Spiral cylindrique Poids du spiral
sans courbes terminales Anisochronisme en position V

Spiral cylindrique sans courbes terminales
Poids du spiral et anisochronisme en position verticale
Déformations planes

Caractéristiques du spiral dextre

|E| Référence :E:\Résonateur (TA)\Le spiral cylindrique\SC sans CT - Poids du spiral - Th_élémentaire.mcd(R)

E| Référence :E:\Résonateur (TA)\Data\Bal_spiral cylindrique (ex num).mcd(R)

Dimensions  ép=0.09mm  ha=0.334mm $=003mm’°  Ry=5mm  TOL:=10 °
Elinvar ps=8x 10> kg-m>  E=17x10"Pa myg = 77.534 mg

Forme initiale du spiral

ro(@) = Ry ng:= 1015 o= ny-360-deg  wp=3.654x 10°deg L:= Ryyp L =318.872mm
Xgo(a) = Rp-cos(a) Yo(a) = Ry-sin(a) s(a) = Ry«

Position du piton re:= Ry ap:=0 Xp=5mm yp=0mm

Position du point r= Ry av(0)=wo+ 0  xy(0):=ry-cos(ay(6)  yy(8):= ry-sin(ay(6))
d'attache a la virole

Amplitude stationnaire du balancier 0y =270 deg

Moment quadratique de section

E| Référence :E:\Résonateur (TA)\Tables\Modules J, | et W des barres élastiques.mcd(R)

I33:= It rect(ép, ha)

Théorie élémentaire (Defossez)
Déplacement du centre de masse  &4(0) := gé,(e, ns) ne(0) = né,(e, ns) Ce1(0) = g“é,(e, ns)

Perturbation de marche ,ué,(eo) = yé,(eo,ns)

Premiére approximation de la déformée du spiral

o
pola) = a+ g Zp:=Xp+i-yp z1(0,a) = zp+ Rp- i-exp(i-a’)-exp(iﬂ-ij da’
Yo
0
o
. ) a i-0 . . a i
Zp(a) = Ry-exp(i-a) z1(0, a) = zp(a)-exp| i-0-— | — —- Zp(a))-exp|i-0-— | da
Yo Yo Yo
0

Z1(¢9,a) =2Zp + Ro-

Yo . Wwo+ 0
-l exp|i-a- -1
wo+ 0 Yo
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Spiral cylindrique
sans courbes terminales

Premiére approximation du déplacement du centre de gravité

1 Yo
J 74(0, a)-Rp da

¢1s(0) = 7 ¢15(6p) = 0.304 + 0.013imm
0
Analytiquement
.0 Yo
. (24
AM(O)=—- z exp|i-0-— | d A (0) = Ry exp) i- +0) -1
1(0) WOJ o(@) [ W]a 100) = Rofexpfi-(wo+ 0)] -1]
0

uy(0) = Re(A(0))  v4(0) = Im(Aq(0)

uy(6o) = -0.066mm  v4(8y) = -0.202mm

Poids du spiral
Anisochronisme en position V

d 0-Ro Yo ,
E15(0) = d—v1(9) — uy(6) E15(0) = i > ‘Ry-sin(yg + 6) £15(60) = 0.304mm
6 Yo (vo+ 0)
d Yo
11(0) = —uy(0) =va(6)  115(6) = ———— {Ro:(1 - cos{yo + 0))] n15(60) = 0.013mm
o (vo+9)
Calcul des réactions
Ro Ro
Eos = — sin( o) n0s = — (1 - cos(w))
Yo Yo
2 2 2
RO . RO ) RO . 2
q2ps = —'(l//o - COS( l//o)'S/”(l//o)) p2os = '(l//o + cos( l//o)'S’”(l//o)) kos = 'S/”(V/O)
2y 2y 2y
2 2 2
&ps = 0.063mm nos = 0.032mm q2ps = 12.407 mm p20s = 12.593 mm kos =0.128mm
2 -5
L | 92s—70s  Tos Sos — Kos ) _q [u1(0) ) -5.914 % 10
So:= : R (0):=Sy - R (.90) -
E'/33 2 V1(9) -4
N0s $os — Kos  P20s — Sos -1.746 x 10
IR"(0p)| = 1.843x 107N
Approximations
¥o )
O.
02— —-J 20(@)-2p() da 2=R2> £ _125mm?
Yo 0 2
Els o (ui(6) 5.693x 10 ° 4
R(0) = ———: R*(60) = |R"(60)| = 1.842x 10" "N
oz \v1(0) ~1.752x 10" 4

Deuxiéme approximation du déplacement du centre de gravité

x1(0, a) = Re(z1(0, @) y1(0, a)

[24
s&(0, a) = ‘[ x4(6, a)-Ry da’
0

[24
sn4(0, a) = J y1(0,a)-Ry da’
0

SCsans CT

= Im(z1(0, a))
1
$15(0) = I'Sé(@, l//o) 513(60) =0.304mm
1
715(0) = Z~Sf71(<9, vo) n15(60) = 0.013mm
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Spiral cylindrique
sans courbes terminales

RO da’

sp24(8, a) J

sq21 9 0! J y1 Ro do’

sk1(0, a) 1=J x1(0,a)-y1(0,a)-Ryda’
0

S4(0,a) = .
1(0, @) Eln

. — 71-
R'(6) = S4(8. o) [yv(H)—W(H’ wo)

; Yo
' R&W)'J S1(0. )
0

1
n2s(0) = 1n15(0) + —-
Yo

Yo
R'x(ﬁ)-J S4(0, a)
0
Approximations de Haag
Vérification des approximations

y Yo
—J z1(8, a)-z4(0,
Yo 0

024(0) = a) da

Yo )
9245(0) = IJ y1(0,a)"-Ro da
0

Yo
1
k1s(0) = IJ x1(0,a)-y1(0, a)-Ro da
0

q215(60) = 10.914 mm”

Yo
1
224(0) = —ZJ a-z1(0,a)-z4(0, a) da

wo 0
1

Yo
Q2,,(6) :=—~J Ry-a-y1(0, a)?-R, da
1?2 o

Q244(65) = 5.495mm”

p24(0) =
q24(0) =

1
k1(0) = 7 -ski(0, vo)

1 (v1(0,a)-sn1(0, a) + sq21(0, @)
x4(0,a)-sn4(0, a) —skq(6, a)

xv(t9)—X1(t9,l//o)J ~ (00 8356 10 °
0

009 R'y(H)-J

p245(85) = 10.855 mm”

Poids du spiral
Anisochronisme en position V

1

—~-5p24(6, vo) ’

p24(6p) = 10.855 mm

'\

1

—.592/(0.w5)  24(60) = 10.914 mm’

'\

ki(65) = 0.059 mni”

y1(€, 0()-851(49, a) - Sk1(€,0.’)
_X7(95 C()'Sf»](g, a) + Sp21(€’ a)

2281x 104

Yo

S$4(0, ) da

0,1 523(90) =0.261mm

0

Yo
o da+ R (H)J' $1(0.a), , da 12s(60) = -0.1mm

0

o2( ) — 10.884 mn?
; .

1 Yo )
p215(0) ::I',[ x1(0, a)" Ry da
0

ki1s(60) = 0.059 mm”

224() — 5.435 mm
. .

Yo
1
P2.,(0) = —2[ Ry-a-x1(0, a)?-R, da

L~ 70

P245(60) = 5.375mm”
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Spiral cylindrique
sans courbes terminales

e = Luye) - 29,
do 024(0)

ras(8) = sy - 210

do 024(0)

vi(0) ¢
©2.024(0) do
ui(0) 4
2.62,(6) do

024(0)

1(

vy(0) + 024(0)

2

1 Yo
K= J Ro-a-Zo(a)-Zo(a)'Ro da
o2-L~ 70

£(0) = Lvi(6) - kuy ()

15(6) = L1 (6) - x-v4(6)
do do

26) = -1 A (0) - x-M(0)
de

¥o
( ol

R .
g(a)::To-‘ e %e WO-[1+i-9-(i—KH-R0da

J Yo

Ro-wo

(vo+0)

0

(o) =

Formule de Haag

R T 0 6 i(wo+0) ot 0
é’ah(e) .—70-I-|:1—I-E—(1+I'Ej'e j| w(&) = 5

Ro_jrato),
Yo

Can(0) = (2-sin(w(0)) + 6-cos(w(6)))

Graphes du déplacement du centre de gravité

. 4-r .

n:= 201 i=0.n-1 460 = y Oj=-2-7+1i40
n_

. 4-r .

m:= 41 j=0.m-1 A6y, = O =27+ j- A0,
m-1 J
] N

529]. = 523(0mj) NN2g. = 7723(9m) 65291. =0 ’729,. =0

£ac, = Re(Zan(6)) 1ac, = Im(an(61))

Poids du spiral
Anisochronisme en position V

£as(6p) = 0.269mm

7as(6o) = ~0.087 mm

&s(60) = 0.271mm
ns(60) = -0.088 mm

¢(6p) = 0.271 - 0.088imm

¢(6p) = 0.271 - 0.088imm

_ H.  Ooe Z—iK] {i - (m 3—20]-(1 - w}-exp[i-(ww 9)]}

¢(6p) = 0.271 - 0.088imm

Can(Bo) = 0.288 - 0.094imm
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Spiral cylindrique Poids du spiral
sans courbes terminales Anisochronisme en position V

0.41

—0.4—-

fé/(@') $29 ¢6 ¢aG

2 2 b
mm mm mm mm

Perturbation de période - spiral non déformé en position de repos

Calcul par intégrations numérgiues

n(0) = Im(&(0)  1(0) = -myg-Ln(6)
do
2.7
0(¢) := p-cos(p) A(69) = ;J 1(6p-cos(p))-cos(p) dp  A(6p) =6.243 10
' 0 o 2'71"90'E'I33 0 0 0 '
d .
()= d—eg( 0) ¢(60) = 0.219 + 0.079imm
o R [ SN[ (8@ ) s (s@ ]
(().—L~ zo(a)~exp|~~L ~_|~ 'L —K—~L~ - o
0
2-r _
a (04 a a
f(eo, a) = exp(i~6’0~—~cos((p)j~ i~(2~— - Kj - 6’0~—~(— - K)COS((D):|-COS(¢)) do
Yo L Yo Yo \ Yo
0

. a a a (04 (04 a
f(eo,a) =21 k-2—|J1| Gg— |+ 7| k—— |- 6g— | JO| Og-— | —Jn| 2, 0p-—
Yo Yo Yo Yo Yo Yo
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Spiral cylindrique Poids du spiral
sans courbes terminales Anisochronisme en position V

(00, @) = 2.7 —. (;«— i)eo-Jo[eO.ij - J1[90-iﬂ
Yo | Yo Yo Yo
R, N7 ' s
Z(6p) = 2ol ). zp()-(0p. @) d Z(6p) =0.012-8.893ix 10 “mm
Yo
1 ( a a 1 a
Z(6p) = —- zo(a)~a-HK— —j-Jo[eo-—j - —~J1[90-—ﬂ da
l//oz J Yo vo) bo Yo
0
ms-L —4
Delta(8y) := ~g-——-Im(Z(y)) Delta(6y) = 6.243x 10
133
#(8o) := ~86400-Delta( 6,) |(0,) = -53.942 | [(180-deg) = —9.359
Approximation de Haag
Zy = Xv(O) + va(O) Zyp = 2.939 + 4.045imm
1 1 i mg-L
P(eo) = —JO(eo) + —J1(€0) Zah(HO) = —~ZVO~P(90) 5&/1(&0) =-g lm(Zah(Qo))
2 % Yo E-l33
Han(00) = ~86400-5,1( 0p) |4an(60) = -53.862 | |4an(180-deg) = 17197 |

6, = 60-deg, 65-deg .. 300 -deg

3001

350
—1007
—200—-
—1
Oy deg
6,:=170-deg 0= racine(P(61), 91) 6, =169 deg
0 = 320-deg 0, = racine(P(65), 6,) 0 = 334.672 deg
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