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ABSTRACT A large eddy simulation of unsteady argon/steel two phase flow in a continuous
casting mold is presented in this work. The inhomogeneous Euler–Euler approach is used to describe
the equations of motion of the two phase flow. Large eddy simulation model is used to solve the
turbulent viscosity force. The drag force, lift force and virtual mass force are incorporated in the
model. And this model has been validated with a water model experiment and the measurements of
the ultrasonic flaw detection. The predicted unsteady two phase turbulent flow characteristics were
validated, indirectly, by the measurements of ultrasonic flaw detection. The predicted asymmetric
flow was validated by the water model experiment. The simulation results show that the distribution
of the bubble diameter is seen to depend on the argon gas and molten steel flow rates. The mean
bubble diameter decreases with increasing the molten steel flow rate, but increases with increasing the
argon gas flow rate. The asymmetric flow inside the mold was not stationary; the time intervals for
changeover appeared to be vary random. It can be concluded that the shape of the bending part of
the secondary cooling zone of mold is important to the asymmetric flow. The asymmetric flow occurs
near the bending section.
KEY WORDS continuous casting mold, two phase flow, large eddy simulation, Euler–Euler approach
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�514 6�1�D�� } 49 Rvn$, +m`Gbo2�U�%Æv%93Æ�℄k�BLK_$Y, Kv�EQKv� [1−4]. j\, LJ>fY Ar Bb��~Q1B℄99[v��7}*Æ.9K<�vb^.S9sLJ%�Y Ar 1B℄99[v��bm`v��f�g�vLJ. Bessho y [5] -^/s94.=LJ�m`G�9[�1B℄?�$>fQfUQ�vn$. Thomas y [6] !w��K~Q1B℄9m`�9[�"�7}�U"MvWz�W<�)v�~x�;'.2, �8�Y Ar�9[��bVz_�vn$, ��m`G5��1B℄Æu�nv�2, ^:�9[����%vLz��:. Sánchez–Pérez y [7,8] us VOF.2, 1f PIV >.2�OLJ��K1B℄9v`[�"��, k�1G�pf�b�%pf���v6A, !'���%v&h. 6Qm`Gv9�bJb�9[v��n$gg, �"�0�v"ohs#9[v��WU�sg/�, !gV�OsQ`GvJb�q�{* 0.98—

1.5 mm. Bai b Thomas[1,2,9] /s Euler !�LJ���p�>f9v�"���7}, 6Q`G
g, .{
g, ���vn$
g, !/sr.2!w�m`���`GJbvM�, ���}?�vm`��, :vkG�+�m`GvJbg+. Lee y [10] /s&h�k�v4w-�l.=:-T(v?�$>fY Ar VH, sp�&hkGbY`��`GvyH'(. Kuboy [11] 6Q,mm`GLQ[a�%�, Æn��S�9>�, j\m`G*kZ�%v�v���j; !/sm`GW8T:W8Q1B℄9&hJbm`Gv'(gi.

Li y [12,13] usXj"9G.21fz}�93f9.2�O, LJ�t,��i�[>d;1B℄9`[�"�>bÆ�y℄v��Q�. }ZWbJ'q [14] sq�".2.=�Y Ar �%93Æ�sRvn$, 1U�+, Y�m`:��Æ�vsR�. Zhang y [3] b
Wang y [15] gVY`>.2�O, N:p�1B℄9 2E�2v�2,�j	�b�<	�, !^Q� 2 E�2v<��.�xv�KW�v��81U�&, v� (`G�U2[vÆ�) F%�U�%�D'(, !Ox℄�vP�: [16]. �ayvg�99G.2
/s Reynolds �X.=, spv~Q1B℄9�>F��D'( [17], &:3+�KW�v�v�81U, �2-.= [18] 1B℄9v�>, R�
J}��v�;s, �}Ox/��4�_vUr!�s�_r�Ævt3T. g	.=`ED|ls}1B℄9vj"��
J, xs�1B℄99[vAU%�D�>[* [19−23], l2bs��usg	.=!�LJ1B℄9m`/9[�"��v�q.ayLJ%�/sX"�.2 [12] b VOF �"�.2 [7] l)61B℄9`[�"��7}, &n9G.

2�, gV#;a�`[�"�hs, &[�"�UQhs{, ��gix℄�;P. }�A�Xw|�o`[�""ohs�9[��vn$, �Bh/s Euler–

Euler<�a.2bg	.=.2, �81B℄9m`/9[�"v%�U���`"'(. �s�KW�v��81Ub>.2�O1UO.
J1Uv|SÆ, sp�1B℄9m`/9[�"vp���[*, !LJ�Y Ar �b9����"��vn$P�.

1 3K#G"2
1.1 Euler–Euler 4�:%H/s Euler–Euler %Y^<�apf.2LJ~Q1B℄99[bm`v�"��, k " (`" g y[" l)v��!H�� [24,25]:

∂(αkρk)

∂t
+∇ · (αkρkuk) = 0 (1)

∂(αkρkuk)

∂t
+∇ · (αkρkukuk) =

−∇ · (αkτk)− αk∇p+ αkρkg +MI,k (2)$�, αk * k "va�'9, ρk * k "v#, uk * k"vG�, τk * k "vl{, p }I{, g }F{�G,

t }��. $ (2) y6v>&' i�l{&�I{\&�F{&b"�hs{kZv��%t&. !H� k "vG� uk �i}:

uk = ũk + u′

k (3)$�, �g�9
J.2� (v� Reynolds �X.2),

ũk i�OXG�, u′

k i���G�, l�&-.2�, ��"V�OXqUr. m/sg	.=, $ (1) b (2) �V�℄9V�k, ũk b u′

k ' i�x<GbJx<G�, Jx<G�/sJ<℄.2
J.

k "!Hvl{& τk }:

τk = −µeff,k(∇uk + (∇uk)
T −

2

3
δij(∇ · uk)) (4)$�, δij * Kronecher -`; µeff,k *x,o:, Qu 3+'GE, ' *'℄o: µL,l, p�o: µT,l b`Gzno:. [avx,o: µeff,l �&}:

µeff,l = µL,l + µT,l + µBI,l (5)`ax,o: µeff,g � µeff,l a���M� [26]:

µeff,g =
ρg
ρl
µeff,l (6)`Gznvp�o: µBI,l |} Sato b Sekogu-

chi[27] ^Qv.2, �$}:

µBI,l = ρlCµ,BIαgdg |ug − ul| (7)
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1.2 zC%)%H�Bh^Qusg	.=
Jp�	o:. g	.=vM��}J<℄.2, QT��&`3p�Jvhs.�Bh/s Smagorinsky[28] .2
Jp�o: µT,l:

µT,l = ρl(CS∆)2|S| (8)$�, CS * Smagorinsky ?9, r} 0.1; S *k3J�vl��"�; V�Jb ∆ = (∆i∆j∆k)
1/3, �x<vg+.

1.3 F�XP��"�v��%tgV"�hs{��, j:

MI,l = −MI,g = MD,l +ML,l +MVM,l (9)$�, y6v 3 &' i�X{�.�{b?=<�{.X{ MD,l �i}:

MD,l = −
3

4
αgρl

CD

dg
|ug − ul|(ug − ul) (10)�i"� Reynolds 9 Rel,g = ρl|ug − ul|dg/µl,mQaHgv�j, X{�9 CD *� Reynolds 9
Mv�:

CD = 0.44 (1× 103 ≤ Rel,g ≤ 2× 105) (11)`G�xG\v�>���, �`GÆ+vG��+vG:, �Æ+vI{K��+vz. \�, `G#0p℄=.�{ ML,l vhs:

ML,l = αgρlCL(ug − ul)×∇× ul (12)$�, CL *.2?9, r} 0.5.m`G"�}�ah�G���, &l`GvG
l
g, �e�`GH{�avGfv�g. q�`G��v{&lv��`G��v�:, �eV����av�:, j\, &={#g}�G`G��O>v�:, &^'*`G<����℄R, Oa�G&+'��<�v{K+f?=<�{, yD�N<�,l. �i}:

MVM,l = αgρlCVM(
dug

dt
−

dul

dt
) (13)$�, ?=<��9 CVM y} 0.5.

1.4 q�;Æ�Bhv
J�f}��Qf, �MkKG�,�fG�u<�.i��w�, &hkG 0.8, 1.2 b
1.6 m/min ' �l<fG� 0.5, 0.75 b 1.0 m/s. _u[%}E`�, m`G�\U�AXe, �9[Ox��v�(\}
, �(G�}
. QfU��K'_

�, >r�M3.%v�(n9}
, U�`"va�'9\}
. 1B℄�%/s
p^�4�.��m`Gv�f�:�9["h, [�p��>Y�v�i� (?�?I) v�p�m`, <�>fk�p:�9[v��H#, 
J�Osv*H#kv`a��
fa, �MOXm`a�'9?� [1]:

fa =
βQa

βQa +QS
(14)$�, Qa *�i�vm`a���, QS *9[va���, β *u}�bI{�qkZv`aH#�9, r4} 5[6].

1.5 �6;ÆR/����Bha?�$>fb�K~Q1B℄}LJ�),�~
J.2�m 1 O&. ayvLJ
J℄	*[�1B℄y%Pu% 2—4 m vn�, g�[��pnup�m55Wvn$. }�A�Xw|�o�~Q1B℄9v��gi, �Bh[��1B℄�+�pnvZ2�b+'up�, #U:HpK'� ��, +=
J�v:p 6 m. Oa94
JVH�v�d�:b4h19�� 1 O&.u}g	.=p�U��>Tg���, }���
J�, �
Jk3' 2 +'vE: -�, /s Reynolds

averaged k–ε !�k3�U�v`[�"�>, 2v*}�xs℄=��vO>, yk/sg	.=<7
J.k3VH���!HvI{&/s SIMPLEC J�. �Bh/s1Gqx<, x<`9	 1.5×106, ��)�}
0.0001 s, 
J��} 200 s.

= 1 0A\	I-1
Fig.1 Geometry model for the calculation domain
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2 5#G0M}�O.9G.2vXw:, �Bh�M�a��"E�r, � 1 � 3 �v!w1B℄.2. u}m`�9[�v��}`[�"�, �`[�"�}F{q�, j\Æ. Froude X9 (Froude number) "y, U�`"/s

=,v Froude X9 [29]. u}>�9[v��o">,j�C�a>.=9[�ab`.=m`. m 2 }!wv>.2�O�j�mbY`�j&hm. Y`/srWXÆ<`, 9+F�x 24 =9H} 1 mm v<`f. �
2 &Q�94.=�>.2�O�lvBb19. }�}t 1 :5/>WIAw�e�Æ;5i2:

Table 1 Geometrical, physical properties and operating conditions used in numerical simulation model

Parameter Value Parameter Value

Inlet diameter of SEN, mm 115 Length of mold, mm 800

Diameter of SEN, mm 80 Length of vertical part, mm 2300

Length of SEN, mm 900 Length of bending part, mm 3200

Exit angle of nozzle, deg 15 Radius of mold curvature, mm 10250

Height of SEN port, mm 80 Casting speed, m/min 0.8, 1.2, 1.6

Width of SEN port, mm 60 Density of molten steel, kg/m3 7020

Submergence depth of SEN, mm 300 Density of argon, kg/m3 0.56

Width of mold, mm 1717 Viscosity of molten steel, kg/(m·s) 5.6×10−3

Thickness of mold, mm 228 Viscosity of argon, kg/(m·s) 7.42×10−5

= 2 0A\=-1��l�X_�i%gl
Fig.2 Physical diagram of the water model (a) and the schematic diagram of air blowing system (unit: mm) (b)t 2 :5�K�?/3 PP0twC2:

Table 2 Casting condition for numerical simulation and water model experiment

Parameter Value

Casting speed V , m/min 0.8 1.2 1.6

Steel flow rate Qs, L/min 313.18 469.77 626.36

Water flow rate Qw, L/min 20.04 30.07 40.08

Argon gas flow rate Qa, L/min 3.23 6.45 – 12.91 – –

Gas flow rate Qg, L/min 1.67 3.34 5.01 6.68 8.35 10.02
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3 ��Q8 
3.1 .*S}I?
���um 3 ?Q�&h4h��>.2�O�~Q1B℄9v`G\`�byH'(. `aZQ, ��a:v�dhs�, Y�>f9v`a'3}&hJbv+`G._>fQlv`GMT0p.{b�avrX{hs, `G2H
g, 0pv.{
g, M�K��*ÆvPqw

�Æ.. +`GLz*�, +':H��p1B℄v�%,Q!�1B℄9��v�H*�, f���*�; h�&���+`GvIUf!, 5E*gv`G.m 3a—d }Y`�} 3.34 L/min ��, >��
(�kG) ' } 20.4 b 40.08 L/min �v\`�byH'(. `�, m>��*+ (20.04 L/min) �, g+'`G�?�$>f2>Æ., M[>��v��, `a'(v�:(�%\>, �%2>v\`�v+���, l\`�vv)4xO$z, �`a�+=1B℄h!(Æ'(sTA�XÆ-. &MT*j}kG��, _1B
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= 3 =-1�N?u[_�&'�_FxG&'
Fig.3 Gas volume fractions (a, c, e) and size distributions (b, d, f) from the water model experiments with

Qw=20.04 L/min and Qg =3.34 L/min (a, b), Qw=40.08 L/min and Qg =3.34 L/min (c, d) and Qw=

40.08 L/min and Qg =6.68 L/min (e, f)
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��, �KOOxv�:V"l��, `a#`Gh8A�v|!, �E�%\`�v�g. ��1B℄9, m`GVKA�d��%K_$Y�3��QK�, j\, 9����v�gQK<�`Gv�vz�. m 3e b f }>��} 40.08 L/min�Y`�} 6.68 L/min ��1B℄9v\`�byH'(. �m 3c b d ��`/, �>��℄9v��, mY`�*+ (3.34 L/min) �, `a�+=1B℄h!(Æ'(A�XÆ, M[Y`�v��, 
l
�v`G�>f2>Æ.. &*j}Y`��gp℄�Hk, `a�>f9!Mv�F*g, `ag6�9[K'dN, �#dNv`G�1B℄9Vg�d��IUf!, <��E*gv`G, �>f2>Æ..m 4 &Q�
Jspv1B℄9m`vA�\`�'(bm`G����, �m' �lm 3 �v 3 Egi. um`/, u}.{vhs, `GqY>fk, |�72.Z (m 4a b b), p[%2>u}0�%�vn$,�(sf.. M[9��v��, >fQfU9[�K�GHG��, `G�9[vÆh�Vk�+��� (m

4c b d), &�g�`G�BLK_$Yv}v. M[>fY`�v��, 1B℄9`Gv9�b2HXx��l( (m 3), u}`G�H{�aMkhsv�, 5��1B℄9+�>vWU, j��Æ.VH�|�F72Æ. (m 4e b f), e`GvVk��+, g+'`G�\>>fvn�Æ.. 
J1U�>.2v�O1U|��f.m 5 ?Q�&h>���&hY`��`GvOXyH'(. �>��℄�v��, `GvOXyHM[Y`�v�g��g; mY`�℄��, >����, `GvOX2H�+. Bai b Thomas[9] {}, 1B℄9v`GyH'(0Y`�*g+vn$*+, u}9[ – m`v�%"{�9	*> – b`v 16 �, 9[ – m`v-T(} 150◦, *> – b`v 3 �, ��Æ9[v#*gy�j, �E��~Q1B℄9, m`GvOXyHTg}>.2m�v`GOXyH. lu}g68��1B℄9vm`yH'(, Oa>.2spv`GOXyH9M, �s}�Bhv94
Jm�.m 6 ?Q�&h9��b&hY Ar ���, 
J

= 4 83	Iroul_[_�&'al_F����
Fig.4 Predicted argon volume fractions (a, c, e) and argon bubble streamlines (b, d, f) from the caculation with

Qs=313.18 L/min and Qa=6.45 L/min (a, b), Qs=626.36 L/min and Qa=6.45 L/min (c, d) and Qs=

626.36 L/min and Qa=12.91 L/min (e, f)
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l
�vm`�9[�KvÆh���p1B℄h%vD'0℄�: (��8��:). um 6a `�, mY Ar �} 6.45 L/min, 9��_ 313.18 L/min^:p 626.36 L/min �, �0�Ævm`OXa�'9u 0 ��p 0.01. M[Y Ar �v��, `GOhv.{D��, �H{9[vMkhs�g, �ELz��+. um 6b`�, m9��} 626.36 L/min, Y Ar �_
3.23 L/min ^:p 12.91 L/min �, �0�Ævm`OXa�'9u 0.004 ��p 0.012. ey�D��v�89M�+: m`�Æ�%vEQ�:"�}1B℄�0*&�Dv, eM��v�q"�*g.
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= 5 =-18u_FxG&'
Fig.5 Bubble size distribution curves from the water model

experiment

3.2 ��,'|�~w�}1B℄9v%�D��*69[_?�$>f�6�Qk5Ev��>'(&M1B℄�0�DvM��). ��M�vn91B℄�6�D�:9[v�G&y, u%�G&yvn9u%<�j	S�, n$9K<�. ay'�<��jxg�: p�>fY�+�>f9+1Æ���>f&��y. Gupta b Lahiri[30]/s>.2�OLJ�1B℄9vM��), {}>fQfUBSv	��1B℄h%vIU*n91B℄9��&�Dv���j, h���v&��:Vv�E��!$v�q.m 7a b b ?Q�>��} 40.08 L/min�Y`�} 3.34 L/min ��, >.2�Ospv&h�a�a�2. `aZQ, �a_?�$>fQf�Qk5Ev�>, �1B℄�+ (�pn) v'(M1B℄�0*&�Dv, � t1 �aF�y6M�, t2 �aF�e6M�.m 7c b d &Q�9[��} 626.36 L/min�Y`�}
6.45 L/min ��, 
Jspv&h�a
J�9v9[�2. `aZQ, � 95 s �a, 9[F�y6M�; CV
55 s k, �� 150 s �a, 9[{F�e6M�. 
J1U�>.2�O1U�*�f. N:M���v�:`a��, M�����pnup�2> (>.2}u%�
0.9 m, �.2}u%� 2.7 m), &=1UB+�pnup�vm55W�1B℄9+�>vn$*g. gV&h�av1B℄9+�>'�`/, 1B℄9v�>&:�b��{Æa�p�:b&XÆ:, sM��K � �q. &�D�>Ox&��:, M�*V�v, �D

= 6 t�$?/~ul_`~&8�7
Fig.6 Argon volume fractions monitored at the meniscus with different steel flow rates (a) and argon flow

rates (b)
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= 7 =-1�Na	Irou�`�1
Fig.7 Flow patterns from the water model experiment at t1 (a) and t2 (b), and the numerical calculations

at 95 s (c) and 150 s (d)*��v�Dyv. gVN:>.2�Ob�8
J�>��, M�vHS:&+�.LJ~Q1B℄9�>���, �U`GbÆ�vÆ.G+}kKG, 3 Q!#
�Æ.p�9, �*M[9[℄Z��, dC=��9�5EQKv�. `G�Æ�0�a�"ohs, _z{G('�, `G
– Æ�vf�j�j=�)v_u:z, Oa`G�d�2+2Æ�. Miki b Takeuchi[31] /s�)�F'��Kv�, 1U�+: 2H} 500 µm vm`G`a�29�= Al2O3 ℄y. gV�09Ah℄�&R�&h�a�;kv�K (Jb} 39 m×3.2 m×0.025 m) <7B�"W��8, ��v� (`GbÆ�) F�%�U�%�D'(. �BhCrv&h�avW�mP�&,3�Kv�v���:*�qv�&�Dv, �m 8 O&.\1U�^B+1B℄9v�>*%�Uv�&�Dv,a�M��).m 9 ?Q�&h4h��1B℄99[vA�G"�'(. 1U�+: `Gv7}#2-n$1B℄99[v��7}. m 9ab b}Y Ar � 6.45 L/min��, &h9���v9[�>. `aZQ, m9��*+
(313.18 L/min) �, u}g+'`G�?�$>f2>Æ. (m 4a), MkH{v9[(Æ��, ��Æ9[��v��*+, Oa�E℄+'9[2-Lzp>f2>vu%, 5E�Æu�!("�vj	, 9[���1B℄�%vLz�Æ^, m`av&EMkhsgg�, v

= 8 
JV
u�u&'
Fig.8 Distribution of slab detection defects at t3 (a), t4 (b)

and t5 (c)�Eu%9[v��, Oad;9��bY Ar ��Æ.�K<�*8MFTv. M[9��v��, `GOXyH�+, `G�1B℄h%v'(*}XÆ (m 4b), u}9[��v���g, Oam`G�9[��vMkh



} 5 Q �>hx : |O/�[7k^/7Y� #�Sn�Y8te�,;KI 521�s&R+�, �m 9b O&. m 9c O&}9��}
626.36 L/min, Y`�} 12.91 L/min ��, 1B℄99[vA��>. �m 9b ��`/, �9��℄9v��, M[Y Ar �v��, u}
l
�vm`G�>f2>L�Æ., m`�9[vMkhs�g, Oa#9[�>f2>vG�g, ��%vLz�Æ^.>fY Ar �, 1B℄[%"�7}�"7Æ�vsR�S���9bk�gFT. m 10 ?Q�&h9�

�b&hY Ar ���, u%�0�Æ9[G�v�89M. \U/s9[G�l�*1B℄[%v"�g+. 1U�+: u%Uv9[G�"�*g, �Y
Ar �℄��, M[9�� (kG) v��, �g�>fQfU9[�KvG�, 
l
�vm`�9[�KvÆh�:H��p1B℄�U. um 10a `aZQ, mY Ar �} 6.45 L/min, 9��_ 313.18 L/min ^:p 626.36 L/min �, �0�Æv9[dg"�G���

= 9 8Zu��F�!�&'
Fig.9 Molten steel instantaneous velocity vector plots in the mid–plane of the mold with Qs=313.18 L/min

and Qa=6.45 L/min (a), Qs=626.36 L/min and Qa=6.45 L/min (b) and Qs=626.36 L/min and Qa=

12.91 L/min (c)

= 10 t�$?/~u8ZF��7
Fig.10 Molten steel velocities monitored at the meniscus with different steel flow rates (a) and argon flow rates (b)



�522 6�1�D�� } 49 Rgk�+, &*j}�g9��#`G�1B℄9vf�����, ���`G�9[vhs��, j\, `Gv.{hs#9[v���+. �9��℄�v��,��Y Ar �, `G�H{9[vMkhs�g, Æ�v9[�u%UkZv"��Q, [%�Gv"�+��g. um 10b `�, m9��} 626.36 L/min,Y Ar �_ 3.23 L/min ^:p 12.91 L/min �, �0�Æ9[vdg"�G�:Hp 2 m/s, \�[%��bS�v���g.

4 � 
(1) ^Q�℄E
J~Q1B℄9m`/9[�"%�U��vg	.=.2, �s�KW�v��81Ub>.2�O1UO.
J1Uv|SÆ, sp�1B℄9m`/9[�"p���[*. �9��*+�, m`GqY>fk, |�72.Z, p[%2>0�%�vn$, �(sf.. M[9��v��, m`'(v�:(�%\>, �%2>\`�v+���; M[Y Ar �v��, 
l
�v`G�>f2>Æ..

(2) m9��℄��, m`GvOX2HM[Y`�v�g��g; mY Ar �℄��, 9���g, `GvOX2H�+.

(3) 1B℄9v&�D�>Ox&��:, M�*V�v, �D*��v�Dyv, M�vHS:&+�. M�����pnup�2>, �+1B℄�pnup�vm55W�1B℄9+�>vn$*g.

(4) m`Gv��2-n$1B℄99[v��7}, `G�1B℄9v��7}MT0Y Ar �b9��vn$. mY Ar �℄9�, M[9��v��, `G�1B℄h%v'(*}OX, �9[��vMkhs�+,��%vLz��^; m9��℄9�, M[Y Ar �v��, m`�9[vMkhs�g, #9[�>f2>vG�g, ��%vLz�Æ^.v��D
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