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Abstract 
In this study, we experimentally examined a combustion field in a triple port burner. There are four flame configurations, 
consisting of attached flames, inner attached/outer lifted flames, inner lifted/outer attached flames, and twin lifted flames. 
Focusing on the transition process of these flames, the flow field was investigated when the external air flow velocity was 
increased at constant internal air flow and fuel flow velocities. Results show that, except for the attached flame, when the 
flame is lifted, the axial velocity toward the leading-edge flame gradually decreases downstream, takes its minimum, and then 
increases very rapidly. This minimum velocity is larger than the so-called laminar burning velocity. It should be noted that, 
different from a single lifted flame, the inner or outer flame is affected by the other flame located more upstream. For 
example, the downstream lifted flame faces the flow induced by the upstream lifted flame. Resultantly, a unique behavior of 
flip-flop between inner and outer flames is observed.  
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G>RI=>?2,@A-ST�&UV�WX-YZ[@A\+]#$@A9:C�^_`8ab4cdTriple 
flamee2fgh(Chung and Lee, 1991)(ijk, 2010)(lm, 2010)�E-^_`8ab4c�nohGp'�%O�
qr8�"�st2uv<GH�(Muller, et al., 1994)Iwx�yz{|4}�~HR����-��2��h��
��-��C�2��D<GH�(Chakraborty, et al., 2009)(Lee and Huh, 2011)(Shim, et al., 2011)I��������
��G���+�qr8-P��N&,�����(Peters, 1986)(Yamamoto, et al., 2003)(��, 2010)I 
��&�� 1-+����678-��������678� ¡hR¢�£345�~HG�������
��+,�%¤¥¦N=>?2,@A�§HGPQhG>R(Yamamoto, et al., 2011)(��k, 2012)(Yamamoto, et 
al., 2012)(Yamamoto and Takemoto, 2013)I��¨���©���ª2��(Blevins, et al., 2002)(Mikofski, et al., 
2006)(Sze, et al., 2006)I¢�£345�&�«§-��678�¬§-��6782fg"�R­������-
®¯�¬§fgh�@A&������¬§BCD<�IK-°��±²-@A2345�³nhR³n@A

(Attached flames, � 2a)���-@A-t2=>?2���=>?2,@A(Inner lifted/outer attached flames, � 2b)�
��-@A-t2=>?2���=>?2,@A(Inner attached/outer lifted flames, � 2c)�±²-@A2���=
>?2�´�=>?2,@A(twin lifted flames, � 2d)- 4§-@ABµ2fg"�E��¶·hRIE<:-@
A2BCD<�'()*�§HG&�E<J�-���\HGPQhGH�(Yamamoto, et al., 2011)IJR��¸
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Ýw�&�b4Þ�ß��2àáhG>GH�E�9:�PLIFdPlanar Laser Induced Fluorescence�b4Þâã
äåæeN PIVdParticle Image Velocimetry�çèéê'(�e�ë�+,�@A�'<O-ÚÛ�PQ2ìí�
�ÙG>GH�(Yamamoto, et al., 2006)(Yamamoto, et al., 2007)(Shimura, et al., 2011)(Steinberg, et al., 2011)(îï, ��, 
2013)IKE�����&�¢�£345�+,BCD<�=>?2,@A�ðñ��PIV�~HR(òO-�ß
�uH�=>?2,@AwÖ-'<�§HGóôRIõ��¢�£345�&¬§-@A2BCD<�R­�@

Aö÷-øù�§HGúûhRI 
 

 

Fig. 1  Triple port burner 
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Fig. 2È Photographs of flames in a triple-port burner; U2F = 0.6 m/s,  
(a) U1A=0.4 m/s, U3A=0.2 m/s  (b) U1A=0.6 m/s, U3A=0.4 m/s 
(c) U1A=0.6 m/s, U3A=0.7 m/s  (d) U1A=0.8 m/s, U3A=0.7 m/s 
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���~HR¢�£345-üý�&©�� 1�×hRIöþ¢�£LM������9:��������
���öþ��¥D��I��-��678&�� 10 mm���678&�� 14 mm���-��678&��
27 mm��,�_c-	D&K<
< 1 mm���I���&�}z�~HRIEE����-��'(�U1A�

��'(�U2F���-��'(�U3A�"�I�
&U1A� 0.4, 0.6, 1.1 m/s�h�U3A� 0 ~ 1.2 m/s-����
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�D�RIR�h�U2F& 0.6 m/s���hRI���&���-��678-������h���²�� rþ�
�D²�� zþ�hRI 
��&E<J�-���\HG�� 2�×hR 4§-@ABµ2BCD<�'()*�óôGH�(Yamamoto et 

a., 2011)IU1A2�� !DH 0.4 m/s�&�U3A�"#�$�"����@A���@A-±²2³nhR³n@

A2BCD<�IK-%U3A�&�D�GH�����-@A-t2=>?2���=>?2,@A'�ÔÕ"

�I�²U1A2 0.6 m/s�&��-ÔÕ2(:<�IU3A�"#9:&�D���U3A = 0.25 m/s�\HG��-
@A2)�=>?2�d��=>?2,@AeID:�U3A�¾>�"��U3A=0.65 m/s¨?-���&��-@
A2=>?2��ö*���-@A2+³nh���=>?2,@A'�ÔÕ"�I 
R�h�U1A2 1.1 m/s�&D:��-ÔÕ2(:<�IJ,U3A = 0 m/s�&³n@A2BCD<�IU3A�&

�D�����-@A-t2=>?2��E-J�&U1A = 0.6 m/s�ö.���2�U3A = 0.65 m/s�±²-@A
2=>?2�´�=>?2,@A2BCD<RIR�h�D:�U3A �&�D�G���@A-+³n/ñ&(
:<�9ÙRIKE��
&�E<:-@A-ÔÕW0�'<O����úûhRI 
 
�%��� ()*�+,-.�

PIV-üý�� 3�×"I$på�1�R­-238485YAGb4Þ(Quantel6 Twins BSL200)�éê�7
8"� CCD9�:(JAI6 CV-M2)9:LCD<�Ib4Þ-;<& 532nm��,�¸4^å�hG'<O-´
=>�ß�uÙRI¸4^-	D&? 1mm ��,�¢�£345-��þ�@�+��ABhRIb4Þ�9
�:-CD&¬E-rF}8rGbHI485FJKb4}4(STANFORD RESEARCH SYSTEMS6 DG645)�
~HRIL��*M�78hRéê�44N58yz{|4}�OP"�E���(òO��¥hRI 

PIV -�ß)*�Q 1 �×"I^b4Rçè�&��STK¸Uc(VWç� 1.8 �m)(Yamamoto, et al., 
2006)(Yamamoto, et al., 2007)�~HRI78*�&�CCD9�:-bz7�3zX45aG8}�Y,³Z@A
-[àåN\�9:-]å�^_hRI7801&éê-���345-��þ2�`"�+��óah�b -44
crc44 mm�0czc67 mm�d -25crc25 mm�0czc39 mm- 2§-)*�uÙRIb4Þ-*eef&b�
& 300 �s�h�d�& 100 �s�hRI78�~HR9�:-ég�& 1600 pixelh1200 pixel���IPIV�+�
�ß&Ý¾ 15 Hz-Rz`_zT\i�uÙR2�@ABµ-ÔÕW0�\Z�'<O�@A-�j�klm�
�E�2�>�E��¶·hGH�Ino01& 33 pixelh33 pixel-pB01�h�50 q-r434:s`��
ÙG(òO�t­RIE-O[�(ò��¥"�uèefdno01-RH7e&�)*b2 0.89 mm�)*d
2 0.52 mm���I 

 
Table 1  PIV measurement condition 

Condition 
Image area  

(mm) 
Grid length 

(mm) 
Interval of laser shot 

(�s) 
Sampling frequency 

(Hz) 

b -44crc44 
È 0czc67 

0.89 300 10  

d -25crc25 
È 0czc39 

0.52 100 15 

 
 
È

È

È

È

È

È

È

È

Fig. 3  PIV system 
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J,�³n@AdU1A=0.4 m/s, U3A=0.2 m/se���=>?2,@AdU1A=0.6 m/s, U3A=0.4 m/se-�vwx�y
*-´=>(òO�� 4�� 5�×"I(òO&)*b��ßhR�-���I� 4�&��þ³wdr = 0 mme
�\HG��@A-�%./�+�z{|2(:<��'}ë(ò2�(D<GH�E�2v9�IE<�ðh

� 5�&���-@A2=>?2ÙGH�R­���-~ò2�H z < 16 mmJ�&(ò2!D��z = 16 mm�
����'<2\���2ÙG(ò�¾>��ÙRIKE��=>?2,@A2BCD<GH��¡d@A-S

Te�'<O�ÚÛ�PQhRI 
� 5-��=>?2,@A2BCD<GH��¡�-þ²�(ò vz-��²�l��� 6�×"I@A&��
ð���HR­���-=>?2,@A2BCD<GH� z =16 mm�\HGPQhRI���×" r = 4.4 mm³
w-��&���@A-��²��¡�QhGH�IE<�+�����@A2BCD<GH�³w�'(2�

!����E�2v9�IE-þ²�(ò-�!��t­R�E- 0.47 m/s��ÙRI 
=��þ²�(ò2'<²��ë-+����"�9�óôRI� 7� r =4.4 mm�\Z� vz-þ²�l��

×"I��-��&@A-�¡�QhGH�IE<�+��þ²�(ò&�=>?2,@A-ST�w���v

,9���h�z = 16 mm³w�¾>�&�hRI��-=>?2,@A& z =16 mm�BCD<GH�E�9:�
þ²�(ò&=>?2,@A-Yz�����z{|�+,�(D<�K-%&�hR�-��v<�IE-�

�&�E<J����2uÙR��¸Ò|b4¸Óz-°�(��k, 2012)�+�ð/hGHRI=>?2,@A
�&�@ASTdedge flamee-(ò�=>?2,@A-�%(òd@AST�\Z���-�%(òe2�,[
�E�2��D<GH�(lm, 2010)2�=>?2,@AST-(ò�� 7 -þ²�(ò-�!�9:t­��
0.47 m/s��,��}z-Ý¾�%(ò��� 0.34 m/s(Lewis and von Elbe, 1987)+,¾>HE�2v9ÙRI�\� 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Photo of attached flame and instantaneous velocity field; 
È U1A=0.4 m/s, U3A=0.2 m/s 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5  Photo of inner lifted flame and instantaneous velocity field; 

È U1A=0.6 m/s, U3A=0.4 m/s 
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Fig. 6  Radial distribution of axial velocity at z=16mm;  

U1A=0.6 m/s, U3A=0.4 m/s 

È È

Fig. 7  Axial distribution of axial velocity at r =4.4 mm;  
U1A=0.6 m/s, U3A=0.4 m/s 

 
E- 0.34m/s &Hv���'�%(ò��,�«=>@A�+/D<��%(ò���I=>?2,@A2BC
D<GH�'<O&E-+���� �O�L�ÙG\,�=>?2,@AST�\Z�'(2�'�%(ò+

,¾>���E�2��D<GH�(Ko and Chung, 1999)(Kim, et al., 2007)IE-���hG&�@A����²�
-Xò� N~ò� -8��@A�<��@A� �-8�2���ú�:<�2����+,E<:-PQ

�u�E�&�>�HR­��%��¸Ò|b4¸Óz�+,¡:9�hGH�Y����I 
È

/%�� 45��6789
������:�;<=�>?��

¢HG�³n@A9:��=>?2,@A�ÔÕ"�£-'<-���§HGPQ"�IU1A = 0.6 m/s, U3A = 
0.25 m/s�&³n@A2BCD<�2�EE9:U3A�¤9�&�D�����@A2=>?2�IE-�>-

(ò¥¦^8-��� PIV��ßhRI=>?2,@A-STwÖ-'<�ÚÛ�PQ"�R­�3I2§¨¨&
(òO�)*d��ßhRI©*M�\Z�çè-$péêd?- 4§e�1:<R(ò¥¦^8d�- 4§e
�� 8�×"I(òO-ß�& 15Hz�uÙGH�-��©éê& 1/15ªef�1:<R�-���IU3A = 0.25 
m/s9:U3A �v,9�&�D�Rye� t = 0 s�hRI@A�-«%�&¬ò2¾>�L��E�9:�=>
?2,@A2BCD<GH��¡�&$på-­ò2¾>���"�IKE��çè-$på­ò9:��=>

?2,@A-ST-��²��þ²�-���� 9-+��õ�h�ST-�¡�� 8�×hRIU3A-&��

���H=>?2,@A&�'�Õj"�2�K-��²��¡&=®���²��Õj"�E�2v9ÙRIÈ

=��þ²�(ò���²�(ò-���§HGúûhRI� 8�\Z�©*M-þ²�(ò���²�(ò
-´=>l��� 10�� 11�K<
<×"I��×hR¯&��@A-ST2BCD<GH��¡�×"2�
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=>?2,@A-ST�'�"�(ò��10-þ²�(ò-�!�9:t­R�E-�t =0 s�&0.18 m/s�t =1/15 
s�& 0.30 m/s�t =2/15 s�& 0.34 m/s�t =3/15 s�& 0.35 m/s��,�=>?2,�D-&�����=>?2,
@A-ST�'�"�(ò&&�"�E�2v9ÙRIJR�� 11-��²�(ò-°�9:�ë-*M�\H
G���=>?2,@A-�����²�-(ò2°���012fghRI��-=>?2,@A-?'�&

��-³n@A2fg"�2�E-��@A�+,�±2{|hG'<2��²�-¹°-²��²h�³:<

�R­���I?'�����-³n@A9:�'�����=>?2,@A��9�'<2fg"�E�9:�

U3A�&�D���=>?2,@A-ST�'�"�þ²�(ò2&¾h�=>?2,@A2+,�'�BCD

<RE�2×ØD<RI 

  

È

 
Fig. 8  Time variation of velocity vector with the particle scattering image (upper figure) by increasing U3A slightly 

  at (a) t =0 s, (b) t =1/15 s, (c) t =2/15 s, (d) t =3/15 s; U1A=0.6 m/s, U3A=0.25 m/s 

4 4.5 5 5.5 60

1

2

3

4

5

6

r (mm)

z (
m

m
)

           Inner   
t =0 (s)  
t =1/15   
t =2/15 
t =3/15 

È
Fig. 9  Position of inner lifted flame at U1A=0.6 m/s, U3A=0.25 m/s 
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È
Fig. 10  Time variation of axial velocity distribution by increasing U3A slightly 

  at (a) t =0 s, (b) t =1/15 s, (c) t =2/15 s, (d) t =3/15 s; U1A=0.6 m/s, U3A=0.65 m/s 
È

È

Fig. 11  Time variation of radial velocity distribution by increasing U3A slightly 
  at (a) t =0 s, (b) t =1/15 s, (c) t =2/15 s, (d) t =3/15 s; U1A=0.6 m/s, U3A=0.65 m/s 

È

/%/� 89
������67@9
������:�;<=�>?��

=����=>?2,@A9:��=>?2,@A'�@ABµ2ÔÕ"�£-'<O-���§HGPQ"

�IU1A = 0.6 m/s, U3A = 0.65 m/s�&��=>?2,@A2BCD<�2�EE9:U3A�¤9�&�D����

�=>?2,@A'�ÔÕ"�IU3A= 0.65 m/s9:U3A�¤9�&�D�R*-©*M�\Z�çè-$på-

éêd?- 4§e�1:<R(ò¥¦^8d�- 4§e�� 12�×"I� 8�ö´�$på­ò-��9:=>
?2,@A-�¡�õ�h���=>?2,@A-ST�µ¶����=>?2,@A-ST�·¶���×h

RIJR�E<:-@A-��²��þ²�-���� 13�×"It = 1/15 s� 2/15 s -e���@A-=>?
2,�D���@A-=>?2,�D2¸¹hGH�E�2v9�IK-% t = 3/15 s�\HG��@A2+³n
h���=>?2,@A�ÔÕhRI��-³n@A2=>?2��ö*���-=>?2,@A2+³n"�

/ñ����&@A- Flip-flop�º»�H�(Yamamoto, et al, 2011)I 
� 12�×hR©*M-(ò¥¦^8-l�9:���=>?2,@A-ST�&'<2��²�-¹°-²�
�²h�³:<GH�E�2v9�It = 0, 1/15 s�&��@A2��@A+,�?'���R­���@A9:
��@A��9�'<2fghRI�² t = 2/15, 3/15 s�\HG&���@A2��@A+,��'���-��
��@A&��@A-8��¾>�¼Z�H�-��v<�I 
� 13�����K<
<-@A�¡-*e���¶·"�IE<�+���¢½�×hR��-@A&=>?
2,�D2!D����§<��'ÕjhGH�E�2v9ÙRIö*�¯�×hR��@A��=>?2,�

D2¾>������'ÕjhRI  
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KE��þ²�(ò���²�(ò-*e���óôRI� 12�\Z�©*M-þ²����²�-©Cl-
�-´=>l��(ò¥¦^8�¾�� 14�� 15�×"I��@A���@A-ST�'�"�(ò�þ²�
(ò-�!�9:t­R�E-���@A�'�"�(ò& t =0 s�& 0.51 m/s�t =1/15 s�& 0.34 m/s�t =2/15 s
�& 0.26 m/s��,�=>?2,�D-������=>?2,@A-ST�'�"�(ò2��"�E�2v
9ÙRI�²���@A�'�"�(ò&�t =0 s�& 0.37 m/s�t =1/15 s�& 0.40 m/s�t =2/15 s�& 0.52 m/s�t 
=3/15 s�& 0.68 m/s��,�=>?2,�D2¾>���}ë��@A-ST�'�"�(ò&&�"�E�2
v9ÙRI 
E<:-��=>?2,@A-ST-�¡�� 12 �×"IE<J��uÙR��¸Ò|b4¸Óz-°�(�
�k, 2012)9:�U3A�&�D�����@A-=>?2,�D2&�h�N2G±²-@A-=>?2,�D2

¿h������@A9:��@A��9�'<-8�2����E�2v9ÙGH�IE<�+,���@A

�'�"�þ²�(ò2!D��,���@A2?'�ÕjhG+³nhR�-��v<�IE-O[���-

=>?2,@A&��-=>?2,@A+,�'��¡"�E����I��@A9:��@A��9�'<2

�>�R­�U3A�&�D�����@A-ST�'�"�(ò2¾>��,�=>?2,@A-@AST�\

Z��%(ò�'�"�(ò23:z5"��¡2�'�ÕjhG���@A-=>?2,�D2&�hR�-

��v<�I 
È

È È

È

 
Fig. 12  Time variation of velocity vector with the particle scattering image (upper figure) by increasing U3A slightly 

  at (a) t =0 s, (b) t =1/15 s, (c) t =2/15 s, (d) t =3/15 s; U1A=0.6 m/s, U3A=0.65 m/s 
È

È

È
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È
Fig. 13  Positions of inner and outer lifted flames at U1A=0.6 m/s, U3A=0.65 m/s 

È

È

Fig. 14  Time variation of axial velocity distribution by increasing U3A slightly 
  at (a) t =0 s, (b) t =1/15 s, (c) t =2/15 s, (d) t =3/15 s; U1A=0.6 m/s, U3A=0.65 m/s 

 

È

Fig. 15  Time variation of radial velocity distribution by increasing U3A slightly 
  at (a) t =0 s, (b) t =1/15 s, (c) t =2/15 s, (d) t =3/15 s; U1A=0.6 m/s, U3A=0.65 m/s 

�

/%A� 89
������67B�
������:�;<=�>?��

2I1§��ÀôR2�'()*�+,@ABµ-ÔÕ-Á²2L��E�2v9ÙGH�IEE�&���@
A-+³n/ñ2(:<�9ÙRU1A=1.1 m/s�\Z�@A-ÔÕW0�§HGPQhRIU1A=1.1 m/s, U3A=0.75 
m/s�$�h�U3A�&�D�R�>-©*M�\Z�çè-$på-éê�1:<R(ò¥¦^8�� 16�×
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Fig. 16  Time variation of velocity field with the particle scattering image (upper figure) by increasing U3A slightly 
  at (a) t =0 s, (b) t =1/15 s, (c) t =2/15 s, (d) t =3/15 s; U1A=1.1 m/s, U3A=0.75 m/s 
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