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SUMMARY

Static calibration curves are provided for incidences up to 309 at
speeds from M = 1.3 to 1.9, and the instrument is shown t0 resolve
accurately when rolled cut of the frees stream incidencc plane. Relations
are devcloped from which a close approximation to the Mach NHo., incldence
and roll angle may bo obtained, withoul recourse to calibration curves,
in terms of the differential pressures across cach pair of holes and the
pitot pressure measured ab an axial hole; the frec stream static pressure
requires to be determined independently.

The dynamic bohaviour of the instrument and associated pressure
pick-ups is cxamined, and s design developed for which the acoustic natural
frequoncy is high compared with that likely %o be sncountered in flight.
Certein inconsistencies have bcon observed between the cheracteristics as
determined separately from the responsc to a pressure pulsc in still air
and that from an incidence cyclc in a supersonic air stream, and it is
suggested that thesc erise from changes in flow conditions within the
tubes urder lateral accclerations.
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1 Introduction

Unt1). fairly recently no direct measurement of the ineidence of a
body or surface %t0 the free stream direction had been made in the course
of supersonic missile flight trials carried out in this country. In the
R.A.E./G.¥. Dept. tests the steady state (trim) incidence has in the past
been obtained in a roundabout way during the determination of the aero-
dynamic pitch derivatives from the normal acceleration, response frequency
and damping of a orogrammed test vehicle. The derivatives so obtained
refer to small perturbaticns about the steady state conditions, and
generally one round has provided informetion at one incidence only, With
linear aerodynamice two rounds are reguired to furnish all the required
data at one incidence; in practice the derivatives are often non~linear
with incidence and several more rounds are necessary to provide a complete
oicture.

This method is costly in rounds as well as being sensative to round-
to-round asymmetries, and some direct means of determining the attitude of
the missile or its surfaces to the free gtream direction is obviously
desirable. An incidence measuring instrument of even a slow reaponse would
be sufficient to measure the trim angier an instrument with a response
frequency high enough to record the instantaneous incidence during a
transient motlon would decrcase very considerably the firings reeded to
produce the same datz as in the past.

The types of instrument suitable for this purpose fall into two
rrincipal classes, viz.

(1) those in which the incidence is registered directly as the
angle turned through by a surface in aligning itself along
the local stresm direction {(the surface may have one or more
degrees of freedom), and

(ii) those which remein fixed in missile axes, and whose function
depends upon the extent of the flov changes induced by
incidence,

An example of the former is the low aspect ratio delia wing vane of
which several designs with freedom in one, and letterly two, planes are
now available, These have the merit of recording the flow inclination,
which, providing interference from the missile is avoided, gives the
incidence directly. However they have at present a limited range of angle,
and it has not yet been established thet with one degrec of freedom they
will resolve correctly when the motion of the vane relative to the missile
iz not in the pitch plane.

The principatl example of the other class is the differential pressure
vawmeter®*, and it is with this type that this report is concerned. A
mmber of designs asre aveilable utilising the pressure differences set up
between pairs of holes in the instrument vhen at incidence. In this way
the pressure difference may be registered in any plane by appropriately
positioning the holes; in general for a cruciform missile two pairs only,
with their joins perpendicular, are required and it is probable that these
would bhe sligned so as o record normally to the wing planes.

*The term "yawmeter" is used throughout to describe an instrument
measuring incidence in any plane,

-7 =



This type of instrument has the disadvantage that the sensitivity,
i.e. the pressure difference per degree of incidence, is dependent on
both Mach No. 2nd the ambient atmospheric pressure in flight. This may
require a pressure pick-up sensitive over a wide range when the missile
is to be flowm in widely varying speed and altitude conditions, As far
as the reduction of the data is concerned the dependence on ambient
pressure need present little difficulty. Under flight trial conditions
the ambient sir pressure is alweys deducible from trajectory and meteoro-
logical information, and it is not unlikely that methods can te developed
to measure it by pick-ups in the missile itself. The Mach ¥o, can con-
veniently be determined by measurement of the supersonic pitot pressure
in conjunction waith the static (ambient) air pressure, and this can be
obtained either from a separate instrument, or, as will be shown, by a
suitable pressure hole in the yawmeter head. .lthough less direct in
operation this instrument has some advantages over the vane type. It
has, for irstance, a much largs:r potential incidence range sinoe there-are
no mechanisal 1limitatiors, and it has already been shown to resolve the com-
ponert angles satisfactorily a%t iroidences up t0~10°. It has a further
advantage that the pick-ups are interchangeatle, and thus the
sensitivity can be designed %o give the largest signal appropriate to
the operating conditions.

The yawmeter exesmined in the present tests is a design on which a
certain amount of static testing has already been done in 19" x 273" 0.A.L.
tunnel at Daingerfield, Texas, The present tests examine in more detail
the variation of static sensitivity with Mach No. and extend the incldence
range up to 300: roll resolution up %o 359 incidence is investigated at
one Mach Ko, In addition to the tests on the basic instrument, for which
the angular locstion, 8y of the differential pressure holes relative to

the axis iz A5°, calibrations are alsc given for 60 5 490 and for 60 + B3.

As will be shown the empirical %aws derived suggest that the maximum
sensitivity occurs with 60 = 547,

Tn addition an attempt is made to measure the dynamic response of the
instrument and associated recording equirment under gtill air and supersonic
conditions, and to increase the response frequency as far as possible in
order to render the instrument capabls of registering missile incidence
during transient motion.

2 Test egquipment

A1l wind tunnel tests were carried out in the R.A.E. No.18 (9" x 9"}

supersonic tunnel at atmospheric stagnation pressure., ¥For the static
tests pressures were measured on an orthodox mercury mancmeter. For the
dynamic tests pressures were recorded initially on a bellows type pisk-up
nsing stvlus-on~celluloid recordin (fig.13a). Subsequently a capacity
type differential plick-up (fig.13b§ wag used in conjunction with frequency
modulated cspacity measuring equipment enabling the signel from the pressure

ick~up to be displayed as & D.C. veltage on a cathode ray oscilloscope

£ig.12)}. The signal was recorded photographically by means of a Type 1428
Cossor Cemera, a switable time base being injected by a signal generator,

Details of the basic (00 = 450) yawmeter head are given in fig.1.

Several instruments were constructed in the course of developmental work,
and details are given below:-
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Ref, No. Details A
1 "One~off static version" - also used for 148°52! + 28!

first dynamic tests with bellows type pick-up

2 "One-off dynamic version" - used for inter- ABOBO"i 201
mediate dynamic tests with the capacity
plck-up mounted outside the tunnel. Also
used for rell resolution tests

3 R.ALE. production version - static tests at AAOLZ' * 2%'
supersonic speeds

L De Havilland production version 41 - statio 52048' + 30!
tests at supersonic speeds

5 De Havilland production version 2 - static 52°20t + 10!

teats at transomic speeds

6 R.A,E, version with built-in capacity
rick~up - dynamic tests only.

3 Static response

Before the instrument could be used for precise flight test work it
was felt that an elaboration of the yrevious 4alibrations was desirable.
In particular an extension of the calibration incidence range and the
production of pressurs difference versus incidence curves at smaller Mach
No. increments were required, and also it was thought necessary to examine
the resolution characteristics of the instrument when the missile incidence
plane was not in the plane of one or other pairs ol holeg, It had pre-
viously been verified +that up to angles of atftack of 10 the instrument
resolved correctly and it was necessary to extend the measurement of the
deviation {i.e. indicated - actual incidence) up to 307 or more,

2.1 Calibration of pressure difference variation with incidence

Jor the calibration azgainst angle of incidence the ilnstrument was
orientated so as t. have nominally zero roll angle, i.e. the plane contain-
ing the yawmeber axis and one pair of holes was arranged to coincide as
nearly as possible with that in which the instrument was pitched. The
incidence datum was taken as that position in which there was no pressure
differconce between these holes. The effects of small misaligmment errors
are examined in detall in Appendix I,

At M = 1.% the incidence obtainable was limited to 250 by tunmel

Plockage: at a1l the higher speeds the pressures were measured over an
incidence range of 30,

The yawmeter calibration curves, cbtained by differencing the pressures
at each incidence, are given in figs.2. The pressures have been non-
dimensionalised with reference to the static pressure og the undisturbed
stream, These curves shov that for incidences up to 10" the yawmeter
behaves almost linearly, but at higher angles there is an increasing
tendency for the pressure to teil off,

The solution for incompressible flov arowmnd a sphere gives the
pressure, p, at a point on the surface an angle, V¥, from the stagnation
point as

(1)



P = P

o 'E (po - ps) sinzv,'r (1)

where P and Po are respectively the free stream static and stagnation

pressures, If ¥ is regarded as consisting of an angle eo relative to

an axis fixed in the sphere, and an angle © between this axis and the
free stream direction it is readily shown that the pressure difference
between two symmetrically disposed holes is

o _ 9(% . i ; |
£ (p 1) sin 20 sin 20 (2)
s s
givi AP - 2 .I.}_Q. - sin 26 for ¢ = 45° (3)
ving P Lip o
max S

Comparison of equation 3 with the experimental cwrves shows that the
non-linearity with @ is prescribed very well by sin 26 (fig.2), but that

) (&2
Ps g Py
———meee . differs considerably from 5— - 1} at supersonic
g

the slope,
3{sin 38) b

gpeeds (fig.}). It is found, however, (see para.3.5) that the sensitivity
is given very closely by o factor of roughly similar form, viz.

K1 (52 - %) , Where, at supersonic speeds, Po is the stagnation pressure
S

behind =z normal shock at the relevant Mach No. and R% = 0,925 and 0,954

for 8, = 45°and 53° respectively, The empirical curves are plotted on

fig.3 together with experimental results obtained from the one-off static
(No.1) and dynamic test (No.2) instruments, and also for the production
versions (¥os,3, 4) made by R.A.E. and De Havilland Propellers Ltd. The
effect of differences in angular location of the holes on the hemisphere
appears to be small but nevertheless the meximum sensitivity is obtained
for a wvalue of BO somewhat greater than 45,

Also included on this figure are preliminary values obtained with
No,5_ at transonic and high subsonic speeds over a small incidence range
(+ 4) in the N.AE, 3 1 x 3 ft wind tunnel, This work carried out by

N.A,B. Staff, has been reported in detail in referensze 2,

3.2 Discrepancy between the present results and those of reference 3

It is apparent from fig.3 that there is = considerable discrepancy
between the results of the present calibration and that carried out at
Daingerfield with virtually the same instrument as No.3.

- 40 -
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The source of this discrepancy is not known. It bhas been demonstrated
that considerable latitude can be giver to the location of the holes without
much change of sensitivity, so that, on the assumption that the pressure
measuring equipment is above suspicion the indication is that the cause
lies in profile differences, It points the need for precision manufacture
of these instruments if they are to be widely adopted a= standard equirment.

%2.% Regolution with roll angle

Tests to examine the ability of the instrument to resolve correctly
when the holes are asymmetrically disposed with respect to the pitch plane
were carried out at one Mach Ne. (M = 1.4) only, but it is felt that the
results can be applied qualitatively throughout to the gpeed range of tests
in the previous section. Pressures were meaguresd at 15 increments in goll
over the range C to QO?and 57 increments in incidence over a range + 35,

For design reasons it was not practicable to use the calibrated instruments
Nos.1, 3, 4 for these tests; instead they were carried out with the one-off
dynamic test version, No.2, used for the dynamic response tests of section k.

The differential pressure is shown plotted in fig.h against roll
angle, ¢ , and it is %pparent from the curves that there was a roll mis-
alignment error of -2 and a misalignment of the yawmeter and stream axes
of 0.3, These have been corrected for in fip.5 which shows the relation
between the known stresmwise* incidence, & , (where sin a = sin 0 cos ¢ )
in the plane of the holes and that indicated by the pressure difference
between these holes as determined by the values at ¢ = O. For correct
resolution all the points should be on a single curve; instead they are
seen to be on a series of narrow envelope curves, corresponding to constant
values of 8 , the width of the envelope indicating the extent to which the
pressure difference is depegdent upon roll angle, Over the range of
incidence, 6, [rom O to 35 the maximum deviation of the indicated from
the actual incidence in tge plane of the pressure holes occurred at roll
angles between 4O and 607, The magnitude is given below:-

Incidence | Deviation as % of
6° actual incidence
0 to 15° Less then -1%
20° 1.6
25° -2,7
30° a2
35° ~7.5

3,4 Pitot and static pressure measurements

Although the present tests are principally concerned with the
hehaviour of the instrument as a flow angle measuring device it is
evident from the foregoing sections that, since the sensitivity is a
function of both static pressure and Mach No., additional information is
requirsd before the incidence can be deduced from a differential pressure
measured during flight. To this end pitot and static holes were provided
in the instrument, the former axially disposed on the hemisphere so as to
register stagnation pressure at zero incidence, and the latter positioned

*Ag distinet from the so-called "chordwise" definition, tan @ = tan 6 cos ¢.
- 11 -



3% calibres behind the nose in accordance with the recommendations c.
reference 3, and arranged as a circumferential ring of 12 equally spaced
holes. Teste were carried out to see to what extent the pressures recorded
at incidence differed from the known stagnation and static pressures.

The variation of pitot pressure with incidence iz shown in fig.6,

P
non-dimensionalised in terms of Py It was found by plotting f against

8
Prit Ps 1
—S——- for constant incidence, € , that (—5— - 3) is proportional to .
s 8

P 3
(-4‘—:1'3 - %) s the constant of proportionality being given closely by see / 26

»
s

P_. P 3
i.e. <-§3'-1-:- - -12-) = (--9- - ‘) cos /26 (4}
s Fs

This variation is alsc shown in fig.6. It is of interest that
equation L is found to predict very closely indeed the pressure distribution
over the whole of the hemisphere, and to collapse a great deal of existing
presayure data obtained over a wide range of supersonic speeds.

The static pressures at M = 1.4 as recorded at the holes in the
cylindrical body are shomn in fig.?, non-dimensionalised again with
respect to the true free stream static pressure, Thesg pressures are .
noticeably dependent on the incidence, the value at 17 being only 72% of
that at zero angle, Certain modifications to the size, shape and number
of holes were tried, but they effected no significant improvement. It is
thought unlikely that an accurate measurement of static pressure will be
obtained with this type of instrument where the pressure holes are subject
to the influence of the vortices shed from the body of the instrument at
incidence,

3,5 Determination of incidence, roll angle and Mach No. from flight
records

In the application of this instrument to flight test work the
requirement will in general be to derive the angles © and ¢ in polar
axes, or @ and P in cartesian axes, together with Mach No., from a

AP APy, P
knowledge of three pressure ratiog, viz. -;1, -I-)-; and -‘Eit the static
3 s S ”

pressure, P, having been determined independently, This can be done by

a tedious, purely iterative process from the curves given in figs.2 to 6,
but the labour can be reduced, or eliminated depending upon the accuracy
required, by several methods,

Firstly, if the incidence range is small, say less than 10°, then

the non-linearities may be disregarded and the parameters evaluvated as
follows:-



P D -
2+ P .13 hence Mech Mo. from fig.8
PS Ps
AT
o F —laZ + 2K(M)
1,2 Py

(5)

o

AP AD
8 % r< 1 2)2] + 2K(1)
[, Ps
AP AT
tan ¢ % =2 s 1
PS 3

Sour?

Fere, as elsewhere ir this paper, when the raference wings are in-liue
with the holes forming the rocll datum %hen @, and g, ccrrespond

respectively to the streamwise incidence and sideslip angles, q and Ba

¥hen the incidence is not small, incidence and Mach No. may be

derived from the charts shown in f:.g.9(a) and (b) which have been produced
by interrolation, and at the lowest speed by extrapolation of the experi-
mental deta, TIf M is known from independent data then the pitot pressure
readings are redundant, although they might possibly be uvsed in conjunction
with the lach No. to provide P~ Providing the errors in roll resclution
are neglected (para.3.3) then the angles x, and &, may be extracted
directly from figs.9(a) to 9(b) by re%d:.ng ofE‘ the incidences relevant %o

the kmovm Mach No., and the ratios -5— and -I-J-g- respectively, © and ¢
s s

may then be derived from the streamwise incidence definition of para.3.3,

viz.

ain @, = sin 6 cos @ 3
sin a, = sin 6 sin ¢
giving
> (6)
gin «
2
tan ¢ = sin a,
1
sin 8 = [sinza,[ + sin2a2]-?_

!

If M is not known then the pressure difference in the combined
plane 1s required before the Mach No. can be determined. Since this
pressure difference is non-linear with incidence and the latter is not
known, an approximation is necessary. A convenient form is:-

- 13 -



roj—=

- 2
.L_‘E. = .A_Ijl o+ /ﬁnz\ (7)
B[\ %

which emounts vo assuminz That sin® 20 = siana.i + sin22a2. The error

introduced by %this approximation, expressed as a fraction of the correct
value is¢-

-

Al

Trror = sec §[1 - s1n°6(costp + sintp)]® - 1 (8)

ané the sign ig such thav the approximation overestimates the pressure
difference in the combined pilene. The error 1s Zero as ¢ = 0 and 20°,

and a meximm of (1+%tane)? - 1 at ¢ = 45°; at o = 109, 20° and _‘500
this amounts to 1, 3 and £ respectively, Using this value of 82 ang
P
g

Ppig
the mecsured value of 4= , &nd entering f12.9 at the oppropriate point
3
on the axes grves first approximations To M and 6 .

These values will cftea be within the accuracy limits of the flight
pressure dasa, but where justificd, they may be refined further by at
loast two mothods, The first is to adopt the above procedurc for a known
Maeh Mo, , using in this case the first approximavion to X, to derlve ay
and @p, snd henco ¢ and ©(equations 6 ), The second is to evnluate

74P

the crror given by cquation 8 using ¢ = san~ W 222\ and the wvalue of @
\AD
1

from the first approximation, This gives = more accurate value of %E
8

in the canbined plane, and this is then uscd in conjunction with Zpit

Pg
to ovaluate © and M afresh from fig.S, For an example of these methods
sec Appendax ITT,

Another method likely to be useful in simulator stwudies, or elsewhere
vhere a Tunctional form is required, can be obfained from a censideration
of fig,S, the form of which leads to simple empirical expressions for @

and 2, It is noticeable that the B-constant lines arc straight, and

e
8
Pgi*c . - :
these vhen producced cut the axis at 0.5, liorecver the slope is
P
8

very hearly proportional to ¢ so that we have the very convenicnt
relationship,

8 in degrees % m———ieen (9)

i

30,1 for g, = 53 , and
31 fOI‘ 60 = Ll-soo - 11!- -

where 1:2

i
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As before Ap = [(ﬂp1)2 + (Apz)z] , and o, and a, may be
written for 8 , with Ap suitably subscribed, The importance of this
result is that at the cost of an extra pressure measurement, %J"E s the
evaluation of incidence can be achieved without a knowledge of tie Mech No.

‘;
|

From 9 we have

il
1]

P
0,95k (;9- - Jg) for o 53°, and
° T (10)

L5

| S

P
0,925 (—3 - ;1;) for
Py o

and these empirical functions for the sensitivity are shown on fig.3.
They give remarkably good agreement with experiment even at transonic
and high subsonic speeds,

The sensgitivity may also be derived directly from eguation 4 by
differencing and differentiating, with 6 = 60 viz,

N
9 (?) | P 1
—5 = (-—9- - Jg) . 2 cos? o sin 6 (11)
Py 2 o 0

La (sin 20} 60

The factor given by eguation 11 is within 3% of that of the
apprupriate term in equations 10,

It is readily shown from 11 that the sensitivity is a maximum when

i.e. 54.7°,

_ -1
eo = cos

1
¥3

Derivation of the Mach No. requires the evaluation of -59 , and this
]
can be achieved by elimination of 6 between equetions 4 and 9. However,
since the fall off in Ppit with incidence is predosianantly a sguare law
b

variation a pood and convenient approximation to 59- is given by,
8

AP\
0,22 | =
» P_s : (P)

e T &
s s Tpit 3
oy



where the factor 0,22, applicable to both eo = 450 and 530 within the

order of approximation, has been obtained by fitting the experimental data.

-4 AP

Roll angle may be determined approximately as tan ! Egg « The maximum
1

sin dy gin 2a_2_

error in this approximation, for which it is assumed that — z —
sin @,  sin 2ay

is not more than 2° for an incidence of 300 in the combined plane,

From any of these methods it is possible to derive close approximations

r
to incidence, roll angle and, from 52 , Mach No, (fig.8) directly from a
s

measirement of three pressure ratios, viz., the ratios of the recorded pitot
pressure and differential pressures across each pair of holes to the free
stream static pressure (Jocal ambient pressure in flight), These approxi-
mations can always be refined +to any required degree by using them as a
first stage in a successive approximation process.

A typical worked example is given in Appendix III to demonstrate
these various methods and to indicate the orders of the errors involved.

L Dyvnamic teats

The tests under non-steady ceonditiens were designed to measure the
response of the yvavmeter and its auxillary recording equipment, and to
develop either or both as required to render the instrument suitable for
flight test work,

The overall response 1s governed by both the mechanical and acoustlc
cheracteristics of the system, and for minimum phase lag between actual
and recorded incidence both the acoustic and mechanical u.n.f., {(undamped
natural frequency,) should be as high as possible 1n conjunction with
guitable damping, It has been pointed outelsevhsre that the acoustie
t.n,f. of pressure operated instruments incorporating considerable lengths
of tubing can often be much lower than the mechanical, and the emphasis
therefore has been on obtaining an instrument for which the acoustic
frequency 1s high compared with the missile weathercock frequency, for
whick 3 c.p.s. is taken here as typical,

4.1 Regponse squation

The yawmeter and pick-up system is shown diapgrammatically as an
acoustic-mechanical combination in fig.10(a). The difference in chamber
pressures produces a deflection of a diaptragm, which constitutes the
mechanical system., By the analogue method of reference 1, the system
can be shown to be equivalent to the electrical circuit of fig.10(b) in
which

R1 18 the acoustic resistance of the air in the pipes = —;Z
n

£0
L1 15 the acoustic inductance of the air in the pipes = 2

C1 is the acoustic capacitance of the chamber = —QE
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is the acoustic equivalent of the diaphragm mechanical resistance

L, is the acoustic equivalent of the diaphragm mass

Ry
2
c

5 is the accustic equivalent of the dsphragm compliance

V is the input voltage equivalent in Llhe acoustic system to the
differential pressure.

For convenience consider the generalised circuit of fig.‘IO(c) in
which the impedance in each branch of fig,10{b) is denoted by Z with an
t

sppropriate subseript (2 is the operator R + L‘g{ +~% /h dt such that
t o]

ar 4
ZI-H+Ldt+GLIdt).

The eouivalent impedance of the whele circuit, 2, is

(z1 + zj)(zzz + o7+ 22123)

512’,2 + 2.2233 + 244155 + 23
The anput cwrrent, I, = % and the current in 2’.2 .
VZ
. 2
1 = 5503 (1%)
Z1g2 + 5223 + 2Z1Z3

The pressure registered by the pick-up is, by analogy, the voltage,
v, across G, in fig.10(b), and this is given by

v:cl—fiat (15)

Now tske the Laplace transforms of 14 and 15, and to avoid confusion with
the symbol for pressure denote the Laplace transform symbol by S instead
of the more usual p, so that

i = j‘ i e-St at ete.
o)
VZ, + g(8
Then T = = %_.E() 2 (16)
L, 2 + DA, + 22,7

where g(8) is a function of the initial conditions only.
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_ - V7. + g(S)
and ¥ = e = — 3___ o (17)
In the present case -‘1 = 148 + Ry
- 4
o = LZS + ﬁz + oS
2
3 . ==
3 -~ g8 "

1

Now providing 7% is small compared with (:_’.1 + 23) Ty (see Appendix II)

then the quartio in the denominator of equaiion 17 may be replaced
approximately by a biguedratic, viz

'ﬁj + g(s)

v =
8C,(Z, + z3)32
V o+ &(8S)
) ~, R . R
ol 1 1 2 2 1 |
- 2 2
LV + &{g)] v, e
- 2 2 = 2 2 (18)
[(5+u)+n3] [(8+ ""2} + nz]
2 1 .
where W, = oo = 2% X agoustic u.n.f.
11
2 1 .
W = we— = 2% X Mmechanical u.n.f.
2 L,C,
Ry
By = ‘,21':
N
0 =
21’2
ny = \J!wi - u? = 2m x acoustic demped n.f.
2 2 .
n, ={w, " By = 2% x mechanical damped n.f.

wful - 6(8) = i_s3v + 820% + 2(u ) v

- L 2 2 (L L) -
+ S{v + 2(p1+|.12)v + (l;.u192 + &11 > wz)v} + v+ 2(}114—#2)1;'

2

+ (uiyuy + 07 # 0DV 2000l + “2”?"_!
=0
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Equation 18 gives in subsidiary equation form the response of the combina-
tron for a given input, V.

Hegponge to various input programmes

(i} Step function of pressure, v,

t 0, V:V:O, vv=VaV¥=0 G’(S)=O

t>0, V=V . T=-£

Substituting for ¥V and G(S) in 18 and taking the inverse transform gives

(19)

v = v 11 -

- w?wg T ettt sin(nit "Bi%]
o

, w,n,
K e i"i
i=1,2

for suberitical damping (“1 <@yl

ove & = (G - 1)+ (- 5T (G - )7 5y )% ]

..
. 2 2 0
1
2 2 2 2
w [y, = )™ = m wnp] v onl (k- 1)
2 2 2
o o 2u,no (K = By) =y [k = B)° = 0y + )]
82 =

2 2 2 2
bl - )" - mp + my ]+ 2ng(ey - 1)

For supercritical damping (pi>/wil ni is dmaginary and the trigonometrical

term is replaced by the hyperbolic ecuivalent (sin ix = i sinh x).

(2i) Pressure ampulse, Vé

£t <0 Vv=V=0 NoG(s) =0

Limit 7T
t =0 f Vat = V
T~ 0

C

<l
]
=

t >0 V=20
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The value for v is given by the differential cf the R.H.S. of
equation 19 with respect tc t. Thus

2 2 byt
v (110.)2 E e sin(nit Si)

v = =2 % for suberitical damping
i=1,2 y
oyl - n)
where 81 = tan > 5
(py = w)" - ny +m
-1 20, (1 - 1)
& = ten BRI
(H1 - “2) -, + n1

(iii) Sinusoidally varying input

v = ¥ sin wh
o

- Vow

V = ———————
S2 + w‘?

(20)

In this- casc we are concerned only with the steady state response,

and the term G(3), which affects the transient response only, is not
required,

VO sin{wt - &)

Thus v o= - r
2 2 2.2 7
fK1-g)+4&¢Q¥{ﬁ-r§ +M%gfﬂ2
where r1 = _w_u)
1
r. = ©
2 ‘-‘«‘2
u
ki
&, = =
1 031
1)
2
g, = —
2 w2
2[r, z (1 - r2) + v 2,(1 - rz)]
R 2! * To%p 1
- 2 2
(1 -2 - 1)) - heryn
= 1:«'::.11"-t 21‘1&1 + *t:aLn—‘l -2—1-.-252—
1--1~,|2 1-r§
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The amnlitude retio of the resultant motion is the product, and the
pthase lag the =ur, of that from the suparatce mechanical and acoustic
systems.

In practice the system will be used at forcing frequencies much

iower than those of the acoustic and mechanical u.n.f.s. so that we may
regard r, as smell, end r,_ =ss negligibly small,

2
e _ &

Thus, the time lag, To= o= F o
an Q2
= TH e T¢ (22)
Pa

In this form it may be useful when designing installations, where,
for reasons of sccommodation, some changes in tube length must be accepted.
The time lag will increase in propoctisn tn the tube length providing & is
large compared with r.

(iv) Non-linear imputs at large 1ncidences

For "arpge angles the yressure is not a linsar function of incidence
(=sction 3) but proportional to gin 28, For harmonically programmed
v

incidence (6 = {30 sin wh) the input function has the form V = —~2 sir{Z@OSinwt)

26
]
which, using the Sonine expansion, may be written as
I, (2¢) -
Vv o= Vv . - zan wh -Jz 28 ) 83 n(2n+1;wt
o 90 0 /. ?P+1
h=1

vhere JH{EGO) ig n Bessel funchion of the first kind or integral order n,

The surmed terms wiil produce distortion of the cutput, bult this is
estimatgd to be sufflclentLy gmall to be ignored even up to amplitudes of
8 = 307,

o]

Summary of variables affecting acoustic response

For comvenience the values of the relevant acoustic parameters, in
terms of the mick-up and pressure tube dimensions and air proporties, are
summarised telor. The mechenical mode parameters are not included since
they are dependent on the stiffness of the diaphragm, = functien of the
eége conastreints and the shape, and methods of caleulating this quantity
are alresdy widoly used in desipn offices.

£

it

Tength of pressurs tube from yameter head to pick-up

r

i}

internal redius of pressure tube from yawmeter head to pick-up
Q = intermsl air volume of the pick-~up

0 = meen air density of air in the tube

3
li

meen dynamic viscosity of alr in the tube
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a = speed of sound in air in the tube

L = acoustic inductance = L -—i&
1 I
r
C, = sacoustic capacitance = -
1 2
Pa
R, = acoustic resistance = ~—-8§1]
L ﬂrl'“
=
1 -
_ -= ity
u)1 = (L 01) a[aa::[
A T |
4 2L1 PI'2
1
el

W 2
-—1- — 3 — l_'_ér—_——
on = scoustic u.n.f's, = a |_16 ﬂgq:‘

%_
2 2 2 1
n, Wy - p:J 2.2 9 -
*2-3{ = acoustic damped n.f. = ——1—2-—————- = %r?‘“ . 2“ —J
% "Lweq Pk
1
by 2‘\’1 l_i =
%, = acoustic damping factor = =— = < g
! w‘l apr5 L*

%or a system forced harmonically at a frequency well below the acoustic
Hen. L

. - & _ Sn 26
the time lag, T, % =—— = ——F% . 5t
“ Pa e g

4.2 Theoretical acoustic characteristics at supersonic speeds

The ultimate purrvose of the response equation i1s to predict the
behaviour of the instrument in fres flight conditions, and to this end
it is of interest to examine the theoretical relations between the
frequency and damping in st1l] air, in a supersonic wind tunnel and in
free fiipht at ground level.

The mechanical u.n.f., being determined by the mass and stiffness of
the spring system, should be the s=ame in all conditions; & small change
in damping factor might be expected arising from that part of the
mechanical damping due to air resistance,

e ————— —

The zcoustic w.n.f, is given theoretically by a\;-{%%-g@- , and thus

for any given instrument is proportional to the speed of sound in the air
within the acoustic system, which again is determined entirely by the
absolute temperature, T. In the present wind tunnel tests the yawmeter
unit was not insulated thermodynamically from the tunnel wall so that

its mean temperature was somewhere between room temperature and the

- 90 -
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rgoovery temperature on the yarmeter head, The latter is of the order of

8” to 12°C below that of the room at the Mach Wos, of the tests, Since's
is proportional to T7 there iz a liklihood of a maximum reduction in the
speed of sound of 1.4% and 2.1% at M = 1.4 and 1,9 respectively. From

this it is apparent that the acoustic u.n.f. in supersonic wind tunnel
conditions should daffer only slaghtly, if at all, from that in still air,
In f1ight at ground level the recovery temperature at supersonic speeds

is considersbly higher than the ambient air temperature (TF/TS £1 + 0188 }

so that the speed of sound within the instrument, ang hence the acoustic
frequency, will increase with Mach No. as (1 + 0,484 )2,

L . 2 |
The accustic damping factor, ?:.1 » iz theoretically ;% 53 J% €9
I

which, since 1 and a are both functions of T only and in the wind tumnel
may be regarded as constant, means that 351 is inversely proportional to

the éensity, p, within the system. Further, since T is virtually the same
in the wind tunnel as in s%ill air, the density is inversely proportional
to the mezn pressure. This is the pressure at the inlet holes at zero

5p, *+ P
incidence, and, from equation 4 is given approximately by —~2-5—-—§. The

wind tunnel tests were carried out s% atmospheric stagnation pressure (i.e.
the mean tube pressure during the pulse pressure tests in still air) which

2 7/2
is (‘I + Mg- times the static pressure, Py in the tunnel when running
/

at Mzch No. M., Compared with the damping in still air therefore the

-
12 /o 3p,
damping factor in the wind tunnel increases as 5(1 + —5—> * <_1—3—_ +11.
s
When, as in flight, there is a change of_ temperature within the system
"/a is approximately provertional to T9+3. Hence the damping factor in

1.3 3r

flipht at ground level will be roughly 5(1 + O.18M2) + (;—2 + 1) times
3

that in gtill air. This function decreases with increase of M1 and is
shown in fig.11(a)} together with the ratio for wind tunmel to still air
conditicons. The corresponding frequency ratios are shown in fig.11(b).
Corresponding expressions can be developed for the damping factor at
altitude by allowing for the effect of atmospheric temperature changes on
"a, and for the decrease in air density with height,

Summarising qualitatively, compared with {he still air acoustic
response the freguency in the wind tunnel should be unaltered but the
damping increosed, and in free flight at ground level the frequency should
be increased znd the damping reduced. The mechanical response should be
virtually waltered.

4.3 Messurement technique

Once the values of i, , oy Ty and n, have been determined the response

of the instrument under any dynamic conditions may be cbtained from equation
18 of L.1 merely by ainserting the function V and the initial conditions
appropriate to the motion, and taking the inverse transform. The problem
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is thus reduced to the defermination of these parameters, vhich are
functions of the separate acoustic and mechonical systems, under various
conditions,

In the laberatory this was Tound fo be most conveniently ochieved
by the application of on impulsive pressure, since, from equation 20 the
response 1s in the fomm of two demped sine waves from which the frequencies
and domping factors moy be casily isclated, To ohfoin o close approximation
to such on impulse o disc provided with a small hole was used to interrupt
a ccmpressed adr jev directed into one of the yawmeter holes., The duration
of the pulse wms thus the Pime {oken by the passage of the hole when the
dise wos in rototion.

The pressure was registersd by the recorder as o spring displacement,
and this was convertved inte 2 crpacity chonge. This was outamatiecally
obtained with the cophcity type vick-up, but for the bellows type recorder
tiny capacity plates were fitted to the stylus amm. The changes in inertia
and air demping so introduced were considered negligible. The capzeity
chonges, which were of the order of 40 picrofarads waximum, were then trans-
formed into volftage changes and 2pplicd vo a Cossor type 1035 oscilloscopc.
A time bosc from n signal goncrator wos included as o separate trace,

A typical resvonse record produced by photographing the traces 1s
shown in fig.16, the vressure pick-up in this cose being the copacity type.
The contributions from the separate systems are easily distinguished, the
high frequency, lightly damped oscillation, due tc the mechoniecl system,
being modulated by the lover Lrequency ccoustic cscillatien. The equaticons
of the separate envelopes, after 2llowing for the non-linearity of the
trace displacement, gives the duwmping factors; the damped natural fre-
guencics may be resd off dircetly with refercnsce to the time bose, in this
case 1000 c.p.s.

To examine the exteat to which the parameters evaluated under still
air laoboratory conditions differed from those obtained when the instrument
wog operafing in o supersonic nirstresm, experiments were mode in the 9"
supersonic wind tunnel (fig.i2)., The convenien® pressure pulse method was
no longer available, and twe other programmes were accordingly considered,
The first of these involved the application of a pressure "step" and the
analysis of the ensuing transient response, The difficulty of obtaining
a sufficiently skort tame of application of such a step was not overcome,
however, although pneumatic and spring acvuators were tried; and this
methed was abandoned in Tavour of a sinuscoidal forcing programme,

In the earlier ftests in which the bellows gype pick-up was used the
pressure registered was recorded as a displacement of a stylus over a
celluloid strip. The incidence posivion was similarly recorded on a
separate strip, and a time base common to both was superposed on each to
enable the records to be alimed and the phrse snift to be examined. Later
as the development proceeded and the bellows pick-up was superceded by the
capacity type transducer the incidence vias recorded by & voltage plck-off
frcm a potentiometer, In this wmy both incidence and pressure could be
recorded simulfonecusly on o split beam oscilloscope and the phese shift
meagurcd more accirately. For thesc records the time base was included
as an interruption of one or both troces.

hel Tests and results

As originelly conceived the yawmeter was intended to be used in
conjunction with the bellows type recorder shown in fig,413(a). The bulk
of the latter would prevent it being positioned close to the missile nose,
and it was envisaged that 20 inches of hypudemmic tubing would be required
to connect each yawmeter imict hole to the recorder. This configuration

T
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wgs first wind tunnel tested at M = 1.4 and 1.9, using tubing of 0.038 in.
bore, and the celluloid records of the response to step and square wave
pressure inputs are shown in Fig.15. It is apparent from these that the
system was overdamped and the rate of application of the incidence too slow
for it to be regarded as a true step from the point of view of analysis.

The relations of 4.1 show that the damping factor of the acoustic

2
mode is theoretically n} . }%-&Q 80 that it may be reduced by increasing
apr
the pipe radius and decreasing the length. The size of the pick-up
precluded any decrease in length, but for the next wind tunnel tests the
bore was increased to 0.053 in., and the instrument programmed harmonically
to obviate the difficulties associated with step inputs. Extraction of the
acoustic mode parameters then required the determination of the amplitude
ratio of the output and input signal at particular forcing frequencies
together with the phase shift (equation 21).

I+# was found in practice that at M = 1.4 the overall phase lag was
large and was as much as 100° at 3.5 copes. This is far greater than the
acoustic theory would predict and is probably accounted for by a number
of factors. GShort lengths of rubber tubing were used to connect the
yawmeter lines to the external recorder unit. Its flexibility enabled
it to "breathe", and by so dcing the acoustic capacity of the chamber
volume would be increased. Also since the pressure inside was less than
the room pressure it is possible that these tubes were compressed somewhat
thereby increasing the acoustic resistance. This flexure has the effect
of reducing the response frequency and increasing the damping rastor
although caloulations suggest that the order of the changes is insufficient
to eccount entirely for the large lag.

Another possible contributing factor is that the percentage volume
change in the chamber under load is not small with this type of instrument.,
The acoustic capacity of the chamber can no longer be regarded as constant
and equation 18 would require modifying accordingly.

One further possibility is that some of the damping may have been

mechanical arising from the pressure on the stylus required to produce the
record.

The main oonclusion from the tests with this particular arrangement,
viz. bellows type recorder with long pressure lines, was that the response
is too slow for use in flight test work. The indications were that the
response could be improved by

(1} reducing the length of tubing between the yawmeter head and
the recorder,

(ii) reducing the volume of the pick-up chamber {and hence the
acoustic capacity) to a minimum,

(i1i) eliminating all flexible couplings,

(iv) the use of a pick~up sensitive to small changes of volume,

(v) eliminating sliding friction elements within the recorder.
All these factors pointed to the use of an existing capacity type pick-up

suitable for measuring differential pressure. In this form the instrument
is designed to have a full scale linear deflection of 0.002 inches,
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corresvonding 4o a maximum volume change of <0.5%, and giving for this
range of movement a capacity change ol apvroximately 30 ricrofarads.
The yawmeter unit incorpocating this pick-up is shown in fig.14; the
length of tubing has been reduced from 20 inches to 5 inches, and the
tubes are silver soldered to the pick-up. 1In this form the instrument
1s self-contained and suitable for fitting into a missile as a unit.

In fig.16 is shown the response of this version to a pressure pulse
applied in still air conditions, and the superposition of the two modes
(enuation 20) is quite apparent. The high frequency E105G c.p.s.) lightly
damped (% = 0.05) oscillation 1s the mechanical mode (verified by vibrating
the pick~up in the absence of the yawmeter head), and the low freguency
(126 ¢.p.s.) 18 that of the acoustic system, The latter agrees well with
that given theoretically (123 c.p.s.) but the damping factor of 6,22 1s8
more than 50% higher than the theoretical value.

Fig.17 shois portions of the response records resulting from s dis-
turbance in both still air and at ¥ = 1.4. Two resonsnce fregucncies are
apparent, one of approximately 1000 c.p.8. corresponding to that of the
mechanical mode and another of about 130 ¢.p.s. which is consistant with
that of the acoustic mode as caleculated ard as measured in still air.
Since these frequencies are evident in hoth traces 1t indicates that the
frequency invariance in sti17 air and in the wind tunnel i realized in
rractice,

The increase in the response frequencies with this pick-up compared
with the bellows type meant that at forcing frequencies of the order of
2 to 3 c,p,8, the change in smplitude ratio of input and cutput signal
would be too small to use in conjunction with the phase lag to evaluate
the acoustic u.n.f. and damping factor., However, hy taking the frequency
under tunnel conditions as that determined outside the tunnel, only the
damping factor remains unknown, and this can then be determined when the
incidence is varied harmonically from a measurement of the phase shift
ehove,

Sinuscidal fercing progreammes were applied and as already deseribed
the 1ncidence and pressure pick-off voltages applied to the oscilloscope.
The beams, which were interrupted at 1000 c.n.s. to provide a time base
were adjusted so that with the yazwmeter at zero incidence tc the stream
both coincided with a thin blanking strip on the face of the oscilloscope
tube. A phase shift at zero incidence during any subsequent programme
was then shown by the time interval between traces of the separate heams
crossing the blankesd strip.

In £ig.18 are shown parts of such a trace greatly enlarged, with
high gain on the presgure pick-up beam (hence the cut-off except near the
intersection)., The yewmeter used in this case was an interim version
(Nb.E) having the same pick-up and vyarmeter head ag the later, built-in
version (%o.6) but with a tube length of 20 inches instead of 5 inches,
In the case shown the lag is seen to be 14 milliseconds. The theoretical
relations of 4.1 predict a lag of 0.003 seconds so that the indications
are that the damping obtained in practice with an oscillating instrument
is roughly four times greater than the theoretical, Similar records were
obtained with the shorter tube (built-in) version and the *ime lag was
determined as 3 to 4 milliseconds. Zoth long and short tube instruments
thus show this fourfold increase in damping, and incidentally provide a
direct check of part of the predictions of equation 22, in which the
time lag was shown to be proportional to the length of connecting tube,
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To investigste this further the programming gesr was modified to
give forcing frequencies up to 45 c.p.s. and used to programme the built-
in version over an incidence range of 150. This necessitated operating
the C.R.0. at high sensitivity for the pressure trace, and as a consequence
of the light mechanical damping the pressure records at the highest speeds
were modulated considersbly by "mush" at the mechanical mode frequency
(fig.19). Nevertheless it was pessible fo measure fairly reliably the
phese lag between the incidence and pressure traces, and more approximately
the amp®itude ratios. The pick-cffs were also applied to the oscilloscope
plates to produce a closed Lissajou figure from which amplitude ratios
anAd phase angles were again derived.

The phase angles at M = 3.4 and 1.9 using the built-in instrument
were respectively 18.5 (41.5°) and 230(31.5°§ at a forcing frequency of
16.2 c.p.s., and 50°%(42°) and 56°(45°) at 45 c.p.s. The equivalent demping
factors regarding the acoustic u.n.f. as invariant and the contribution
from the mechanics]l mode as negligibly small were 1.3(i9.1) and 1.45(i0.1)
2t M = 1.4, and 1,6(+0.1) and 1,8(+0.3) at ¥ = 1.9. Compared with the
theoretical values of 0.35 and Q.45 derived from that in still air and the
relations of 4.2 the damping is once again greater by a factor of roughly
3% to 4. The equivalent time lag varies betwesn 3 %o 4 milliseconds. The
amplitude ratios obtained from the derived damping factors anéd a u.n.f. of
126 c.p.s. are consistent with those measured within the limits of the
indeterminancy produced by the mugh,

4.5 Discrepancy between the response in still ani supersonic air

Under s%ill air conditions the frecquencies and damping factors of the
separate mechanical and acoustic systems have been measured, but the values
so obtained, modifisd as required theoretically, are not consistent with
the results of tests under supersonic conditions in which the overall time
lag was measured.

A number of possible sources of this discrepancy require examination.
The most likely explanation is that the acoustic damping 15 altered not
only through a change 1n vigscosity but also through a change in flow condi-

tions within the tubes, The acoustic resistance, E%E 18 implacitly based
e
on the assumption that the flow is laminar, It is in fact a form of
Poiseuille's eguation. A transition to turbulent flow could increase the
resistance and hence the damping. There is only a small masg flow through
the tubes, however, and the Reynolds Wo. is less than 4100; this is so far
below the accepted critical Reynolds No. ( #2000) for transition that
turbulent flow within the tubes when stetionary is thought to be uniikely.
It is possible however, that when the ftubes are subject to a programme
in incidence transition may be induced by the lateral acceleration to
which they are subjected; in the present tests this acceleration ranged
from 0,5 to 50g. Ho experimental data of pipe resistance under these con-
ditions are known to the authors but 1t is felt that a transition to
turbulent flow would increase the resistance at these low Reynolds Nos.
as 1% does at higher Reynolds Nos. under normal transition conditions,
It is also possible that separation end secondary flow within the tubes
occurs during lateral scceleration. Under these turbulent and/or
separated flow conditions the pressure drop will not be proportional to
the volume flow so that the damping will in all probability be a function
of the pressure amplitude,

The possibility that the centrifugal forces on the pick-up and air
mass due to the rate of pitch are in some way responsible can, it is felt,
be discounted., These give rice to a deflection of the diaphragm which
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would be always in the same sense, The response curve would he distorted
and the intersection of the pressures and incidence traces of fig.18 would
be asymmeirical relative to the blanking strip instead of being symmetri-
cally dispesed on either side of it as recorded.,

The alteration of flow direction due to the rate-of-pitch term can
cause a phase lag of the input pressure. TFor exsmple, the effective
incidence in these conditions would be

R .
6-:58

where R = distance from the inlet holes to the centre of rotation

1}

o (;in wh - §g~cos wt\
AN /

2

6, |1 +<-ﬁ9> sin (wt - ¢) (23)

It

where & = tan-"i %F

For Rw small compared with the free stream veloeity, U, € =% %F

£
and the time lag (: E) ig approximately constant as %, i.c. the time

taken for the external flow to traverse the distarce between the pressure
holes and the axis of rotation. In flight the latter would be the centre
of gravity of the missile, and this distance might well be several feet.
In these tests, however, it was only 3", so that the estimated time lag
from this source is only of the order of 1.9 x 10°% seconds at M = 1.4,
The above treatment is doubtless an over simplification, and, as it is
fashionable to regard crossflow behaviour around beodies of revolutizin as
independent of axial and streamwise flow, wind tunnel tests were carried
out over a range of subsonic speeds with the axis of the yawmeter normal
to the fMow direction., The results, given in f1g,20, show thet the
differential pressure due to an independent crossflew is mors nearly pre-
rortionsl to the square of the veloclty in contrast with the implied
linesrity (for sin 26 # 268) in the above, At velocities corresponding to
R6 in the dynamic tests the pressure change is nepgligibly small so that
on neither basis is the explanation satisfactory.

This last poesibility is a particular instance of lags arising from
the fundamental difference between Airect frecuency/damping measurement
and vhase lag/amplitude measurement, These will obviously give the same
results only if the circuit of fig.10 gives the whole picture. If, however,
it 1s incomplete then the extra time lag may emanate from the omitied stage.
For instance time lags in the instrumentation would add to those present in
the acoustic-mechanical combination although in these tegsts the freouency of
the electronic equipment was sufficiently haigh (2Mc/s) to render these
negligible, There is, however, one pcszible emission, and for thls we need
to consider the assumptions on whnich equation 18 is based. It has beew
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assumed that the pressure attained at the inlet holes of the yawmeter is
instantaneously that attained in the corresponding steady state incidence,
If, however, there is eny lag in the pressure build-up around the head,
due to the exlternal air behaving as a separate elastic system, then when
the ingtrument is programmed harmonically this lag will, to a first
approximation, be additive to that of the rest of the system. If this
effect 1= significant then it could be important inasmuch as it sets an
upper 1limit to the improvement which can be affected by development of
the instrument itzelf.

The results are more consistent, however, with a factored increase
in damping than with a more or less constant additional lag such as would
be introduced by a finite build-up time. The indications are that the
excessive damping under oscillatory conditions is real.

L6 Further developments

If, as seems most likely, the increased phase shift is produced by
premature transition or flow separation under lateral acceleration condi-
tions, then it would seem that still further reduction in tube length is
necessary to reduce the damping factor undcr those conditions te a desirable
value {around 0.6). With the pressure pick-ups currently availsble this is
not practicable, but it could be achieved by the development of a twin
pressure ce’l sufficiently small to it inside the hemispherical head.

The small chamber volume and line air mass would increase the acoustic
w.n.f., and the short length of pressure tubing would reduce the resistance
and hence the damping factor. It 12 possible that such an srrangement would
in fact hsve too little damping, but if this were so it could always be
increased to any reguired wvalue dy including a restriction in the lines.

If means of measuring the smbient air pressure, cother than by static
pregsure holes in the present instrument, are adopted then there is no
purpose in retaining the cylindrical portion of the yawmeter. The hemi-
sphere could be incorporated into the nose of the mizsile thereby reducing
the tube length considerably. This arrangement would improve the dynamic
response out, because of the change in shape aft of the hemisphere, it
would require recalibration statically.

Mechanically, the damping of the capacity pick-up has been shown to
be too light (0,05) and the instrument is being modified to include oil
demping. This modification ir also designed to reduce the effective
internal volume of the pick-ur to almost negligible proportions, fhus
greatly raising the acoustic natural frequency and lowering the damping
of the acoustic system.

] Conclusions

Static tests have been made up to incidences of 300 to provide calibra-
tion curves at Mach Nos, from 1.3 to 1.9. The instrument has been shown to
resolve well when the bgdy incidence is net in plane of a pair of holes,
the maximum error at 307 being -4.2% at the particular Mach No. exemined,

The sensitivity as a yawmeter is predicted clossly by an expression
somewhat similar ir form to that given by the solution for incompressible
flow around a sphere, In this form

P
& . K(—P--%-).SinEB

PS L pS

where K, , from experiment, has values of 0,925 and 0,954 for hole disposi-
tiona, 2 of ABO and 530 respectively from the axis,
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If the pregsure, Ppit’ from an axial pressure hole is measured as
well, then
4p
31 D

8 in degrees = —_— for eo = 14.50 and

4

53

H
o]
H
<D
o
]

and the incidence is thus known without prior determination of the Mach No.

T .
The pressure, Ppi & decreases with incidence closely as (-%3:3. - _;_) &
s

Po 1 3/ 2 Py
5 "% cos 78, Again 7. and hence Mach No, may be derived without
s 8

prior knowledge of the incidence from

2
0.22 G‘-’i)
s ot \Ps/

2 Fs (Pgit _a )
Ps

2

Roll angle is given to within 2° up to 300 incidence at the cembined

-1 7 &P
plane by tan —_—.
AP1

ine pressure on the cylindrical bedy at incidence can differ so
widely from that of the free stream that it is considered uniikely that
this instrument can conveniently be used to measure the static pressure,
It is usually possible, however, to obtain this under trisls conditions
from trajectory and meteorological data.

Providing this information is available the Mach No., incidence and
roll angle may be derived, either from the above relations or from calibra-
tion charts, in terms of the ratios of the pitot and differential pressures
to the free stream static pressure.

Dynamically the bellows type recorder has been found unsuitable for
use with this instrument due to the low acoustic natural frequency and the
length of pressure tubing required. The response was greatly improved by
using a small capacity type pick-up with shorter pressure tubes; the
mechanical and acoustic u.n.f.'s were found to be 1050 and 126 c.p.s.
respectively. Further improvement is hoped for as a result of impending
modifications to the pick-up. These include a greater reduction of the
internal volume and the provision of a variable degree of damping,
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There 1s svidence that when the instrument is subjected to a lateral
acceleration such as 1t would encounter in flight the dampang factor of
the response is much higher than that predicted from theory and from
measurements i1n the absence of any laterai acceleraticn. Possible causes
of this were examined apd it is thought most likely that it derives from
inoreased acoustic resistance i1n the pressure lines as a result of
transition and, possibly, flow separation in the tubaing when accelerated
laterally,
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Effect of inaccurate pressure hole location

In the manufacture of these instruments, even when the pressure
holes are jgig~bored, there will inevitably be smell location errors,
which, if allowance is not made for them, can introduce errors into the
incidence and roll angle measurements, Providing the manufacturing
errors are known it is possible to correct the indicated quantities
accordingly.

There are two results of inasccurats location. The joins of each
pair of holes may not be mutually perpendicular, and their intersection,
hereafter referred to as the virtusl centre, may not bte on the yawmeter
axis, The angular errors are assumed to be less than half a degree, so
that the errors from the first source, being of second order, may be
neglected, The second introduces a small misalignment error, aE’ as a

a roll angle, ¢E’ (not neceszarily small) relative to a datum fixed in

instrument (fig.21). Denoting the angles between the yawmeter axis and
the radii through the separate holes by 801, 602 etc, then, to first
order, we have that the virtusl centre is removed from the axis a distance

i
2 212 . -
RS{EGO1 - 603) + (GQA - 602):] + 2V2 , where Rs is the radius of the

sphere, the hules are mmbered consecutively clockwise and the nominal
value of 60 1s L5, The angle, eE, stbtended at the centre of the sphere

1
2
is thus %{5801 - 803)2 + (ea# - 603)%] . The misaligmment roll angle,

QE, referred to hole 1, is given by
6., - B
«1 02 O
By = tan ot (24)
™ 03

If we denote the indicated quantities by suffix I then it is readily
gseen from fig.21 that

sin 6 sin ¢ = sin aI gin ¢T + eE sin ¢E
] (25)

sin @ cos ¢ = sin ei cos ¢I + aE cos ¢E

from which ) .
NP L LS Lol s
sin 91 Cos ¢I QE o)< ¢E
sirfe = sin’. + € + 2u, sin 6, cos(4, - ¢ (27)
I B E T ¢E I

In practice 60

each instrument so that eE and @E can be determined and the indicated

4 ete, will be known from the inspection report for

values corrected from equations 26 and 27,
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Condition thet 27, 23 << 22(21 + z3)

In equation 18 the denominator of equation 17, 51"22 + BZ_ + 2-2-1-2-3,

273
has been replaced by 2122 + ZEZB for conveniemce in solving the response
equation,
where Z‘l = L1S + R1

1
LQS+¢ Sy

@i

2
= 1
4 = =
3 C,8
If 2-Z-1_Z_3 << 22(21 + ZB)’ then, by equating coefficients of powers of S,
L,C,
oL, << L, + A + R 3,0, (28)
R,C,
and 2R, << R, + (29)
1 2 02
o sy R BOw o 1
Rewriting and substituting &£ = e 2 and @ = T
these conditions become,
L - Wy 2 w,
1 1 2 2
2t o (F) g (30)
L2 P \w’l 172 w1
L w, £ W\ 2
and ha 2 4o (31)
2 1 é| 1

Since 212_,2, @, and w, are essentially positive, we may write, more

1
restrictedly,
L w2
o <<t () (52)
2 1
I R
Now L1 = 5 = % . - where m1 = mass of line air
3rr J"L1 A1 = line cross-section area
m, m, = mass of pick-up moving paris
L2 = "-2:' AE = chamber cross-section srea.



Thus the requirement is satisfied providing

I
i

=

S ACVACY)

L (o) )

(@)

1

For the built-in capacity pick-up m

NS .

e

LE

Ba38 x 40‘7 1bs

1.78 x 1672 1bs
2.21 % 107 ing
0.4.07 :i.ns2
1050 cop.s.

123 c.p.s.

..-32*.-.

2

(33)



APPENDIX III

An example of the data extraction methods of para.’3.b

The following pressure ratios are applicable to @ = 250, M=1.4
and ¢ = 527, using the No.2 yawmeter for which 60 = LHe-

AD AP P_s
—1 . o409 ; —2 - 146 ; 2t o 970,
D, P, P,

Starting with these pressure ratios let us derive M, 0 and ¢ as
detailed in pars.3.5.

Pirat approximation

Firstly obtain the approximate pressure ratic in the combined plane
from eocuation 7

APL N /AP,
vig. ap = [(—1> + <—2->] = 1,82
Py Py Py

D,
From fig.9(b) using this value, and Jlgy-;- = 2.7 we have for first

Rl

8
approximations
e = 25.8
M = 1.40
— 2
Second approximation
ADy AP,
Method 4 For M= 1.40,, — = 1.09 and —= = 1,46, we have
5 ®s Pg
from fig.9(b},
o]
%, = 4.3
o
ay = 19.6

From equstion 6 the second approximation to § is:-

roj—=

2 2 R o]
sin 6 = [:zxin?ogI + sin agj , giving 8 = 24.6

Trom ecuation &

sin a

tan ¢ = giving ¢ = 53,6°

sin a
1
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Method 2 Alternatively we may use equation 8 to correct for %p_ taking

8

-1 Ap2 &P‘l 0 e}
¢ % tan T *=—1 = 53.3°, and the first approximation to 6(=25.8"),
8 -

Thus

;
Z
error % gec § [‘1 - sinze(coshgb + sinl*¢)] -1

= Oa 05

P
Hence corrected e | 1.77, which in conjunction with -%]-'-E = 2,70
s s
gives from fig.9(b)
= 25-10
1.398

Ble
i |

Approximation from fiunctional form

The approximation of eguation 9 gives for 6, using

=

__ 2
b, [(E0Y | AR
Ps L P P
s ]
Ap
31 D
6 4 e i.€, & = 25,6
P}git 1 —
Py
2
. 0 0,22 (—f—’-)
Also £ = -R*-Plt + — B from equation 12
Py s Prit _ 1
Py
= 3-03
< From fig.8, or tables, M = 1.,00

KP.2078.C.P. 414,83 ~ Printed in Great Britain
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