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O(J�'�. �©|^>^|k���{éb³9.Ø^��ÿ³¤&Þ·^|Ú�ª|?1
 2D Ú 3D �
ê��[, �\©Û
ê��./G!�.º�!ü�/Géê��[(J�K�, ¿òk��ê��[(J�¢
ÿêâ�
é'. (Jw«: ê��[(J�¢ÿêâÎÜ. 3�OØ^��ÿ³¤&Þ(��, À��³ú/G�
���/�., �.º���3 10—15 �&Þ	», ¿æ^n�/ü��±k�Jpê��[�{°Ý, Or`z
�O(J���5.

'�c: Ø^��ÿ³, &Þ�O, k��, ^|©Ù

PACS: 93.85.Tf, 93.90.+y

1 Ú ó

Ø^��Eâ3hít&mu¥�A^´
l 20 V 60 c�m©, duØ^��ÿ³ [1] ÿ
þ���&Ò�5gu/��Y¥�6N, Ø�¹
ñ��e��z, §�±Jøñ��Y¥6Nê
þ [2,3]!6NA5!�Yº�©Ù�&E, ù

&E´~5ÿ³¤ì¤Ã{Jø�. Ïd, Ø^�
�ÿ³Eâ3L��A�c¥��
¯��uÐ.

duÉ�³.^��ï�, Ø^��ÿ³¤©ª¡
�X&ÒrÝ$, &D'$ù�JK. &Þ´Ø^
��ÿ³¤�'�Eâ��, &Þ�&ÿA5 [4] �
�û½
¤ì�A^�J. �OÜn!5UûÐ�
&ÞU
��Jp¤ì�&ÒrÝ, Or¤ì&D
', ¿�U
ÏLU?�*ÿ�ª [5,6] Ú#�êâ
?n�{ [7−9] ¼��õ�/�&E. Ø^��
ÿ³¤&Þ�O(�E,, Ü����¦p, d�
[B, Ïd3ï�Ø^��ÿ³¤&ÞcÏ, I�
�þ�ê��[ó�5é&Þ(�?1`z�O,

(½&Þëê!ó²�¦�, ��Y�ï�ó�J

ø�âÚë�, Ïd&Þ�Y¢�c�ê��[©
Ûó�c��. ê��{U
éÐ/�[>^|
�©Ù [10], `z^|/G9ó§(���O, Ïd
3ó§�O¥��2�A^. k��ê��[�{
A^u>^|¯K [11], U·A�«E,�ó§(
�, Ïd, U
©ÛØ^��ÿ³¤&Þ�^|©
Ù, ïÄ�ëêé^|©Ù�K�±9µdØ^�
�ÿ³¤�&ÿA5 [12]. Ø^��ÿ³¤3³.
^�eó�, &Þ�(�ÚÜ�5UëêÉ�é�
���. 3ê��[�L§¥, �./G!�.º
�!ü�/Géê��[(J�°Ýké��K
�, ùÌ�´Ï�ØÓ��./G!�.º�Úü
�/G¬K�ê��[(J�^|�©Ù. ïá
Ü·�ê��.!�½Ü·��.º�!À�Ü
·�ü�/G¬��Jpê��{�°Ý, �¤ì
�ï�ó�Jø����â.

�©|^>^|k���{, �[©Û
�«
b³9.Ø^��ÿ³¤&Þ 2D Ú 3D ^|©Ù,

©OïÄ
�./G!�.º�Úü�/GéÙ
»�^|©Ù±9î�^|©Ù�K�, ¿é'©
Û
»�·^|ê��[(JÚ¢ÿêâ!¶�
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·^|ê��[(JÚ¢ÿêâ!�ª|ê��
[(JÚ¢ÿêâ. (Jw«: ê��[(J�¢
ÿêâäkéÐ���5; k���{3Ø^��
ÿ³¤&Þ(��O¥äkûÐ�·^5.

2 Ø ^ � � ÿ ³ ¤ & Þ � . � ê
��{

Ø^��ÿ³¤&Þ�.Xã 1 ¤«. &Þ
Ì��¹[^N, ^5�)Ø^��¤I��·^
|; �ªU�, ^5-u/�6N¥�4z�f¿
�ÂØ^&Ò. 3T�.¥, �¹k[^N!U�
��!³ú6N!/�. éu[^N�ÄÙ
�
å Hc, ^�Ç µm; éuU����ÄÙ>{Ç ρa,

^�Ç µa; éu³ú6N, /��ÄÙ>{Ç ρf ,

^�Ç µf .

ã 1 Ø^��ÿ³¤&Þ�.

Ø^��ÿ³¤&Þ�Oæ^>^|k��
ê��[�{ [13], 3¦)>^|¯K�ÄkÚ\
¥þ^³ A(B = ∇ × A), 3��¯K¥, ^³�
k z ��©þ, ¿�÷vÑt�§, Kk

∇×
(

1
µr

∇× Az ẑ

)
= µ0Jz ẑ. (1)

3¦)«� Ω S, ^³~^�>.^� Dirichlet >
.^�Ú Neumann >.^�

Az|Γ1 = Az0,
∂Az

∂n
|Γ2 = −Ht

γ
. (2)

|^C©�n�E�¼

Ω : Π(A) =

{∫∫
Ω

γ

2

[(
∂A

∂x

)2

+
(

∂A

∂y

)2
]

−JzA}dxdy +
∫

Γ2

HtAdl

= min,

Γ1 : A = A0, (3)

Ù¥, A �¥þ^³, Ht �^|rÝ��©þ, µ �
^�Ç, J �>6�Ý¥þ.

2|^k���{ [12] é^�C©¯K (3) ª
?1lÑz?n��¯K�oN�§:

[K] {A} = {R} , (4)

Ù¥, [K] �XêÝ
, {A} ��¦�³¼ê��
þ, {R} �®���þ. ¦)��^³ A, ,�=�
^ B = ∇× A O�Ñ^Ï�Ý.

3 Ø^��ÿ³¤&Þê��[©Û

3.1 ���...///GGGéééêêê������{{{���KKK���

�©|^ MATLAB §S5N^k��©Û^
� ANSYS �[³.^�eØ^��ÿ³¤&Þ^
|©ÙA5, ¿�¤&Þëê�D4, ùÌ�´Ï
� MATLAB �±�Bé�.ëê?1O�ÚÑÑ,

Ó��±éO�(J�?�Ú�©ÛÚ?n, `z
&Þ�(�ëê.

éØ^��ÿ³¤&Þ^|©Ù?1ê��
[, Äk�(½�´ê��.�ïá, ØÓ��.
���ê��[(J�Ø�Ó. éuØ^��ÿ³
¤&Þó, Ù�.�ïáI��Äü�¡�Ï�:

1) Ø^��ÿ³¤&Þî�¡/G��/, �Ùó
��¸´3³ú�¥, ³ú/G���/; 2) Ø^
��ÿ³¤&Þê��[¯K��þ´>^|¯
K, Ù·^|Ú�ª|ÑÑ�?\/�, ^|3³

� �� � � � �� �� �
ã 2 �.�I½Â
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ú±��/�¥/¤��^|�´. ÄuþãÏ�,

Ø^��ÿ³¤&Þê��.��|>.AT�
l/, ù�âU
O(/�NÑ�|>.?�^|
©ÙA5. 3?1ê��[©Û�c½ÂXã 2 ¤
«��I.

©Oïá�//��.Ú�//��.éØ
^��ÿ³¤&Þ·^|©Ù?1ê��[, ¿©
O'�
ùü«ØÓ�.���»�^|©ÙÚ
p�^|©Ù, Xã 3 ¤«. ã 3(a) �»�^|©
Ù � (�/�.^|©Ù��/�.^|©Ù
��), »�´»�ã 1 ¥¤«� A—B = 15 cm.

lã 3(a) ¥�±wÑ, 3»���þ, �/�.
^|©Ù'�/�.^|©Ù� 1.5 Gs—2.5 Gs.

ã 3(b) �3p�´»þ�/�.^|©Ù��
/�.^|©Ù��, Ù¥p�´»�ã 2 ¥¤
« C1—C2 = 20 cm, �d� A—B = 7 cm, : B

� C1—C2 ¥:. lã 3(b) ¥�±wÑ, 3p�
´»þ, �/�.^|©Ù'�/�.^|©Ù
� 0.5 Gs—2.0 Gs. Ñyù�y��Ì��Ï´d
u�/�.¿ØUéÐ/·AØ^��ÿ³¤&
Þ^|�©Ù�£´r�, E¤3>.NC�^å
� lÙ¢S£´, Úå^|�O�.

�� � �� � �� � �� � �� � �
� � � � � � � �� 	 
��  ��  �� � �� � �� � �� � �

� � � � � � � � �� 	 
� � � � � �
ã 3 �./GéØ^��ÿ³¤&Þ^|©Ù�K� (a) »� (A—B) ^| �; (b) p� (C1—C2) ^| �

3.2 ���...ººº���éééêêê������{{{���KKK���

3ê��[O��L§¥I�é¯K?1©
Û, (½Ü·��.º�. �º��.�U�Ný
¢¯K, �´3�
ê�¯K¥�º���.¿Ø
�½·ÜT¯K�¦). 3>^|¯K¥, ^|3
�m�©Ù@�3Ã��?^|�", ,3¢S
�¸¥, du/^| (�� 0.5 Gs) �K�±9Ù¦
�¸Ï��K�, �º�½��º���.¿Ø·
Ü¯K�¦). éuØ^��ÿ³¤&Þ�^|
©Ù, À�Ü·��.º�U
Jpê��[(J
�O(Ý. ã 4 ¤«��»� 1 m �/�.��
»� 3 m �/�.ê��[(Jé'. ã 4(a) �
´» A—B �»� 1 m �/�.��»� 3 m �
/�.^|©Ù��, Ù��3 −35 Gs—−20 Gs.

ã 4(b) �´» C1—C2 þ�^|©Ù��, Ù��
3 −25 Gs—−10 Gs. �±wÑ, �.º���, ^

|rÝ��. ù´Ï�3^||�½��¹e,

�.>.��À�L�, E¤^|¯�P~, ê�
�[���(J'¢S(J �; �.>.À
�L�, ^|P~Cú, E¤ê��[�(J'
¢S(J �. Ïd, éuØ^��ÿ³¤&Þ
ó, Ù ê � � . > . � � A À � 3 10D—15D

�m, Ù¥, D �&Þ�». 3ù���S, Ø^
��ÿ³¤&Þ^|®²P~��/^|���
Y².

3.3 üüü���///GGGéééêêê������{{{���KKK���

�âk��nØ, 3ëYNAå©Û¥, o>
/ü��/¼ê´V�5�, Ùü�SÜAC©
ÙG�´Cz�, °Ýp. n�/ü��/¼ê
´�5�, ¤±ü�SÜAC´~ê, Ïd�U�
N{ü�ACG�. duo>/ü�ØUéÐ/
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%C�>.½������>., �ØU�¿
UC��¢yÛÜ\�, Ï3ó§A^¥É�
��. 3�±ü�ºÝØC��¹e, UCü�a
., �[
Ø^��ÿ³¤&Þ�^|©Ù. ã 5

�ØÓü�a.���Ø^��ÿ³¤&Þ·^
|���©Ù. Ù¥ã 5(a) �n�/ü�ê��[
(J, 3ã¥J�ý�«�¥, ^|���©Ù1
w. ã 5(b) �o>/ü�ê��[(J, 3ã¥J
�ý�«�¥, ^|���©ÙÑyõ?ÆC��
¹ (ã¥�Þ¤�?).

ã 6 �ü�a.éØ^��ÿ³¤&Þ^|
©Ù�K�. ã 6(a) �n�/ü��o>/ü�^
|ê��[»�©Ù��, lã¥�±wÑo>/
ü��[���Ø^��ÿ³¤»�·^|u)
ÆC, ��3 −3 Gs—2 Gs. ã 6(b) �n�/ü�
�o>/ü�^|ê��[p�©Ù��, o>/
ü��[���Ø^��ÿ³¤»�·^|ÆC

��3 −4 Gs—1 Gs. ù`²o>/ü�ØUéÐ
/[Ü�.¥��/>., ¿�du3Ø^��ÿ
³¤&Þ¥Ü�º�Cz���, Ù¥U�Ü��
�º��� 0.1 mm, ù
Ï��Ó��o>/ü�
�ê��[(Ju)ÆC.

4 ^|ê��[(J�¢ÿêâé'
©Û

4.1 ^̂̂|||êêê������[[[(((JJJ

é&Þ^|?1 2D ê��[, ïá�/�.,

�.º���� 15 �&Þ	». æ^n�/ü�
éb³9.Ø^��ÿ³¤&Þ^|?1©Û, �
�Xã 7 ¤«�^|©Ù. ã 7(a) �&Þ^|^å
�©Ù, ã 7(b) �^|���©Ù, Ù¥^|��
�©Ù²w, ^|FÝ�ß.

� � �� � �� � �� � �� � �
� � � � � � � �� 	 
 � � �� � �� � �� � �� � �� �

� � � � � � � � �� 	 
�� ��  � � � � � �
ã 4 �.º�éØ^��ÿ³¤&Þ^|©Ù�K� (a) »� (A—B) ^| �; (b) p� (C1—C2) ^| �

� � � � � � � � � � � � � � � � � � � � �� � � � �� � � � ��� � � �� � � � � � �� � �� � �� � �� � �� � �	 
 �� � � � �� � � � � � � � � � � � � � � � � � � � �� � � � �� � � � ��� � � �� � � � � � �� � �� � �� � �� � �� � �	 � �� � � � � 	 � � � 	 � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �
ã 5 Ø^��ÿ³¤·^|���©Ù (a) n�/ü�; (b) o>/ü�
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� �� �� ���� � � � � � � � �� 	 
��  � �� �� �� ���
� � � � � � � � �� 	 
�� � � � � � �

ã 6 ü�a.éØ^��ÿ³¤&Þ^|©Ù�K� (a) »� (A—B) ^| �; (b) p� (C1—C2) ^| �

�� � � � �� � �� � �� � �� � �� 	 �� 
 �� � � �  � � � � � � �  � � � � � � � � � � � �� � � � �� � � � � � � � � �� � �� � �� � �� � �
� � � � � � �� � � � � �

ã 7 b³9.Ø^��ÿ³¤&Þ^|©Ù (a) ^å�©Ù;(b) ^|���©Ù

4.2 »»»���···^̂̂|||êêêâââééé'''���©©©ÛÛÛ

�â±þ©Û, éØ^��ÿ³¤&Þ�·^
|?1�[©Û, ¿òê��[���·^|©Ù
�¢Sÿþ���·^|�é', Xã 8 ¤«. ã
¥¢ÿêâ:�m�� 1 cm, o� 15 �êâ:. ê
��[êâ3�C¤ì	��/�·^|rÝ�
pu¢Sÿþ�êâ, �X&ÿ�Ý�O�, ^|
rÝªu��. l�Nþw, ê��[êâ�¢S
ÿþêâäkûÐ���5, �y
±þ©Û��
(5±9ê��[(J���5.

4.3 ¶¶¶���···^̂̂|||êêêâââééé'''���©©©ÛÛÛ

¶�·^|©Ù´�3ål&ÞL¡ 7 cm,

�� � �� � �� � �
� � � � � � � �� 	 
�� 

ã 8 »�·^|ê��[êâ�¢ÿêâé'
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�� �� � �� � �� � �� � �
� � � � � � � � � � � �� � ��� 	

ã 9 ¶�·^|ê��[êâ�¢ÿêâé'

l&Þ^N��à�,�à�m�^|©Ù. ï
á 3D Ø^��ÿ³¤&Þê��.O���¶
�·^|©ÙXã 9 ¤«. ã 9 �¶�·^|�
[êâ�¢ÿêâ�é', ¢ÿêâw«3&Þ
^N�üà^|rÝ$, ^N¥m��^|rÝ
p. 3 0—25 cm Ú 200—225 cm ��S, ��C^
N¥m �^|rÝ��; 3 25—200 cm ���
m, ^|rÝªu²ï. ê��[êâw«3 0—

50 cm Ú 175—225 cm ��S, ��C^N¥m 
�^|rÝ��, ,ÙCzª³'¢ÿêâ�ú;

3 50—225 cm �m, �[êâ�¢ÿêâäkû
Ð���5. �[êâ�¢ÿêâ3oNª³þ�
�, U
O(�N¢S^|�©ÙA5.

4.4 UUU������ÇÇÇééé'''���©©©ÛÛÛ

Ø^��|^�ª|-u4z�f, ±d5�
)Ø^��. 3Ø^��ÿ³¥æ^ CPMG S�
?1ÿþ, 4z�f��=� θ0 = γB1tp, Ù¥, γ

�^^', B1 ��ª|rÝ, tp ��ªóÀ±Y�
�m. ��, �=���ª|rÝ¤�'. U��
Ç�pKü >6�)��ª|rÝ��, é¤ì
õÇ��¦Ò�$. ã 10 �Ø^��ÿ³¤U�
�Ç�[êâ�¢ÿêâ�é'. ¢ÿêâl¤ì

	� 1 cm ?m©, � 9 �ÿþ:. ê��[���
(J�¢Sÿþ���(J��, k��{3Ø^
��ÿ³¤&Þ�O¥äkéÐ�·^5.

�� � � �� � � �� � � �
� � � � �� � �	
��

ã 10 Ø^��ÿ³¤U��Ç�[êâ�¢ÿêâé'

5 ( Ø

Ø^��ÿ³¤3³.^�eó�, Ù(�É
�³úº��î���. �
÷vÿ³I�, ¤ì
(��OE,; Ó�duØ^��ÿ³¤&ÒrÝ
$, Ïdê��[`z�OéJp¤ì�&ÿ5U
�'�. 3|^k��ê��{©Û&Þ�^|
©Ù�, ïá�³ú/G����/�.U
Jp
ê��{�°Ý, Or�O(J���5, ��J
,¤ì�&ÿ5U. k��ê��[�{���
«Cq){, Ù¦)�°ÝÉ��.º����K
�, éuØ^��ÿ³¤&Þ�^|�O, �.º
���A�½3 10—15 �&Þ	». ¿�3ê�
�[L§¥æ^n�/ü��±k�Jpê��
[(J�O(5, `zØ^��ÿ³¤&Þ�O(
�. U?��ê��{(J�¢ÿêâ��, ��
Or
k��ê��{3Ø^��ÿ³¤&Þ�
O¥�·^5.
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Numerical method of designing nuclear magnetic
resonance logging device sensor∗

Hu Hai-Tao Xiao Li-Zhi† Wu Xi-Ling

( State Key Laboratory of Petroleum Resource and Prospecting, China University of Petroleum, Beijing 102249, China )

( Received 4 August 2011; revised manuscript received 18 October 2011 )

Abstract

Optimal design of nuclear magnetic resonance (NMR) logging device sensor can enhance its detection performance and improve

signal-to-noise ratio, and the accuracy of results from numerical method is absolutely critical for optimal design. In this paper, an

eccentric NMR logging device static field distribution and radio frequency field distribution are simulated by the electromagnetic finite

element method, and the influences of model shape, model size and element shape on simulation results are analyzed. A comparison

between the measurements and simulation data indicates that they are in good agreement with each other. In the design process of

NMR logging device sensor, by choosing a circinal model which is similar to the shape of borehole, setting model size to be 10–15

times the sensor diameter, and adopting triangle element, the accuracy of numerical simulation can be improved and the reliability of

optimization design can also be enhanced.

Keywords: NMR logging, sensor design, finite element method, field distribution
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