Spiral cylindrique Courbes formées d'un arc de cercle
avec courbes terminales Anisochronisme en position V

Spiral cylindrique avec courbes terminales en arc de cercle
Poids du spiral et anisochronisme en position verticale
Déformations planes

Caractéristiques du spiral dextre

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

E| Référence :E:\Résonateur (TA)\Data\Définition Atan.mcd(R)

Dimensions ép=0.09mm  ha=0.334mm S = 0.03 mm’ Ro=5mm TOL:= 10

3 E-17x10Mpa G-6538x 10'°Pa

Elinvar ps=8x 10° kg-m’
Partie cylindrique ng:= 10.15 = ns-360-deg  wy = 3.654 x 103 deg L:=Rp-wp L=318.872mm
rs(a) == Ry s(a) = Ry (a — 7n) Xps(@) = Rp-cos(a) Yos(@) = Ryp-sin(a)

Courbe terminale externe g:= 121.deg f, := racine| g-(y/2-sin(p) - 1) + sin(B)-cos(B), ] B, = 121.21deg

R
ap =7 Iy = \/_ZT;:(ﬂ()) XOt(at) = _RO + rt'(1 + COS(O!t)) yOt(at) = rt'Sin(at) It = rt'2'ﬂ0
Courbe terminale interne ag = mOd(l//o + 7, 2~7z') ag = 234 deg

th'(at') = [RO + r,~(—1 + cos(at'))]cos(aB) - rt-sin(at')-sin(aB)

YOt'(at') = [RO + r,~(—1 + cos(at'))]sin(aB) + rt-sin(at')-cos(aB) Ly:=2+ L
Position du piton ap=n1-2fy ap=-62426deg  xp:=xoplaw)  yp=yolap)
Zp:=Xp+i-yp Ip:= |zp| ro=3.811mm arg(zp) =—74.047 deg

Position du point rvi=rp  ay(6) = Atan(xor(2-80). Yor(2-80)) + &  ay(0) = 128.047 deg
d'attache a la virole
xy(6) = rv-cos(av(e)) yv(0) = rv-sin(av(e))

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)

Premiére approximation de la déformée du spiral

Courbe terminale externe o
t

r
goOt(at) =i+ g Z1t(0, C(t) =2Zp + Iy i'eXp(i'O!,t)'eXp|:i'9'ft'(a,t — O!tp)j| da't
t
atp
rt'Lt —O!t'Lt— H~rt-at+ H-r,~atp
zn(a, at) =Zp+ L+ H-r,. exp| —i- L - exp(i-atp)
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Spiral cylindrique Courbes formées d'un arc de cercle
avec courbes terminales Anisochronisme en position V

Partie cylindrique

a
i ( . oo : a -z .
pola) = a+ E Az44(0, @) = RO-J |-exp(|-a)-exp(|-¢9-R0- . ] da
t
v
Ro-L; —a-Lli- 0-Ry-a+ 0-Ry-7
Az44(0, @) := —— | exp| —i- + 1 Z1a(0) = z14(0, 7
15(6, @) L+ 0R, P L 1a(0) = 21(0, 7)
l¢ i-Ap 14(0)
A¢)1A(9) = 6?? A¢1A(00) =13.346 deg 215(9, 0.’) = Z1A(€) + AZ1S(9, 0!)'6
t
Courbe terminale interne
a’
f "
Aznl(e, at,) = rt-J i-exp(i-a’t')-exp i-H-Z-a'tf da’y
t
0
) I’t~Lt H-I’t + Lt ( )
Az4| 9, ay) = -| exp|i-as- -1 z.(0) := 244 O, + 7 ag =234 de
(0, o ot L, p|i-ay L 18(0) = 2150, wo B ]
i-a1p(0)
0{15( 9) = Atan(Re(z1B(¢9)) , Im(Z1B(9))) Z1t'(9, (Zt') = 215(9) + AZ1t'(49, at')-e
Premiére approximation du déplacement du centre de gravité
Contribution du spiral sans ses courbes terminales
. . . Ss(a)
ss(@) = Ryp-(a— 7)) + It Zps(@) := Xgs(@) + i-yos(@) fs(0,a):=i-6-exp|i-6- .
t
Yo
Ro
Ag(0) = —-J Zos(@)-fs(0, @) da As(69) = 0.1+ 0.309imm
Ly -
Contribution de la courbe terminale externe
. , . Silat
St(at) = rt~(at - [th) ZOT(at) = XOt(at) + I-yOT(at) ft(e, (Zt) =i-0-exp|i-6- L
t
T
It
M (0) = T'J 2o o) (6, o) dey At(60) = 0.286 - 0.059imm
" ap
Contribution de la courbe terminale interne ag =234 deg
. ) ) St'(at’)
St'(at') =nhoy + L+ /t ZOt'(O.’t') = Xor'(O.’t') + I~y0t'(at') ft'(g, O.’t') = |-9~exp(l-9~ L J
t
2:Bo
It
A (0) = » J 2o () (0. ar) day At*(60) = 0.197 - 0.216imm
t o

Contribution du spiral entier
M (0) = M(0) + Ag(0) + M (6) Aq(60) =0.011 + 0.035imm
u1(0) = Re(A(0)  v4(0) = Im(A1(0)  uy(86) =0.011mm  vy(65) = 0.035 mm

51(9):=:—6v1(9)-u1(9) m(e)::%gw(e)—w(e) 51(90):-2.884x1o‘3mm 11(60) =—-0.018mm
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Spiral cylindrique Courbes formées d'un arc de cercle

avec courbes terminales Anisochronisme en position V
Calcul des réactions
Y 4 2:Bo
1 2 2 2 2
pP2ps = —- Xps(a) -Rg da + th(at) -y doy + xor'(atf) -ry day p20s = 12.039 mm
Lt Ve Y ap 0
Y rT 2-Bo
1 2 2 2 2
9205 = T Yos(@)* Ry da + Vor( )y day + yor(ar) - day q2ps = 12.105 mm
t V4 Y ap 0
+Yo T 2ﬂ0
1
kos = n J Xos(@)-Yos(a@) Ro da + J XOt(at)'yOt(at)'rt dayt + J XOt’(at')'YOt’(at')'rt day
t T ap 0
2
kos =—0.046 mm
L (92s —kos , 4 (ui(o) , 9.979x 10 °
Sy = : R(0)=S, - R"(6p) =
E'/33 _kOS p208 V1(9) 3.121 x 10_ 5

|R"(6p)| =3.277x 10" °N

Deuxiéme approximation de la déformée du spiral

Rx(6)=R (0o  Ry(0) = R'(0)4

x”(é?, at) = Re(zﬁ(é’, at)) y1t(9, at) = Im(zﬁ(e, at))
x15(0, @) = Re(z45(6, @) y15(0., @) = Im(z45(6, @))
x1t'(¢9, at') = Re(z”'(é?, at')) y1t'(0, at') = Im(zﬁ'(@, at'))

273 o
s§1t(0, at) = J X”(H, a't)-rt da’ s&s(0, a) = ‘[ x415(0, @) Ry da’
awp T
273 1
s&i(0, ar) = J x1(0, a'y)-rida'y £1(0) = —+(5u(0.7) + $&15(0, wo + 7) + 851:(0.2: o))
0 t
at o
S771t(ga at) = Y1t(9, a't)'ft da’ sns(0, @) = J ¥1s(0,@)-Rog da’
ap T
rot 1
sni(0. ar) = yie(0, av)rday 1n1(0) = f‘(sﬂn(e, ) + sn1s(0, wo + ) + sy (0.2 55))
vO t
rat a
Sp21t(9, at) = X1t(9, a't)z"’t da’y sp245(0, @) = ‘[ X45(6, a')2~R0 da’
Y ap V

at
Sp21t'(0, (Zt') = J X1t’(9, a't')2~rt da't'

0
273 o
2 , N2 ,
Sq21t(9’ at) = ,[ Y1t(5’> at) rpda’y 5q245(0, @) = ‘[ ¥1s(0, @) Ry da
awp T
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Spiral cylindrique Courbes formées d'un arc de cercle

avec courbes terminales Anisochronisme en position V
at
sq21,'(6?, at') = J y1t'(6’, a't')2~rt da’y
0
ay a
skil(6, ay) = J' xi(0,a?) -yl 0, a1) rday  skis(0, )= J X15(0, @) y15(0, )Ry da’
ap z

at
Sk»”'(e, Olt') = J X1t'(0, a't')~y1t'(t9, Ollt')'rt dOt’t'
0

(0.4 - 1 [y 0. ) sni 0. ) + s924(0. ) (v1d 0. ar)-5E1(0. ) — skl 6. ) |
E-lss | x40, ar)-sn1d0. ) — skl 0. ) x40, a)-5E1(0. o) + sp24(0. ety) |
S0 [—V15(0, @)-5715(0, @) + $G215(0, @) (y15(0, @)-5&15(0, @) = skys(0, @) ]
E-lzs | x45(0,0)sn1s(0, @) —skis(0, @)  —x15(0, @) $&15(0, a) + sp245(0, @) |
Str(ﬁ,at'): 1 { y1t(€ at) 37711'(.9,01{) + sq21t'(9,a,') ( t( at) s§1t'(6,a,')—sk”'(e,a,'))
100, ar)-sni (0, ar) — ski (0, ar) x40, ar)-s& (0. ar) + sp24(6., ar)
420, o) = 80, a)-R"(0) 424(0, 0) = S(0, a)-R*(6) 4z,(0, &) = S¢(0, o) R*(6)

AZ”(Q, at) = Azt(H, Olt)o + |Azt(€, Olt)1 ZZt(97 at) = Z1t(9, at) + AZ»”(H, 0!t>
Az45(0, a) = Azg( 0, a)o +i-4z4(6, 0()1 Zy5(0, a) = z45(0, a) + 4245(0, @)
AZ»”'(H, O!t) = Azt'(H, O!t)o + i'AZt’(g, at) Zyt* (9 Olt) = Zqt (9 0!1\) + AZ1t (9 at)

r, T T
Ao 0) = f-[R'X(e)-J( Sq6, at)o’o da; + R, (6)- ( Sq6, at)0’1 dat]

t J

ap ap

r, T T
An2(6) :f-{R;(e)-( S0, ), Odat"’Rly(e)‘r S0, ), 1dat}

‘ J J

aip ap
Ry vot7m votm
Abpe() = — - R'X(e)-J $5(0. ), da+Ry(¢9)J $5(0, ), , da

L
w T
Ry [ Yotz Votm J
An2s(0) = R'X(a)-J S5(0.a), da+Ry(0) J , da
! T w
, { 2:Bo 2-Bo
A (0) = T R'x(a)-J St'(ﬁ,at o dar + Ry [ 2 a, , dor
t 0 0
, { 2-Bo 2/30
AR op(0) = m R’X(H)-J S¢(6, ar) o dar + Ry (0): (6, o) , dar
0 0

Eos(0) := £1(0) + A&(0) + AL2s(0) + AL (0)
N2s(0) = 11(0) + Ana(0) + Anze(0) + Anze(0)  Eas(00) =2.994x 107 2mm  155(0p) =-3.697 x 10”2 mm
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Spiral cylindrique Courbes formées d'un arc de cercle
avec courbes terminales Anisochronisme en position V

Approximations de Haag

Vérification des approximations

t

1 T+ s 2-fo
02 := f l[ <|ZOS(O!)|)2'R0 da + J' <|ZOt(6(t)|)2'rt dOtt-i‘ J (|20t'(a,')|)2~rt dC(t'

T ap 0
; P ] 2:fo
Kt = 5 St(“r)'(|zot(at)| )2~rt do; Ky = > J St'(at')-( |Zot'(at’>| )2~rt day
O'2Lt ap O'Z'Lt 0
Y
Kg = J ss(a)~(|ZOS(a)|)2-R0 da K= Ki+ Ks+ K¢ k=05
2
O'2Lt V4
. d -3 a4
£(0) = —|-£’A1 (0) - x-Aq(6) é’(&o) =2.759%x 10 ~ —-8.964ix 10 ~mm

e

&(0) :=1-J 2o o) e L -{Hi.e.[st(at)_,(ﬂ.rtdat
Lt Lt

atp
Yo
. ss(a)
|. 3
1 Lt . Ss(a)
Ss(0) = —- Zps()-e 11+i-0- -k ||-Rp da
L L
o
~2:Po
st(“f’)
o-
1 Ly ) St'(at)
é} (9) = — ZO,'(a,) e 1 i-0- = -1y dat'
L Ly
Y0
£00) = &(0) + &(0) + £(6) ¢(05) =2.759x 107>~ 8.964ix 10~ * mm
Formule de Haag
XOt(at) = RO -+ rt'COS(C(t) yOt(at) = rt'SI'n(C(t) ZOt(a) = XOt(a) + i'YOt( C()
] 2-Po
Zy:= —3J rea-Zo(a)-rda + 1 p2i=|2Zo|  pr=1.074 pr:=arg(Z;)  pp=145.7deg
R,” 70

i- 0 - i-{ yot@ot+6
OA=Rye' ™ Copn(0) = —— -p2-OA-[—(4-i L 0)e Pi(4i-0)e (vore2 )]
2.y
i

St 02 Capn(0) = —iz-pze_””Z-OA-e'”"”~<e-cos<w<e>> + 4-sin(o(6)))

Yo

Capn(00) = 1.706 % 107 ° — 5.544i x 10” * mm
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Spiral cylindrique Courbes formées d'un arc de cercle
avec courbes terminales Anisochronisme en position V

Graphes du déplacement du centre de gravité

. 4-r .
n:= 201 i=0.n-1 A0 = y Oj:=-2-m+i-460
n —
. 4-r .
m:= 41 j=0.m-1 Abp, = Om =27+ A0,
m-1 i
] " Attention:
= 7] = 0 =0 =0
529/. 525( mj) 7729/. 7723( mj) fZgj. 7729j Calcul Iong ]
¢, = Re(g(e,')) NG, = /m(§(9i)) CaG, = Re(§aph(9i)) aG, = /m(§aPh(9i))
0.03T7
0.021

o.\K-
M2g

mm

G
mm  -0.05

NNaG

mm

~0.03—

$29 ¢G SaG

9 b
mm mm mm

Perturbation de période - spiral non déformé en position de repos

Calcul par intégrations numériques

d
17(0) == Im(£(6)) Gamma(0) := —ms~g-£n(6’)
2.z
L -5
d(p) = Gp-cos(p) De/ta(@o) = —J Gamma(@o-cos(go))-cos(q De/ta(eo) =2.154 x 10
2'7['90'E-/33 0
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Spiral cylindrique Courbes formées d'un arc de cercle

avec courbes terminales Anisochronisme en position V
Vil
w25 | st s S 42 o
t
5 aip
Z(6o) hl o (a)-ss( )K SS(a)j Jo(e SS(a)) ! J1[a SS(a)ﬂd
=" Z, .S . _ . . . .
s\ Y0 Ltz ] osla)-Ssla)|| K L 0 L 0 0 L a
r2-Po
N R R
Ly
Y0

Z(6p) = Z/(6o) + Z5(60) + Z+(6p)

mg-L

Deltal(0o) := ~g-——Im(2(60)) Delta(0) = 2.154 x 107 °
133
#(8o) := ~86400-Delta( 6,) |(6) = —1.861 | [(180-deg) = 1.441 |
Approximation de Haag
Q(65) = 5-0(65) - 60-1(65) 0B Rye "0
—R02 N iy mg-L
Zaph(eo) = > p2(OAe + Q(QO)OBe ) §aPh(€0) =—-q- = -Im(Zaph(90)>
2.1 133
Hapn(0o) = ~86400-5,pn(05)  |apn(0o) = 1832 ] |i22pn(180-deg) = 0.806 |

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

_6__

Oy deg !
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