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CALIBRATION OF ANEMOMETRIC PRESSURE SYSTEMS FOR LAG

1. NOTATION, UNITS AND CONSTANTS
Sl British
a speed of sound m/s ft/s
F calibration factor, see Equati¢8.3)
fr, s denotes functional relationship of type f[...]
> H ratio of amplitude of output pressure to amplitude of input
g pressuré= [pi/p'] peald
g length of pipe from pressure-sensor port(s) to the transducer in ft
S a pressure system
% n exponent in polytropic relationship/p" = constant
g p pressure at the pressure-sensor port(s) of a pressure system 2 N/m Ibf/ft2
(O]
= Py ambient pressure N/m? Ibf/ft2
o
E P; pressureregistered at the transducer or instrument in a N/m? Ibf/ft2
= pressure system
é Q relevant internal volume of an instrument or transducer ina m?3 ft3
£ pressure system
—
.ED r mean internal radius of pipes in a pressure system m ft
=
§ T temperature of air in a pressure system K
é t time from instant that pressuge,changes S S
% mean velocity of air in pipes of pressure system m/s ft/s
A denotes increment in affixed parameter
Ap change in input pressure from initial valye, N/m? bf/ft2
C relative damping ratio of system
A viscous lag time constant for a pressure system S S
0 constant related to quadrant in whigh  lies rad rad
U coefficient of dynamic viscosity of air in pressure system NEs/m Ibf s/ft?
P density of air kg/m°> slug/fé

For footnote see end of the Notation.
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Subscripts
crit
flight

ground

int

peak

test

Constants

phase angle betweerandp; for sinusoidal pressure variations
acoustic lag time constant for pressure system
angular frequency of sinusoidal input pressure

“undamped” angular frequency of system

denotes conditions for transition from laminar to turbulent flow
denotes conditions in a pressure system during flight

denotes reference (or datum) conditions to which ground
(“hangar”) calibrations are corrected

denotes value of a parameter registered (indicated) by a
transducer (or instrument)

denotes an intermediate stage in calculatiohf@‘ht
denotes pitot-pressure system

denotes maximum magnitude of input or output pressure for
sinusoidal input

denotes static-pressure system

denotes conditions in a pressure system during ground
(“hangar”) calibrations

denotes conditions at sea-level in International Standard
Atmosphere, ISA

340.294 m/s 1116.45 ft/s
101325 N/m  2116.22 Ibf/ff
288.15 K

Note that these pressures are absolute.
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2. INTRODUCTION

The analysis of flight tests for non-steady conditions such as climbing flight involves corrections to the
values of pitot and static pressures registered (indicated) by transducers, see ESDU Data Item No. 85011
Reference6. These corrections are necessary because, in general, there is a non-trivial lag in the
transmission of a pressure change at the sensor port(s) to the transducer (or instrumentation) of ar
anemometric pressure system.

This Item describes some of the ground (or “hangar”) calibration tests which are carried out on aircraft

anemometric pressure systems. These are made so that the corrections in flight-test analyses of lags due
frictional and acoustic effects may be based on good empirical data. The ground tests are calibrations of
the actual pressure systems installed in the test aircraft and are made usually for ranges of pressure
appropriate to the performance capabilities of the test aircraft. One ground test method gives information
on the effects of rates of change of pressure so that appropriate ranges of values of these rates must be use

3. THEORETICAL CONSIDERATIONS
3.1 Viscous Lag of First-Order System
3.1.1 Constant rate of change of input pressure with time
For some pressure systems the response may be assumed to be that of an ideal first-order linear system

that at all times the instantaneous relationship between “input” and “output” pressures is completely defined
by the time constarit  in the relationship

d
A5t = (p-p). (3.1)

For a constant rate of changp/dt  , of input pressure, the ratio of the chAgpge, , in output for a change,
Ap, in input pressure can be expressed as follows (see Ref@&ence

Api_ AP . TA —t/A
5 = gy = L ¢ e (3-2)

ESDU Copyright material. For current status contact ESDU.

Reference® and5 derive the following theoretical relationship between the lag due to viscous effects in
a pressure system and the significant system parameters.

_ 02l
A F[WJ {npm +QD} S. (3.3)

In Equation(3.3) the coefficient of dynamic viscosity is given by

_ 3/2
— 1.458x 10°T N s/rr?

U
+
[T +110. 4]9 . E (3.4)
or = 30.4509%« 109T3 0
T +1104 it [
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The time constany, , is seen to be proportional to the gas state in the pressure systen{utap)jely, an
to be a function of the geometry of the system, of which the most important variable is the mean internal
pipe radiusr.

The factorn, in Equation(3.3)is the exponent in the polytropic relationshpp" = constant, taking the
valuen = 1.0 for isothermal conditions ar= 1.4 for adiabatic conditions. It is shown in Referehtwat
for the pipe-flow states consistent with Equat{@drB) the value oh = 1.0 should be used.

When the quantitf->1 in EquatidB.3), it is regarded as a calibration factor for the pressure system.
Values off also serve to categorise the flow state in the system, as follows.

() F =1 for laminar (Poiseuille) pipe flow in an ideal system, that is a system having no
imperfections such as pipe junctions or bends.

(i)  F>1  for laminar flow in practical systems and in such c&esd hence , is invariant with
(p—p;) for given conditions of temperature and pressure.

(i) F>1  putvaries with(p—p,) where the pipe flow is predominantly or fully turbulent.

Transition from laminar to turbulent flow occurs at some critical value of Reynolds number which has to
be established by tests, see Sectidhl A discussion of the dependence of transition behaviour on
temperature at constant Reynolds number is given in Appéndix

Equationg3.1) and(3.2) are applicable so long as the response can be represented by an ideal first-order
system. However, the derivation of Equat{88) requires, in addition, that

(@ the mass flow into or out of the system is small,
(i) the variation of pressure with time is constant and small.

3.1.2 Sinusoidal variation of input pressure

If the variation of pressure with time is sinusoidal, as may be the case for certain flight manoeuvres, it is
shown in Referenca thatp; will lagp by a phase anglg , anduf is the applied frequency, the time
constantA , is then given by

ESDU Copyright material. For current status contact ESDU.

A= —tan[ﬂ . (3.5)

The amplitude of the output relative to the amplitude of the input, at frequency , is

p [(7\(.0)2+1]1/2

cosy. (3.6)

3.1.3 Step change of input pressure

A step change of pressure frgmto (p+Ap) results in a response given by

TR 1—@ (3.7)
whereA is the value dfwhen(p,—p) = 0.6324p .
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3.2 Viscous Lag of Second-Order System

Second-order systems are described by the following differential equation

o p; dp
2{w,—

“Pi 2 2
—d—tg i + WP = WP . (3.8)

The steady-state responses to particular forms of the variation with time of input pressijiijeare given
in Reference; some of these are discussed in Sectbfsland3.2.2
3.2.1 Sinusoidal variation of input pressure

A sinusoidal input of frequency , results in the following relationshipifae. the ratio of the amplitude

> of the output pressure to the amplitude of the input pressure
7
§ H = [‘Fﬂ peak - Dzl 12° (3:9)
5 {Dl aClagdagn 4{25251
2 O oo H 0 Lo
I
é The phase anglegp , of the output presspre, , relative to the input pressigeven by
(O]
5
o 27
8 -1 n
) @ = tan|—————| - 6 rad
® OWF 4
3 o0
(o *
£ , (3.10)
<
.90
§ where 6 = O for %OES 1.0 E
O
> A Hrad. (3.11)
2 or 0 = mfor 2205 10 .
: T :
From Equatior(3.10) and assuming is small,
d( tang) 2( :
—— —— = A 3.12
dw w ( )
or, to a good approximation,
@
A= —=. 3.13
. (313)
" Note thate = —1/2 rad (—90 degrees) wherr W,
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The value of the relative damping ratio of the system for low frequency, from Eq(&atdy is

=0 (3.14)

Since no theoretical method exists for estimating valués of wgnd , the characteristics of a second-order
pressure system may be determined only by calibration tests. Sinusoidal input tests, described in Sectior
4.2.2 provide values of phase anglg, , as a functiomof , from which the viscous lag time canstant, ,
may be derived.

3.2.2 Constant rate of change of input pressure with time

A ramp inputj.e. dp/dt = constant, results in a lag time which is itself a function of timeéhen the product
(txw,) is less thartw,=9 , see Figute For tw,>9 the lag time value is indistinguishable from its
asymptotic value This value occurs Whedzpi/dtIré =0 and, comparing Equatig3.8) with Equation
(3.1), it can be seen that

N
I~

e
S

A== (3.15)

Ramp input tests are described in Secfighland provide the asymptotic values of total lag ti(Aet; 1) o
for systems where the value &f is not too small.

3.3 Acoustic Lag

Acoustic lag and its associated time constant, , represents the time for the transmission of pressure change
at the speed of sounal, appropriate to the system temperature

1/2
=12/ (3.16)

|
T “ag °

4, GROUND TESTING
4.1 General

Ground tests or calibrations on complete anemometric systems installed in test aircraft are recommendec
for all but the simplest of pressure systems on light aircraft. Calibrations are required because for first-order
systems the modelling of the pressure response is inadequate (see &&cliaand for second-order
systems modelling is not possible (see Sed@i@rl). Calibration tests described in Sectbf.1t04.2.3

are made over a range of valuepdppropriate to the performance capabilities of the test aircraft. In
addition, the tests described in Sectiah 1are made for an appropriate range of vaTIoéédpi/dt) . From

these calibrations functional relationships for the viscous lag time constant, , may be derived having the
general formh, suggested by Equatio(®.1) and(3.3),

A=fylp, 1 dp/dt]  =fo[p, T, dpj/d] (4.1)

S.
test

" This is true for{ = 0.4 . FoZ <0.4 , much larger times are required before the values of lag time settle down.
T The use ofp, rather thanin Equations4.1), (4.2) and @.3) arises from the need to present the calibrations in forms directly usable for
flight-test analysis. The justification for the approximation in Equatdof) (s that [p/pi] is approximately equal to unity in most cases.
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These relationships are frequently less complex than Equdtibrindicates because

€) tests of the type described in Sectiéris2and 4.2.3rovide no data for the effect (dip,/dt)

(b) the tests described in Sectibi2.1show no variation oh  witt{dp,/dt) when the pipe flow is
laminar. (Sectiom.2.1 and AppendixA discuss the problems associated with turbulent-flow
conditions.)

During each calibration test, both viscous and acoustic lags are experienced so that a total lag time constar
(A + 1)t IS measured. Each of these lags is a different function of system temperature so that itis important
to measure temperature during each test in order to obtain a correct viglug of using EQGation

the usual case, with the pressure in the system below ambient at the time of the test, the initial
temperature in the system is also below ambient.

In analysing such calibrations, it is convenient to eliminate the variation, from test point to test point, of
the temperatureTtest by correcting to a reference or datum *“ground temperature”, for example
Tground= 288 K. It is also usual to correct the test results to convenient rounded vales of  and, from
Equation(3.3), small adjustments for pressure may be made to give arrays of test data of the form

[A(T +110.4/ T ground = [M(T +120.4/ T signt = f5[p;] (4.2)

where [Ap,(T +110.4/T% [Ap,(T +110.4/T% (4.3)

]ground = ]test )

Equation(4.3) follows from Equation$3.3) and(3.4) since, from Equatio(B.3), for any given syste?n
Ap; Ap;
Ap _ {—'} {E} = T' = constant (4.4)

u W Lp;

Although the value of acoustic lag, , is small in most cases compared with , it is usual to deduct it from
the measured value of total la@y +1),.;  tO give

)\test = (A+ T)test_ Tiest (4.5)

ESDU Copyright material. For current status contact ESDU.

The application of these calibrations to flight tests is the subject of Reféehtéhat Data Item it is
recommended that an estimated value of , appropriate to the pressure system temperature in flight, be
added to the value &f obtained using the data array from Eqéi)n

4.2 Test Apparatus for Lag Calibration Tests
The schematic arrangements shown in SketéHed.3and4.4represent three among a number that give

satisfactory results for the experimental calibration of pressure systems, provided that the sensitivities of
the transducers are adequate.

" Theuseofp. rather thanin Equations4.1), (4.2) and @.3) arises from the need to present the calibrations in forms directly usable for
flight-test analysis. The justification for the approximation in Equatdof) (s that [p/pi] is approximately equal to unity in most cases.
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42.1

Tests with constant rate of change of input pressure

The recommended procedure is to evacuate the system under test (either the pitot or static pressure systel
to a desired value of pressupe;The valve to atmosphere is opened slowly and set to give a desired value
of (p—p). When the(p—p,) reading is steady, valuep@id time are noted so thdp/dt may be
computed. Becaus@lp;/dt) = (dp/dt) , a value of total kagt 1) , may calculated using Eq@atipon

for the pair of value¢gp—p,) andp;/dt . This process is repeated for ranges of va(pespof and of
p so that, with a value of,,  for each test point, the functional relationship of Eqgatigmay be

derived. As explained in Sectidnl, A, is obtained using Equatio(.16)and(4.5)

I \ Leak-proof connection - - -
. to pressure system r————=-
Fitot sensor port | Transducers | |

| of
= | instruments |

N ——
1l | E— J
ar—-
\ P ‘ / i\ Pressure system K i

"B“\ ___________

®
=g
35
L
©
o
—
|
|
|
I
]
|
|
|
|
|
4L
L)
e

Pressure "
—| generator

Alternative arrangement showing ~—] or vacuum

sheath covering pitot- static pump . X

probe (cirspeed head) Pressure Ditferential
transducer pressure

p transducer

" Tiest thermometer

]

vave "C"||p

Large bore tubing
of negiigible lag

v

To
atmosphere

Notes:
(1) Pressure transducer may be replaced by sensitive altimeter
(2) Ditferential pressure transducer may be replaced by U-tube manometer
(3) Tubing between “A" and "B" would be bifurcated at "A" for systems
(for example static systems) having two interconnected sensor ports at "B"

Sketch 4.1 Schematic arrangement of test equipment for tests with constant rate of change of input
pressure

When (p—p,) and(dp,/dt) are linearly relatedl, is constant and is then not a funct{dp, tt) in
Equationg4.1) and(4.2).

If there is a non-linear relationship betwéer- ;) e/ dt) above a certain critical(pidet) . ;; ,
so thatA is no longer constant, it is assumed that the pipe flow is then turbulent, seel Skdich
condition for transition from laminar to turbulent flow is that the Reynolds number of the flow in the pressure
system exceed some critical value. For a given temperature, this requires that the alpgdtdf and
of p, exceed corresponding critical values. Apperizonsiders how the value édip;/dt).;  changes

with temperature. The Appendix shows that a non-constant valie of  will not be relevant, provided that

(a) (dpi/dt)crit is greater than likely flight-test values,

(b) the temperatureT,.; , is not greater than expected flight values of tempeT:ﬁ%p, , in the
pressure system.
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It is usual for condition (b) to be met because system temperatures during ground tests, where
(ptes{pao)<1.0, are such thal, (T, <1.0 . In contrast, it is shown*in Referént®at, because the
pressure system is often located within a heated cﬁmg?ﬂ is greate290a in most cases. Hence,

in generaI,TteS{TfIi ht<1.0 If these conditions are not met, then the procedures given in Appendix
should be followed.

This calibration method has the advantage of showing whether flow transition occurs and, in that
eventuality, in providings = f T, dp/dt) for each value gb tested (see Appendi). A further advantage
is that both first- and second-order systems may be calibrated (see S&dtiband3.2.2.

Time _ (p—pi)
constant A= {dp,7d0) - constant F # constant
]
—— __ _F=constant
o]
o}

Test results obtained at
given values of p;,T TURBULENT
]
(p-p;) _
el -_ - - - -
(P=P;derit - - - _ - }
LAMINAR J'
0

dp; dt “erit
Rate of change of output pressure, It
Sketch 4.2 lllustration of lag calibration test results that include transition from laminar to

turbulent flow in pressure system

4.2.2 Test with sinusoidal variation of input pressure

Sketch4.3 shows a schematic arrangement of test equipment for tests with sinusoidal variation of input
pressure. The input pressure generator should be capable of controlling a pre-set prespugiregeidal

(or other) variations of pressure with time are provided by electrical signalling in the feed-back loop from
the Transfer Function Analyser. The magnitude of the peak input prggdare function of the impressed
frequency and of the geometry of the pressure system under test.

The relationship between the transducer signals for pregsanelp; is a measure of the frequency transfer
function of the pressure system and this function is provided by the Transfer Function Analyser giving
amplitude ratioH, and phase angle,

Having set the pressure in the system to a desired ke procedure is to initiate sinusoidal variations
around this level over a range of frequencies. A relatively large number of test readings should be made a
low frequencies and at a sufficient number of higher frequencies so that the system characteristics may be

" The value of 290 K assumes that all, or the greater part of, the pressure system is within a heated cabin. For doubtédticasts a
may be made of the system temperattnfﬁght , using the method of Section 2.1.1 of Réference
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