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

Spiral cylindrique avec courbes terminales en arc de cercle
Développement excentrique et anisochronisme en position horizontale
Déformations planes

Caractéristiques du spiral

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

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

Dimensions 6p=0.09mm  ha=0334mm S=003mm>  Rp=5mm TOL = 10”2

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 f:= 121-deg Sy := racine| p-(y/2-sin(8) - 1) + sin(p)-cos(f) . 8] o = 121.21 deg

R
ap =7 Iy = \/ETZ(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

Xor’(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 = T — Zﬁo awp = —62.426 deg Xp = XOt(atp) ypi= yOt(atp)
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
Contrainte maximum

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

) ) E-l33 N
I33:= I rect(ép, ha) Wiz == Wr rect(€p, ha) Omax = 700 Omax = 113.054 —
L-Ws 2
mm
Centres de masse
Partie cylindrique Zos(a) = xps(@) + i-Yps()
RO Yot7m
Cos = T'J Zos(@) da éos= Re(Cos)  mosi=1Im(os)  Eos=-0.083mm g5 =-0.032mm
T
Courbe terminale externe  zy/( ay) = xor ) + i-yor( )
T
Iy
Sot = /—J Zor(at) day Sot = R9(§0t) Mot = /m(§0t) Sor=0mm
t
atp not = 1.429mm
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Spiral cylindrique
avec courbes terminales

Courbe terminale interne ZOt’(at') = XOt’(at’) n i'yOt’(at’)
It
ot = T

t o

Centre de masse du spiral $s=0mm

1
gs = f'(L'COs + Ip- o + /t'§0t')

t

Premiére approximation de la déformée du spiral

Courbe terminale externe
V4 It

¢’Ot(at) =ort
2 t

Courbes formées d'un arc de cercle

Anisochronisme en position H

2-Bo
J zoe(ar) day o= Re(Sor)  mor = Im(or)  Eor = 1.156mm nor = —0.84mm

at
zﬁ(é?, at) =2Zp + Iy ( i-exp(i-a't)-exp{iﬂ-f-(a't— (th>:| dO.’,t

agp
( ) rt'Lt —O!t'Lt— 9~rt-at+ H-rt~atp ( )
zi\ 0, o) = zp + — | exp| —i- —expli-a
1t t P L+ on, p L p\!I-atp
Partie cylindrique
o
r . . . o - .
pola) = a+— Az45(0, @) = RO-J |-exp(|-a)-exp[l-9-RO- n ] da
t
T
Ro-L¢ —a-Li— 0-Ry-a+ 0-Ry-7
Az45(0, @) := —— | exp| —i- + 1 Z1a(0) = z14(0, &
15(8, @) L+ R p L 14(0) = 21(0, 7)
It i-Ap 14(0)
A¢)1A(9) = 6?? A¢71A(90) =13.346 deg 215(0, 0.’) = Z1A(0) + AZ1S(49, a)-e
t
Courbe terminale interne
(27
f "
AZ”'(Q, (Zt') = I't"J i-exp(i-a't')-exp(iﬂ-f-a't'j dO.”t'
t
0
( ) rt'Lt H'ft + Lt ( )
Az\ 0, ap) = — | exp| i-ap——— | — 1 z.5(0) := z44( O, + 7 ag =234 de
1t = i L p|i-at L 18(0) = 2150, wo B g
i-a1p(6)
0{15( 9) = Atan(Re(z1B(9)) , Im(z15(0))) Z1t'<9, Oft') = 215(9) + AZ”'(H, at')~e
Graphe de la déformation
Forme naturelle
. 2-fo .
ng = 101 j=0.. ng — 1 Aay = ay = 1T — Zﬂo + J- Aoy Xt = XOt(at.) Y = yOt(at.)
ng—1 J J J J J
. : Yo .
n:= 20~partentlére(ns) +1 i=0.n-1 Ao = 1 aj:=rx+i-Ada
n —

ay = j-Aay Xy = Xor’(at'.) Yy = YOt'(at'.)
j j j j j

Xs = XOs(ai) Vs = YOs(ai) X = pi/e(xt,xs) Yo = P”e(Yt»,Vs) Xg = pile(xo,xt') Yo:= P”e(}/o,}’t')

s

2 2
fo:=+ Xo *+Yo

_—
ﬂs = Atan(XO , yo)
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Spiral cylindrique Courbes formées d'un arc de cercle

avec courbes terminales Anisochronisme en position H

Déformée

T R
Zyy = Z1t(90’ at) Zgg = Z1s(90, 0!) Zy:= Pi/e(zrd» st)

_—
Zyg = zn'(eo, at') Zy:= pi/e(zd,zt'd) Npt = dernier(zd)

—

Xq = Re(zd) V4= Im(zd) ry:= |zd| rdn t= 3.803mm

—> p
Ba:= Atan(xq, y,) fa, = 285.953 deg pq, =38.025deg mod(ay(8) .2 ) = 38.047 deg

p

mod (o, 2 7) = 54 deg

rp=3.811mm

ry=3.811mm
ay(0) = 128.047 deg

xy(8o) = 3.001mm

o
— yv(6o) =2.349mm
180 0
Id
- AXV = Xqg - Xy 90
— o~ *(00)
Axy = ~5.583x 10”2 mm
Ayy = - 0
Yv dept YV( 0)
-3
Adyy=-6.264x 10 ~mm
270
ﬂsaﬂd
Déplacement de la virole libre
Contribution de la partie cylindrique du spiral
. . ss(a@)
ss(a) = Ryp-(a— 7)) + It fs(0,a):=i-6-exp|i-6- .
t
R T+
0
Ag(0) = T'J Zos(@)f(0, @) da Ag(69) = 0.1+ 0.309imm
t T
. 2
N i i-( 7+ -0 Ss(a@)
Approximation OA:=R,e " OB:=Rye (7+v0) fs(0,a):= TRo-exp(iﬂ- SL j
t t

R
Bas(0) = —{(14:(6.7) = F5(0.0)-0A+ (--£(0. 7+ yo) + (0.7 + vo))-0B]
t

i-0 ! i- 0 2 i-6 ! i-0 =
- — - — |- 6-— |-6-—
Ry Ly Ly Ro~ » L Ly
Ags(0) = —-0-e \-OA +e -OB) + — -0 -e \OA-e -OB

Ly
Aas(90) = 0.1+ 0.308imm
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Spiral cylindrique Courbes formées d'un arc de cercle

avec courbes terminales Anisochronisme en position H
Contribution de la courbe terminale externe si(ar) = re(a — ap)
T
i-0 f ) St(“r) )
A (0) = — | 2o o) -exp) -6 — | day At(60) = 0.286 - 0.059imm
t t
ap

Approximation

2
ft(‘9> at) = i-9-exp(i-9- sr(at)j f't(t9, at) = i.rt.exp[i.a. St(af)j
Ly L L

t t

r, T 2 2 T
t It
Og1 = /—J ZOt(a't) dat ng = _ZJ at-zm(at) dat
tap Iy~ o
Ogq = 1.429imm Og, =-1.542 + 1.627imm
1 i
t
Agt(6) = T I-f,(6,0)-0g4 + (0, 0)-2—-092 Aat(60) = -0.288 - 0.062imm
t It
Contribution de la courbe terminale interne st'(at') =reap+ L+ ag =234 deg
2:po
i-0 . St'(“t') ;
A (6) = - 2o (ar)-exp|i-6- —— | niday At*(60) =0.197 - 0.216imm
t t
0

Approximation

ff'(‘9> at') = i-¢9-exp(i-9- X (Lat)] f't'(é’, at') = %.n-exp(i.e. St (Lat>j

t t t

£(0, ar) = (0,0) + ap-F(0,0) fa(eo,g
1 i T

fal 0. ar) = F(0.0) + —s{a)-F1:(6,0)  fa 60,3
t

j = 4.648 — 0.823i f,.(eo, gj = 4.64 - 0.822i

j =4.713 — 0.548i

2.8
1 (7 1 , _
Agt’ () = ?J 2o (o) | f(6,0) + 7«(r,«at')-ft'(9, 0)|-rrday  Agt’(6g) =0.2 - 0.212imm
t t
0
2:Bo 2:Bo
1 ,
Aat’(0) = " ry-fe (6, 0)"[ zop(aty) day + ft,(g,O).J (re-ar)-zor () dey
t 0 0
ft 2:Bo
0g'y = — J 2o (o) day Og’y = 1.156 — 0.84imm Eorr=1.156mm  nop =—0.84mm
tJo
2'rt IBO
Og=— (r-ar) -zor(ar) day 0g’, = 1.307 + 0.956imm
1= Yo
1 I
t
Agt’ (0) = T I-f(6,0)-0g"y + F(0, O)~2—~Og’2 Aat’(6,) =0.2 - 0.212imm
t It
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Spiral cylindrique Courbes formées d'un arc de cercle
avec courbes terminales Anisochronisme en position H

Contribution du spiral entier
M (6) = M(0) + Ag(0) + A" (6) Aq(60) =0.011 + 0.035imm

u1(6) = Re(A(0)  v4(0) = Im(A1(0))  us(86) =0.011mm  vy(6g) = 0.035 mm

Approximation

AQ(6) = Agt(6) + Ags(0) + Agt’ (6) Aq(60) = 0.012 + 0.034imm

Calcul des réactions

+Yo T 2'ﬁ0
1 2 2 2 2
P2ps = m Xos(@) -Rp da + XOt(at) -ryday + xof(a,') -y day p20s = 12.039 mm
t{“x Y ap 0
+Yo T 2'ﬁ0
1 2 2 2 2
9205 = T Yos(a)" Rp da + yor( ) -re da + yor(ar) i day q2ps = 12.105 mm
t{“x Y ap 0
1 AR ] p/s 2:Bo
kos = T J Xos(a)-yos(a) Ry da + J XOt(at)'YOt(at)'ft dot + J XOt’(at')'YOt’(at’)'rt day
t{“x ap 0

Kos = ~0.046 mm’

L (92s —kos , 4 (ui(o) , 9.979x 10" °
So= —— R(0):=So - R'(69) =
E-I33 \ ~kos P2ps v1(0) 3.121 x 10_5

|R"(60)| =3277x 10" °N
Approximations

1 | (Vo P 2:Bo
02 := f 4[ (|ZOS((Z)|)2'R0 da + J' (|20t(at)|)2-r, dat+ J (|Zof’(at')|)2'ft dat'

t

T op 0
, Elss o (w(e)j , 1.012x 107 ° , 5
02=24144mm" R(0) = — R"(6o) = |R"(60)| =3.276x 10" °N
L o2 {vi(9) 3.116x 1072
Deuxiéme approximation de la déformée du spiral
R%(0) =R (60  R’y(0):=R(0)1
X1t(9, at) = Re(zn(@, at)) y1t(o9, at) = Im(z1t(9, a,))
x15(0, @) = Re(z15(0, @) y15(0. @) = Im(z45(6, @))
X1t'(9, at') = Re(z”'(@, at')) y1t'(0, at') = Im(z1t'(9, at'))
at a
S§1t(9, at) = J X1t(9, a't)~r, da's s&(6, a) = J X45(0,a")-Rp da’
ap T
at
sé (0, ar) = J x1(0, a'y) re dary £1(0) = %t-(séﬂ(e, 7) + $&15(0, o + 1) + s&(0,2:5))
0
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Spiral cylindrique Courbes formées d'un arc de cercle

avec courbes terminales Anisochronisme en position H
at o
sl 0, @) = J' yi0, ay)-r der sn1s(0, a) = J ¥1s(0, a’)-Ro da’
ap VA
rot 1
3771t’(97 Oft') = Y1t'(6’, a't')'ft da’y 1n1(6) = f'(sﬂﬁ(g» m) + S771s(9, wo + ﬁ) + S771t'(‘9:2'ﬁ0))
./0 t
rat o
A2 . 2 .
SP21t(97at) = X1,(9,at) -1t dat Sp21s(9,6() = 4[ X1S(9,6() 'Ro da
v ap Vs
at
.\2 .
Sp21t'(9, Olt') = J X1t'(0, a t') -1t da t
0
273 o
A2 . 2 .
Sq21t(97 at) = J Y1t(97 at) rda’ 5q245(0, a) = J y1s(0,a) Ry da
aip v

at
Sq21t'(9, Olt') = J y1t'(9, a',')2~rt da't'
0

273 a
sk”(@,at) = J X1t(9,a't)-y1t(9,a't)~rt da't Sk1s(9,a) = 4[ X1S(6’,a')-y1s(6’,a')~R0 da’

aip T

at
Sk1,'(t9, O!t') = J X1t'(9, a',')~y1t'(9, Oflt')'rt da't'
0

1 —Y1t( at) 3771t(9, Oft) + Sq21t(‘9> at) (Y1t('9 at) S§1t(9, Oft) — skqy( 6, Oft)) |
St(ﬂ, at) = o ~ ~
33 X1t( at) 3771t(9a0‘t) Sk1t(‘9aat) X1t(‘9 at) S§1t(‘9 at)+ $P21t(9 Oft)
5.0 [—y15(0, @)-$115(0, @) + 4215(0, @) (y15(0, @)-5&15(0, @) = skys(0, @) |
s(0,a) = .
E-lI33 L X15(0, a)-sn15(0, @) — sks(0, @)  —x45(0, a)-s&15(0, a) + sp245(0, (Z)
1 Y1t(9 at) 3771t'(9 at')+$q21t'(9 at’) ( t( at) -8S1t (‘9 at)—3k1t(9 Oft))
St»(g, at'): X (0 B B
1t at) S771t(9 at) Sk1t(9 at) X1t( at) -S&pt (H,at')+$P21t'(970!t')
420, o1) = S{(0. 1) -R"(0) 4z(0, a) = S¢(0, a)-R"(6) 4z,(0. ar) = S¢(0, ar)-R*(0)
AZﬁ(Q, at) = Azt(H, Olt)o + i'AZt(e, Olt)1 22t(6’, at) = Z1t(9, at) + AZ”(H, O!t)
Az44(0, a) = Az4(0, a)o +i-4z4( 0, a)1 Zo5(0, @) = 245(0, ) + A245(0, a)

AZ“'(H, O!t') = Azt'(ﬁ, at')o + i'AZt'(e, O!t')1 ZZT'(H’ O!t') = Z1t'(6, O!t') + AZ”'(H, C(t')

Graphe de la déformation (2éme approximation)

—_ _
Zpq:= 2309 o) Zpsq= Z25(00. @) 2yq= pile(z2q. Zsq)
—_
Zopg = 22{(60, at') Zog = pi/e(zgd, zgt'd) Npt == dernier(zd)
—
Xog = Re(sz) Yodq = /m(sz) rog = |22d| rog =3.804mm

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

_
By = Atan(xy. v4) S, = 285.953 deg fg  =38.025deg mod(ay(6y), 2 7) = 38.047 deg
pt

mod(w0,2-7z) =54 deg

ro=3.811mm

ry=3.811mm
ay(0) = 128.047 deg

xv(65) = 3.001mm

o
‘mm yv(6o) = 2.349 mm
0
r2d
W AXV = X2dnpt — Xv(ao)

Axy = 5468 x 10 > mm
Ayy = Yoq —YV(QO)
npt

Ayy = —4.455x 10 > mm

270
ﬂS’ﬁd

Perturbation de période - spiral non déformé en position de repos

2
9-—(|A1(9)|) o)=L x(0 Deta(0g) == =— ,[2'” (e ) d
)= 4 ).—E’ (0) ettaldo) = 5 or . N bo-cos(p))-cos(p) dp
1(6o) = ~86400-Delta( 6y) [1(180-deg) = 0.251 |
2
X(6) .:M (0) = d_X(g) 5(9)-: . .4[2.” (49 -cos( ))-cos( ) d
: 2 e .de 30-2.”.90070 % Q) ag
#a(00) = ~86400-5,(09)  [ua(00) =0.207 | |4a(180-deg) = 0.255 |

O, = 180-deg, 190-deg .. 360-deg

=~
0.21 N
uom) © N
ﬁ( fm) \
150 200 250 30 N i5~0 400
-0.2—-
Oy dej1

SC avec CT_AC - Déformation et anisochronisme en pos H.mcd 717



