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B��âYÄ©Ñ��åÆ - zÆV~{Å�, ¿ÏLé'ñ%�¡áNB��âc�±9ÀMc�
�L¡�(�!d�5�Cz, ?1
¢��y. ïÄ(JL², ²B��âYÄ©Ñ�?n���ñ%�¡L¡
Ly�r�Y5, ¿��3�����B��âáN�; ÀM��ñ%�¡L¡�B��âáN��,�3, �Ù
L¡®Åì=C�r/�ÕY5, �N
B��âáN�L¡�L¡¹5J�Åì�WZÀ. 5YÐÏ, Ì�Ly�
L¡¹5J�zÆ~{�^. �X5YL§�?1, Ì�Ny�±ÕYL¡�w£�A�Ì�åÆ~{Å�. ñ%
°O¢�(JL², B��âYÄ©Ñ�°O��ñ%�Y�'ßÇ²þJpÌÝ� 84.3%, ~{�JwÍ, y¢

B��âYÄ©Ñ��åÆ - zÆV~{Å�.

'�c: ÕYB��â, ©Ñ�, V~{Å�, ñ%�Ï�

PACS: 68.08.Bc, 68.08.Dc, 68.49.Fg, 82.65.+r

1 Ú ó

B��âáN{üØO5Eâ´�é$'ß
hõÊH�3�pØj5¯KJÑ��«ü$
5YØå!Jp5Yþ�#Eâ. TEâ�Ôn
Å�´Ö�L¡�(���ÕYA5 [1] ±9dd
�)�Y6w£5� [2−7]. )�´� [8−13] æ^
ÕYB��â3ñ%�¡L¡áN�ïÑäka
qÖ�L¡�!B�V(��L¡, ¦ñ%�¡
L¡�d�5d�Y=C�r/�ÕYA�. �>
�ÿÁ(JL², d�ñ%�¡L¡��>�þ�
u 120◦, ���C 150◦. ¿Sñ%6Ä¢�L²,

²B��â©Ñ�?n��ñ%, Y�'ßÇk

��²w�Jp, ²þÌÝ� 60.9%, ��JpÌÝ
� 375%. ÏLô�hX�¶|¢�L², 5Y³ü

ØÌÝ�p� 40.3% (12.5 MPa).

kÏïÄ¥, Ì�¦^�h��©Ñ�. du
^hþ��, 3�hd�?up �, ¦^¤��
p, \��U�5�À/Úö�ØS�ºx, 3¶
|Á�¥®é�^�h��©ÑJ. �d, B��
âYÄ©Ñ���mu. hÄB�©Ñ��~{Å
n�±£ã� [10]: ÕY5B��âáN3ñ%�
Ï�9¡, /¤B��âáN�, ¦ñ��Ï�9
¡Ny�r/�ÕYA�, lÚåY6w£�A,

Jp
Y6�Ý, ü$
6Ä{å. ,éuB�
�âYÄ©Ñ��~{ÅnïÄ�����. �d
�©:&¢ù�¯K, ¿uy
�
AÏy�.

^�h�©Ñ��, B��âáNL¡��>��
L 120◦, ^YÄ©Ñ��, ¦+B��âáN�
�,�3, �ÙL¡%NyÑér��Y5. �
�rN�´, B��âYÄ©Ñ��~{�JE,
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�©²w, ¶|Á��k�Ï�L 8 �� [14].
�éþãAÏy�, �©JÑ
B��âYÄ

©Ñ�� “åÆ - zÆ” V~{Å�, ¿ÏLé'
¢�, �y
ù�Å�.

2 B � � â Y Ä © Ñ � � V  ~
{Å�

2.1 BBB������âââ������ÏÏÏ������áááNNNÅÅÅ���

B��âYÄ©Ñ���«dÕYB��
â!�h!L¡¹5J (��©ÑJ)!ÏJ±9
Y��¤� O/W .�Z�. Ù¥B��â��
C3h%¥, h%ÏLL¡¹5J©Ñ3Y¥.

©Ñ��¬�Nþ¥ZxÚ, ÚLþ!, äk�½
�ß1Ý. ù«�Z�%3;��Ï�¥3·>�
^!ÙK$Ä��Äe�C�9. �dÓ�, 3;
�p§Ú�½¶zÝ�^e, �Z�%m©»Z.

3»Z�L§¥, B��â��9�>¿r�áN,

l3�9L¡/¤��B��âáN�.
B��âYÄ©Ñ�¥B��â��Ï�9

¡�áNÅ��B��âhÄ©Ñ��áNÅ
� [15] k¤ØÓ. 3B��âhÄ©Ñ�¥�B�
�â3õ«å��^e, �C�Ï�9¡L§¥7
Lâ»Yz�. B��âYÄ©Ñ�¥B��â�
�Ï�9¡�áNÅ�K�±Lã�: ��¹B�
�â��Z�%��9ål���, �Z�%±Ù

K$Ä�Ì; ���9ål�u 100 nm �, �Z�
%3��uå±9·>å��^e��9¯��
C; ��Z�%��9�©�C� (ål� 0.3 nm),

�Z�%�õ/3�9L¡à8, �X�Z��
»Z, B��â��9�>¿u)r�áN, /¤
��B��âáN�. ü«B��â©Ñ�¥B
��â��Ï��9áNÅ����ØÓ3u�
ö±�Z�%�/ª$Ä, Ó�Ø�3Yz��{
å�^.

2.2 BBB������âââYYYÄÄÄ©©©ÑÑÑ���¥¥¥LLL¡¡¡¹¹¹555JJJ���
áááNNNÅÅÅ���

3B��âYÄ©Ñ�¥, duB��â�Õ
Y5, Ù��ØU��©Ñ3Y¥. Ïd, ÄkòB
��â©Ñ3YÄ��¥ (h!L¡¹5J±9Ï
J�·ÜÔ), ,�©Ñ�Y¥, 3L¡¹5J��
^e/¤�Z�, B��âK��K3�Z�¥�
h¥. L¡¹5J��YÄì�\
Y�, �hÄ
ì�\
h�, 3hY.¡�m/¤½�áN�.

�Z�»Z�, B��â��9áN/¤
B
��âáN�, �5 uhY.¡þ�L¡¹5
J=áN3B��âáN��L¡. duB��
âáN��ÕY5�, L¡¹5J�ÕYÄ´uá
N3B��âáN�L¡¿/¤���YÄ�	
�L¡¹5J�� [16], d��Ï�9¡KLyÑ
�Y5U.

� � �� � � � � �
ã 1 B��âYÄ©Ñ�3ñ��Ï�9¡áN«¿ã
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B��âYÄ©Ñ�3ñ��Ï�L¡�á
NXã 1 ¤«. lã¥�±�ß/wÑ, B��â
±9L¡¹5J3ñ��Ï�9¡�áN�ª, Ù
¥ã 1(a) �B��âYÄ©Ñ�3ñ��Ï�9
¡áN��N«¿ã, ã 1(b) �B��â3ñ��
Ï�9¡áN��ÛÜ��ã, ã 1(c) �L¡¹5
J3B��âL¡áN��ÛÜ��ã.

duñ��Ï�9¡íä���3, B��â
±õ���^��áN3ñ��Ï�9¡, ù«á
Náu��áN, '�O�; áN3B��âL
¡�L¡¹5J©f´�â�q�á�n±©f
áN�/¤áN3L¡þ�, ù«áN'��áN
å��éõ, áN�O�§Ýé$.

2.3 ÄÄÄuuuLLL¡¡¡¹¹¹555JJJ���^̂̂���BBB������âââYYYÄÄÄ
©©©ÑÑÑ������zzzÆÆÆ~~~{{{ÅÅÅnnn

3B��âYÄ©Ñ�5\ñ��Ï�ÐÏ,

3�Ï�9¡/¤
 “B��â + L¡¹5J” �
VáN�, õ{�L¡¹5JK´±�å�G�
�3. 35YL§¥, ù
�å�±3ñ��Ï�
9¡/¤�« “}�p�(�”[17,18], ¦�5\Y
�}�ÅÝ�X}��Ç�Jp×�~�. �
´, ù«VáN���3Ó�~�
�Ï��Ô
n�». Ïd, ¢�ñ%�²þ�»QØU��, �
ØU��, ��
N´×l�Ï�, ��
~{�
JØ²w. �k�ù« “}�p�(�” ¤�)�
�A��uB��âáN���Ôn�»~��
5�K��, âU��ÌÝ/ü$Y6{å. éu
Ü©�3í{h�ñ��Ï�, duL¡¹5J�
±²wü$h/Y±9h/9�m�.¡Üå, 3¢
y “°h” 8��Ó�, �A/ü$
Y6{å.

2.4 ÄÄÄuuuBBB������âââÕÕÕYYYLLL¡¡¡www£££���AAA���^̂̂
���åååÆÆÆ~~~{{{ÅÅÅnnn

�X5YL§�±Y?1, Y6ÅìÀMKB
��âáN�L¡�L¡¹5J, ¦ÕYB��â
áN�#³Ñ, ¿¦B��âáN��ÕYA5
�±ÅÚ¡E.

Cottin � [4] ïÄuy, d�5ÚL¡o÷Ý�
�Ó�A�±wÍü$6N6Ä�{å. ¢�Ún
ØïÄL², ù«{å�ü$3åÆþLy��/r
ÕYL¡¤Úå�>.w£�A [19−24]. 'uÕY
L¡�>��w£�Ý�'X®k�õ¢���

[ïÄ, Li � [25] é<óB�(�L¡�w£�Ý
?1
ïÄ, �Ñ
ã 2 ¤«�<óB�(�L¡
w£�Ý��>�'X�. lã 2 ¥�±wÑ,

���B��â?»L¡��>��L 120◦ �,

w£�Ý���kA�B�, ���C 7 µm, ù`
²�NL¡�ÕY5�r, �)�w£�ÝÒ��,

Y6{åÒ��. ñ%�9áN�B��âáN�
�´|^
B��â���ÕY5ÚáN�L¡
��/BV(�¤äk�o÷Ý, ¦g�L¡äk
r/�ÕYA�, l¢y~{�J.

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

�� �
 � � � � �

ã 2 <óB�(�L¡w£�Ý��>��Cz5Æ. ¢�
�Lâ»� 30 nm ��â?»�L¡, J��Lâ»� 1 µm �
�â?»�L¡ � �� � � � � � �� � �

ã 3 B��âáN�+�Y6w£�.

B��âáNL¡�~{Ån�^ã 3 ¤«
��+�.L«. ²Lü�B��âáN�, �+
�k��»�é~�, �´duáNÕY5B��
â�, ¬3�+9/¤ÕYo÷¡, ¦��N3B
��âáN�þ�)w£�Ý us, éA�w£�Ý
� λ. �B��â��»� dp, ��+��»� r0,
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B��âáN���+�»C� r0λ = r0 − dp, �
Äw£�Ý��k��»C� r0λ = r0 + λ − dp.

Ïd, �9¡�)�w£�Ý�udB��âáN
�5�Ôn+»~��, Ò��uO\
k��»,

l��~{�8�.

3 B��âYÄ©Ñ��V~{Å
��¢��y

3.1 ¢¢¢���ááá���

¢�^B�á��²L¡U5�xÚ®"G
B� SiO2, ²?»�B� SiO2 �âL¡�3�þ
Ø�Úí�, kûÐ�ÕY5U. ¢�^B�á�
�¬�g1ï�� ShuNP2-10, â»�� 10 nm. ²
ß�>º*	 (�ã 4), B�®N��½.(¬�,

�â©Ù�þ!, k�þìàN�3, �Ü©�â
¥ý¥G.

� � � �� � � � � 	 
 � �
ã 4 B�á��¬�ß�>ºì¡

3.2 ¢¢¢������{{{

òB�á�©Ñ3g��YÄ©Ñ�¥, ^p
�ZzÅ�� 10 min, ±(�U
©Ñþ!. �½
¢�§Ý, ò�¤�¡¿�ÚíY (3%NH4Cl YM
�) �U,ñ%]!�\B��â©Ñ�¥, ¿�
\YúG¥ð§E� [26]. �B��â3ñ%�¡
þ¿©áN�òñ%�¡�Ñ, �\�½§Ý�ð
§Ì�YúG¥, ÀW�½�m��ÑZH. �

'�, ò�¬ñ%�¡�3B��âhÄ©Ñ�¥
?n, ¿ZH.

3.3 ñññ%%%���¡¡¡LLL¡¡¡���(((���ÿÿÿÁÁÁ(((JJJ©©©ÛÛÛ

ã 5(a) Úã 5(b) ©O´àñL¡Ú3B��
âYÄ©Ñ�¥E� 10 h ��ñ�L¡�×£>
ºì¡. dã 5(a) ��, àñL¡k1w�¬G�
=¶Ô±9�þ�¡GÅè¶Ô, c�©², �±
�ß/w���ñ%SÜ�Ó+, �N��©ñ%
�A:. dã 5(b) ��, áNB��â�, ñ�L¡
���B��âCX, B��âáN'�;�, ®
²wØ�ñ��N, ��NþE,�±ñ��(�
A�. (JL², YÄ©Ñ����B��â�±
;�/áN3ñ��Ï�9¡þ.

ã 6 �ØÓÀW�m^�eñ%�¡L¡
� SEM ÿ Á ( J. l ã ¥ � ± w Ñ, ² L 48 h

Ú 96 h ÀW�^�, ñ%�¡L¡E,Ù÷

B��â, `²B��âáNäkv
�rÝ. l
ã 6(b) ¥��±wÑ, ñ%L¡áN
�����
B��âáN�, 3áN�þ¡K�3Ü©B�ì
àN, ù
ìàN���3 100 nm �m, ��u�
ÀW�c�L¡ìàN�� (�ã 5(b)).

� � � � � �
ã 5 B��âYÄ©Ñ�?nc�ñ�L¡(�/m (a) àñL¡ (×3000); (b) áN
B��â�ñ�L¡ (×5000)
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� � � � � �
ã 6 ØÓÀW�mñ�L¡� SEM ÿÁ(J (a) ÀW 48 h �ñ�L¡ (×20000); (b) ÀW 96 h �ñ�L¡ (×40000)

3.4 ���>>>���ÿÿÿÁÁÁ(((JJJ©©©ÛÛÛ

�â)�´��ïÄ(J [10], �ÕYB��
âáN�/¤�, Ù�>�ò¬��r/�ÕYY
², ¿�)�Ð�~{�J.

ã 7 �3ü«B��â©Ñ�¥E��ñ%
�¡��>�ÿÁ(J. dã 7(a) ��, ²B��
âhÄ©Ñ�?n�, ñ%�¡L¡Ly�²w�
rÕY5, ²þ�>�� 123.2◦. dã 7(b) ��, ²
B��âYÄ©Ñ�?n�, ñ%�¡�Ð©²þ
�>�=� 28.8◦, �Y%3ñ%L¡é¯���
áÂ. lã 5 Úã 6 ®²��, ²B��âYÄ

©Ñ�?n�, B��â3ñ%�¡L¡u)
á
N, Ïdù�y�`²
3ÕYB��âáN�L
¡�U�3L¡¹5J. ã 8 �Ñ
²LØÓÀW
�mÀW�ü¬ñ%�¡�²þ�>�ÿÁ(J,

©O� 115.04◦ Ú 134.08◦, =�XÀW�m�O\,

ñ�L¡��>�3ÅÚO�. dd�±ä½, Õ
YB��âáN�L¡áN
��L¡¹5J, ¿
�XÀW�m�O\, ù«L¡¹5JÅì�ÀW
ZÀ. ù��y
²B��âYÄ©Ñ�?n��
ñ%�¡L¡�3 “B��âÚL¡¹5JVá
N�” �íä.� � � � � �

ã 7 áNB��âñ%�¡L¡�>� (a) hÄ©Ñ� (ã¥�>�� 123.2◦); (b) YÄ©Ñ� (ã¥�>�� 28.8◦)� � � � � �
ã 8 ØÓÀW�m��ñ%�¡L¡�>� (a) ÀW 48 h, ã¥�>�� 115.04◦; (b) ÀW 96 h, ã¥�>�� 134.08◦
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3.5 BBB������âââYYYÄÄÄ©©©ÑÑÑ������~~~{{{555UUUïïïÄÄÄ

|^B��âYÄ©Ñ�?1ñ%°O¢�,

©OÿÁB��âYÄ©Ñ�?nc�ñ%�Y
�'ßÇ, �yB��âYÄ©Ñ��~{5U.

L 1 B��âYÄ©Ñ�?nñ%c��Y�'ßÇ

ñ%SÒ Y�'ßÇ/10−3 µm2 'ßÇOÌ/%

?nc ?n�

1 4.10 7.55 84.1

2 0.14 0.16 14.3

3 2.26 3.34 47.8

4 2.09 6.08 190.9

²þ 2.15 4.28 84.3

L 1 ´B��âYÄ©Ñ�?nc�� 4 ¬
ñ%�Y�'ßÇ. dL 1 ��, Y�'ßÇ�J
pÌÝ²þ� 84.3%, ��� 190.9%, `²B��

âYÄ©Ñ�5\ñ%�Ï���)
wÍ�~
{�J. ù�´B��âYÄ©Ñ�� “åÆ - z
ÆV~{Å�” �kåyâ.

4 ( Ø

1) B��âYÄ©Ñ�äkåÆ - zÆV
~{Å�. 35\ÐÏ, Ì�Ny�ÄuL¡¹5
J~{�zÆ~{Å�; ²L�ã�m�, �B�
�âáN�L¡�L¡¹5J�ÀMK�, LyÑ
Äur/�ÕY9¡w£�A�åÆ~{Å�.

2) ¢�(JL², B��âYÄ©Ñ��ñ�
�Ï�9¡�áNäkVÅ�: Äk3ñ��Ï
�L¡áN��ÕYB��â, ,�3B��âá
N�L¡áN
��L¡¹5J. cöáNrÝp,

�öáNrÝf, ´�5\YÀWK.
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core microchannel and experimental verification∗
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Abstract

Dual drag reduction mechanisms of water-based dispersion with nanoparticle is proposed. A contrastive study is take to verify

the mechanism, in which the changes of surface microstructure and wettabilities of the core slices take place before and after treating

by dispersion with hydrophobic nanoparticles and scouring by water. The results show that the surface of core slice which is treated

by water-based dispersion with hydrophobic nanoparticles has strong hydrophilic property, and a compact nanoparticle adsorption

layer forms on it. The nanoparticle adsorption layer still exists after scouring, but the core slice surface is changed into strong/super

hydrophobic, reflecting that the surfactants which are adsorbed on the nanoparticles adsorption layer surface are gradually cleaned. The

water-based dispersion with hydrophobic nanoparticles are mainly manifested as the chemical surfactant drag reduction effect during

initial injection. With the injection continued, the mechanical drag reduction induced by the slip effect of super hydrophobic surface is

reflected mainly. Core displacement results show that the water-phase effective permeability could increase about 84.3% on average.

The results strongly confirm the dual drag reduction mechanism of the water-based dispersion with hydrophobic nanoparticles.

Keywords: hydrophobic nanoparticles, dispersion, dual drag reduction mechanism, core microchannel
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