
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 054702

ÄÄÄuuu©©©ÙÙÙªªª111nnn Bragg 111»»»DDDaaaEEEâââ���
111CCCòòò���···���ØØØåååïïïÄÄÄ*

ê¤Þ1)2) ?á]1)† /¸3) ¯�1) M771) ù�3) �é1) ¸R1)

1) ( ¥I�Æ�ÜS1Æ°�Å�ïÄ¤]�1Æ�1fEâI[:¢�¿, ÜS 710119 )

2) ( ÜS�h�ÆnÆ�, ÜS 710065 )

3) ( ÜSy���EâïÄ¤, ÜS 710065 )

( 2011 c 4 � 18 FÂ�; 2011 c 5 � 12 FÂ�?Uv )
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1 Ú ó

g Morey � � � ò 1 n Bragg 1 » (fiber
Bragg grating, FBG) A^uDaEâ±5 [1], du
ÙäkDaNÈ�!|Z6Uår!(¯Ýp!
½5Ð!Æ·�!ÿþ��2!U
¢yéy
|�¢�3�ÿþ!´u�¤�UDa�ä�`
³, FBG DaEâ��´<��ïÄ9: [2−6], �
�õê=�u|^ FBG ¶�ACA5?1Da [7].
3ÃXïÓÔèxuÿ!1n��Úõ�AåA
CDa�+�, |^ FBG »�AC?1DakX
2��A^cµ [8−11].

�� FBG DaEâ���#A^Y~, �©
ò©Ùª FBG Ú\��1Cò�NX¥, ¢y

C�mØr�©Ùª¢�ÿþ; ïá
£ã��
1Cò�C�SØr©Ù�nØ�.; |^©Ù
ª FBG Daìéò�C�S�Ør?1
¢�ÿ
þ, nØÚ¢�ÎÜ�éÐ; )û
1C7�L§

¥Ã{é7�¶Ú��1C�Éå?1¢�iÿ
�¯K. �ïÄé1n��Eâ¥���1C�
7!ò�þC�SØåÿþ9ò�7�Å��O
�äk��ë�d� [12].

2 nØ©Û��.ïá

1n��1CÏ~´^;^7�C�r1C
Å��73ò�þ. �
ïá£ã1Cò�C�S
�ÉåÚØr©ÙnØ�., ·�©n��g?1

nØ©ÛµÄké�Ñò�Ú1C�/C±9
1C�m�Þå�{ü�/?1
©Û; ,�©Û

�¹ò�Ú1C�/C��/; ���.¥q\
\
�Ä1C�m�ÞåK��¢S�/.
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ÛXã 1 ¤«. ã¥, T ��7�1C¤Éð½Ü
å, R �ò¶�», O �ò¶¥¶¶%, dl �1C
�Ý��, θ ��� dl éA�Ü�, N �1C¤É
�|±å. Kò�Î¡ (ò¶¡) ¤É�Øå F0 �
L«�

F0 = −N = 2T sin
θ

2
. (1)

du θ é�, sin
θ

2
≈ dl/2

R
, �ò�Î¡¤É�Ø

r P0 �L«�

P0 =
F0

∆s
=

F0

D · dl
=

1
D

· T

R
, (2)

ª¥, ∆s ���¡È, D �1C�».

ã 1 1C�7���1C9ò��Éå©Û

du�Ñ
ò�Ú1C�/C±91C�
m � Þ å � K �, ¤ ± � � 1 C ¶ � ¤ É . å
þ� T . �âþ¡�nØ©Û, N´í�ÑXe
(Øµ1) �1C�7�1 ���, ò¶ ¡¤É

��Ør� P0 =
1
D

(T

R
+

T

R + D

)
; 2) �1C

�7�1n��, ò¶¡¤É��Ør� P0 =
1
D

(T

R
+

T

R + D
+

T

R + 2D

)
; 3) �1C�7�1 n

��, ò¶¡¤É��Ør� P0 =
1
D

n−1∑
i=0

T

R + iD
.

�d�aq, ·��¦�1C�7 n ��, Ù
SÜ1 m �1CÉ�	�1C�Ør�

Pm =
1
D

n−1∑
i=m

T

R + iD
. (3)

2.2 ���ÄÄÄòòò���ÚÚÚ111CCC���///CCC������///

3¢S�¹e, �Ä�	�1C�Øå�^,
ò�ÚS�1C¬u)»��Â /C, l��
��1CÉ��¶�.åÚ»�ØrÑ¬u)C
z. ±1 m �1C�ïÄé�, Ù»�Â /C�
L«�

εmr =
∆R

R + mD
=

Pm

αr
, (4)

Ù¥, αr ´ò��»�Â /CXê, ∆R �1 m

�1C±S�ò�»�Â þ. duò��»�Â
 /C, ��
1 m �ü�1C�¶��Ý!¶�
.åÚ»�ØrÑ¬u)Cz. Äk, ü�1C¶
��ÝÂ þ�L«�

∆lm = 2π∆R = 2π
R + mD

αr
Pm. (5)

Ùg, 1C¶�.åd T C� T − ∆Tm, .åU
Cþ ∆Tm ��â1C¶��5�þúª

∆Tm

S
=

E
∆lm
lm

¦�, Ù¥, E �1C¶���5�þ, S �

1C�î�¡¡È, lm = 2π(R + mD) ´1 m �
1C�±�. Ïd, 1 m �1C¶�¢S�.å�

Tm =


T − ∆Tm = T − ES

αr
Pm

(m = 1, 2, · · · , n − 1)

T (m = n).

(6)

w,, 3�Ä�ò�Ú1C�»�Â �A��¹
e, úª (3) C�

Pm =
1
D

n−1∑
i=m

Ti+1

R + iD
. (7)

|^ (6) Ú (7) ª, l�	� (1 n �) �S�
4í, �gS��¦���1C�¶�.åÚ»�
Ør, Xã 2.

²L�¡�í�, ·���
1 m �1C�»
�Ørµ

Pm =
T

D

n−1∑
i=m

1
R + iD

−
(ES

αr

)
( 1

D

)2

T
n−2∑
i=m

1
R + iD

( n−1∑
j=i+1

1
R + jD

)

+
(ES

αr

)2( 1
D

)3

T
n−3∑
i=m

1
R + iD[

n−2∑
j=i+1

1
R + jD

( n−1∑
k=j+1

1
R + kD

)]

−
(ES

αr

)3( 1
D

)4

T
n−4∑
i=m

1
R + iD

[
n−3∑

j=i+1

1
R + jD

×

[
n−2∑

k=j+1

1
R + kD

( n−1∑
z=k+1

1
R + zD

)]]

+ · · · =
n−m∑
s=1

(−1)s−1
(ES

αr

)s−1( 1
D

)s
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×T
n−s∑
i=m

1
R + iD

{
n−s+1∑
j=i+1

1
R + jD[

n−s+2∑
k=j+1

1
R + kD

( n−s+3∑
z=k+1

1
R + zD(

· · ·
( n−1∑

w=q+1

1
R + wD

)
· · ·

))]}
. (8)

�â��1C97�XÚ�¢Sëê: T =
200 N, D = 340 µm, R = 0.05 m, αr = 1.30 ×
1011 Pa, E = 7.452 × 1010 Pa. du R >> D, �
Ñ (8) ª¦Ú�¥� D, �¦� (8) ª¥����c

���'��
(ES

αr

)( 1
D

)
· 1
R

= 0.0031. Ïd, �

±ò (8) ª¥���w�´c���Ã¡�þ�
±�Ñ. d�, 1 m �1CÉ�	�1C�Ør�
CqL«� (3) ª.

dþ¡�©Û��,
¦+	�1C�Øå�^��S�1C¶�

.åÚ»�ØrÑu)
Cz, �´ò�ÚS�1
C�»�Â /Cé1C�¤É�ØrK�Ø�.
,, Ù¤���1C¶�Â é FBG ¥%Å�
� £þ%¬�)���K� (k'ùÜ©�Øã
ë� (12) ª).

ã 2 �7
 n �1C�ò�, Ù1C�¶�.åÚ»�Ør©Ù

2.3 ���ÄÄÄ111CCC������mmm���333���ÞÞÞååå������///

�Ä�1C��m��Þå�^, 1 m �1
CÉ��¶�.å�L«� T ′ = T − µPmπ(R +
mD)D, µ �·�ÞXê, ^ T ′ O� (3) ª¥� T ,
1 m �1CÉ�	�1C�Ør�L«�

Pm =

T
D

n−1∑
i=m

1
R+iD

1 + π(R + mD)µ
n−1∑
i=m

1
R+iD

. (9)

�
ÿþ��1C�Ør, ·�3��1C¥
L�
 FBG Daì. d FBG nØ��, ¶�/C
Úå� FBG ¥%Å�� £þ� ∆λBz = λB(1 −
p e)ε

[13]
zm , Ù¥ λB ´gdG�e FBG � Bragg Å

�, pe ´k��1Xê, εzm =
∆lm
lm

´ FBG �¶

�AC, lm Ú ∆lm ©O�1 m �1C�±�9
Ù3	�1CØr�^e¤���¶��ÝÂ 
þ (∆lm < 0). �Ä� (5) ª, ¶�/CÚå� FBG
¥%Å�� £þ�L«�

∆λBz = −
λB(1 − p e)

αr
Pm. (10)

,��¡, 3ò�»�þ!Øå Pm ��^
e, 1C¥� FBG Ïþ!Éå (5¿: � FBG É�
ÛÜî�Øå�, Ù��¸¬u)©� [14]). �
)�¥%Å� £þ� ∆λBr = −kprλBPm, Ù¥,
kpr ´»�Øå(¯ÝXê [15]. w,, FBG 3¶�
Ú»�Ó��3AåÚAC�, Ù¥%Å�� £
þ�L«�

∆λ =∆λBz + ∆λBr

= − λB(
1 − p e

αr
+ kpr)Pm. (11)

3¢S1C�7L§¥, du��1C�m�
3mY, ¤±ØÓ�1C�»�Â  (Ø ) /C
Xê¬kCz. Äk, 1C¤3�ê m ��, Ó�
�Øåe1C»�Â þ��; ,	, �X�7�
ê n �O\, S�1CC��5�;, ¤±Ù»�
Â þ¬C�. �Ä�Â /CXê�Cz, ·�
é (11) ª?1
Xe?�µ

∆λ = −λB(
1 − pe
αr
m × n

+ kpr)Pm. (12)

úª (12) �N
3¶�Â /CÚ»�Ø /C
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Ó��3�, �7
 n �1C�ò�¥1 m �1
C¥� FBG ¥%Å�� £þ.

3 nØ�[

�
Bu��¡�¢�(J�éì, �â (9)
Ú (12) ª, ·��[
�7 50 �1C�Ù1 7
� 15 �1C¥ FBG ¥%Å� (1534 nm—1554 nm,
Å�m� 2 nm) �CzþÚ��1CØr��
7�ê�Cz'X, (J©OXã 3 Úã 4 ¤
«. � [ ¤ ^ ë ê ´ 1 C 7 � � � ¢ � ë ê,
Ù�©O�µP e = 0.22, αr = 1.30 × 1011 Pa,
kpr = 8.38×10−13 Pa−1, R = 0.05 m, D = 340 µm,
T = 200 N, µ = 0.00625.
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ã 3 FBG ¥%Å� £þ��7�ê�Cz'X

d (12) ª��, FBG ¥%Å� £þ�ûuü
�Ï�: ��¡, �7L§¥1Cò�»�Â /
C����� FBG �¶�AC; ,��¡, 	�1
CØr����� FBG �»�AC. Äuùü«
Ï���Ó�^, FBG �¥%Å�m©Cz×�
�ªu²�, Xã 3 ¤«.

ã 4 �±wÑ, ���Ør Pm �X�7�
ê n �O\ÅìO�. �
�²w/�NØr�
�7�ê�Cz, ·��[
�7 200 ��1 7 �
1C¤É»�Ør�Cz, (JXã 5 ¤«. �±

²w/w�, �X�7�ê�O\, Ørk´Cz
é¯�ªu²�.

ã 4 �1C�Ør��7�ê n �Cz'X

ã 5 �7 200 �1C�1 7 �1C¤ÉØr��7�ê�
Cz'X

4 ¢�ïÄ

¢�¤¦^�1no�Ý� 2 km, Ù¥L\

Å�l 1534 nm—1554 nm, ¥%Å�m�� 2 nm
� 11 � FBG ��©ÙªDaì, Xã 6 ¤«. Ä
k, l 500 m ?m©, �ìÅ�l���z� 50 m
�gL� FBG; ,�, ò 1000 m 1nL�þ�; �
�, ?1�gæCÚæ�¡E?n�¤1C.

ã 6 ©Ùª FBG L�ë�«¿ã
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3 1 C 7 � C � þ, é � ¹ 
 11 � FBG
� 2 km �1C?1©�ª�;��7, Ä�1
C�Ý� 78 m. 31C�7L§¥, �X�ê�
O\, z�ü�àÞþ3Åì£Â±(��7��
�5Ú��7��¥, o�7
 38 ��1Cò�.
ã 7 �Ñ
�7�7�(�«¿, ã¥çÚ���
¬I�X FBG ��éAÛ �, ã¥Ûê���
7��l��m, óê�lm��.

é7�L§?1�§ÿÁ, �7��1 7 ��
1 1 � FBG ?\�
7�¶þ. d�éT FBG G
?1Å�)N, ��Ù·�Å�� 1534 nm � FBG
��¥%Å�þ, ,�UY\�7�, �7��1 8
��, 1 2 � FBG ?\7�¶þ, d�é·�Å�
� 1534 nm Ú 1536 nm � FBG ?1Å�)Nÿþ,
±d�ª��7�L§�¤, =ò 2 km �1C�
Ü735�¶þ, d��7� 38 �. ¢���
 11
� FBG 37��L§¥Å��CzþXã 8

ã 7 1C7���7(�«¿ã

ã 8 7�L§¥ 11 � FBG ¥%Å� £þ�7��ê�
Cz'X

¤«. Ù¥, 1 4 � FBG �C1 9 �1C�>�,
=k�ê�A�	�1C�^3Ùþ¡ (Xã 7 ¤
«), Ïd�Y�7�A�vkÚå FBG �Å� 
£. '�ã 8 Úã 3 uy, ¢�(JÚnØ�[Î
Ü�éÐ.

I�AO`²�´: 3ã 8 ¥ n = 28 �?, ¤
ÿ� FBG ¥%Å�u)
âC, Ù�Ï´¢�3
Ãð§���ÊÏ¢�¿?1. du7��m��,
28 �±c��73þÌ�ã, eÌl1 28 �m©
�7. du��.���Ì§Ý²wpuþÌ, ·
�@�ù�aC´du§Ý,pÚå
 FBG ¥%
Å��Cz, nØ?nL§¿��Ø§Ýé FBG
¥%Å��K�.

�âã 8 �¢�(JÚ (12) ª, O�Ñ��1
C¤É�Ør��7�êCz'XXã 9 ¤«, T
(J�nØ�[(J (ã 4) ÎÜ�éÐ.

ã 9 ��1CØr��7�ê n �Cz'X

5 ( Ø

ÏLé��1Cò���1C¤ÉØåÚØ
r?1nØ©Û, ïá
��1CØr��7�ê
Cz�êÆÔn�.¿?1
nØ�[Ú¢�ï
Ä, uy�X1C�7�ê�O\, ��1C¤É
Ørk²wO\�ªu½. ¢�ÿ��� FBG
¥%Å�k´Czé¯�ªu²�, ù´du�
7L§¥1Cò�»�Â /C����� FBG
¶�ACÚ	�1C�Ør����� FBG »�
AC�Ó�^�(J. �ïÄé1n��Eâ¥�
��1Cò��7!ò�þ��1C¤É�Øå
ÿþ9ò��O�äk��ë�d�. |^ù«
©Ùª FBG DaEâ)û
1C7�L§¥Ã{
é7�¶Ú1C¤ÉØå?1¢�iÿ�¯K.
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Study on static pressure of fiber cable spool based on
distributed fiber Bragg grating sensing technology∗
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Abstract
Based on the theoretical analysis of the static pressure distribution of fiber cable layer in an optical fiber cable spool, we establish

a theoretical model of the force in the cable winding system. Simulations indicate that with the increase of the twining layers, the

pressure of every layer in the spool increases very quickly at the beginning and mildly then. The static pressure of fiber cable layers

in the spool on cable winding device is sensed by use of distributed fiber Bragg gratings (FBG). The quantitative relationship between

the variation of FBG center wavelength and the system pressure is given theoretically. It is shown experimentally that with the increase

of the twining layers, the variation pace of FBG center wavelength in every layer is very quick at the beginning and gentle then.

Theoretical simulations coincide with experimental results very well. This technology provides us a real-time method to monitor the

pressure of the fiber cable layer in the cable winding process.

Keywords: fiber cable spool, fiber Bragg grating (FBG), axial direction strain, radial direction strain
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