitude at which the test aircraft is operating (H.) can be
determined either by the use of a pacer aircraft or by radar tracking.
These methods are discussed in Section 5.6. The altimeter position
error correction (AHPC) must be known from a previous calibration.

The use of this method is limited by the accuracy with which
AHjc 4 can be determined. This requires that the position error
correction and the pressure altitude must be known with considerable
accuracy, for it is quite possible that the error due to pressure lag
can be completely hidden by errors in these quantities. Therefore,
lag constants determined by this method should not be accepted
without some reservation,

4.3,2.2 The Total Pressure Lag Constant

Inflight methods for determining the total pressure lag constant
are not present'y used due to difficulty encountered in the measurement
of the calibrated airspeed with sufficient accuracy. The airspeed

indicator lag error correction has been expressed as

dv; dH:
AVicy =M gS + (Ns - A) € x F1(Hie, Vi) 4.37

Several flight procedures are theoretically possible by which 7\t
can be determined

(1) Level acceleration (dH;./dt = 0)

_ AV,
At -mﬁg‘t 4,52
(2) Climb or dive at constant V;. (dV;c/dt = 0)

A= g - OVicL 4,53
dHjc/dt x F1(Hjc, Vie)

(3) Climb or dive at a constant acceleration or deceleration

dH.
A = AVicl - Ag dtlc x F1(Hic, Vic)

4,54

dv. dH;
e —dt'm' F(Hjc, Vic)




In all of these procedures, it is necessary to determine AV;. ¢

where

Tracking methods are not reliable to give velocities accurately and
the pacers are not calibrated for lag; therefore, it is not possible to

obtain V. with sufficient accuracy to give a reliable AV;. g and henee

A
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SECTION 5
POSITION ERROR - THEORY AND CALIBRATION

In addition to instrument error and pressure lag error, the altimeter
and airspeed indicator a~ subject to another error called position error.
Once corrections for instrument and pressure lag error have been made,
position error may be accounted for and suitable corrections made.
Under steady level flight conditions there is no lag error, in which case
position ‘error corrections can be made directly following the instrument

error correction.
5.1 ORIGIN OF POSITION ERROR

Determination of the pressure altitude and airspeed at which an
aircraft is operating is dependent on the measurement of free stream
impact pressure and free stream static pressure by the aircraft pitot-
static system as evidenced by equations (2.1, 2.2) and (2.10, 2.11).
Generally, the pressures registered by the pitot-static system differ
from free stream pressures as a result of:

(1) The existence of other than free stream pressures at
the pressure source.

(2) Error in the local pressure at the source caused by the
pressure sensors,

The resulting error is called position error, In the general case,
positio. error may result from error at both the static and total
pressure sources, For most flight test work it may be presumed that
all of the position error originates at the static pressure source. The

possibility of a total pressure error must; however, always be considered.

5.1.1 Total Pressure Error:

As an aircraft moves through the air, a static pressure
dieturbance 1is generated in the air producing a static pressure field
around the aircraft. At subsonic speeds, the flow perturbations due
to the aircraft static pressure field are very nearly isentropic in
nature and hence do not affect the total pressure. Therefore, ats long

as the total pressure source is not located behind a propeller, in the
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wing wake, in a boundary layer, or in a region of localized supersonic
flow, the total pressure error due to the position of the total pressure
head in the aircraft pressure field will usually be negligible. Normally,
it is possible to locate the total pressure pickup properly and thus avoid
any difficulty. This is most desirable as such things as localized
supersonic flow regions procuce rather erratic readings.

An aircraft capable of supersonic speeds should be supplied with
a nose boom pitot-static system so that the totzl pressure pickup will
be located ahead of any shock waves forrned by the aircraft. This
condition is essential for it is difficult to correct for total pressure
errors which result when oblique shock waves exist ahead of the pickup.
The shock wave due to the pickup itself is considered in the calibration
equation (2.10, 2.11) discussed in Section 2.2,

Failure of the total pressure sensor to register the local pressure may
result from the shape of the pitot-static head, inclination to flow, or a
combination of both, Pitot-static tubes have been designed in many
varied shapes. These tubes are tested in wind tunnels beture
installation to assure good design. Some are suitable only for relatively
low speeds while others are designed to operate in supersonic fiight as
well. Therefore, if a proper design is selected and the pitot lips are not
burred or dirty, there should be no error in total pressure due to the
shape of the probe. Errors in total presasure caused by the angle of
incidence of a probe to the relative wind are negligible for most flight
conditicns. Commonly used probes produce no significant errors at
angles of attack or sideslip up to approximately 20 degrees. This
range of incensitivity can be increased by using either a shielded or
a swivel head probe.

5.1.2 Static Pressure Error:

The static pressure field surrounding an aircraft in flight is a
function of speed and altitude as well as the secondary parameters, angle

of attack, Mach number, and Reynolds number. Hence, it i¢ seldom

49




possible to find a location for the static pressure source where the
free stream pressure will be sensed under all flight conditions. Therefore,
an error in the measurement of the static pressure due to the position
of the statiz pressure orifice in the aircraft pressure field will gene rally
exist.

At subsonic speeds, it is often possible to find some position on the
aircraft fuselage where the static pressure error is small under all
flight conditions. Therefore, aircraft limited to subsonic flight are
best instrumented by the use of a flush static pressure port in such a
poaition. The problem of the selection of an optimum static pressure
orifice location is discussed in NACA Report 919, ""Accuracy of Airspeed
Measurements and Flight Calibration Procedures',

Aircraft capable of supersonic flight should be provided with a nose
boom installation to minimize the possibility of total pressure error.
This posit.on is alsoc advantageous for the measurement of static pressure
as the effects of the aircraft pressure field will not be felt ahead of the
aircraft bow wave. Therefore, at supersonic speeds when the bow wave
is located downstream of the static pressure orifices, there will be no

error due to the aircraft pressure field (See Figure 5.1).
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Figure 5.1

Bow Wave of Supersonic Aircraft That Has
Passed Behind Static Pressure Ports

Static Preasure
Ports

Any error which will exist is a result of the probe iteelf. Hence,

the calibration at supersonic speeds may be derived from wind tunnel
teats on the probe, or flight tests of the probc on another aircraft.
Assuming the head regiaters the local static pressure without error,

any erroz which exists is a result of interference from shoulder on the

boom installation, or of influence on the static pressure from the shock
wave in front of the boom, Available evidence suggests that free
stream static pressure will exist if the static ports are located more
than 8-10 tube diameters behind the nose of the pitot-static tube and
4-6 diameters in front of the shoulder. (See Figure 5.2).
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Figure 5.2

Detached Shock Wave in Front of
Pitot-Static Probe

In addition to the static pressure error introducecd by the position of
the static pressure orifices in the pressure ficld of the aircraft, there
may be error in the registration of the local static pressure due
primarily to inclination of flow. Erro- cue to sideslip 18 often minimized
in the case of flush static ports by the location of holes on opposite sides
of the fuselage manifolded together. In the case of boom instailations,
circumferential location of the static pressure ports will reduce the
adverse effect of sideslip and angle of attack. The use of a swivel head

also reduces this form of error.

5.2 DEFINITION OF POSITION ERROR

From the previous discussion it is seen that position error is
created at the static pressure source by the pressure {ield around the
aircraft. It should be borne in mind that position error in the total
source may exist, resulting, for instance, from imperfections in the
pitot tube. Sufficient airspeed calibrotions should always be made on
test alrcraft to determine the possible existance of position ¢rror in

the total pressure. Since in necarly all installations this d:es not occur
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the following derivations consider pressure error in the static source
only.

The relation of static pressure at any point within the pressure field of
an aircraft to the free stream static pressure depends on Mach number
(M), angle of attack («), sideslip angle (), Reynolds number (Ng) and
Prandtl number (Np.x).

g.i_ = 1) (M, %, B, NR, Np_) 5.1

(The symbol f denotes a functional relationship which is usually

different each time it appears) Defining the position error, APp, as

AP, = Py - P, 5.2

equation 5.1 can be written as

AP, _ 7 '
?-_a-p = fz (M, O(,p, I\R, I\Pr) 5.3

Sideslip angles can be kept small; Np, is approximately constant; and
NR effects are negligible as long as the static pressure source is not
located in a thick boundary layer. Hence, equation 5.3 can be simplified
to

_%E_’P_ = £3 (M! «) 5.4
a

With no loss in generality, this equation can be changed to read:

SPp - £4(Mjc, CLic) 5.5
cic
with
Mjc = {5 (if,—‘;c—) 2,26, 2.27
w nw 1 2
CLic = —= = .2 7S 5.6
1c ‘PsMicz s/2 gic MiCZ tSPasL
where
Qcic = 1ndicated differential pressure, Py' - Pg
n = loac factor
w = airplane gross weight
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» = ratio of specific heats, 1.4 for air

S = wing area, constant for a given airplane

5ic= pressure ratio corresponding to Hi., Pg/P, g1
The term APP/qcic is termed the position error pressure coefficient,
and is very useful in the reduction of poegition error data From the

definition of CLic

AP nw
— P = f , M. 5.7
Qcic 6 8i ic)

Frequently weight and load factor effects may be neglected when
presenting position error data; however, for aircraft carrying large fuel
loads and whose weight accordingly may change markedly during the
course of a flight or fcr aircraft in windup turns, the '"'nW'" effects
should be taken into account.

Consequently, when the relationship between the variables in equation
5.7 has been determined by means of a calibration, the following chart
can be prepared for all weights and all load factors for the given aircraft

in a given configuration.
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Non-Dimensional Plot of Position Error Data
to Include Weight and Load Factor Variation

5.3 RELATIONSHIP BETWEEN VARIOUS FORMS OF THE POSITION
ERROR

The static pressure position error (APp) causes error in the
altimeter and airspeed indicator readings and in the Mach number
calculated from these quancities. The resulting errors are designated

AHp. AVP and AMp respectively:

AHP = Hic - Hc 5.8
where

Hc = pressure altitude

.Hic = {ndicated pressure altitude corrected for instrument

error

AVp = Vic - VC 5.9
where

V_ = calibrated airspeed

indicated airspeed corrected for instrument error




AMp=Mic -M 5.10
where

M = Mach number

Mijc = indicated Mach number corrected for instrument

error
(In these definitions it is assumed that there is no lag error.) In general,

it 1s more convenient to work with position error corrections rather than

with the error itself, or

AHPC = HC - ch = ‘AHp 5. ll
AVpe = V¢ - Vic = -aV, 5.12
AMpc = M-Mjc = -AM, 5.13

It can be seen that the corrections are added to the indicated quantities
to obtain the actual quantities.

When the position error is produced entirely by pressure coefficient
variation at the static source, it is possible to relate altimeter position
error dire-tly to airspeed and machmeter position errors (since in
most installations the altimeter and airspeed indicator utilize the same
static source). It is possible to develop equations relating APP, AHPC.

AVpes L\.Mpc, and APp/qcj.- This is the subject of the following section.

5.3.1 App and AHpc:

The differential pressure equation for the altimeter can ve

written as

dP g4 = 'Gpsdch 5.14

dPg _ 2

aH, . - 0 0010812 5.15
where

dP, = differential static pressure, '""Hg

dHjic = differential indicated pressure altitude corrected

for instrument error, feet
Ps = standard day air density at Hj., slugs/feet3
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G gravitational constant, 32,17405 feet/second?

ag

standard day air density ratio at Hj¢, pg/esy,
In the case of small errors, these differential quantities may be treated

as finite differences. In this case,

dps = Ps'Pa’-‘APp' "Hg 5.16

dHjc = Hjc - H, = AHP = -AHPC 5.17
With this approximation

AP - ""Hg

Zﬁ?c = 0,0010813ag, foet 5.18

where a. is the standard day air density ratio at Hj.. Then

APy = (AFp) 5.19

arapt  SHpe

This approximation is good for small errors, say AHPC < 1000 feet,

but cannot be used for large errors without introducing some error.

‘ The exact rel.ationship between APP and AHPC can be obtained by
insertion of ¢ = f(H), equation 1.10, 1.13 into the aitimeter equation

1.6 and integrating.
2 2

dea = P,-P; = -0.0010813 50 dH 5.20
1
where 1 represents the actual quantity and 2 represents the indicated

quantity. With this nomenclature

Pz-Plf—'Ps-Pa:APp 5.21
Hence Hic

A.Pp= -0.00108135 o dH 5,22

He

where

e = (1 - 6.87535 x 10-61)%- 290! 1.10
for H £ 36,089 feet, and

o = 0.29707,4- 80634 x 107> (H - 36,089.24) 1.13
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for H 2 36,089 feet. Performing this integration and expanding in
terms of AHpc by use of the Binomial theorem, an infinite series is

obtained. Fortunately, only the first two terms are significant. With

this simplification, the result can be expressed as

N "H
AT'?;)C = 0.00108130,, —& 5.23

where g 1s measured at (Hj. + S‘;——{P-C ).

AH c)4.25£l 5 24

1]

s

1 - 6.87535 x 1070 (H;. +

for (Hjo + SRS ) & 306 089 feer, and

-5 AH |
. = 0.29707¢"%-80634x 10 [(Hic+‘z-9-°)-3b.089.241|

o =
5.25

for (Hjc + -A—l;llc-) > 36,089 feet. Equation 5.23 is plotted in several
forms:

%—g‘;c versus H;. for AHpc 8.7

AP ,

Kggc versus Hj. for APP 8.8

OHpe versus APy for Hje 8,13

Another way to determine APP from AHpc is to find the values
for Pg and P, in the Standard Atmosphere, Table 9,2 or 9.3,
corresponding to Hic and H. and subtract.

Example:

Given: H;. = 17, 140 feet AHPC = 550 feet

Required: 4P in “"Hg

Solution;

H. = Hic + &H

From Table 9. 3:

Py =15.480 "Hg; P, = 15.134 "Hg
APp =Pg - Pa =0.346 "Hg

pc = 17, 690 feet
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5.3.2 AP, and AV __:

An a;;roximajte expression for the relationship between APP
and AVpe can be obtained by taking the first derivative of the standard
airspeed indicator equation, and considering the derivative to be a
finite difference. The resulting equation is good for small errors, say
AVpc <10 knots The standard airspeed indicator equation is given
in Section 2 as

Jeic - [1+o.2(§i£-)2]3'5-1 2.12
aSL “SL
for Vic 4 ag1,, and

(Vs ) '

, —AC
106, 921 351‘)

Geic - 2.13
aSL V... 2 2.5
7 (-4%) -1 ;
asL '
for Vijc = ag,. The definition of qcijc is
inL Pt' - PS 5. 26
With no error .a the total pressure, equation 5.26 can be
differentiated to give
d(g i) = -d(Psg) 5.27

Differentiating equation 2.12 and replacing dq.;. by its

equivalent, -dPg, gives the result:

, .2 2.5
P . . LAPaSL Vie | 44,2 (Ve 5.28
dVic asyL asL asl,

for Vi. € agy,

where
dPg = differential static pressure
dVic = diiferential airspeed
Assuming the derivatives to be finite differences
dPg = Py - P, 5.29
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dvlc = Vlc - Vc = AVp = -AVPC 5.30
With this approxmation
. . 2] 2.5
LPp . L2 Pas1 Vic [1+o.2(v-m-) ] 5.31
AVpc asy, asL agy,
for Vic £ ag),. Similarly, for the case that Vicé agl,
6 Vig,”
; <) .
%‘sp- = 52.854 (h) [} (aSL) I:I
pc asL 35 5.32
[ a) !
Then -
AP
OP, (A_'V'Ec)' AVpe 5.33
The exact expression relating APp and Avpc is derived in the

following manner for the case when no error in the total preasure
source exists.
Aeic = Pt' - Pg = (Vi) 2.12, 2.13
For the case of no position error q
ac = Pt' - Pa = £(V¢) 2.10, 2.11

as q.ijc = Q. and Vj¢ = V¢ with no position error. Now

APp=Ps‘Pa=(Pt"Pa)‘(Pt"Ps)=QC‘qci¢

Therefore,
APp = q¢ - qcic = f(Ve) - f(Vic) 5.34

Since V¢ = Vic + AVP.;, it is possible to expand the right hand side
of this equation into a series for A\/pC by use of the Binomial
Theorem. The resulting series may be discontinued after the
second term with no loss in accuracy for AVpe & 50 knots, The

resulting equation takes the form

' o 272.5
APy, uﬂaﬂulm[uo.z(\’_‘c) ‘ 5.35
AVPC aSL asgy, agi, 1

.23 .2
+ ©7Past | 4o, 2(Ye ) L+ 1. 2( Y40 ]‘——-P—W <
asL. asL asy’ jasL ‘
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for Vics aSL' and

6 Vie (¢
AP Vic {2y -1
ZZ R - 52,854(-1c [ a L,
Vi 3.5
(=) -1
asL

for V. 2 agy,. Nocte that the first term is identical with that obtained by the
approximate method. The second term may be consideved as a correction
to the first term that must be applied for large AVpc.

Equation (5.35%, 5.36) has been plotted in several forms for the

convenience of the reader

%—s-g-c versus V. for AV e Chart 8.9
SPp versus 7y, for AP Chart 8.10
N sus /. for p ar Y
AVpe versus AP, for Vi, Chart 8.13

5.3.3 AVpe and APL/q-5¢:
The position error pressure coefficient is very useicl as a
parameter in high speed flight (Mjc > 0,6). 7o facilitate obtaining
App/qcic from AVpc, a graph of AV versus Vic for &AFp/qcic 1s plotted

as Chart 8.11, This chart is determined irom the following considerations.

aPp . (8Pp/Pagy)
deic (q¢j¢/Past) 5.37

From equations (5,35, 5,36, 2.12,2.13, and 5,37)
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APP

Scic

.in Chart 8.12 as AHp/AVpe versus Vic for Hjc.

ot [+ o)) 2] o o [,m( )]” [l ]2)}
ootz 1™

[_': 45( ")+ ]

KEE
[ (OSL ]2.5
166921( )

for Vicé aSL. and

sfts) - ] o

Tl

5.39

>

=3

for Vic = 2agy,-

AH pc and AVpc

When working with small errors, say AOH[c

5.3.4
1000 feet or AV

knots, the value of AHpc can be determined from AVpe, or vice versa, by ti.
following relation which is obt ained by dividing the approximate equations
(5.35 and 5.36) by 5. 22.

2.5 !
O . B3 (v ,+0,2'1;£f s
AVpe % osL ‘QSL :

for Vijc < agy,, and

Cafef
e sm0 (v} 2l s
AVpe T s asL

[7(%%:7_ ‘]3.5

for Vi. > ag],, where o4 is measured at Hj.. This equation has been plotted
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For the case of larger errors where equations 5.18 and 5.31, 5.32

arc not valid, the resulting equation 5,40, 5.41 and Chart 8.12 are of

course not valid. In this case, one should use Chart 8,13 which is

developed from the following relation which in turn is obtained by

consideration of equations 5.35, 5,36 and 5. 23.

APP 0-0010813 Og N’Ipc 5.42

. 2725
1.4P,gp Yic | + 0. 2(Yic ) ] SVac
aSL aSL aSL

Via.211.5
+ O'7PaSL [1 + O.Z(ﬁ) ]

2 2
[1 + 1.2(\;;1) ](i;’;:c )

for Vic £ agl,, and

-6 [ Vie |2 av
Vi Llc - —Pc¢
= 1168.45P 51, (a;“L) Ez(aSL ) L_ asy, >

V; 5 VvV 4 Vi 2
+ 1168, 45P (== [7—-1‘1 - 4,5(=% +3]
asL (55) [agy) Gsp) ("—Wgc) 2
38

Vie @ 4,5
G -
asy,

for Vic = agi,

where og is measured at (Hje +-é}j£££)' Chart 8.13 15 in the form of
AVpe versus OPp for Vigc and APp versus AHpc for Hi., or simply

OVpe versus L\Hpc for Vic and [1;..
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5.3.5 AM,. and AH,

The Mach number equation may be written as

3.5
= (1 + O-ZMicz) 5.44

’UFU

s
1

for Mjc £ 1.00. Differentiating, with P{' constant,

dp - l . 4PS M

=S5 =-S5 Fic 5

dMic (1 +0.2M;.2) 45
Making the approxitnations

dPg = Pg - P, = APp 5.46

dMlC = Mlc - M = AMP = -AM_OC 5.47

the relation between the static pressure erro- and the Mach number

position correction is obtained.

APp _ _1.4PgMic 5.48

AMpe (1 4 0.2M;9)

This approximate equation is valid for small errors. The Mach number
position correction can be related to the altimeter position correction
by dividing equation 5.22 by equation 5.52 and introducing the perfect

gas equation 1, 3.

2
AM (1 +0,2M;c9)
-8 = 0,007438 - — 1< 5.49
AHpe Tas Mijc
for Mj. = 1.00, where Tgg 15 the standard day temperature
corresponding to Hjc.
In the supersonic case, Mjc =2 1.00
P 166.921M; 7 5 50
Py 2 ,.2.5 ‘
s (TMjc™ - 4
Proceeding as in the subsonic case
, 2
TP (ZMic ™ - 1) 5 51
!

AP _
A *

Mic (7TMjc? -

)
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and

. -
= 0.001488 Mic (Mjc” - 1)
Tas(2Mjc? - 1)

OMpe

for Mjc 21.00, where Tas corresponds to H;j..
Equation 5.49, 5.52 has been plotted in Chart 8.14 in the form:
OMpc/AHpe versus Mjc for Hjc Chart 8.14
Chart 8.14 and the above equations on which it is based are valid only
for small errors, say OAMpc <0.04 or AHp o £. 1000 feet.

For larger errors, a better approximation is necesgsary. The exact
result can be obtained from the following analysis. In general, for
M; < 1.00.

]

Pt o= (140.2M5c%3° 5.53
8

oo

For the case of no position error,

t
B - (1+0.2m23.5 5.54
P,
With
App:'Ps "Pa 5.2
and
AMPC :M 'MLC 5.17

it is possible to express the exact relationship

;ﬁp = {(Mic, AMpe) 5.55
s

Expanding by the Binomial Thecrem and retaining the first two terms

yields the result

AP, _ 1. 4MjcAMpc  0.7(1 - 1-6Mj;fLAM9c2 5.56
Pg 1+ (-.ZMiCZ) (1 +0.2Mjc%)°

for Mic £ 1.00. Similarly for the supersonic case (Mj.> 1.00)

oPp 7(2M;c% - 1)aMpe . T(21M;c 1o 23.5Mc % + 4)AMpc?
S Mic (TMic® - 1) Mic2 (TMic?2 - 1)°

5.57
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The final result is obtained by dividing equation 5.27 by equations 5,60,

5.61
AP 14
= . —8 .
FS—P 0 0010813qu AHPC 5.58

1.4MicAMpe . 0.7() - 1. 6M;c3)amp
(1 +0.2M;ic%) (1 +0.2M;.2)°
for Mjc =1.00, and

= 0.0010813 & QHpc 5.59

;"L%
oo

s

2 2

7(2Mjc? - 1) 7(21M;ic-23. 5M;

Mic(TMic ¢ - 1)

+ 4)AMp e
2

AM

pc ~ 2

Mic (7Micz -1)
for Mjc ©1.00, where Pg is measured at H;. and og is8 measured at
(Hic + -A—};P-L). This equation is plotted in Chart 8.15 in the form of
AHpe versus APp/Pg for Hic, and AMpc versus APp/Pg for M., or
simiply AMp. versus OHpc for Mjc and Hjc.

5.3.6 AOMpc and AV
For small errors, sty OMpc £ 0.04 or AVpe < 10 knots, the

ratio AMpc/A&Vpe can be obtained by multiplying equations 5.49, 5.52, 5.40,
5.41 with the result

212.5 2
AMpe . Past L Mg () 40, 2(Ws) (1+0.2M;,7)
AVpe a Fg asL asSL ic
P SL
5.60
for Vic < agp,, M;.%1.00;
. 2.5 2
&%‘ﬁp-c-: 5?'351‘1% ‘iu;_[ 0. ?_(ch) J M;c(IM; “-1) |
Pc aSL s asL SL (ZMicz - 1)
5.61 1
OMpe | 166.921P 1 (-u) [ 2(5i€ )" 1] Mic(7Mic2-1) |
BVpe asL Fs l:e T2 ] BT (2Mic? - 1) |
agp) 5.62
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for Vi. = agr» Equations (5.60, 5.61, 5.62) are plotted in Chart 8.16

in the form

%—‘L versus M;
AV,

No chart has been prepared in which one can directly relate AMpc to

¢ for Hj. Chart 8.16

.AV,.IC for the case of very large position error where Chart 8.16 is not
valid. In the case of large error, it is possible to determine AMpc from
AVPC. or vice versa, by the following indirect method:
(1) Given AV pe and Vi,
(2) Determine Mj. from Vj. and Hj. and Chart 8.5

(3) Determine AMyc from Mjc and App/qcic and Chart 8.18

detcrmine APp/q.j. from Chart 8.11

§.3.7 AM,. and AP,/qcic:
For smail errors, say AMpc< 0.04, the ratio AMPCI(APp/inC)
may be formed by dividing equation (2. 26, 2.27) by equation (5.48, 5.51)

' with the result

2
AMgc . (1+r0.2M; ) [(1 vo.2M, B35 . 1] 5.65
(App/quc) 1'4M1C

for Mjc < 1.00 and

Mic [166.921Mic7 - (M3 2 - 1) 2‘5]

AM :
/ ——f—c- , 5.64
VAP pTgcie) M2 - D 3EMicd - 1)
for Mjc =2 1.00. This equation is plotted in Chart 8.17 in the form
ﬂﬂ& versus M, Chart 8.17
(App/qcic)

The expression for large errors is obtained by dividing equations (5.56
and 5.57) by equations (2.26 and 2.27;.
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1AM AMpe  0.7(1 - 1.6M;c%)aMpc?

+
%P = (1 +0.2Mjc?) (1 +0.2Mic?)" 5.65
cic
[(1+0.2m;c2)% 3 - 1]
for M;.£1.00, and
2
72M;cl . NaMy. 72IMgct - 23.5M T ¢ 4)aMpc®
AP, Mic (TMjc? - 1) Mic% (1M 2 - 1)@
Qcic .7
1 [166.9221 MJZC - 11 5 66
(7Mic - 1)*
for Mjc =1.00. Equations (5.65 and 5.66) is plotted an Chart 8.18 in the
form
SPp  versus aMy for Mj. Chart 8.18
Qcic
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5.4 EXTRAPOLATION OF RESULTS

In general, the position error corrections must be established by a
flight calibration made under all flight conditions. In some cases,
however, it is possible to extrapolate over a wide range of conditions
from a calibration over the speed range at one altitude. It has been

shown that

AP
—=2 = ] Mic, CLic) 5.5
Qeic
nW
= f5 (Mje, 5.6
2 (Mje Z';'c)

To derive this relation experimentally for direct application to any
iight condition would thus require calibrations at several weights and
load factors over the full altitude and speed range of the aircraft.

The appropriate assumptions on which predictions to other conditions
can be made from tests at one altitude depend on the Mach number and

are considered in this section for several ranges of that parameter.

‘ 5.4.1 Low Mach Number Range (M;. &£0.6):

For low Mach numbers, the effects of compressibility on

pressure error may be considered negligible., Without introducing
serious error, it may be said that the pressure coefficient is a function

only of lift coefficient (C;) as shown in Figure 5.4.




+

p/ 9cic

//

Position Error Pressure
Coefficient, AP

Liit Coefficient, CLic
L

Figure 5.4
APp/ q ;. versus C; for Typical
Wing Tip Probe (Good for Low Speed Only)

This plot will represent the flow field around the probe for all
flight conditions in the low Mach number range.
The position error calibrations for a low speed aircraft are

often presented in another manner.

AP

9cic

= 1 (CLic)

Since C; =nW/ (pﬁVeZS/Z) and in the low Mach number range

Vc ¥ Ve , it can be assumed that
nw
C, = =—/~o—
L pV.es/2
sL C
or
nWw
Lic ~ 2
u.vic S/2
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Substituting equation 5.69 in equation 5.67

AP

P ag o) = £ (o 5.70
A —— ﬂ - -
eic Ve Vic

It {s possible to obtain a curve of APP/ o Vversus ;/nW/ Vi
from the results of a position error calibration ovaer the CL range at
one altitude. From this plot, the position error pressure coefficient
at any relevant altitude, weight and normal acceleration can be obtained.
A typical plot of APP/ Ggy Versus V.  showing nW variation and
Mach number effects at the higher speeds is given in Figure 5.5. It
may be seen from this figure that a chinge in nW at low apeed can

cause a substantial change in position error.
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Indicated Airepeed Corrected for Instrument Error, V{c

Figure 5.5

Plot of App/qcic versus V; for Low Speed Aircraft
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The altimeter position error correction for low speed aircraft can
be extrapolated from one altitude to another altitude at tne same
indicated airspeed corrected for instrument error (Vic) as long as
there are no appreciable changes :n weight or load factor., It has
been shown for low speed aircraft in which there are no Mach effects
that

APp . v

only 5.71
cic

ic)
for constanl nW, Therefore, at a given Vic’ and hence q.jc,» and
constant weight and load factor, the static pressure error (APP) is

constant during altitude changes Hence. for a given Vic and

constant nw

AP
(=F )
_AHpe ) 5.72

AH = AHpcl

pc
(APP

AHpC) 5 ‘

In the case of small errors, eqguation 5,22 yields the result,

= AH..y (%sL 7
OHpe2 AHpe) (USZ) 5.73

where o ) 18 the density ratio at Hj¢y, and o. is the density ratio
at Hic2. In that the position error in the low speed range 1s always
small, the problem of large error does not need to be considered
here. Eaquation 5,77 states that the altimeter position error correction
can be extrapolated to another altitude at the same Vic by
mulltiplication of AHPC by the ratio of the standard day air densities.
This procedure :s good only in the low speed range when there are
no Mach number effects and when the variation in nW is not of
significance.

5.4.2 Medium Subsonic and Transonic Mach Number Range

(0.6 <M; . .<1.0):

In this Mach number range, the position error pressure

coefficient will 1n general depend on both Mj. and Cj ic s© the
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Position Error Pressure
Coefficient, AP

p/qcic

general equation must be considered.

AP,
= { (M., C 5.5
%ic ! ( tc Lic) )
- nw N
- fz (Mic’ '6‘1';') 5(:

Therefore, in the general case a position error callbration must be
conducted at scveral altitude and weight combinations. In many
installations however, the effect of the CL‘ic parameter is negligible
in this Mach number range. In this case, a calibration at onc¢ altitude
can be extrapolated to other altitudes. The existence of any CLic
effect should be investigated by performing tests at two widely different
altitudes and plotting curves of APp/inc versus Mic for the values
of nW/bic . The resul. for a typical nose boom installation is shown
in Figure 5.6. This curve shows that nW/6ic effects exist in the
system tested. This curve would be a single line if there were no

CLic effects.

+
nW 4 (0 ) _ ]
\ Y I
_Bic N 61C // \
N
S —
N P
0 : =
oW
il
ic nwW nwW nW
(5 )3>(-5—-_ )z>('5"‘", )y -
ic ic ic
0.6  ¢.7 08 0.9 .0 .1

Indicated Mach Number Corrected for Instrument Error, Mic

Figure 5.6

Plot of App/qcic versus Mic for a Typical Nose Boom Installation

Showing nW/qic Effects at Low Speed End
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When there are no appreciable Cy ;. effects as indicated by a single
curve of APp/qcjc(versus Mic for all nW/(‘iC) the altimeter position error
correction at one altitude can be extrapolated to any other altitude at the

same Mj.. With no Cy ;. effect.

8Py . (M) only 5.74
9cic

Equations 5.63, 5,64 and 5.65 state

AMp, = f(Mc, 25P) 5.63, 5. 64,
9eic 5.65

From these equations, it follews that AMpc is a function of Mj¢ only

and hence independent of altitude when there are no Cj,jc effects.

AMPC = {(Mye) only 5.75
Therefore, cne may write
s
- c
AHpe2 = AHpe | —xyrbed 5. 76 @
(
AHPC 2

for Mjc]1 = Myc2. In the case of small errors, equation 5.49, £.52 yields
the result

OHpea = OHpel (:E—':-f) 5.77
for Mijcl = M;.,, where Tag] and T, , are the standard day air
ternperatures corresponding to Hj.j and Hjc2 respectively. In the
case of large errors, it would appear that the above method of
extrapolation would no longer be valid as equationg (5,53 and 5.56) from
which it 1s derived are nolonger valid. Fortunately this is not the
case and equation 5.81 can be used for very large errors, say AHPC<
3000 feet, with no appreciable loss of accuracy.

5.4.3 Supersonic Mach Number Range dMic > 1.0):

An aircraft capable of superscnic flight should be equipped with
a nose boom installation. In this case, the aircraft bow wave will pass

behind the static pressure holes at a Mj. of 1.03 or so. At higher
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Mach numbers, the effect of the lift coefficient on the position error
pressure coefficient will be zero as the pressure field of the aircraft will
not be felt in front of the bow wave. Therefore, any pressure error that
does exist will be a function of Mach number only so that a plot of
APp/qcic versus Mjc will be valid for all altitudes. In the usual-case,

this error is quite small and may be zero.

5.5 CORRELATION OF RESULTS OF POSITION ERROR CALIBRATIONS
In the position error calibration methods discussed in the next »

section, data is usually obtained in the form of AHp. or AVPC for the o
altitude at which the test was conducted. In this section, methods by which
data from different calibrations can best be correlated is given. The
final report presentation is usually given as AI—IpC and AVpc versus V;.
with H;. as the parameter. This can be done for both light weight and
heavy weight configurations if weight is an important parameter.

For low speeds in which there are no Mach number effects, the
position error obtained from several calibrations is best correlated by
the use of a plot of AVpe versus Vic. Such a plot will be a single line
which is good for all altitudes for a constant nW with the absence >f
Mijc effects.

It has been shown that in the low Mach number range

APp o f] (Vic) only 5.70

Qcic
for constant nW. From Section 5.3.3

AP
= =2'p .
AVpc fZ(Clcic v Vie) 5.38, 5.39
Therefore, in the absence of Mach number effects

Avpc = {3(Vjc) only 5.78

for constant nW

At higher speeds, when tnere is the possibility of both M. and Cy ;.
effects, the results of calibrations are best ccrrelated by a plot of
OPp/qcic or AMpc versus Mjc. It has been shown in the previous

section that this will usually be a single line for Mj.> 0.6 except for

possible low speed nW/é ic breakofis,
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5.6 CALIBRATION METHODS

The static pressure error can be determined by any method in
which the indicated static pressure and the free stream static pressure are
obtained at the same time. The indicated pressure is obtained by installing
a sensitive aneroid such as an altimeter in the static pressure system to
be calibrated. The free stream static pressure can be obtained directly
from a measurement of the atmospheric pressure or indirectly from a
measurement of airspeed, in which case the total pressure error must
be known or assumed to be zero. The direct method is called an altimeter
calibration. Some of the more common methods are: the tower fly-by,
the pacer and aircraft fly-by, the altitude pressure comparison methods,
and the trailing bomb method. The indirect method is called an airspeed
calibration. Airspeed calibrations can be obtained by the speed course
method and the pacer and radar methods when airspeeds are compared.
In general, the accuracy of the altimeter calibration is far superior to the
airspeed calibration as the altimeter is a relatively accurate instrument
compared to the airspeed indicator concerning such things as hysteresis
and repeatability It will be shown, however, that at very low speeds an
airspeed calibration may be superior.

The choice of a method will, in general, depend on the instrumentation
available, the degree of accuracy required, and the speed and altitude
range for which a calibration is desired, The most desirable method or
combination of methods is one which requires a2 minimum of time,
equipment and manpower to arrive at an accurate calibration over the
entire speed and altitude range of the aircraft; it must be quick and
inexpensive, yet reliable and complete, Several methods are discussed
in this section with this in mind. Each method ie described in detail.

Then the advantages and disadvantages of each are discusased so that
the reader may choose the method or combination of methods which best
fulfills his need.
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5.6.1 The Tower Fly-By Method(See Data Reduction Qutline 7.5):

The tower fly-by is a low altitude method in which the altitude
indicated by the aircraft pitot-static system is compared to the actuai
pressure altitude to determine the static pressure error. A theodolite
is set up in a control tower or a tall building at a k