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INTRODUCTION

The basic principles of airspeed
measurement, as well as the more common
practical problems, are reviewed. The
construction of an airspeed indicator
calibrator is described. Although it is
difficult te find very much beyond rudi-
mentary definitions that has been written
on the subject of airspeed, this paper
should by no means be considered a rigor-
ous, last minute treatment of the subject.
It is, however, quite comprehensive, even
though it is intended to serve a fairly
wide non-technical audience.

My intention in writing this paper
was to provide a worthwhile resource on
the mechanics of airspeed measurement,
as well as to offer a more or less do-it-
yourself project in which the reader can
actually apply the principles learned in
a meaningful way,

BASIC RELATIONSHIPS

The total energy (TE) of an object
is the sum of the kinetic energy (KL) and
the potential energy (PE) or:

TE = PE + KE

The total energy of an airstream is no
different and is equivalent to the total
pressure of the airstream (H), This total
pressure is squal to the sum of the kine-
tic and potential energies of the air-
stream, The absolute or static pressure

of the undisturbed air (p) is equivalent
to the potential energy of the airstream,.
The dynamic pressure of the airflow (q)
is equivalent to the kinetic energy of
the airstream. We can now write an equi-
valent expression for the total pressure
of the airstream in terms of the dynamic
and static pressures:

The static pressure is found simply
by measuring the absolute pressure of the
airstream, This is analogous to measuring
the pressure altitude. The kinetic in
reality is found by subtracting the static
pressure Ifrom the total pressure; more on
this later. The kinetic energy can be
related by Bernoulli's familiar equation
for incompressible flow:

Kinetic _ Mass x (Velocity)2
Energy ]

or: KE = %mvz

The kinetic energy of one cubic foot of
aty TG

KE = %pV

where p, the Greek letter rho, is the
symbol for the unit density of air (or,
for example, the mass of one cubic foot
of air) and V is the relative velocity of
the air or the true speed through the air
mass, more commonly called the True Air-
speed or TAS,
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The kinetic energy of the airstream
is one of the most important terms in
aerodynamics and is called "dynamic

pressure’” with the shorthand notation "q".

We can now rewrite Bernoulli's equation
for incompressible [low as follows:

q = PV

il

oF: q %;Q(TI\S)Z

It is this kinetic energy of the air
(relative to the airplane) that the pilot
is interested in gauging in order to know
his speed through the air mass. The
remainder of this paper discusses the
problems associated with this "gauging™.

Pitot-Statiec Systems

If a symmetrical object is aligned
with the airflow, the airilow will stag-
nate or drop to zero velocity at the nose
and tail stagnation points. Since the
total energy will remain constant (in
incompressible flow), the airstream
dynamic pressure will be converted to a
static pressure, or what looks like and
can be measured like static pressure, at
the stagnation point as shown in Fig. 1.
If we put a hole at the stagnation point
and attach a gauge, we cdan measure the
total pressure, H, This pressure is
called the ram of pitot pressure, If we
also provide a hole parallel to the air-
stream so that it is unaffected by the
dynamic pressure, and attach a gaunge, we
can measure the ambient or static pres-
sure of the airstream, p. However, we
want to measure airspeed which iz a func-
tion of dynamic pressure. Therefore, we
must find the diffsrence between the
stagnation pressure (pitot pressure) and
the ambient pressure {(static preossure)
or:

a=H-p

Figure 2 illustrates thres common
variations of the basic pitot-static
system used to measure airspeed. The
gauge (airspeed indicator) measures Che
difference between the total and static
pressures, This difference, of course,
is graduated in some unit of speed; mpi,
knots, ete. This is why airspeed indi-
cators are called differential pressure
instruments.
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Equivalent Airspeed

hirspeed indicators are graduated so
as to read true airspeed in standard sea
level conditions, However, because air-
planes rarely fly in standard day sea
level conditions, the airspeed indicator
will rarely indicate the true speed
through the air. eglecting, for the
moment, pitot system error, static system
error, instrument error, and compressi-
bility error, the pilct will read an
eouivalent airspeed on the dial,

The equivalent airspeed (LBS) is the
same as that flight speed or true air-
speed in the standard sea level air mass
which would produce the same dynamic
pressure and, hence, the same indicator
reading as that at the actual Ilight
level, The true airspeed (TAS) results
when the equivalent airspeed is corrected
Tfor variations in air density belween
Flight level and standard sea level con-
ditions. Since the airspeed indicator is
calibrated for the dynamic pressures
corresponding to true airspeeds in stan-
dard sea level conditions, any non-standard
variation in air density must be corrected
Tor

In order to relate EAS to TAS, we
must know the air density for both the
standard sea level conditions (o ) and
the air density at flight level " (p).
If, for example, we have a TAS at flight
level conditions that produces a dynamic
pressure that is equal to a sea level
dynamic pressure produced by an equivalent
sea level true airspeed, and we know the
respective air densities, we can mathe-
matically relate TAS to ERS:

. _— ; ;
q = %p(TAS) {(Dynamic pressure and

true airspeed at flight
level)

(Same dynamic pressure
produced by an equiva-
lent sea level true
airspeed)

2
= ko EAS
G_ 2 PC ( )

Since the dynamic pressures are equal, we
can now equate EAS and TRAS:

2

Lo(TAS) = @QO(EAS)Z
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FIG. 1. STAGNATION POINT

= o~ Ll B 4 = 1
Forward Starnation AfL Stagpnation

Point Point

(Stagnation pressure is airstream total pressures, H = p + g)

(2) (b)
T N

ASI )= Airspeed Indicator (indicates dif-
ference between total and static

P
Sicde of pressure, H - p = q)
o

(F‘useldr
H = Total or Pitot Pressure

)
(/N

p = Static Pressure
(e) FIG, 2. PITOT-STATIC SYSTEMS
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From this equation, we can sclve for the
TAS in terms of: the EAS (from our air-
speed indicator), the standard sea level
air density, p_ (a standard value), and
the flight level air density, p
{(which we compute using the flight level
pressure altitude and temperature). In
other words:

EAS
TES =

or: TAS =

By substituting this new value for TAS
in the expression for dynamic pressure,
we gel the following equatieon for flight

level conditions:
Qo &
L " EAS
50 o

Lo (ERS)

0
Il

or;

o)
1l

ATRSPEED CALIBRATION

In order to calibrate a particular
pitot-static system so that the correct
dynamic pressure can be known, special
equipment and careful flight test pro-
cedures are required, However, given the
proper correction data pitot and static
pressure sensing errors and an unchanged
aircraft and pitot-static configuratien,
the only error in determining the correct
dynamic pressure for a particular flight
speed will be that error contributed by
the airspeed indicator itself. This
error can be considerable, but only a
couple of miles per hour error can be, if
not dangerous, at least disconcerting.

In order to calibrate the airspeed
indicator, we need a simple but accurate
differential pressure gauge. A manometer,
similar to that used by many doctors to
measure blood pressure, can serve nicely.
Because water is much less dense than the
mercury used in the doctor's manometer,

B

28

it is much more practical for measuring
the relatively low pressures found in the
pitot tube, Below are the conversion
factors needed to convert the basic equa-
tion for dynamic pressure (q = ngQ) S0
that we can equate the height of the water
in the manometer colunn to the equivalent
sea level airspeed read on the dirspeed
indicator (reference: International Civil
Aviation Organization (ICAO) standard
atmosphere data as of Nov. 7, 1352 and

The International S5ystem of Units, Physi-
cal Constants and Conversion Factors,

NASE SP-7012):

Py = 0.0012250 grams per cubic meter

1 mm water pressure (60O E) = 9.79685
newtons per square meter

1 mile per hour =
second

0.44704 meters per

1 knot = 0.5144444 meters per second

Using these conversion factors, we can
now equate the dynamic pressuwre, in terms
of mm of water pressure, Tto the equivalent
sea level true airspeed (neglecting, for
the moment, the compressibility effect).
This gives us:

q = 0.0124943 x (EAS)Z

where g is measured in mm of water pres-
sure and EAS is in mph;
e i i

or: g = 0,0165461 x (EAS)
where g is still measured in mm of water
prassure but EAS is in knots,

The early airspeed indicators were
graduated according to the formula for

incompressible flow:

°ls

(8]

which, of course, comes from our earlier
equation for dynamic pressurc at sea

level (g = %p v2), This is perfectly
adequate for ° slow speeds and low alti-
tudes, However, most modern airspeed
indicators are graduated in accordance
with a formula which includes a correction
factor, f , which corrects the airspeed
reading for compressibility error in
sea level conditions,




The effective pressure actuating the
indicator is called the "impact pressure!
and is given the symbol, Aps to distin-
guish it from the dynamic pressure, q,
for incompressible flow. To compensate
for the increase in pitot.pressure due to
compressibility in sea level conditions,
we graduate the indicator in the follow-
ing manner:

wheres V calibrated airspeed, CAS, at

sea level (dial reading)

g = sea level air density

q_ = effective impact pressure
which includes the compressi-
bility effect. q_ is always
larger than q. &

f = the "f factor" which corrects
for the magnified dynamic
pressure due to compressi-
bility effeect at the stagna-
tion point in sea level
conditions

The "f factor" comes from Bernoulli's
equation for compressible flow, (The
mechanics of compressible flow are be-
yond the scope of this paper, but are
covered more completely in any good text-
book on aerodynamics.) The f factor can
be approximated reasonably well up to
approximately Mach 2,0, or twice the
speed of sound, with the following ex-
pression (reference; MAerodynamics of
Supersonic Flight):

1

L= we oyt 1®
1+ 4 + 740 + T600 + . . .

where M is the airspeed in terms of Mach
nunber
(M = TS

speed of sound )

The speed of sound at sea level is approxi-
mately 761 mph (647 knots); therefore, we
can see that at 76 mph M = 0.1, at 152 mph
M= 0.2, etc,
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At sea level, our calculated pitot
pressure (g) will be too low, particularly
at the higher speeds. It must be in-

creased by . 2
)
0
where £ is the sea level correction that
is © included in the airspeed dial
graduation. This adjustment for the
dynamic pressure is commonly called the
Mach factor (MF) which is approximated
with the following expression:

22 4 (6
MF = (1 + % + %ﬁ + I%GU i TS
The corrected dynamic pressure (this is
the pressure actually found in the pitot
tube, neglecting sensing errors) is some-
times referred to as the "compressible
q". Notice that:

e

MF x q

Figure 3 contains the corrected pressures
that should be used when checking indi-
cators whose dials have been adjusted for
sea level compressibility error. This
calibration data is to be used with the
manometer described in the next section.

The first column of Fig. 3a and 3b
contains the equivalent airspesd corres-
ponding to the indicator dial readings.
The low speeds are offered in case the
reader is interested in wind speed mea-
surement, The second column contains the
corresponding corrected dynamic pressure
(q_ ) in mm of water pressure. It is this

c pressure that should be used to set
up the simulated pitot pressure, in order
to compare the resulting indicator read-
ing with the corresponding LEAS in column
one., The difference will be the indica-
tor error.

Figure 4 is a sample calibration chart
for a particular airspeed indicator in a
form that can be conveniently used to
supplement data in the aircraft owner's
manual.

If the airspeed indicator is not
corrected for compressibility effect in
sea level conditions, it will read high
even at sea level, Figures 5a and 5b illus-
trate the error that would result with an
uncorrected indicator. The first column
is the speed that would be read if the
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mm

{mph) water
2 0.05

4 0.2

6 0.45

8 0.8
10 T:85
12 1.8
14 2,45
16 3.2
18 4.05

20 5
22 b.05
24 7.2
26 §.,45
28 9.8
30 LL.25
35 = 1
40 20

45 25.32
50 31.27
55 37.84
60 45,05
65 52.88
70 b1.ES
75 70.45%
20 80.18
B85 90.55
90 101.56
95 113.2
100 125.48
110 i B B2
120 181.04
130 AR
140 246,97
150 283,86
160 323.4
170 365,61
180 410,51
190 458,12
200 508,46
210 561,57
220 6l7.46
230 676,18
240 737,74
250 802,19
260 869.55
270 939,86
280 16813 ,15
290 1089.47
300 1168.85

3a

(Graduated in mph)

CALIERATION CHART FOR AIRSPEED INDICHTORS

FIGURE 3

it}
(knots) water
# 0.07
4 0.26
6 0.6
B 1.06
10 1.65
12 2.38
14 3,24
16 4,24
18 5,36
20 6.62
22 8.0L
24 FBa
26 11,29
28 iZ,98
30 14,9
35 20.28
40 26.5
45 33.55
50 41.43
55 50.14
60 59,69
o5 70.08
70 B8L.31
75 93.38
80 106,3
a5 120,06
90 134,67
95 150,14
100 166,45
110 201,66
120 240,32
130 282,46
140 BBl
150 377,32
160 430,11
170 486,49
180 546,55
1380 610,3
200 o77.8L1
210 49,1
220 824,25
230 903,29
240 986,29
250 1073.31
260 1164.4
270 1259.64
280 1359.09
290 1462 .82
300 1570 9%

3b

(Graduated in knots)

GRADUATED INW EITHER MPH OR KNOTS

MEBSURED AGAINST MILLIMETERS OF WRTER PRESSURE
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o441
Add to
IAS
0
Subtract
from IAS
-5

50 60 70 80 90 100 110 120 130 140 150

Indicated Airspeed, mph

(IAS + Correction = BAS)
FIGURE 4

SUGGESTED AIRCRAFT AIRSPEED INDICATOR CRLIBRATTION CHBRT
FOR CONVERTING INDICATED AIRSPEED (IAS) TO BASIC AIRSPEED (BRS)

indicator was uncorrected for sea level Each airspeed indicator has its own
compressibility effect. The third column set of peculiar characteristics which

is the actual equivalent sea level true cause it to differ from any other air-
airspeed, The middle colunn is the "F speed indicator. These differences may be
factor™ or the compressibility correction caused by slightly different hairspring
factor in sea level conditions or £ . The tensions, flexibility of the diaphragm

nf faetor™ (in this case, fo) is “multi- accuracy of the indicator's dial markings,
plied times the uncorrected” reading (first or even Lhe effect of temperature on the
column) to give the actual equivalent different metals in the indicator mecha-
reading (third column) just as the pilot nism. Change in temperature can cause an
multiplies the CAS times the "f" correc- instrument error due to the variance in
tion to get EAS. For example, uncorrected, the coefficient of expansion of the differ-
the indicator would read 240 mph for a ent metals comprising the working mechanism,
particular dynamic pressure; when the This error can be removed by the installa-
dial is corrected for sea level compressi- tion of a bimetallic compensator within
bility effect, the same dynamic pressure the mechanical linkage. This bimetallic
will produce a dial reading of only 237 compensator is installed and set at the
mph. factory, thereby eliminating the tempera-

ture srroy within the instrument,
Note that the "fY correction found

ori the pilot's flight computer (see The airspeed observed on the dial, or
Fig. 9) is diminished Trom the equation the indicated airspeed (IAS) which has been
for the "I" mentioned ecarlier, by the £ corrected for instrument error, is called
term that is already incorporated in © the hasic ailrspeed or BAS (reference: Aip
the airspeed dial graduation. Note also Force Manual 51-40, Rir Navigation)., AT-
from Fig. 5 that the dial correction is though this term deoes not exist in ths FRB
tess than 1% for indicated airspeeds less lexicon, the author feels that it is neces-
than approximately 200 mph. sary in order to receoncile the following
31
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CAS 2 fo = EAS CAS 5 fO E ERS
50 0.9935 49,973 50 0.9993 49,962
60 0.9992 59.953 60 0.9989 59,935
70 0.9989 69,926 70 0.9985 69.897
80 0.9986 79.889 80 0.9981 79.847
90 0.9983 89.842 90 0.9976 893,782

100 0.9978 99.784 100 D99y 99,702

110 0.9974 109,713 110 0.9964 108.603

120 0.9969 119.627 120 0.9957 119.485

130 0.9964 129,527 130 @295 129,346

140 0.9958 139.409 140 0.9942 139,183

150 0.9952 149,274 150 0.9933 148.996

160 0.9945 159,119 160 0.9324 158.783

170 0.9938 168.944 170 0.9914 168.541

180 0.993 178.747 180 0.9304 178,27

130 0.9923 188.527 190 0.9893 187.367

200 0.9914 198,283 200 0.9882 197,631

210 0.93905 208.014 210 0.987 207.26

220 0.2896 217.718 220 Q.9857 216,852

230 0.9887 227.394 230 0,9844 226.406

240 0.9877 237.042 240 0.983 235,921

250 0.9866 246,659 250 0.9816 245,395

260 0.9856 256,244 260 0.9801 254,825

270 0.9844 265,738 270 0.9786 264,211

280 0.9833 Lt L7 280 U937 273,581

290 0.9821 284,802 230 00,9753 282 .844

300 0.9808 294,251 300 0.9736 292,088

5a 5b
(For Dials Graduated in mph) (For Dials Graduated in knots)
FIGURE 5

ATRSPEED DIBL CORRECTION FOR COMPRESSIBILITY
EFFECT IN SEA LEVEL CONDITIONS
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fairly common discrepancy: The ailrcraft
owner or operator's manual will usually
contain airspeed correction data to con-
vert: M"WIRS to CRS", This correction is
normally determined in flight tests using
carefully calibrated equipment (and,
therefore, does not contain individual
instrument error correction) as this
correction is intended to apply to an
entire model or series of aircraft., This
"IAS to CAS" correction, then, assumes
that all the airspeed indicators will have
no error, The Air Force introduces what
it calls basic airspeed which is the indi-
cator reading corrscted for instrument
error only. Basic ailrspeed is the correct
equivalent airspeed (neglecting compressi-
bility) based on the difference betwsen
the actual pitot and static pressure,

even though these pressures themselves
might be in error. It is these pressure
sensing errors that are determined in the
manulfacturer's calibration flight tests,

Marnometer Construction and Operation

The apparatus described in this
paper is not intended as a substitute for
any certified calibration equipment, and
any calibration data obtained Ior a par-
ticular aircraft should be considered
strictly uncfficial, Iowever, any signi-
ficant instrument error uncovered by the
procedures described here should be cause
to have the aircraft instrurent checked
at an FRA certified instrument calibration
tfacility hy a person suitably qualified
and certified,

The manometer type airspeed calibra-
tion device whose construction is des-
cribed here can be used either in the
vertical position as a conventional
"U-tube" type, measuring pressure differ-
ential up to 1,000 mm of water pressure
(approximately 280 mph) or it can be
inclined so that pressures up to 100 mm
of water pressure (approximately 90 mph)
can be more precisely measured. This
expanded scale for low-range speed is
uselful for the low range of all airspeed
indicators, but in particular those found
in helicopters, sailplanes, and other
slow Tlying aircraft. Because of its low
range sensitivity and accuracy, the
inclined manometer makes an excellent
device for measuring wind speeds. Both
a pitot tube and a static pressure probe
(similar to those shown in Fig., 2a) will
be necessary, A simple experiment is
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suggested where the wind gradient near
the surface is determined. This gradient,
or shear, can be an important and often
troublesome factor as an aircraft descends
through it for a landing.

The manometer shown in both Fig. 6
and Fig. 8 was made from inexpensive
material found locally. Simple tools and
a little imagination will also come in
handy. The heart of the manometer con-
sists of two glass tubes (which probably
can be found in the local school chemistry
lab) and a "meter stick" (which any good
stationery supply store should have in
stock), One other necessary item, at
least for the inclined manometer, is a
good spirit level. All the parts should
be readily identified from the accompany-
ing pictures. Although care and accuracy
are musts, there is no reason why a less
elaborate instrument than shown wouldn't
be perfectly adequate.

Vertical Manometer

To construct the manometer shown in
Fig. 6, mount a "U"™ made out of clear
tubing which has provision for reading the
difference between the two legs with the
meter stick or a meter scale that has 1 mm
increments, Fill the "U™ half full of
water, in which you have added a small
amount of food coloring (to improve visi-
bility), and a wvery small amcunt of photo-
grapher's "Photo-Llo™ or clear liquid
detergent (to act as a wetting agent). A
simple stand should be provided so that
the manometer can be easily read, as well
as held in the ecorrect vertical positicn.

Connect one side of the "U" to the
aircraft's pitot tube through a tee fit-
ting. At the tee, connect a short length
of flexible tubing. This will be used as
the "blow tube”., Be sure that all connec-
tions are ailr tight and that any drain
holes are sealed up. (Don't forget to
unseal them when you have finished,)

Blow gently into the blow tube and trap
some pressure in the line by squeezing ofl
the line (a clamp or clothes pin will come
in handy). This pressure should be as high
as ponssible, without exceeding the mano-
mater scale or "pegging! the airspeed
indicator. By holding this pressure for

a couple of minutes, yvou can get a check
on the integrity of the pitot system
plumbing. If there is any drop in this
pressure, you will know that there is a
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RSPEED CALIBRATOR

VERTICAL MANOMETER AT

FIG. 6.
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leak somewhere that should be fixed be-
fore you continue the calibration proce-
dure, Caution: Even a light wind can
- ;
cause errors in the manometer reading, so
it is suggested that the calibration be
done inside, or at least when no wind 1s
blowing.

Inclined Manometer

From Fig. 3, we can see that the
dynamic pressure for airspeeds below 20
mph will be less than 100 mm of water
pressure, or just one tenth of the total
scale of the vertical manometer, For
better measuring accuracy for the impor-
tant speeds below 30 mph, we can expand
the scale by inclining the manometer tube
so that the maximum vertical differential
is now 100 mm instead of 1,000 mm of water
(Note: The reader will probably have
access to different materials and skills
than the author, so the following should
be used only as a guide.)

The use of a well to replace the
second leg of the manometer allows for
much simpler operation, but introduces
error caused by the wvariation in the
height of the well which must be accounted
for either in the design of the manometer
or by a correction applied to each read-
ing. The former is obwviously the more
desired. If, for example, the area of the
well is 1,000 times the area of the mano-
meter tube, then the well will rise one
thousandth of the length of the tube drop.
For a 1,000 mm (full scale) change in the
column length (from the tcp end to the
bottom end), the well will rise 1.0 mm,
The pressure read on the bottom end of the
meter scale (with a 1.0 to 10 slope) will
be 1.0 mm too high because of the rise of.
1 mm in the well.
be 101l mmn of water instead of 100 mm. To
compensate for this error, we reduce the
manometer tube elevation from 100 mm to
99 mm, This allows us to use the scale
reading directly; of couwrse, the full
scale 1 meter becomes 0.1l meter (see
Fig. 7 for a further illustration).

In a second example, if the area of
the well is 100 times that of the tube,
then the well will rise 10 mm when the
water is at the bottom end of the scale.
To compensate for this error, we have to
reduce the manometer tube elevation from
100 mm te 90 mm, Again, this correction
allows us to read the millimeter scale

The pressure will really

tions,
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directly, without any intermediate correc-
This latter example (well area

100 times the tube area) represents the
apparatus shown in Fig. 8, where the key
materials used were a length of relatively
common 7-mm glass tubing which has an
inside diameter of 0,200 inches and a
plastic pill bottle which has an inside
diameter of 2.00 inches. BAn optional
3-way wvalve (obtained at a medical supply
store) is shown in Fig, 8 that allows the
apparatus to be used in either the vertical
or ineclined position by a simple change of
the valve position.

Correction for Variation in Temperature

Temperature here, of course, refers
to the temperature of the manometer and
the liquid within it., Temperature aflfects
the density of the water in the manometer,
the length of the scale used for measuring
the column height, as well as the overall
volune of the manometer. So many of these
factors will vary, depending on the mate-
rials used in construction, that it would
be virtually impossible to account for all
of them here. The reader is referred to
the Manual of Barometry for an idea of the
complexity of the effect of temperature on
the manometer reading. It is sufficient
to say that small deviations from the 60° F
reference temperature (the temperature at
which the density of water is calculated;
see fourth page of this article) will have
little effect on our calibration,

Correction for Variation in Gravity

The gravity at the location of the
manometer is a lfactor governing the weight
of the colum of water in the manometer
which counterbalances, and is used to
measure, the simulated pitolt pressure.
Since gravity is affected by latitude and
altitude as well as other local anomalies
and, therefore, generally varies from
place to place, the direct readings of the
manometer will not be comparable if it is
not corrected for gravity.

In order Lo provide a uniform com-
parable gravity basis for pressure data,
various international organizations have
agreed to adopt a standard acceleration of
gravity uenotua b¥ 9gq and given the value
of 9B0.665 am/sec The local accelera-
tion of gravity is uenoted by g,. In order
to correct for wvariations in T ogravity,
sometimes called "reduction to standard
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(a)

—=Top end of scale
//- {zero airspced) Well

7 /ﬁﬁ /% / 77
%

Bottom end of scale

FIG. 7. CORRECTION OF MANOMETER DESIGN FOR
VARTATION IN WELL FLIGHT
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FIG. 8.

INCLINED MANOMETER
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gravity", the following expression is
used:

g'{;_gO

Corrected Value = 1+

g
o]

x Manometer Reading

However, unless the local gravity is
known (from such sources as the local
weather station) or vou happen to have

a gravimeter handy, the uncorrected mano-
meter reading will probably be very
satisfactory since the gravity variation
will not normally excesd 0.1 or 0.2 per-
cent, The reader should, however, real-
ize how so many factors can interact to
complicate life,

BIRSPEED ERRORS

In actual installations, the reading
observed on the airspeed indicator (IAS)
will normally differ from the equivalent
airspeed (ERS) for any one or more ol the
fellowing reasons:

(1) Mechanical srrcors in the instru-
ment.,

(2) The static system does not sense
the true static pressurc.

(3) The pitot system does not sense
the true pitot pressure,

(4) Leaks or restrictions in the
pitot-static system plumbing
will cause errors.

(5) At high speed, the compressi-
bility effect will magnily the
air density at the pitot tube.

(6) Turbulent air will cause erro-
necus readings.

(7) If the aircraft is climbing or

descending or accelerating
(changing speed), there will be
lag errors in the pitot-static
system as well as the indicator.

Static pressure error and, o a
lesser degree, pitor pressure error are
generally the most serious and are collec-
tively called "position crreor', This is
caused by the pitot and static sensors
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being poorly located or positioned to
sense the correct pressures. The best
locations for these sensors are usually
determined for each aircraft design during
the manufacturer's flight tests.

From the equation for Total pressure,
we can see that the dynamic pressure, g,
is the difference between the total
pressure and the static pressure
(q=H - p). We can see that, if the
static pressure is too low, the dynamic
pressure will be too large and, hence,
the airspeed reading will be too high.
Depending on the aircraft, if the static
port in the indicator vents into the cabin,
the airspeed will read slightly high be-
cause of the lower pressure inside most
unpressurized light plane cockpits.

When the static ports arec located on
the side of the fuselage, they should be
located symmetrically on both sides;
otherwise, as the plane slips or skids
sideways through the air, the pilot will
get erroncous readings because of the
high or low static pressure Teeding the
airspeed indicator. In this situation,
lateral misalignment of the pltot tube
with the airstream will also cause error.
We can see the problem arising if a piloet,
for some reason, wanted to slip the air-
plane to a landing. Unfortunately, most
airspeed systems are very inaccurate in
this flight configuration and, as a result,
this maneuver can be a very precarious one.

Just like the devious used car dealer
who turns back the odometer, the devious
used (or new, for that matter) airplane
dealer can easily distort the static hole
to give the unsuspecting buyer the false
impression that he is buying a faster air-
plane than he really is.

The angle of attack, as well as the
angle of sideslip, can have & significant
effect on the airspeed reading. Most

pilots have noticed the extremely low aip-

speed readings during slow f£light and
stalls., This is generally because the
pitot tube is not aligned with and, hence,
not sensing the correct total alrstream
pressure, 1In flight testing, a devics
will bhe used to swivel the pitot tube so
that it is aligned with the airstream.

At other times, a shroud will be placed
around the pitot tube to make it relatively
insensitive o misalignment with the air-
stream,
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The air in which the pitot tube is
located is just as important as i1ts align-
ment with the airflow. If the pitot tube
was placed directly over the wing, it
would sense a much higher airspeed because
of the relatively faster airflow over the
wing, In order to ensure the location of
the pitot tube in an undisturbed region,
it has been recommended (by the NACA) that
the pitot tube be mounted about one chord
length in front of the wing, far from any
prop blast, However, it is much cheaper
to mount a short tube under the wing
(where it is also protected from the
weather, as well as people) and then pro-
vide a calibration chart to correct the
resulting errors,

Any nicks, bends, or other distor-
tions in the opening of the pitot tube
can also cause errors because the stag-
nation point may not be centered on the
pitot tube opening. It should be easy to
see that most errors in the pitot system
will cause the indicator to read low.

Although we have rnot been treating
the airflow as incompressible (which, of
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course, it is) for speeds below about 200
mph and below altitudes of about 20,000
feet, there is little difference between
the density of the air in the pitot tube
and the undisturbed ambient air, at least
as far as the pilot is conecerned. Within
this envelope, we can treat the airflow
as incompressible and use the relatively
simple expression for incompressible flow

(g = EDVQ). However, with faster and
higher flying aircraft, compressibility
effect does become significant and is a
majer subject in itself (also see Air-
specd Calibration section). 2As mentioned
earlier, most airspeed indicators are
already corrected for compressibility
effect in sea level conditions; however,
the readings must be corrected for com-
pressibility when the conditions are not
standard,

Fig. 9 shows the amount of correction
required to be applied to an indicator
reading that has already been corrected
for sea level compressibility. When the
CAS is corrected for compressibility
effect using this "f£ factor", the result
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will be the equivalent airspeed (ERS)
which is related to the true airspeed
(TAS) as we have seen earlier:

p
TAS = TD ERS

This expression can be solved easily (on
the pilot's flight computer) by knowing
the flight level pressure altitude and
temperature,

In addition to the various considera-
tions mentioned above, prior to flight,
any protective cover should, of course, be
removed, You should alse check out the
anti-ice system (pitot heat), if icing is
even a remote possibility during the
flight. Care should be exercised in this
regard, as pitot heat has been known to
distort the pitot tube opening when left
on too long without sufficient airstream
cooling. There is also the possibility
of burning the heating element out with
prolonged ground use, such as forgetting
to shut it off after landing.

DEFINITION OF TERMS USED IN THIS PAPER

p = Flight level air density.
fg = Standard day sea level air density
(p_ = 0.0012250 grams per cubic
meter),
D = Static air pressure measured at

rest in the undisturbed atmosphere,
Also equivalent to the potential
energy (PE) of the airstream,

a = Dynamic air pressure is the differ-
crnee between the total and static
air pressures, afﬂumlng air to be
an incompressible fluid Nlso
equivalent to the kinetic energy
(KE) of the airstream.

H = Total pressure is the pressure
acting at the forward stagnation
point., It is the sum of the dyna-
mie and static pressures (H =
p+ q). BAlso called the ram or
pitot pressure.

H
b
[45]
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Indicated airspeed is the uncor-
rected speed observed on the air-
speed indicator dial.

Basic airspeed is the indicated
airspeed corrected for instrument
error (reference: Air Force
Manval 51-40). It Is the CAS,
>ased on Tthe aircraft's actual
sensed pitot and static pressures,
or what you will get when you cali-
brate the indicator as described

in this paper.

Calibrated airspeed as delined by
the FAL (reference: FAR Part 1)

is the indicated airspeed corrected
Tor position and instrument errors,
Calibrated airspeed was at one time
referred to (by the FAR) as the

true indicated airspeed or TIAS,

Bn ambiguity concerning calibrated
airspeed should be noted: Most
aircraft operating manvals will
contain charts for converting "IAS
to CAS'", These corrections are
obtained from Ilight test data with
an accurately calibrated airspeed
indicator for an entire model sepies
of aircraft., Therefore, these
charts will not normally include the
individual instrument correction.
The Bir Force defines calibrated
airspeed as the basic airspeead
corrected for position error; this
allows for insertion of the separ-
ately determined instrument correc-
tion (reference: Air Force Manual
51-40).

Equivalent airspeed is the equiva-
lent true airspeed associated with
the same dynamic pressure in the
standard sea level air mass and is
the calibrated airspeed corrected
for compressibility effect., Note
that, for speeds less than about
200 knots and altitudes below
about 20,000 feet, there is rela-
tively little compressibility so,
for all practical purposes, in this
region, CAS = LEAS,

True airspeed is the equivalent air-
speed corrected for variations in
air density and is the actual speed
through the air. In the standard
sea level air mass where fp =

true airspeed equals Pqu1valen%
airspeed (TBS = ERS). There are
two Tactors which determine non-
standard air density: First, is
the difference in pressure between
the £light level and the standard




sea level air pressures., (To the pilot,
this is related tec the pressure altitude
computation used in determining true air-
speed,) Second, is the difference in
temperature between the standard sea level
temperature and that found at flight level,
DAS = Density airspeed is calibrated air-
speed corrected only for variations
in density. If compressibility is
ignored, then density airspeed is
taken as the true airspeed. This
is the general practice for moder-
ate speeds and altitudes. Although
not a standard part of FAA termi-
nology, density airspeed is defined
by the military (reference: Air
Force Manual 51-40 and Navy H, O,
Pub. No. 216).

£ = "f factor" or the compressibility
factor used to correct calibrated
airspeed for compressibility error
in non-standard conditions (CAS x
f = EAS)., This correction is found
on most flight computers and be-
comes quite significant in the
faster and higher flying aircraft.
For flight conditions above the
standard sea level conditions, the
compressibility effect will cause
the airspeed indicator to read too
high, so we can see that the "I
factor" will always be less than
1.0.

The compressibility correction for
standard sea level conditions only.
Most airspeed indicators are gradu-
ated so as to read correctly in sea
level conditions; £ is this
correction. Withou? this dial
correction, the indicator would
normally read too high,

1 = Mach number and is the ratio be-
Tween the speed of the aircraft
and the speed of sound:

"

TAS
speed of Sound

M=

is sometimes called the "compressi-
ble q" and is the actual pressure
Tound in the pitot tube less the
static pressure, the result of
compressibility, also called the
"impact pressure", q_ is related
to the incompressible” q by the
Mach factor: de = 4 % ME .
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MF = Mach factor as seen from above,
relates g and q. It gives us the
apparent ~ increase in the dynamic
pressure caused by the compressi-

bility effect.

Standard atmosphere = A hypothetical
vertical distribution of the atmos-
pheric temperature, pressure and
density which, by international
agreement, is considered to be
representative of the atmosphere
for pressure-altimeter calibration
and other purposes,

Standard temperature = The temperature of
the air existing in a standard
atmosphere, This temperature is
equal to +15° C (+59° F) at sea
level, At altitude, standard
temperature decreases at a constant
rate (1.98° C per 1,000 feet) to
-56.500 C at 36,089 feet and re-~
mains essentially constant to above
100,000 feet,

Standard sea level pressure = Is defined
by international agreement as 760
millimeters of mercury pressure
(or the more familiar, 29.9213
inches of mercury).

Position error = Error in sensing the
correct pitot and statie pressures
due to improper location and align-
ment of the pitot and static probes,
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