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Summary
For steady rotations, acoustic rate gyros involve inertial coupling between acoustic modes inside rotating cylindrical fluid-filled resonant cavities. Previous studies investigated acoustic rate gyros of small dimensions (using silicon technology) and high dynamic range for measurement of transient or stationary rotation rates (from
0.01  /s up to 1000  /s), which can be applied to a wide variety of applications. Herein investigated are very
high rotation rates (up to 105  /s) and the phenomena they cause, namely the effects of the non uniformity of the
fluid on the acoustic field inside the rotating cavity and the effects of the recurrent inertial coupling between the
preponderant acoustic modes. Results of measurements confirm the analytical predictions and requirements for
designing rapidly spinning gyrometers behaving linearly are discussed.
PACS no. 43.20.Ks, 43.35.Ty, 42.81.Pa

1. Introduction
An acoustic rate gyro provides output signals that are measures of angular rates with respect to an inertial frame. It
involves both inertial coupling between acoustic modes inside rotating cylindrical fluid-filled resonant cavities and
flow-induced acoustic modes coupling, the former occurring for transient and stationary rotation of the device, the
later occurring only for the transient rotation. The physical
phenomena, namely the characteristics of unsteady circular flow which occurs when the cylindrical cavity is set in
rotation around its axis, the shape and the stabilisation time
of the transient response (i.e. the output acoustic signal
giving measure of the rotation rate), the linear relationship
between this output acoustic signal and rotation rate, were
interpreted for rotation rates from 0.01  /s (the threshold
of the small gyros, about 1 cm3 ) up to 1000  /s (that is
105 times the threshold). Excellent agreements were observed between the theoretical and experimental results
[1, 2, 3, 4].
These investigations provide a method for designing
this new kind of acoustic sensor (rate gyro) involving
lower power consumption and lower manufacturing cost,
as well as improved reliability and improved live time.
Moreover, recent studies using silicon technology [5, 6, 7]
pointed out that the acoustic gyro (fluid-filled cavity with
a loudspeaker and two microphones set on the walls) can
be extremely miniaturised to meet growing industrial re-
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quirements. Research on the acoustic gyro is now focusing
on developing a technology to measure very high rotation
rates (up to 105  /s). Then, the aim of this paper is both –
i) to investigate the behavior of the acoustic gyro for these
very high angular velocities that give rise to new phenomena (namely the effects of the non uniform properties of
the fluid on the acoustic field, and the recurrent inertial
coupling between the preponderant acoustic modes), and
– ii) to show that the acoustic gyro is suitable for applications where very high rotation rates occur.
To understand the acoustic coupling mechanisms for
higher rotation rates, the model presented below starts with
the theory for unsteady rotation [4]. To adapt this theory
to the purpose, we neglect the specific factors which occur
for very fast variations of the rotation rate of the cavity, but
we do not longer assume both the uniformity of the density
of the fluid (as a consequence of the centripetal acceleration) and Born approximation (usually assumed when the
inertial effects, which depend on the acoustic field created
by the loudspeaker, can be considered as very small perturbations).
Sections 2.1 and 2.2 review respectively the mechanisms inherent to the acoustic gyrometer and the basic
equations of motion, including specific factors that occur
at high rotation rates. Section 3.1 presents the modeling
of the phenomena involved and the analytical results for
an angular velocity lying from 0  /s to 105  /s, and the last
section (3.2) compares the theoretical and experimental results (showing that the model is valid) and conclude on
the design of the devices for measuring very high rotation
rates.
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2. Formulation of the problem

Z

2.1. The mechanisms involved
The heart of the acoustic gyro is the thin cylindrical cavity filled with gas sketched in Figure 1, thin meaning that
the height h is much lower than the radius R to ensure a
quasi uniform field through the cavity along the z -axis.
An harmonic acoustic standing wave is generated by a
driver coupled to the cavity through a narrow hole set at
the azimutal coordinate ' = 0. In order to increase the
acoustic level and then the sensitivity of the gyrometer the
angular frequency is the resonant frequency of the first
azimutal mode labeled “c” and given by the eigenfunction J1 (10 r=R) cos ' corresponding to the values (0,1,0)
of the quantum numbers (nr  n'  nz ) respectively, where
J1 is the first order cylindrical Bessel function of the first
kind, 10 the first zero of the first derivative of J1 (10 r=R)
with respect to the radial coordinate r. A microphone set at
' = =2 (flush-mounted or coupled to the cavity through
a hole) measures the amplitude of the acoustic field, which
vanishes at that point when the cavity does not rotates.
When the cylindrical cavity rotates around its z -axis,
that is when the fluid rotates with the angular velocities
~ (r z t) of the non inertial frames (linked to the particles of fluid) with respect to the inertial frame, two kinds
of effects must be considered, namely the dependence of
the field created by the loudspeaker on the non-uniform
properties of the rotating fluid and the inertial effects on
the acoustic field. The non uniform properties of the fluid
involve both the angular particle velocities (when they depend on both the localization of the particle in the cavity and the time) and the non uniformity of the density of
the fluid due to the centripetal acceleration (especially at
higher rotation rates). The inertial effects on the acoustic
field are the three well known ones, that is the Coriolis effect, the effect of the acceleration associated with the time
rate of change of the rotational velocity, and the centripetal
acceleration effect. In these conditions, the field created
by the loudspeaker is perturbed, leading to energy transfer from the resonant mode labeled “c” mentioned above
to the orthogonal resonant mode labeled “s” given by the
eigenfunction J1 (10 r=R) sin '. Then the transfer function between the output signal of the microphone set at
' = =2 (which measures the amplitude of the mode “s”)
and the output signal of another microphone set at ' = 
(which measures the amplitude of the mode “c”), provides
the value of the rotation rate of the cavity. These two resonant modes “c” and “s” are almost sufficient to describe
a solution for the acoustic response of the rotating cavity,
in the “ideal” case of a perfectly shaped cavity ; actually,
in order to take into account unavoidable small perturbations, more terms can be included into the eigenfunctions
expansion which is used to describe the acoustic field [2].
It is noteworthy that the inertial forces can be interpreted
[1, 2, 3, 4] in the acoustic wave equation as a source term
~ f~, that is for the Coriolis force f~c (for example)
given by r

~ f~c = 0 ~ ;2~ ~v = 0 2~ ; ~ ~v 

r
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Figure 1. Acoustic rate gyro: cylindrical fluid-filled cavity. The
cavity (lateral view and top view), localisation of the transducers, inertial (O X Y Z ) and non inertial (M r ' z ) reference
frames.

(where 0 is the density of the gas) emphasizing that the
~  ~v =
vortical component ~vv of the particle velocity ~v (r
~  ~vv ) plays an important role in the inertial coupling.
r
This vortical component is almost negligible everywhere
except inside the viscous boundary layers, which therefore
play an important role in the process, especially in shortening drastically the stabilization time of the acoustic transient response in comparison with the stabilization time of
the transient rotating flow [4] (when the gyro is suddenly
set in rotation for example). Moreover, because resonant
modes are involved (to improve the sensitivity of the rate
gyros), the dissipation processes due to viscous and thermal phenomena, which occur essentially inside the boundary layers, must be taken into account.
2.2. The basic equations of motion
In the acoustic gyro, the whole motion of the fluid ( rep~T ) includes the circular
resented by the particle velocity V
~
~
flow (V (r) = ~r) and an “acoustic” motion (velocity ~
v ),
the word “acoustic” being taken here globally because it
includes the thermal (~vh ) and vortical (~vv ) motions which
accompany the acoustic movement itself (~va ). Describing
the instantaneous position of a particle by means of the
vector OP , the particle velocity and the acceleration associated to the global motion are written respectively as

-

V~T = dt )i OP

and

-

dt V~T = d2tt )i OP 

(2)

where the operator dt )i is the material derivative expressed
in an inertial reference frame, and considering the “acous-
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tic” movement only, its acceleration is given by the material derivative dt )i~v .
Considering here the stationary regime, the cylindrical
cavity and the fluid rotating together with a uniform angular velocity , the fluid and the transducers (the localized
acoustic source and the microphone) remain continuously
motionless each one with regard to the others and, within
the framework of the linear acoustics, the material derivative with respect to the time in the moving frame is equal
to the partial derivative @t in the same frame.
Then the “acoustic” particle acceleration expressed in
the inertial reference frame takes the approximate form

@t~v + 2~ ~v + 2~




;


~ @t;1~v 

@r P0 = 0 r2 

(4)

induce a radial density variation which takes the form, for
a perfect gas,
0

T 0 r
2

2



(5)

where T is the isothermal compressibility, this radial density variation taking into account the inertial non uniformity of the medium where the acoustic field propagates.
Finally, the “acoustic” movement (that is the sum of the
acoustic, entropic and vortical movements) is governed by
a set of three equations including the Stokes-Navier equation, the conservation of mass equation and the heat equation, namely (the acoustic energy source being described
by its volume velocity q ):

@t~v + 2~ ~v + ~


=


~ @t;1~v + 1~
0 p


~
~v +  + 3 ~ ~v 



;



rr 

(6)

where is the kinematic viscosity coefficient, the bulk
viscosity coefficient, and p the pressure variation,

@t 0 + 0 ~ ~v = 0 q
where 0 is the density variation,
@t  C
=  ^ 1 @t p
0 p

r

;

;

q = Q e i!t = Q0 (r r R) (') e i!t 
;

(7)

(8)

where is the temperature variation, the thermal conductivity coefficient, Cp the heat coefficient at constant
pressure per unit of mass and ^ the increase in pressure
per unit increase in temperature at constant density.
When the time-periodic source activity of the localized
loudspeaker set on the cylindrical wall is given by the real

(9)

the solutions of equations (6) to (8), invoking expression
(5) for the stationary density variation and the usual relationship c20 0 = p;^ for the “acoustic” density (where c0
is the adiabatic speed of sound), and subject to the boundary conditions (on the walls z = 0, z = h or r = R) for the
temperature variation and the “acoustic” particle velocity,
namely

=0

and

~v = ~0

(10)

are the appropriate results that are needed to interpret the
experimental data available (section 3.2).
The inertial factors (equation 6) involve the expression
of the whole “acoustic” particle velocity (equation 1), the
sum of the laminar acoustic and laminar thermal velocities ~va and ~vh , and the vortical velocity ~vv (which plays an
important role in the inertial coupling). The thermal and
vortical velocities are negligible in comparison with the
laminar acoustic velocity in the whole domain under consideration (the volume of the cavity) except in the boundary layers near the walls (because on the walls the particle
velocity and the temperature variation vanish). Accurate
description of the small amplitude disturbances, based on
a set of equations derived from equations (6) to (10), independently of the inertial effects, gives a relationship between the r- and '-components of the particle velocity ~v
and the pressure variation p as follows, for an harmonic
motion at an angular frequency ! close to the eigen angular frequency !10 (see e.g. [4, 8, 9]):

i (1 F ) 1 @ p +  1 k 1 e;ikv (R;r) 
v
0 c0
k r
102 ikv

 
+ ( 1) ikk 1 e;ikh (R;r) p  (11)
h
 


i
1
v'  c (1 Fv ) kr 1 e;ikv (R;r) @' p 
(12)
0 0
where
Fv = e;ikv z + e;ikv (h;z)
kv = (1 i)  kh = (1 i) 
(13)
vr



;

;

;



r

0

part of the harmonic rate of creation of fluid per unit volume

(3)



where @t;1~v represents the “acoustic” particle displace~  @t;1~v vanishing because
ment, the inertial factor @t 
~
@t  is assumed here to be equal to zero.
Moreover, when strong rotation rates occur, the effects
of the centripetal acceleration on the static pressure P0 ,
given by

@r 0 = p0 @r P0 =
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;

;

;

p

;

v

;

p

h

with v =
2 =! and h = 2 =0Cp ! (viscous
and thermal boundary layer thicknesses), 10 = k10 R =
!10 R=c0 being the eigenvalue of the eigenmodes considered. Because the height h of the cavity is greater than the
viscous boundary layer thickness, the function (1 ; Fv )
vanishes on the walls z = 0 and z = h, which therefore are
not directly involved in the inertial modes coupling.
It is noteworthy that the vortical (~vv ) and thermal (~vh )
velocities are given by the factors involving e;ikv (R;r)
and e;ikh (R;r) respectively. The sum of the other factors represents the acoustic velocity in the thermo-viscous
fluid, emphasizing the well known impedance like behavior of the acoustic field near the boundaries which can be
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expressed as a specific admittance  = 0 c0 var =p (the
pressure variation being assumed to be constant over the
boundary layer thicknesses) given here by

2
 1 :
10
 = k 1=
+
kv
kh
;

(14)

At this step, we must proceed with the derivation of the
relevant solution of the set of equations which govern the
acoustic pressure field p inside the rotating cavity (equations 5 to 10). Due the fact that the working frequency
is monitored to make this field resonant (namely the frequency is tuned on the resonant frequency of the first azimutal modes of the cavity), the viscous and thermal dissipations must be taken into account. Actually they are included in this set of equations, but inspection of them with
consideration of the orders of magnitude of the quantities
involved reveals that the dissipation occurs mainly inside
the viscous and thermal boundary layers (the dissipation
processes in the bulk of the cavity being then negligible),
which therefore can be modelized by a boundary condition
involving the equivalent impedance  mentioned above
(equation 14). Then discarding terms which depend on viscosity and thermal conduction in the right hand side of
equations of motion (6) and (8), and taking account equation (5) to express the effect of the inertial non uniformity
~ (1=0 )  r~ (p) = @r (1=0)@r p, the presof the density r
sure variation (assumed to be quasi-independent of the coordinate z ) is governed by the following set of equations,
for the angular frequency ! close to the eigen one !10 (the
factor e i!t being omitted):
i
@rr2 + 1r @r + r12 @'' + k2
h
i
= S + FCo + FCe + Fnh
h

(15)

;

in the bulk of the cavity,
;



@n + ik p = 0
on the boundaries r = R and z = 0 or h, where
S = i!0 Q0 (r r R) (')
;

(16)

(17)

;

;

FCe = 0 div ~ ~ ~v=i!



= i!0 1r + @r vr + 1r + @' v' 20


;



p=h

Z RZ 2
0

0





r dr d' G S + FCo + FCe + Fnh : (22a)

For compactness, in the following this equation is written
using the Dirac notation, namely
D

E

p = G S + FCo + FCe + Fnh :

(22b)

Because the analysis of the cavity excitation relies on
modal functions of the domain, labeled (0,1,0) “c” or “s”,
together with their related eigenvalues !10 , for the angular
frequency of interest monitored at (or close to) the resonance of these modes, the Green function chosen is expressed as an eigenfunction expansion restricted to these
two resonant modes of the cavity, namely [8, 9, 4]

G(~r~r0 ) c (k~r2)+c (~r(i0 ) +1)s2(~r)kc2(~r0 ) 
(23)
10
1
where the eigenfunctions cs can be considered as a zero
order expansion with respect to  , i. e.
c (~r ') N ;1 J1 (k10 r) cos '
s (~r ') N ;1 J1 (k10 r) sin '
p
p
2
with N = J1 (10 1 1=10
R2 h=2, k10 = 10 =
1:84, and where the weighted boundary dissipation factor


;

2
1

;

is given by

ZZ

 2 dS
cs
S 1+i
 

= k102 h1 v + ( 1)h


2
1

10
+ R( 2 1)  2 v + ( 1)h :
10
10
Expression (22) for the solution p is in fact an integral
equation because the functions FCo , FCe , and Fnh depend
on the unknown function p. The appropriate solution, that
2
1



k10

;

(19)

is the centripetal factor,
2
Fnh = c2 0 r@r p
0
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which satisfies the same boundary condition (16) than the
pressure variation p, namely (@r + ik )G = 0, the “solution” of the set of equations (15) to (20) can be written as
the convolution, with respect to the variables (r '), of the
right hand side of equation (15) and the Green function:

;

is the Coriolis factor,

;

(21)

;

;

;

;

;

;




FCo = 0 div 2~ ~v = 200 (curl~v )z

 

= 20 0 1r + @r v' 1r + @' vr (18)


i
@rr2 + 1r @r + r12 @'' + k2 G(~r~r0 )
= (r r r0 ) (' '0 )

h



is the source term,

;

is the non homogeneity factor due to the centripetal effect on the fluid density, the r- and '-components of the
particle velocity being given by their expressions (11) and
(12) as functions of the pressure variation p (assuming
(1 ; FV )  1) and the admittance  being given by equation (14).
Associating to this problem the Green function solution
of equation

;

is eigenfunction expansion used in the next section,

(20)

p = Ac c (~r) + As s (~r)

(24)

Ecotière et al.: Acoustic gyrometers for high rotation rates

will give both the amplitude Ac , measured by the microphone set at ' = 0 (in practice set opposite to the source
at ' =  ), and the amplitude As , measured by the microphone set at ' = =2, and finally the transfer function
As =Ac which gives measure of the rotation rate .
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2
 = 1 2 JJ0 ((10 )) + JJ02 ((10 )) 0:7:
10 1 10
1 10

Then, due to the orthogonality property of the eigenfunctions s and c , equation (22b) leads to the following set
of linear equations satisfied by the amplitudes Ac and As :


3. The inertial effects

Expressing the pressure variation p as a truncated eigenfunction expansion (24) in the expression (11) and (12)
of the r- and '-components of the particle velocity, and
then in expression (18), (19), and (20) for the inertial factors FCo , FCe , and Fnh , assuming that the angular frequency ! remains close to the eigen angular frequency
!10 , and taking into account the orthogonality properties
of the eigenfunctions s and c , each factor appearing in
equation (22b) can be expressed straightforwardly in the
following manner:
j

j

j

(25)

j

j

;

j

j

j

j

j

j

j

(26)

(27)

where fCo , fCe , and fnh are operators which do not contain odd derivatives with respect to the variable ' (these
operators do not change cos ' into sin ' and inversely) and
which do not depend on ', and where
;

j

j

j

;

j

j

with

j

(28)
(29)



;

;

;

;

;







Ac
S
As = 0 :

(31)

(32)

where p0 = S=D=(1 ; Ce =D)c represents the pressure
variation created by the acoustic source when neglecting
the Coriolis coupling in the rotating cavity.
Because the operator O is proportional to the rotation
rate , the Born approximation, that is p0 + Op  (1 +
O)p0 , could be sufficient for the lower rotation rates. But
for higher rotation rates, a Dyson series must take place:

p0 + Op = (1 + O + O2 + O3 + : : :)p0 :

(33)

A straightforward analysis lying on the same kind of calculation than the preceding one (equations 25 to 30) gives,
thanks to the orthogonality properties,
n
2
C
o
p= D C
e n=0 (D Ce )2


c + D CoC s 
e

1 
X

;

j



;

S

(30)

ae = ( 2 k 1)c2  +  2 2ik R 
o
10
10 v


2

1

1
10
be = ( 2 1)c2 ( 1) 2i k R +  2 k R 
h
o
10
10 v
2 2
10 10



In this system of linear equations, the right hand side represents the source of energy (acting only on the mode 1c ),
the factor Co represents the Coriolis cross coupling between the modes labeled “c” (cos ') and “s” (sin ') proportional to the rotation rate , and the factor Ce represents the “self-coupling” of each mode due to both centripetal effects described in equation (15) by the sum
FCe + Fnh (in this sum each term is of the same order
of magnitude and proportional to the square of the rotation rate). Note that the result emphasized unsurprisingly
a behavior analog to a two degrees of freedom oscillator.
As expected, the centripetal effects act only on the amplitude and the phase of each mode, like the usual factor D
(linked to the dissipation process which occurs essentially
in the boundary layers).
The couple of equations (31) can also be obtained in the
following manner. Writing the Coriolis terms hGjFCo i =
hGjfCo jpi as an operator (1 ; Ce =D )O = hGjfCo @' j
acting on the unknown acoustic pressure p, and taking into
account equations (24), (25) and (27), equation (22b) leads
to the following expression:

;

j

;

p = p0 + Op

j

2
D = k10
+ (i + 1) 21 k2 
Co = c fCo c = s fCo s = ako 
2 =(( 2
with ao = 4ik10
1)co),
10
Ce = c fCe + fnh c = s fCe + fnh s


= kae2 + be 2 

D Ce Co
Co D Ce
;

3.1. Modal theory of the inertial coupling

G S = DS c 
G FCo = G fCo@' p
= Dc c fCo As c
+ Ds s fCo Ac c
;

= CDo As c + Ac s 
G FCe + Fnh = Dc c fCe + fnh p
= Dc c fCe + fnh Ac c
+ Ds s fCe + fnh As s
;

= CDe Ac c + As s 



;

;

;



;

(34)

that is

p = D S C 1 + C 2 =(1D C )2
e
e
o


C
o
c + D C s 
;

;



;

e
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which gives the same results as the solution of equation
(31) for the amplitudes Ac and As , namely

Ac = (D(D C C)2e )+S c2
e
o
C
S
o
As = (D C )2 + c2 :

0
-5

;

;

e

;

(35)

o

| Ac| dB

and

-10

But equation (34) can also be written in the following manner:

2
C
C
o
o
p = D C c + D C s D C c
e
e
e

Co 3  +  Co 4 
D Ce s D Ce c

5

C
o
+ D C s : : : :
e



;

;

;

;

;

This result emphasizes that the sensitivity is proportional
to (D ; Ce );1 which is proportional to the quality factor
when the working frequency is the resonant frequency (defined for the lower rotation rates). For any rotation rate (i.e.
from 10;2  /s up to 105  /s) and for a working frequency
equal to the frequency of the central extremum amplitude
(the maximum for lower rotation rates and the minimum
for upper ones), the sensitivity is proportional to the factor
Co , that is proportional to the rotation rate , because the
imaginary part of the factor Ce (proportional to 2 ) is always much lower than the imaginary part of the factor D.
Then, tuning the frequency at this extremum of the mode
“c” (with an appropriate phase loop), the sensitivity of the
acoustic gyro is maximum and its response is linear for
any rotation rate accessible above its threshold.
Note that for the lower rotation rates (up to roughly
103  /s) the results (35) and (37) give the approximate results obtained previously [2]:

Ac S=D As Co S=D
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and

As =Ac Co =D:


0.98

0.99

1

k/k 0

1.01

1.02

1.03

1.04

1.01

1.02

1.03

1.04

-5

(36)

(37)

;

0.97

0

This result permits to interpret the phenomena as recurrent
coupling: the mode c gives rise to the mode s (with the
relative amplitude Co =(D ; Ce )) due to the Coriolis coupling, which in turn creates by Coriolis coupling a modal
component c with the relative amplitude ;Co2 =(D ;Ce )2
so that the global amplitude of the mode c changes, and
so on. This is the Coriolis “cross-coupling” mentioned
above. Close to the resonant frequency (when jD ; Ce j
is minimum), the amplitudes are opposite in sign alternatively: therefore theses resonances are lowered, and are
even converted into minimum for higher rotation rates ,
as shown in the next section ( the system acts as a two
degrees of freedom oscillating mechanism).
Finally the transfer function of interest (the sensitivity
of the rate gyro) is given by

As = Co :
Ac D Ce

W0= 40000°/s

-35
0.96

;

;
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-30

;

;
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S

-15

-15
-20
W0= 25000°/s

-25

W0= 35000°/s
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W0= 50000°/s

-35
0.96
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1

k/k 0

Figure 2. Normalized amplitudes jAc (0  k)j of the mode “c”
and jAs (0  k)j of the mode “s” (dB re jAc (0 k0 )j), as functions
of the normalised wavenumber k=k0 , for several rotation rates
given on the diagram (theoretical curves).

3.2. Results and conclusion
The theoretical and experimental results given in this section correspond to a cylindrical cavity 4 centimeters in diameter and 1 centimeter high, filled with air at atmospheric
pressure P0 = 105 Pa and temperature T0 = 300 K. The
theoretical results are obtained using the following air constants: 0 = 1:2 kg/m3 , Cp = 29:1 J mol;1 K;1 ,  = 1:4,
= 1:5  10;5 m;5 m2 /s, = 25  10;3 W /m/K and
c0 = 342 m/s.
For uniform, steady, and lower angular velocities 0
(typically less than 103  /s), the variations of the amplitudes jAc j of the mode “c” and those of the amplitude jAs j
of the mode “s”, as functions of the angular frequency
(kc0 ), show a resonance [2] (first azimutal resonance of
the cavity) corresponding respectively to the minimum of
the absolute value of the factor D in equation (38) given
by the value k0 of k (see curve 0 = 0  /s in Figure 2 as an
example). But, for the uniform, steady, and higher angular
velocities 0 (typically greater than 103  /s, up to 105  /s),
this resonance is split into two maximums, at frequencies
given by the root of the determinant of the square matrix
on the left hand side of equation (31), approximately equal
to
2
k2 k10
(ia0 =k10 )0 
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Figure 3. Phases (rad) of Ac =S and of As =S , as function of the
normalised wavenumber k=k0 , for several rotation rates given on
the diagram (theoretical curves).
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the normalised wave number k=k0 = 1.

a minimum occurs for the mode “c” near the central frequency k = k0 (the root of the absolute value of the factor
(D ; Ce ) in equation 35) which depends slightly on the
rotation rate (less than 0.04%). The process involved in
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Figure 5. Normalised amplitudes jAc (0  k)j of the mode “c”
and jAs (0  k)j of the mode “s” (dB re jAc (0 k0 )j), as functions
of the normalised wavenumber k=k0 , for several rotation rates
given on the diagram (experimental curves).

this phenomena is emphasized by the solution (36) of the
problem which can be interpreted as follows (as already
mentioned above): the Coriolis coupling acts as an energy
transfer from the mode “c” (cos ') created by the loudspeaker to the orthogonal mode “s” (sin '), and then, due
to the same process, an energy transfer from this mode “s”
to the mode “c” occurs but out of phase with respect to the
preceding one (close to the resonant frequency), and so
on. Therefore, due to these opposite signs, the resonance
of each mode (“c” and “s”) is converted into a minimum.
The theoretical curves jAc j and jAs j (logarithmic scales)
versus the normalized wavenumber (k=k0 ) shown in Figure 2 are examples of splits of the resonance when the rotation rate  increases. The theoretical related phases for
Ac and As versus k=k0 are shown in Figure 3 (the reference is the phase of the source term S ). At the resonance,
these complex amplitudes Ac and As are out of phase.
Moreover, if the frequency of the acoustic pressure is
tuned in order to be equal to the frequency of the central extremum (maximum for the lower rotation rates and
minimum for the higher ones, i.e. k=k0 = 1), the ratio As =Ac (equation 37) is proportional to the rotation
rate 0 , for any value from the threshold of measurement
(102  /s) up to the highest rotation rate accessible (105  /s),
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as shown in Figure 4. The unique (high coast) experiment
made in using the high-speed rotating table in Laboratoire
de Recherches Balistiques et Aérodynamiques (L.R.B.A.)
Vernon, gives evidence of the accuracy of the model in
several respects, as mentioned hereafter ; but the electronic
device designed for the experiment did not permit to tune
the frequency at the central extremum, then did not permit
to confirm experimentally this result up to 105  /s.
The experimental results shown in Figure 5 and Figure 6, respectively amplitudes and phases of Ac =S and
As =S , present the same behaviour than the theoretical one
in Figure 2 and Figure 3, revealing however some discrepancies whose the origin is difficult to explain at these very
high rotation rates with the device and apparatus used for
the measurement.
Nevertheless, it can be emphasised that the experimental
results have provide confirmation of the theoretical predic-
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tions in having shown the splitting of the maximum (resonance) into three extremums when a high rotation rate
occurs, that is when the acoustic modes (cos ') and (sin '
are strongly coupled together (reacting strongly one upon
the other). Given the difficulties of the experiences, there is
seen to be quite close agreement between these analytical
and experimental results, thereby supporting the fact that
the acoustic gyro would be a good candidate to measure
linearly rotation rates from the threshold [1, 2] 10;2  /s
up to the highest rotation rates attainable 105  /s (that is
107 times the threshold), the transient response [4] being
less than 50 ms. Then this new sensor would be useful in
several applications, especially those which require miniaturisation capability, lower manufacturing coast and lower
power consumption, as well as higher reliability and improved lifetime.
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