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ABSTRACT Underwater wet flux–cored arc welding (FCAW) has great potential prospects of wide
application in ocean engineering due to its easiness of automation and high weld quality. However, the
thermal process of underwater wet welding is more complicated: the arc energy distribution is more
concentrated in high–pressure environment of underwater, the convection heat transfer coefficient of the
weldment under water is much larger than that in air. This study focuses on establishing the numerical
model for analyzing the thermal process and the temperature field in underwater wet FCAW by using
the FEM software SYSWELD. Both the generalities and peculiarities of the conventional GMAW (gas
metal arc welding) in air and underwater wet FCAW processes are taken into consideration, especially
the two remarkable characteristics of underwater wet welding, i.e., the water compressing action to
the arc, and the enhanced heat losses caused by the surrounding water. Based on the calculated
temperature profiles, the weld bead shape and sizes are predicted in underwater FCAW, which lays the
foundation for the process optimization. It is found that under 4 groups of typical welding conditions
the calculated weld bead dimensions are in agreement with the experimental ones, which validated
the energy distribution pattern of the heat source and the numeric model for underwater wet welding.
Experiments showed that the weld bead was thinner and deeper in underwater wet welding than that
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in conventional GMAW under the same welding parameters, while the variation regularity of weld bead
profile is similar.
KEY WORDS underwater wet welding, flux–cored arc welding, temperature field,

weld bead profilefFB|wb�~fRsofFOJ�Uo<�w*�, �9	i;�/�fFOJw	Uo�D�/ [1].9	�#i;^EH�|��/k���oOX)i,\l[fwfLP [2−4]. 9	�#i;�i;2
 ;s9�;V, �9-_z$rK�z�I;-b{wi;�/ [5]. 9	�z�C8oP�w_Mfw�R	, �zw�8�+Po4�������<�, O,wte^,L����9w�� [6−8]. � *bomI-i;w6�V��9	i;wYeY+dJ�sL 8�, 9	i;�Uw+�L1Vn* [9]. Ywg�vi;OAo4Zr$n9	i;�<~*4�G3K; io^ l�w'9&�, igOX�Arh�9	i;OX*H*�*�, �SH�C�. g�;V�V�OM^,	9	1)iOX [10]�9	&O�ziw���i^�H++�{ [6,11], klZ9	�#i;4#)6w;V�u|.3f4#)6s|�w�AA���sw&#, r;Vo-�9	i;wedJV�i2H+_�, 1q9	�#i;OXh�YR%�wz�RZo	U4Z, \l1Kwz�[\oOJ�f## [12]. �;Vf�9	�#i;w7KV� — 9	8���zw8Ko9�R-O,teD�wYC, fl�ys, SYSWELD, 0���fw�#C��i;&# — �#J#i=l��I[�|�zi; (FCAW)[13−15] edJw4#-�)', sT�*bOX54i2H+s+>Naw�'4Z, s�A�bJ-���-�, R.S��9	�R�i2H+wd�.

1 ��b^��A C*w9�-J-�9	�# FCAW i;OX�A. 9�3f*2AX$, �8�%�!Z, �o[:	". O,q 100 mm×100 mm×10 mmw Q235A�, �R9x 298 K. -"�9�-P��
�9 (O,vo9 	 260 mm) ol℄t 9 (mI-i;) wUp	, J- FCAW i;, i;OX54q: i;�Æ

245 A, �z�8 29 V, i;D� 250 mm/min. oh 1,�bHwOX54^,	, 9-omI-i;wi2H+l�Æ#w��, mI-i;wi2loq 13.4 mm, l�q 1.8 mm, pCC�q 2.2 mm; �9-i;wi2loq 11.7 mm, l�q 2.2 mm, pCC�q 3.1 mm. iVT, ����N9-, 9��zww_o8KMfL�#�w, 9-i;+Hwi2#��, lo��, l� f, �;#�zP�$K, 4��-. k�, iv�&2l�i=wE��l�9��; l4G,?��8�w%p}, ��H8CwpC. q��vA�4#)'w�A4Z, b�� 4 /OX^,	w9	�# FCAW i;OX�A, �wOX54o! 1 N�.

� 1 lH,n8�� FCAW h:vh1G*��
Fig.1 Comparisons between the weld bead profiles for

welding in air (a) and underwater wet welding (b)

(Welding current 245 A, voltage 29 V, welding speed

250 mm/min)S 1 :
$ FCAW j<PY65
Table 1 Process parameters used in underwater wet flux–cored arc welding(FCAW)

Test No. Average current I, A Average voltage U , V Welding speed v0, mm/min

1 180 27.0 300

2 185 27.5 250

3 187 26.5 200

4 185 30.5 200
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2.1 {$Wp\y�u�h 2 N�wN��	, i;eYn&Jq:
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= qs − qcr (2)

qcr = αcr(T − T∞) (3)�-, qs qe|	 �O,! yweÆ; qcr �^�Æo5}�t�weÆ��; αcr q�Æo5}�BwDseYn�4; T∞ ��Rx�.O,	! :

k
∂T

∂z
= −qcr (4)�o�E (x=0):

∂T

∂x
= 0 (5)R�^,:

t = 0, T (x, y, z, 0) = T∞ (6)�O,)'J-l�y-F, J-m&to�&twxt, sp'�/wh4&JI. f
h#XA:'�/&JI,  '$�, �sp*b�kwx�>. ix�-,isi2wH+54.

� 2 �E(&nmG�,�Zg
Fig.2 Schematics of weld area and meshes of the model

(a) isometric view (b) left–side view

2.2 hu�gs����0� 100 mm×100 mm×10 mm >�)', =-��)i2. ioi2��w�p[�E, $Si;YeY+dJ�b, \i2-%Q8w
I)'J--�, oh
2 N�. t=0 s �, b�	i, \�e|-%voN��z�, $JiO= y 5�&�-J.� SYSWELD wl�y-�-, 3Kw0�+2�l4G,wiy, ax �S�we|h\�zol}�O,<�eMf, �F",x�>. �/&��i2oK2Yx�>w)6$*W�(oN`, 3KJ-�℄b�. f���i;dJ-l}d��lLÆ�olL! �+{8�w�z – l} – lLMfdJ, �;V3\��& wV)Wz. ', i20-wnHw0k, pC�q)�WzH:��, �pC0-w	&V"�)QI	�w (��Wz-, �i2-%��8-"\�℄[�). �	� opC:���&0-w[nH�)HQIiyI, '&q Group“BEAD”, :I�kw[nH�)H�QIiyI, '&q Group “PLATE”, oh 2N�. BEAD 0-3f�>iyw&#Wz, �se|Mf%p2, e|-%L&wiy*��, e|-%x&wiy�$5s�F, +H$wpC. E℄, e|-q�0-: QI Gaussian -,e| ��	� y,  V�>iy�/wMf, &;f���Mf	wlL! �+olLÆ�_Fwe�	M. �Q0- �� BEADIy, 3f6jW[�e|,  V�>iy�/, &;f��^qlLis�PPG,Æ�grwe��xY�, oh 3 N�.	� y, Gaussian e|w!�q:

q(r) =
3QG

πr20
exp

(

−
3r2

r20

)

(7)�-, q(r)�℄xe|-% r WweÆ��; QG �Gaus-

sian e|MfwEQ�; r0 � e��w
S.

BEAD I2, 6jW[�e|weÆ!�q:

q(x, ξ, z) = qfmexp
(

−
3x2

b2
−
3ξ2

a2f
−
3z2

c2

)

(ξ ≥ 0) (8)

� 3 d{���Zg
Fig.3 Schematic of heat source deposition
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q(x, ξ, z) = qrmexp

(

−
3x2

b2
−
3ξ2

a2r
−
3z2

c2

)

(ξ < 0) (9)

QD =

∫∫

D

∫

q(x, ξ, z)dxdξdz (10)�-, q(x, ξ, z) �Ve|-%qz�0�w�N��	�
(x, ξ, z) WweÆ��; ξ=y− v0t(E-, v0 qi;D�);

af o ar -"�6jW[wL0A�ox0A�; b o c-"�
o�o��; qfm o qrm -"�Lx0e|w-%eÆ��; QD �6jWe|MfwEQ�. )6�b!#, QD/QG q 1.5 � 1 �8qs�.

2.3 "℄���anwÆ[�&Z���q
Suga { [16,17] o Schmidt { [18] -";V�C8I[�R	w�z-q. ��� [19] oDK% [20] -"�9	�#o9	>#i;�zJ-�\A��;V.

Azar { [21] o|&�{ [22] -"�C8	w�z>PJ-�0)�F. y0;VsTw�b*L�b, k��hq�Q�8�%p2, J�R8�
 , �z S*����
 , �z�vX�lNy�. 9�R-w�z-qsC8I[�R	w�z-ql�A�W. b�, 9MqteD+, Ew_4�`��mIPu�,  y�|I[w[�Mf�9[X0Æ�, JQ. P�O,! w�Æ�edJ, �9YC�Æ�e�4; �k, 9w)W>PL�ffd�te [23]. Dy, �8o�_wI[�|i,9	i;edJl�IfTwV�. (1) 9w8�V�9ww_Mf��z(p8K, bHi;OX54^,	i;e|4�Lq�-; (2) 9	i;�, i,! w�Æ�e�4Co�ymI-wUp.-L, ^|9	�z(8KJ�o4�-,wN`��!0. k	o`�zA, 1mI-i;we|)'o�&�Na8K���Na
f, fo!��z4�w�-.9-O,! �Æ�e�4�*bwx��9ÆD��X0)W>P	;"uf, f�p�A�� 298 K 9�-J-, 98q>Q, JZz� [24] 4\�mI-! �e�4w 10 �fo�F. �OM7KS�9	i;edJ

wV��i2H+wd�, NV��y0V�, �l�y)'K�V	h�o"�.

(1)i;e����_wmI-wl��I[�|iwi;e����, \ 74%.

(2)O,! �3pY�e�w7K&�q5}o�Æ, E-5}te�4 αr q [24]:

αr = εrσ(T + T0)(T
2 + T 2

0 ) (11)�-, εr q�[w�}�, nEt�, �}\ 0.8; σ q
Stefan–Boltzmann �4, \ 5.67×10−8 W/(m2·K4);

T0 \ 293 K.O,! w�Æ�e�4 αc \mI�R	�f#
25 W/(m2·K) w 10 �, � 250 W/(m2·K). O,wDste�4 αcr q:

αcr = 10αc + αr (12)

(3) f�9	�z(W1, 4��-wV�, s�_I[�|iwe|54��, �lo&�ye|w-,54\��#, l�&�ye|-,54\�f#.�we|)'54o! 2 N�. ! 1 -i;OX54qi;dJ-9�w>`#. 1, 2, 3 l�Aw�z�8oi;�Æ	��b, NV3f�b-,54we|)'. 4 l�Aw�z�88C, �wzA�A, o�3f�o�oLx0A�zfwe|54.

3 ��xjr}�;VNfw Q235 |QA2
wl�q 1783 K.A�wne�4 k o�en cp Jx�w��Upoh
4 N�. ne�4 k � 1173 K V	Jx�y����, � 1173 K VyJx�y���f. �en cp �
1073 K JmpQI�f#, �xJx�y����, �� 1173 K xnJx�y���f.\�F)'-e|-%-Jp y=75 mmW (\�x�>UOJq?{P) �, V y=75 mm Ww� Ki2H+-�, $s�ANswO,w= h<J-��. 1,

2, 3, 4 l�A�wi2H+9"o)6�boh 5 NS 2 �GOgf}*(x.-65
Table 2 Distribution parameters of the corresponding heat sources

Parameter of the double–ellipsoid Parameter of the Gaussian

Test No. heat source, mm heat source, mm

af ar b c r0

1, 2, 3 2.50 5.50 4.20 1.25 3.39

4 2.50 5.80 4.50 1.24 3.51

Note: r0 is the radius within which 95% of Gaussian heat source energy is applied; af and ar are the lengths of

front and rear parts of the double–ellipsoid model specifically; b and c are the half widths and depth of the

double–ellipsoid model specifically
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Fig.4 Curves of thermal conductivity k (a) and specific heat cp (b) vs temperature (the temperature of surrounding

water 298 K and melting point 1783 K)
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Fig.5 Comparisons of the measured and calculated weld cross–section (left) and fusion line (right)

(a) test No.1 (b) test No.2 (c) test No.3 (d) test No. 4
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Table 3 Measured values of weld dimensions of test Nos.1, 2, 3 and 4

Test No. Weld reinforcement, mm Penetration, mm Weld width, mm

1 2.8 1.9 9.7

2 3.1 2.3 9.6

3 2.9 2.8 9.9

4 2.9 2.7 10.3�. h 5 -, Jt�i2w� �Fs�A�bw��,mt�ls��Fs�A�bw��. E-, i2w� �F�bN9u�, *b<u!�*bwx�#, Eivq K. ��IO,J-�RF�s�Iw= , \?{PYt-H+kw= J-[:9�, pCC��l��lo4Zo! 3 N�.ih 5 o! 3 i�, �Fspwi2H+s�A#�8�A, lo�l��'�;K, ls�wF�L�8Q(, �#0�we|)'e�-,)�o9	�#i;l�y�F)'4W)69	�zwMfV�o9	�#i;;ewH+V�.

1, 2, 3 l�Awi;�Æo�z�8	��b, iD*b, n(i;�4�*b. iD8|w 3 lO,wi2l8fwl�olo, �iD8Cw 1 lO,wi2l�8�. iVhq, ��Kwi;�Æo�z�8	, i=wl�D��b; iD�f�, iv�&2l4oiqywG,�*|, �+H�8�wi2w= �, ;#9	i;i2H+w_�s�_wl��I[i;�A.

2 l�ANswlo� 1 lwlo, *6s_�,�i4si�*{��V�9	�zw*{�/lZ, V"�^qi=J#���I� ^w�|I��z�l}o3p9[w�}>, �z_��zA�l}wd�{&�/8f, �si2wH+L\8�/o9a/. 1 lo 2 l�3 l�Awl4G,?�4*b, s�/8�>grw9a/lZ, ^�lo4Zl*6s_�wUp. 1 l�A^,	�FNswi2lo��A#K�,s�F-3fw?�4lZ�. �\LY	, 1 l�A^,	wlo�F#� 2 lw�, 6swD, L;#��/9a/. �A-(.o�z��w&�8q#�, �si2H+�b�`�. iVhq, �#i;-l�K3fd>4�LPL{�wi�r<wi2H+.

2 l�ANswi2pC�08>, s�F#_�8f;℄. ��^ql�y)'-}#GWf�9	�|I�l}�9[��zw8�Mf, pC�qV:��)iWz, o�A#_�;℄�iVw�w. 4l�Aw�z�8� 1, 2, 3 lwf, iDs 3 lw�b, zA
 , z�y�z7=O,w �lN
 , NV 4 l�ANswlolN
 . Ha�zQ�
f�, k�iozA
 ,

9��zww_d�i4Lf, E[yi;e��i4lN2|, NV�ANswl�$�l
f, �'��o*�. �Fl�8�A#�f, i4se��i4\ 74%lZ,�H�lf�zA��i4grwe��w�o<�.

4 x}
(1) b��9	�# FCAW OX�A, ��bHi;54	mI-�9-i;w�A�b, �/~;#�9��zl#�w8Kow_Mf, �z4���Lq�-,bHi;54	i2L, l�L�.

(2) 0��9	�#i;edJwl�y)', )'f��9	�#i;�9	8���zw8KMfo9�R-O,teD�wYC.

(3) �F� 4 IOX54	i2H+s+>Naw�'4Z, $s�A�bJ-���-�, ;#0�we|-,)�o9	�#i;l�y�F)'4W)69	�zwMfV�o9	�#i;;ewH+V�.

(4) R.S��9	�#i;i2H+w9a/. �A�b!#, 9	�zw*{�/�i2H++�l8fd�.Tz��
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