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Abstract

-Ø̶-や¬°Øßı¼ØŁやª©ßÆ³±²ı©-や³±ı-ºや±¹ı°œı-ºやS©¹±やı±や¹ıŁØœ½や³±ØŁやı-やº̶±や²³°-
Æı-Ø±や̶-Łやª©ßÆ³±²ı©-╆や"œ²æ©³ºæやS̶±æÆ̶ªøやı±や-©²やºØ-Ø°̶œœ½や̶や¬°©ÆœØßや¹ı²æや
-̶²³°̶œやº̶±やª©ßÆ³±²ı©-╇や ²æØ°Øや̶°Øや±©ßØや°Ø¬©°²±や©ŒやS̶±æÆ̶ªøやŁ̶ß̶ºØや¹ı²æや
Ø¼ı±²ı-ºやº̶±や²³°Æı-Ø±╇や¹æıœ±²やæ½Ł°©ºØ-やØ-°ıªæØŁやŒ³ØœやÆœØ-Ł±やª̶³±Øやª©-ªØ°-±や
ı-や ²æı±や ̶°Ø̶╆や5æ³±╇や ²æı±や¬̶¬Ø°やŁØ±ª°ıÆØ±や̶や¬°̶ª²ıª̶œや ̶¬¬°©̶ªæや ²©や ±²³Ł½や̶-Łや
̶µ©ıŁやS̶±æÆ̶ªøやı-や̶や¬ıœ©²や±ª̶œØやｱｰｰやø8や²̶-ºØ-²ı̶œや±¹ı°œやÆ³°-Ø°╆や5æØやS̶±æ-
Æ̶ªøや¬æØ-©ßØ-©-やı±や±²³ŁıØŁやØ¼¬Ø°ıßØ-²̶œœ½やµı̶や²æØやŁØ°ıµ̶²ı©-や©ŒやS̶±æÆ̶ªøや
œıßı²±やŒ©°や̶やµ̶°ıØ²½や©ŒやŁıTØ°Ø-²やºØ©ßØ²°ıª̶œやª©-Łı²ı©-±╆や"やæıºæや±¬ØØŁやª̶ßØ°̶や
ı±や³±ØŁや²©やµı±³̶œı¾Øや²æØや¬°©ªØ±±や̶-ŁやŁı±²ı-º³ı±æや-Ø¹や¬̶mØ°-±や©Œや̶µ©ıŁ̶-ªØ╆や
5æØや³±Øや©Œや̶ やªØ-²°̶œやŒ³Øœやı-łØª²©°やı±や±æ©¹-や²©やºıµØや±³Æ±²̶-²ı̶œやÆØ-ØR²±やı-や²Ø°ß±や
©ŒやS̶±æÆ̶ªøや°Ø±ı±²̶-ªØ╆や$©-ªœ³±ı©-±や̶ °ØやŁ°̶¹-や̶ ±や²©やßı²ıº̶²ı©-や²Øªæ-©œ©ºıØ±╆

Resumen

&œや³±©や ŁØや S³ł©±や ºı°̶²©°ı©±や Ø-や ª©-Łıªı©-Ø±や ¬©Æ°Ø±や ¬°ØßØ¾ªœ̶Ł̶±や ±Øや ³²ıœı¾̶や ̶ß¬œı̶-

ßØ-²ØやØ-や²³°Æı-̶±やŁØやº̶±や½やØ-やª©ßÆ³±²ıŸ-やØ-やºØ-Ø°̶œ╆や"や¬Ø±̶°やŁØや®³ØやØœや°ØS³ł©やŁØや
œœ̶ß̶や -©や ±³ØœØや ±Ø°や ³-や ¬°©ÆœØß̶や Ł³°̶-²Øや œ̶や ª©ßÆ³±²ıŸ-や ŁØや º̶±や -̶²³°̶œ╇や Ø¼ı±²Ø-や
ß³ªæ©±や°Ø¬©°²Ø±や±©Æ°ØやØœやŁ̶ü©や®³ØやØœや°ØS³ł©や¬³ØŁØや¬°©Ł³ªı°やØ-や²³°Æı-̶±やŁØやº̶±や̶ªま 
²³̶œØ±╇やØ±¬Øªı̶œßØ-²Øやª³̶-Ł©や±Øや³²ıœı¾̶-やßØ¾ªœ̶±やŁØやª©ßÆ³±²ıÆœØやª©-やæıŁ°ŸºØ-©やØ--

°ı®³ØªıŁ©╆や1©°やØ-ŁØ╇やØ±²Øや̶°²çª³œ©やŁØ±ª°ıÆØや³-̶や̶¬°©¼ıß̶ªıŸ-や¬°Àª²ıª̶や̶œやØ±²³Łı©や½や
Øœıßı-̶ªıŸ-やŁØœや °ØS³ł©や ŁØや œœ̶ß̶や Ø-や³-や ®³Øß̶Ł©°や ŁØやS³ł©や ºı°̶²©°ı©や ²̶-ºØ-ªı̶œや ŁØや
ｱｰｰø8╆や&œやŒØ-ŸßØ-©やŁØや°ØS³ł©やŁØやœœ̶ß̶や±ØやØ±²³Łı̶やØ¼¬Ø°ıßØ-²̶œßØ-²ØやßØŁı̶-²Øやœ̶や
ŁØ°ıµ̶ªıŸ-やŁØやœ©±やœçßı²Ø±やŁØや°ØS³ł©や¬̶°̶や³-̶やº°̶-やµ̶°ıØŁ̶ŁやŁØやºØ©ßØ²°ç̶±やŁıŒØ°Ø-²Ø±╆や
4Øや³²ıœı¾Ÿや³-̶やªÀß̶°̶やŁØや Œ©²©º°̶Œç̶や°À¬ıŁ̶や¬̶°̶やµı±³̶œı¾̶°やØœや¬°©ªØ±©や½やŁı±²ı-º³ı°や
̶œº³-©±や¬̶°ÀßØ²°©±や¬̶°̶やØµı²̶°やØœやŒØ-ŸßØ-©╆や&œや³±©やŁØや³-やı-½Øª²©°やŁØやª©ßÆ³±²ıÆœØや
ªØ-²°̶œや¬°©Ł³ł©やÆØ-ØRªı©±や±³Æ±²̶-ªı̶œØ±やØ-や²Ô°ßı-©±やŁØや°Ø±ı±²Ø-ªı̶や̶œや°ØS³ł©やŁØやœœ̶-

ß̶╆や4Øや¬°Ø±Ø-²̶-やª©-ªœ³±ı©-Ø±や±©Æ°ØやªŸß©やßı²ıº̶°やØœやŒØ-ŸßØ-©╆

Descriptores: 

̋ reflujo de llama

̋ flujos giratorios

̋ fotografía de rápida  

velocidad
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Introduction

The crucial feature of swirl burners is the formation of 

̶やªØ-²°̶œや°Øªı°ª³œ̶²ı©-や¾©-Øや〉$3;《や¹æıªæやØ¼²Ø-Ł±やÆœ©¹や
©Tやœıßı²±やÆ½や°Øª½ªœı-ºやæØ̶²や̶-Łや̶ª²ıµØやªæØßıª̶œや±¬ØªıØ±や
²©や²æØや°©©²や©Œや²æØやS̶ßØやı-や²æØやÆ³°-Ø°やØ¼ı²╆や)©¹ØµØ°╇や³--

œØ±±や ı²±や ±ı¾Øや ̶-Łや ±æ̶¬Øや ̶°Øや ¬°©¬Ø°œ½や ª©-²°©œœØŁ╇や ¬°©Æ-

œØß±や ª̶-や ̶°ı±Ø╆や 5æØや $3;や ª̶-╇や Œ©°や ı-±²̶-ªØ╇や °Ø̶Łıœ½や
Ø¼²Ø-ŁやÆ̶ªøやı-²©や²æØやÆ³°-Ø°╇やØµØ-や±³°°©³-Łı-ºや²æØやŒ³Øœや
ı-łØª²©°や ̶-Łや Œ̶ªıœı²̶²ı-ºや Ø̶°œ½や S̶±æÆ̶ªøや 〉4³Æ°̶ß̶-½̶や
̶-Łや$æ©³Łæ³°ı╇やｲｰｰｷ╉や5æ©°-²©-やØ²や̶œ╆╇やｲｰｰｷ╉や-ıØ³¹Ø-やØ²や
̶œ╆╇やｲｰｰｸ《╆

'œ̶±æÆ̶ªøやª̶-や©ªª³°や¹æØ-や²æØやº̶±やµØœ©ªı²½やÆØª©ßØ±や
œ©¹Ø°や²æ̶-や²æØやS̶ßØや±¬ØØŁ╇や̶œœ©¹ı-ºや²æØやS̶ßØや²©や¬°©¬-

̶º̶²Øや³¬±²°Ø̶ß╇や¬©²Ø-²ı̶œœ½やª̶³±ı-ºやŁ̶ß̶ºı-ºやØTØª²±╆や
5æØや¬æØ-©ßØ-©-やª̶-やÆØやª̶³±ØŁやÆ½や〉ı《やÆ©³-Ł̶°½やœ̶½Ø°や
S̶ßØや¬°©¬̶º̶²ı©-╇や〉ıı《や²³°Æ³œØ-²やS̶ßØや¬°©¬̶º̶²ı©-やı-や
²æØやª©°ØやS©¹╇や〉ııı《やª©ßÆ³±²ı©-やı-±²̶Æıœı²ıØ±や̶-Łや〉ıµ《や³¬-

±²°Ø̶ßや S̶ßØや ¬°©¬̶º̶²ı©-や ©Œや ª©æØ°Ø-²や µ©°²ıª̶œや ±²°³ª-

tures (Lieuwen Ø²や ̶œ╆╇や ｲｰｰｸ╇や -ØŒØÆµ°Ø╇や ｱｹｹｹ《╆や '©°や ²æØや
œ̶mØ°╇やS©¹や±¬ØØŁや-©²や-ØªØ±±̶°ıœ½やª̶-やÆØやœ©¹Ø°や²æ̶-や²æØや
S̶ßØやµØœ©ªı²½やØµØ°½¹æØ°Ø╇や²æ©³ºæやS̶±æÆ̶ªøやı±や±²ıœœや©Æ-

±Ø°µØŁ╆や5æı±や °ØŒØ°±や ²©や̶やæıºæœ½や ª©ß¬œØ¼や¬æØ-©ßØ-©-╆や
5æı±や¬̶¬Ø°やŒ©ª³±Ø±や©-や²æØや²¹©やß̶ı-やª̶³±Ø±や©ŒやS̶±æÆ̶ªø╈

ゃやや 'œ̶±æÆ̶ªøや©ªª³°°ı-ºや²æ°©³ºæや²æØやœ©¹まµØœ©ªı²½やS©¹や
ı-や²æØやÆ©³-Ł̶°½やœ̶½Ø°や̶œ©-ºや²æØや¹̶œœ±や©Œや²æØやÆ³°-Ø°や
ªœ©±Øや²©や²æØやØ¼ı²や̶-Łやº©µØ°-ØŁやÆ½や²æØやª°ı²ıª̶œやÆ©³-Ł-

̶°½やµØœ©ªı²½やº°̶ŁıØ-²╇
ゃやや 'œ̶±æÆ̶ªøや©ªª³°°ı-ºやŁ³Øや²©やª©æØ°Ø-²や±²°³ª²³°Ø±╆

5æØやßØªæ̶-ı±ß±やß̶½やı-µ©œµØや²æØや³±Øや©Œやæ©ß©ºØ-Ø©³±や
and/or heterogeneous reactions. Lieuwen Ø²や ̶œ╆や 〉ｲｰｰｸ《や
°ØµıØ¹ØŁやS̶±æÆ̶ªøやı-や²æØやª©-²Ø¼²や©Œや±½-º̶±やR°ØŁやª©ß-

Æ³±²©°±や ̶-Łや -©²ØŁや ²æ̶²やßı-ıßı¾̶²ı©-や ©Œや S̶±æÆ̶ªøや °Ø-

®³ı°Ø±や²æ̶²や²æØやS©¹やRØœŁや±æ©³œŁや-©²やæ̶µØや±²°©-ºやœ©ª̶œや
µØœ©ªı²½やŁØRªı²±や̶ -Łや²æØや̶ ¼ı̶œやS©¹やµØœ©ªı²½やß³±²やÆØや±³Æ-

±²̶-²ı̶œœ½や ̶Æ©µØや ²æØや œ©ª̶œや ²³°Æ³œØ-²や S̶ßØや ±¬ØØŁ╇や 4t. 

)ıºæや²³°Æ³œØ-ªØやœØµØœ±╇や©-Øや©Œや²æØやµØ°½や³±ØŒ³œやŒØ̶²³°Ø±や
©Œや±¹ı°œı-ºやS©¹やÆØª̶³±Øや©Œや²æØı°やßı¼ı-ºや¬©²Ø-²ı̶œ╇やŁØ²-
°ıßØ-²̶œœ½や̶TØª²やS̶±æÆ̶ªøやœıßı²±やŁ³Øや²©や²æØı°やØTØª²±や©-や
4t╇やØ±¬Øªı̶œœ½やŒ©°やæ½Ł°©ºØ-やØ-°ıªæØŁや±½-º̶±Ø±╆

-Ø̶-やª©ßÆ³±²ı©-や²Ø-Ł±や²©や°ØŁ³ªØやS̶ßØやµØœ©ªı²½╇やÆ³²や
©²æØ°や Œ̶ª²©°±や ̶±±©ªı̶²ØŁや ¹ı²æや Ø-ºı-Øや ª½ªœØ±╇や ±³ªæや ̶±や
high temperatures, pressure, turbulence levels and pre-

ignition reactions in the gases due to appreciable resi-

ŁØ-ªØや²ıßØ±や̶²やæıºæや²Øß¬Ø°̶²³°Øやª̶³±Øやı-ª°Ø̶±ØŁやS̶ßØや
±¬ØØŁ±╇やØ-ª©³°̶ºı-ºやS̶±æÆ̶ªø╆

8ı²æや±¹ı°œやÆ³°-Ø°±╇や²æØや±¹ı°œや-³ßÆØ°╇や4や〉4½°ØŁや̶-Łや
#ØØ°╇やｱｹｷｴ《やŁØR-ØŁやÆ½や²æØや-©°ß̶œı¾ØŁや°̶²ı©や©Œや̶¼ı̶œやS³¼や
©Œや̶¼ı̶œやß©ßØ-²³ßや̶-Łや̶¼ı̶œやS³¼や©Œや̶-º³œ̶°やß©ßØ--

²³ß╇やı±やª°³ªı̶œや̶±やæıºæØ°やµ̶œ³Ø±や〉4や┘やｱ╆ｲ《や²Ø-Łや²©やØ¼̶ªØ°-

Æ̶²Øや ²æØや Œ©°ß̶²ı©-や ©Œや Ø¼ªØ±±ıµØœ½や œ̶°ºØや $3;±や ¹æıªæや
Ø¼²Ø-Łや Æ̶ªøや ı-²©や ²æØや Æ³°-Ø°╆や .©°Ø©µØ°╇や æıºæØ°や ±¹ı°œや
-³ßÆØ°±や²Ø-Łや²©やı-ª°Ø̶±Øや²³°Æ³œØ-ªØや̶-Łやª©-±Ø®³Ø-²œ½╇や
²æØや ²³°Æ³œØ-²や S̶ßØや ±¬ØØŁや 〉7̶œØ°̶や Ø²や ̶œ╆╇や ｲｰｱｱ╉や)³̶-ºや
̶-Łや:̶-º╇や ｲｰｰｴ╉や ｲｰｰｵ《や ̶-Łや¬°©¬Ø-±ı²½や ²©や S̶±æÆ̶ªøや ı-や
œ©¹やµØœ©ªı²½や°Øºı©-±╆や$©ßÆ³±²ı©-やœ©ª̶²ØŁやŁ©¹-±²°Ø̶ßや
©Œや²æØや²̶-ºØ-²ı̶œやı-œØ²±や̶œ²Ø°±や±ıº-ıRª̶-²œ½や²æØや̶¼ı̶œやS³¼や
©Œや̶¼ı̶œやß©ßØ-²³ßや4½°ØŁや̶-Łや#ØØ°╇やｱｹｷｴ《やæØ-ªØやœ©ª̶œや
±¹ı°œや -³ßÆØ°や ı±や ̶œ±©や ̶TØª²ØŁ╆や 5æı±や ØTØª²や ŁØ¬Ø-Ł±や
±²°©-ºœ½や©-や²æØやØ®³ıµ̶œØ-ªØや°̶²ı©╇や°̶²Øや©ŒやæØ̶²や°ØœØ̶±Ø╇や
œ©ª̶²ı©-や©ŒやS̶ßØやŒ°©-²や̶-Łやß©ŁØや©ŒやŒ³Øœやı-łØª²ı©-╆や4³ªæや
changes in swirl number due to combustion can subse-

®³Ø-²œ½や ̶œ²Ø°や ²æØや °Ø±ı±²̶-ªØや ²©や S̶±æÆ̶ªø╆や 0TまŁØ±ıº-や
condition operations that impact on the swirl number 

̶-ŁやS̶ßØや±²̶Æıœı²½やª̶-や¬°©Ł³ªØや©±ªıœœ̶²ı©-±や̶±±©ªı̶²ØŁや
¹ı²æや³-±²Ø̶Ł½やS̶±æÆ̶ªøや〉%æ̶-³ø̶やØ²や̶œ╆╇やｲｰｰｹ《╆

These factors can explain the anomalous behavior of 

ß̶-½や±¹ı°œやÆ³°-Ø°±や³-ŁØ°やµ̶°ı©³±やª©-Łı²ı©-±╇や ı-ªœ³Ł-

ı-ºや S̶±æÆ̶ªø╆や 1°Øßı¼ØŁや ª©ßÆ³±²ı©-や ª̶-や Ø±¬Øªı̶œœ½や
ªæ̶-ºØや̶やæıºæœ½や±¹ı°œı-ºやS©¹やŒ°©ßや̶や±ı²³̶²ı©-や¹ı²æや̶や
œ̶°ºØや±²̶ÆœØや$3;や²©や©-Øや¹æØ°Øや²æØや$3;やı±やØœıßı-̶²ØŁ╇や
²æØやØTØª²やÆØı-ºや̶やß̶¼ıß³ßや̶²や̶-やØ®³ıµ̶œØ-ªØや°̶²ı©╇やゑ╇や
├ｱや¹æØ°ØやæØ̶²や°ØœØ̶±Øやı±や̶²やı²±やæıºæØ±²や¬©ı-²╆や7̶°½ı-ºや²æØや
Ø®³ıµ̶œØ-ªØや °̶²ı©や ª̶-や ±³Æ±²̶-²ı̶œœ½や ̶TØª²や ²æØや ©ªª³°-
°Ø-ªØ╇や±²°Ø-º²æや̶-Łや±ı¾Øや©Œや̶-½や$3;やŒ©°ßØŁ╆や5æØ°ØŒ©°Ø╇や
²æØやØµıŁØ-ªØや±³ººØ±²±や²æ̶²やS̶±æÆ̶ªøやı±やµØ°½やŁØ¬Ø-ŁØ-²や
©-や±ØµØ°̶œや¬̶°̶ßØ²Ø°±╇やß̶øı-ºやµØ°½やŁıUª³œ²や²©やºØ-Ø°̶œ-
ı¾Øや ̶-½や ¬̶mØ°-や ²æ̶²や Łı°Øª²œ½や ı-S³Ø-ªØや ²æı±や ¬æØ-©ßØ-

non.

'œ̶ßØや S̶±æÆ̶ªøや Œ°©ßや ²æØや ª©ßÆ³±²ı©-や ªæ̶ßÆØ°や
ı-²©や²æØやßı¼ı-ºや¾©-Øやª̶-やœıßı²や ²æØや°Øœı̶Æıœı²½や©Œや±¹ı°œや
stabilized lean premixed combustion in gas turbines. 

A phenomenon labelled combustion induced vortex 

Æ°Ø̶øŁ©¹-や 〉$*7#《や æ̶±や ÆØØ-や ıŁØ-²ıRØŁや ̶±や ̶-や ı-ı²ı̶œや
S̶±æÆ̶ªøやßØªæ̶-ı±ßやı-や±©ßØや±¹ı°œやÆ³°-Ø°±や〉,°š-Ø°やØ²や
̶œ╆╇やｲｰｰｳ╉や,ıØ±Ø¹ØmØ°やØ²や̶œ╆╇やｲｰｰｷ╉や,°š-Ø°やØ²や̶œ╆╇やｲｰｰｷ《╆や*²や
©ªª³°±や¹ı²æやµ̶œ³Ø±や©Œや4やÆØ²¹ØØ-やｰ╆ｵや̶-Łやｰ╆ｹや¹æØ-やµ©°-
²Ø¼やÆ°Ø̶øŁ©¹-やı±や̶Æ©³²や²©╇や©°やæ̶±やł³±²や©ªª³°°ØŁや〉(³¬²̶や
Ø²や̶œ╆╇やｱｹｸｴ《╇や¹ı²æ©³²や²æØや¬°Ø±Ø-ªØや©Œや̶やªØ-²°̶œやŒ³Øœやı--

jector. The phenomenon occurs as a sudden transition 

Ł°ıµØ-や Æ½や ²æØや ı-²Ø°̶ª²ı©-や ©Œや ªæØßıª̶œや °Ø̶ª²ı©-±や ̶-Łや
µ©°²Ø¼やŁ½-̶ßıª±╆や 'ı°±²╇や ̶や$3;や Œ©°ß±やŁ©¹-±²°Ø̶ßや©Œや
²æØやÆ³°-Ø°やØ¼ı²や²æ̶²やæ©œŁ±や²æØやS̶ßØ╆や5æØ-╇や²æØやªæØßı-
cal reactions in the vortex core lead to the propagation 

©Œや²æØや$3;やı-²©や²æØやÆ³°-Ø°╆や"やªœ©±ØŁや°Øªı°ª³œ̶²ı©-やÆ³Æ-

ÆœØやŒ©°ß±や̶-Łや²æØやŁ°©¬や©ŒやŁØ-±ı²½やœØ̶Ł±や²©や²æØやØ¼²ı-ª-

²ı©-や ©Œや ²æØや Ł©¹-±²°Ø̶ßや $3;や 〉,°š-Ø°や Ø²や ̶œ╆╇や ｲｰｰｷ《╆や
Lieuwen Ø²や̶œ╆や〉ｲｰｰｸ《や̶œ±©やı-Łıª̶²ØŁや²æ̶²や²æØや$*7#や¬æØ-

-©ßØ-©-や ı±や ¬°ıß̶°ıœ½や ŁØ²Ø°ßı-ØŁや Æ½や ŁØ-±ı²½や º°̶Łı-
Ø-²±や̶-Łや©²æØ°やª©ßÆ³±²ı©-や̶Ø°©Ł½-̶ßıªや¬æØ-©ßØ-̶╆や
4½°ØŁや̶-Łや#ØØ°や〉ｱｹｷｴ《や̶-Łや(³¬²̶やØ²や̶œ╆や〉ｱｹｸｴ《や±æ©¹ØŁや
²æ̶²や ²æØ±Øや ØTØª²±や ª̶-やÆØや ª̶³±ØŁやÆ½や ±¹ı°œや-³ßÆØ°や °Ø-
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Ł³ª²ı©-やØTØª²±や̶±やª©ßÆ³±²ı©-やØTØª²±やı-ª°Ø̶±Øや²æØや̶¼ı̶œや
S³¼や©Œや̶¼ı̶œやß©ßØ-²³ß╇やÆ³²やºØ-Ø°̶œœ½や-©²や²æ̶²や©Œや̶--

gular momentum. For instance with the burner used 

ı-や²æı±や±²³Ł½や̶-ŁやŒ©°やØ®³ıµ̶œØ-ªØや°̶²ı©±や├ｱや²æØや$3;やª̶-や
ª©ß¬œØ²Øœ½やŁı±̶¬¬Ø̶°╇や¹æıœ±²や̶-やØ®³ıµ̶œØ-ªØや°̶²ı©や°Ø-

Ł³ª²ı©-や²©や̶Æ©³²や├ｰ╆ｷｵやœØ̶Ł±や²©やµ©°²Ø¼やÆ°Ø̶øŁ©¹-や̶-Łや
²æØやŒ©°ß̶²ı©-や©Œや̶や$3;やı-や²æØやÆ³°-Ø°やØ¼ı²や°Øºı©-や〉7̶œ-
era Ø²や̶œ╆╇やｲｰｱｱ《╆

'œ̶±æÆ̶ªøやŁØ¬Ø-Ł±や©-や¬̶°̶ßØ²Ø°±や ±³ªæや̶±やæØ̶²ı-ºや
µ̶œ³Ø±╇や°Ø̶ª²ı©-や°̶²Ø╇やØ²ª╆╇やß̶øı-ºやß©°ØやŁıUª³œ²や²æØや³±Øや
©Œや¬©²Ø-²ı̶œや̶œ²Ø°-̶²ıµØやŒ³Øœ±や〉$æıØ±̶やØ²や̶œ╆╇やｲｰｰｵ╉や#̶ºŁ̶-

navicius Ø²や̶œ╆╇やｲｰｰｹ《╆や4©ßØや̶³²æ©°±や〉)³̶-ºや̶-Łや:̶-º╇や
ｲｰｰｴ╉や %æ̶-³ø̶や Ø²や ̶œ╆╇や ｲｰｰｹ《や æ̶µØや Ø¼¬Ø°ıßØ-²ØŁや ¹ı²æや
$0ｲや̶-Łや/ｲやŁıœ³Ø-²±や²©やª©-²°©œやS̶ßØや¬°©¬̶º̶²ı©-やŒ©°や
these fuels.  

"-©²æØ°やıß¬©°²̶-²や¬̶°̶ßØ²Ø°やı-やS̶±æÆ̶ªøや¬°©¬̶º̶-

²ı©-や ı±や ²æØや ºØ©ßØ²°½や ©Œや ²æØや ±½±²Øßや 〉1œØØや ̶-Łや.Øœœ©°╇や
ｱｹｷｸ《╆や4ß̶œœやªæ̶-ºØ±やı-や²æØやŁØ²̶ıœ±や©Œや²æØやºØ©ßØ²°½や©Œや
the premixing tube such as steps, diverging sections, 

surface discontinuities, or method of fuel injection such 

̶±やª©³-²Ø°S©¹やı-łØª²ı©-╇やŁıT³±ıµØや¬Ø-Ø²°̶²ı©-╇やØ²ª╆╇やª̶-や
ª̶³±Øや±ıº-ıRª̶-²やªæ̶-ºØ±やı-やS̶±æÆ̶ªøやÆØæ̶µı©³°╆

"²やµ̶œ³Ø±や©Œや4や┘やｱや²æØやS̶ßØや̶-Łや̶²やœØ̶±²や¬̶°²や©Œや²æØや
$3;や¹ıœœやØ¼²Ø-Łや-̶²³°̶œœ½や̶-Łや̶m̶ªæや²©や²æØやÆ³°-Ø°やÆ̶±Ø-

¬œ̶²Øや ̶±や ̶や œ©-ºや ª©œ³ß-̶°や ²³œı¬や ±æ̶¬ØŁや ±²°³ª²³°Øや4½°ØŁや
̶-Łや#ØØ°╇やｱｹｷｴ╉や-³ªª̶や̶-Łや0ゑ%©æØ°²½╇やｲｰｰｱ《╇や²æØやÆ³œÆ©³±や
Ø-Łや©Œや²æØや²³œı¬やÆØı-ºやœ©ª̶²ØŁやı-や²æØやÆ³°-Ø°やØ¼ı²╆や8æØ-や̶や
Œ³Øœやı-łØª²©°やı±やRmØŁ╇や²æØやª©œ³ß-̶°や$3;や〉̶-ŁやS̶ßØやÆ³°--

ı-ºや©-やı²±やÆ©³-Ł̶°½《やß̶½や±³°°©³-Łや²æØやı-łØª²©°╇や³-œØ±±や
²æØやı-łØª²©°やı±や©Œやœ̶°ºØやŁı̶ßØ²Ø°や〉,ıØ±Ø¹ØmØ°やØ²や̶œ╆╇やｲｰｰｷ《や
©°や4やı±や°ØŁ³ªØŁ╆や5æØや$3;や±ı¾Øや̶-Łや¬©±ı²ı©-やª̶-やÆØª©ßØや
variable in the region of the injector as equivalence ratio 

ı±や°ØŁ³ªØŁや̶ -Łや²æØや̶ Ø°©Ł½-̶ßıª±や²Ø-Łやß©°Øや²©や²æ̶²や©Œや²æØや
isothermal state, remembering that combustion can re-

Ł³ªØや4や²©や±³ªæや̶-やØ¼²Ø-²や²æ̶²や²æØや$3;やŁı±̶¬¬Ø̶°±や4½°ØŁや
̶-Łや#ØØ°╇やｱｹｷｴ《╉や7̶œØ°̶やØ²や̶œ╆╇やｲｰｱｱ《やŁ³Øや²©や²æØやØTØª²±や©Œや
µ̶°½ı-ºやŁØ-±ı²½や°̶²ı©±╆

5æØやØTØª²や©Œや3Ø½-©œŁ±や-³ßÆØ°や〉3Ø╇や-©°ß̶œœ½やÆ̶±ØŁや
on isothermal conditions and the average throat axial ve-

œ©ªı²½《や©-やµ©°²Ø¼やÆ°Ø̶øŁ©¹-や̶-Łや²æØやŒ©°ß̶²ı©-や©Œや$3;±や
ß³±²や̶œ±©やÆØやª©-±ıŁØ°ØŁ╆や4̶°¬ø̶½̶や〉ｱｹｷｱ《や±æ©¹ØŁや²æØやØŒ-
ŒØª²や©Œや3Øや©-や²æØやœ©ª̶²ı©-や©Œやµ©°²Ø¼やÆ°Ø̶øŁ©¹-╇や²æØや¬°Ø-

ª³°±©°や²©や²æØやŒ©°ß̶²ı©-や©Œや$3;±╆や&±±Ø-²ı̶œœ½やı²や¹̶±や©-œ½や
Œ©°や4や┘やｱや²æ̶²や²æØや$3;や¹©³œŁやR°ßœ½やœ©ª̶²Øや²©や²æØやÆ̶±Ø-

¬œ̶²Øや©Œや ²æØや±¹ı°œやºØ-Ø°̶²©°╉や©²æØ°¹ı±Øや ı²や¹̶±やŒ°ØØœ½や œ©-

ª̶²ØŁ╆や5æØやØTØª²や¹̶±や̶œ±©やª©ß¬œıª̶²ØŁやÆ½や²æØや²°̶-±ı²ı©-や
ÆØ²¹ØØ-やŁıTØ°Ø-²や²½¬Ø±や©Œやµ©°²Ø¼やÆ°Ø̶øŁ©¹-や〉-³ªª̶や̶ -Łや
0ゑ%©æØ°²½╇や ｲｰｰｱ《╆や -³ªª̶ま/Øº°©や ̶-Łや 0‒%©æØ°²½や 〉ｲｰｰｱ《や
±æ©¹ØŁや ²æ̶²や ̶œ²æ©³ºæや ©²æØ°や ¹©°øØ°±や ıŁØ-²ıRØŁや ©²æØ°や
Œ©°ß±や̶-Łや©ªª³°°Ø-ªØ±や©Œやµ©°²Ø¼やÆ°Ø̶øŁ©¹-╇や²æØやŁØ¬Ø--

ŁØ-ªØや©Œや ı²±や œ©ª̶²ı©-や³¬©-や3Ø½-©œŁ±や-³ßÆØ°±や¹̶±や±²ıœœや
µØ°½や±ıßıœ̶°や²©や4̶°¬ø̶½̶‒±╆や0Œや°ØœØµ̶-ªØや²©や±¹ı°œやª©ßÆ³±-

²ı©-やı±や²æ̶²やŒ©°やｰ╆ｶや┗や4や┗やｱ╆ｱや¹æØ°Øや²æØやµ©°²Ø¼やÆ°Ø̶øŁ©¹-╇や
æØ-ªØや̶-½や$3;╇や¹̶±や-©²や̶m̶ªæØŁや²©や²æØやÆ̶±Ø¬œ̶²Øや©Œや²æØや
±¹ı°œやºØ-Ø°̶²©°やŒ©°や̶-½や3Ø½-©œŁ±や-³ßÆØ°╆や

'°©ßや²æØや̶Æ©µØや²æØやß̶ı-やØTØª²±や©-や±¹ı°œやª©ßÆ³±-
²ı©-や̶-ŁやØ±¬Øªı̶œœ½やS̶±æÆ̶ªøや̶°Ø╈

ゃやや $3;±やºØ-Ø°̶²ØŁやÆ½やµ̶œ³Ø±や©Œや4やÆØ²¹ØØ-やｰ╆ｵや̶-Łやｱ╆ｰや
̶°ØやŁØ±ı°̶ÆœØや̶±や̶±±©ªı̶²ØŁやS̶ßØ±や̶°Øやœ©ª̶²ØŁや̶¹̶½や
from vulnerable surfaces, whilst pressure drop is 

ßı-ıßı¾ØŁ╆や)©¹ØµØ°や²æØや$3;±や̶°ØやœıøØœ½や²©やÆØやØ̶±ı-
œ½や¬Ø°²³°ÆØŁやÆ½やª©³¬œı-ºや¹ı²æや̶ª©³±²ıªや©°やª©ßÆ³±-
²ı©-や ı-Ł³ªØŁや Łı±²³°Æ̶-ªØ±や Ł³Øや ²©や ²æØı°や 】Œ°ØØ‒や ̶¼ı̶œや
location.

ゃやや %ØµıªØ±や©¬Ø°̶²ı-ºや̶²やæıºæØ°や3Ø½-©œŁ±や-³ßÆØ°±やß̶½や
ÆØæ̶µØやŁıTØ°Ø-²œ½やªœ©±Øや²©やS̶±æÆ̶ªøや̶±や²æØや©-±Ø²や©Œや
µ©°²Ø¼やÆ°Ø̶øŁ©¹-やß̶½や¹Øœœや±³Æ²œ½や̶œ²Ø°╆や"œ²æ©³ºæや
ªæØßıª̶œや°Ø̶ª²ı©-±や°̶²ØやŁØ¬Ø-ŁØ-ª½や©-や¬°Ø±±³°Øや ı±や
ıß¬©°²̶-²や¹ı²æや $*7#や ¬°©¬̶º̶²ı©-や 〉̶-Łや Ø±¬Øªı̶œœ½や
̶-½やæ½Ł°©ºØ-やª©-²̶ı-ı-ºや Œ³Øœ《╇や ²æØや±²°Ø-º²æや©Œや ²æØや
ı-ı²ı̶œやµ©°²Ø¼やÆ°Ø̶øŁ©¹-や̶-Łや$3;やı±やæıºæœ½や°Øœ̶²ØŁや
²©や3Øや 〉4̶°¬ø̶½̶╇や ｱｹｷｱ《や Ø±¬Øªı̶œœ½や¹ı²æや-̶²³°̶œや º̶±や
¹æØ°ØやS̶±æÆ̶ªøやª̶-や©ªª³°や̶²やœ©¹やØ¼ı²やµØœ©ªı²ıØ±╇や̶±や
Łı±ª³±±ØŁやœ̶²Ø°╆や3Ø½-©œŁ±や-³ßÆØ°やØTØª²±や©-やµ©°²Ø¼や
Æ°Ø̶øŁ©¹-╇や $3;や Œ©°ß̶²ı©-╇や S̶ßØや ±²̶Æıœı²½や ̶-Łや
æØ-ªØや S̶±æÆ̶ªøや Ø±¬Øªı̶œœ½や Œ©°や ±ß̶œœØ°や Æ³°-Ø°±や ©°や
those operating at high turndown, are important as 

²æØや ı±©²æØ°ß̶œや 3Ø½-©œŁ±や -³ßÆØ°や °Ø̶Łıœ½や °ØŁ³ªØ±や
¹ı²æやª©ßÆ³±²ı©-やÆ½や³¬や²©や̶ やŒ̶ª²©°や├ｸや〉̶²やｱｰｰｰ,《や²©やｱｶや
〉̶²やｱｵｰｰ,《や〉4̶°¬ø̶½̶╇やｱｹｷｱ《╆や

ゃやや $Ø-²°̶œや Œ³Øœや ı-łØª²©°±╇や¹ıŁØœ½や Øß¬œ©½ØŁや Ø±¬Øªı̶œœ½や
with liquid fuels, will interact and interfere with the 

above processes, although it is recognized that 

$3;±やª̶-やØ̶±ıœ½や±³°°©³-Łや±ß̶œœØ°やı-łØª²©°±や̶-Łや¬°©-

ß©²ØやØ̶°œ½やS̶±æÆ̶ªø╇やØ±¬Øªı̶œœ½や̶²やœØ̶-やµ̶œ³Ø±や©Œやゑや
̶-Łや µ̶œ³Ø±や ©Œや 4や ┘や ｱや 〉-³ªª̶や ̶-Łや 0ゑ%©æØ°²½╇や ｲｰｰｱ╉や
4½°ØŁ╇やｲｰｰｶ《╆

5æı±や¬̶¬Ø°やı±や²æ³±や̶ıßØŁや̶²や̶-̶œ½¾ı-ºや²æØやßØªæ̶-ı±ß±や
©Œや S̶±æÆ̶ªøや ²̶øı-ºや ¬œ̶ªØや ı-や ̶や -̶²³°̶œや º̶±や R°ØŁや ±¹ı°œや
burner with and without a central fuel injector so as to 

³-ŁØ°±²̶-Łや²æØや¬æ½±ıª̶œや¬°©ªØ±±Ø±や̶-Łやæ©¹や²æØ½やª̶-やÆØや
̶œœØµı̶²ØŁや³±ı-ºやŁıTØ°Ø-²や¬̶±±ıµØやßØªæ̶-ı±ß±╆

Experimental setup

&¼¬Ø°ıßØ-²±や¹Ø°Øや¬Ø°Œ©°ßØŁや ı-や̶や ｱｰｰø8や±²ØØœや ±ª̶œØŁや
µØ°±ı©-や©Œや̶やｲ.8やª©ßßØ°ªı̶œや±¹ı°œやÆ³°-Ø°や³-ŁØ°やª©ß-

Æ³±²ı©-やª©-Łı²ı©-±╇や'ıº³°Øやｱ╆
Two tangential inlets were used together with in-

±Ø°²±や Æœ©ªøı-ºや ｲｵゾや ©Œや ²æØı°や ²°̶-±µØ°±̶œや ̶°Ø̶╇や ºıµı-ºや ̶や
±¹ı°œや-³ßÆØ°や©Œやｱ╆ｰｸや〉ｰ╆ｸｶや¹ı²æや²æØや-©¾¾œØ╇や'ıº³°ØやｲやR²-
²ØŁ《や〉7̶œØ°̶やØ²や̶œ╆╇やｲｰｰｹ╉や7̶œØ°̶╇やｲｰｰｹ《╆
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'œ©¹や ±²°̶ıºæ²Ø-Ø°±や ª©-±ı±²ı-ºや ©Œや ̶や æ©-Ø½ª©ßÆやß̶²°ı¼や
¹Ø°ØやRmØŁや³¬±²°Ø̶ßや©ŒやØ̶ªæやı-œØ²╆や5æØや±½±²Øßや¹̶±やŒØŁや
Æ½や̶ やªØ-²°ıŒ³º̶œやŒ̶-や¬°©µıŁı-ºや̶ ı°やS©¹やµı̶やSØ¼ıÆœØやæ©±Ø±や
̶-Łや²¹©やÆ̶-ø±や©Œや°©²̶ßØ²Ø°±やŒ©°や²æØやª©-²°©œや©Œや²æØや̶ı°や
S©¹や̶-Łやı-łØª²ı©-や©Œや²æØや-̶²³°̶œやº̶±や°Ø±¬Øª²ıµØœ½╆や5æØや
inclusion of two stainless steel mirrors at the exit and 

Æ©m©ßや©Œや²æØや°ıºや〉̶-Łや°©²̶²ØŁやÆ½やｴｵ┱《や̶œœ©¹ØŁや²æØやµı±³-

̶œı¾̶²ı©-や©ŒやS̶±æÆ̶ªø╆や"や®³̶°nや¬œ̶²Øや°Ø¬œ̶ªØŁや²æØやÆ³°--

Ø°や Æ̶±Ø¬œ̶²Øや ²©や Ø-̶ÆœØや µı±³̶œı¾̶²ı©-や ©Œや S̶±æÆ̶ªøや ²æ̶²や
occurred inside of the swirl chamber when using high 

±¬ØØŁや¬æ©²©º°̶¬æ½╆や5æØや¬œ̶²Øや¹̶±やß©³-²ØŁやµı̶や̶-やØ¼-

²Ø-±ı©-や²©や²æØやÆ̶±Øや©Œや²æØやÆ³°-Ø°や²©や°Øß©µØや²æØや®³̶°nや
¬œ̶²ØやŒ°©ßや²æØやS̶±æÆ̶ªøや°Øºı©-╆や5æı±や¹̶±や©Æ±Ø°µØŁや-©²や
²©や̶TØª²や²æØやS̶±æÆ̶ªøや¬°©ªØ±±╆

5¹©やŁıTØ°Ø-²やß©ŁØ±や©Œや-̶²³°̶œやº̶±や ı-łØª²ı©-や¹Ø°Øや
¬©±±ıÆœØ╇や̶やŁıT³±ıµØやß©ŁØや¹ı²æやŒ³Øœやı-łØª²ØŁや̶œ©-ºや²æØや
central axis from the burner baseplate and a premixed 

ß©ŁØや¹ı²æやØ-²°½やı-や©-Øや©°やÆ©²æや²̶-ºØ-²ı̶œやı-œØ²±╇やœ©ª̶²-
ØŁやÆØŒ©°Øや²æØやı-±Ø°²±や³±ØŁや²©や°Øº³œ̶²Øや²æØや4¹ı°œや-³ßÆØ°╆や
1°Øßı¼ØŁやº̶±やı-łØª²©°±╇やØ¼²Ø-Łı-ºや̶ ª°©±±や²æØやı-œØ²やŁ³ª²±╇や

were located just before the inlets. Turbulence is gener-

̶²ØŁやÆ½や²æØやŁ³ª²±や¹æıªæやª°©±±や²æØやı-œØ²や̶ °Ø̶や̶ -Łやı-ª°Ø̶±Øや
the mixing previous to the entrance of the mixture into 

²æØや ±¹ı°œや ªæ̶ßÆØ°╆や0µØ°̶œœや Ø®³ıµ̶œØ-ªØや °̶²ı©╇やゑ╇や¹ı²æや
ｵゾや³-ªØ°²̶ı-²½やŁ³Øや²©や²æØやµ̶°ı̶²ı©-±やı-や²æØや̶ı°や̶-Łやº̶±や
S©¹±やı±や°Ø¬©°²ØŁ╇や̶±や¹Øœœや̶±や²æØやŒ³Øœや¬°©¬©°²ı©-やı-łØª²ØŁや
ŁıT³±ıµØœ½やÆ½や²æØやŒ³Øœやı-łØª²©°±やß©³-²ØŁや̶œ©-ºや²æØや̶¼ı±や
Œ©œœ©¹ØŁやÆ½や²æ̶²やı-łØª²ØŁや̶±や¬°Øßı¼ØŁやı-や²æØや²̶-ºØ-²ı̶œや
inlets. The following nomenclature was used to de-

±ª°ıÆØや²æØや°Øœ̶²ıµØや®³̶-²ı²ıØ±や©ŒやŒ³Øœやı-łØª²ØŁやŁıT³±ıµØœ½や
either through the center of the baseplate or via the fuel 

injector and premixed through injectors upstream of 

²æØや ²̶-ºØ-²ı̶œや ı-œØ²±╈や ı╆Ø╆╇や 』ｲｵまｴｰ【やßØ̶-±や ²æ̶²や ｲｵいœのßı-や
¹̶±やı-łØª²ØŁやŁıT³±ıµØœ½╇やｴｰいœのßı-や¬°Øßı¼ØŁ╆や5©やß©ŁıŒ½や
ゑ╇や ²æØや ̶ı°や ±³¬¬œ½や ¹̶±や øØ¬²や ª©-±²̶-²や Ł³°ı-ºや ²æØや ²Ø±²や
¹æıœ±²やµ̶°½ı-ºや²æØやº̶±や±³¬¬œ½や³-²ıœやS̶±æÆ̶ªøや¹̶±や©Æ-

±Ø°µØŁ╆や 5æØや Ø¼¬Ø°ıßØ-²̶œや ª©-Łı²ı©-±や ̶°Øや ̶²や ｲｸｸ,や ̶-Łや
sea level atmospheric pressure.

"や1æ©²°©-や'̶±²ª̶ßやæıºæや±¬ØØŁやª̶ßØ°̶やß©ŁØœや"19や
34や ©Œや ｲｵｰ╇ｰｰｰŒ°̶ßØ±の±やß̶¼ıß³ßや ±¬ØØŁや¹̶±や ³±ØŁや Œ©°や
S̶±æÆ̶ªøや µı±³̶œı¾̶²ı©-や ¹ı²æや ̶や ｱｰｵßß╇や ｱ╈ｲ╆ｸや /ıø©-や
-Ø-±╆や 5æØや ª̶ßØ°̶や ¹̶±や ±Ø²³¬や ̶²や ©-œ½や ｵｰｰŒ°̶ßØ±の±や ²©や
̶µ©ıŁや°Ø±©œ³²ı©-や¬°©ÆœØß±や̶-Łやı-ª°Ø̶±Øや²æØやµı±³̶œやRØœŁ╇や
±ı-ªØや ²æØや Œ°Ø®³Ø-ª½や©Œや ²æØやØ¼¬Øª²ØŁやØµØ-²±や̶-Łや©Œや ²æØや
œ̶°ºØや ª©æØ°Ø-²や ±²°³ª²³°Ø±や ø-©¹-や ²©や ÆØや ¬°Ø±Ø-²や ı-や ²æØや
±½±²Øßや æ̶±や ÆØØ-や ©Æ±Ø°µØŁや ²©や œıØや ı-や ²æØや °̶-ºØや ©Œや ｱｰｰま
ｲｰｰ)¾や〉7̶œØ°̶╇やｲｰｰｹ╉や/̶³Ø°²やØ²や̶œ╆╇やｲｰｰｷ《╆や5æØや°Ø±³œ²ı-ºや
ıß̶ºØ±や ¹Ø°Øや ̶-̶œ½¾ØŁや ³±ı-ºや ²æØや 1'7や µØ°±ı©-や ｲ╆ｴ╆ｱ╆ｱや
±©Œ²¹̶°Ø╆や*²やı±や°Øª©º-ı¾ØŁや²æ̶²や²æØや³±Øや©Œや²æØ±Øや²Øªæ-ı®³Øや
gives insight of the mechanism of propagation of the 

S̶ßØ╇やÆ³²や-©²や̶やŒ³œœや¬ıª²³°Øや©Œや²æØやı-²Ø-±ı²½や©Œや²æØやª©ß-

bustion process. The appearance of soot particles can 

ŁØº°̶ŁØや²æØや³-Rœ²Ø°ØŁやıß̶ºØ±╇や¹æıœ±²や²æØやµıØ¹や©Œや°Ø̶ª-

²ı©-や©ªª³°°ı-ºやı-や²æØやÆ©³-Ł̶°½やœ̶½Ø°±や-Ø̶°や²æØや¹̶œœ±やı±や
̶mØ-³̶²ØŁやŁ³Øや²©や²æØや¬°Ø±Ø-ªØや©ŒやŁ̶°øや¹̶œœ±やı-や²æØやRØœŁや
of view.

&®³ıµ̶œØ-ªØや°̶²ı©±や¹Ø°Øやı-µØ±²ıº̶²ØŁやŒ°©ßやœØ̶-やª©--

Łı²ı©-±や̶²やｰ╆ｶｰｰや²©や°ıªæやµ̶œ³Ø±や̶²や├ｲ╆ｰｰｰ╆や"や¹ıŁØやµ̶°ı̶-

²ı©-やı-や²æØや̶ı°S©¹や̶-Łやº̶±やS©¹や°̶²Ø±や¹̶±や̶œ±©やß̶ŁØや²©や
µı±³̶œı¾Øや ²æØや ¬°©º°Ø±±ıµØや ŁØµØœ©¬ßØ-²や ©Œや S̶ßØ±や ̶-Łや
coherent structures.

The burner exit was varied from an open case with 

-©や-©¾¾œØや²©や²æ̶²や¹ı²æや̶や®³̶°œや-©¾¾œØや〉'ıº³°Øやｲ《╆や$©°°Ø-

±¬©-Łı-ºや±¹ı°œや-³ßÆØ°±や̶°Øやｱ╆ｰｸや̶-Łやｰ╆ｸｶや°Ø±¬Øª²ıµØœ½や
〉7̶œØ°̶やØ²や̶œ╆╇やｲｰｱｱ《╆や

The central fuel injector extended from the burner 

Æ̶±Ø¬œ̶²Øや²©や-Ø̶°や²æØや-©¾¾œØや〉'ıº³°Øやｲ《╆や5æı±や¹̶±やｳｵßßや
©³²Ø°や̶-Łやｲｳ╆ｴßßやı--Ø°やŁı̶ßØ²Ø°±╇や¹æıœ±²やı²±やØ-Łや¹̶±や
œ©ª̶²ØŁや ｴｷ╆ｵßßや ³¬±²°Ø̶ßや Œ°©ßや ²æØや Æ³°-Ø°や Ø¼ı²╆や 5æØや
nozzle extending into the swirl chamber is designed to 

°ØŁ³ªØや S̶±æÆ̶ªøや Æ½や ı-ª°Ø̶±ı-ºや ²æØや °̶Łı̶œや µØœ©ªı²½╆や *²や
¹̶±や©°ıºı-̶œœ½やŁØµØœ©¬ØŁや Œ©°や̶や œ̶°ºØ°や±ª̶œØやｲ.8やµØ°-
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±ı©-や©Œや ²æı±や³-ı²や 〉4½°ØŁ╇や ｲｰｰｶ《╆や"œœや °Ø¬©°²ØŁやS̶±æÆ̶ªøや
ª³°µØ±や¹Ø°ØやßØ̶±³°ØŁや¹ı²æや̶や±²ØØœやÆ̶±Ø¬œ̶²ØやRmØŁや̶-Łや
²æØやª̶ºØや̶-Łや®³̶°nや¬œ̶²Øや°Øß©µØŁ╆や'©°や²æØやª̶±Ø±や¹ı²æや
¬̶°²ı̶œœ½や ¬°Øßı¼ØŁや ª©ßÆ³±²ı©-や ̶-Łや -©や ı-łØª²©°╇や Œ³Øœや
¹̶±や±ıß¬œ½やŒØŁや̶²やœ©¹やµØœ©ªı²½や²æ°©³ºæや̶や-©¾¾œØやı-や²æØや
center of the baseplate. 

'ı°±²やØ¼¬Ø°ıßØ-²±や¹Ø°Øやß̶ŁØや¹ı²æや-©やª©-R-ØßØ-²や
̶m̶ªæØŁや²©や²æØやª©ßÆ³±²ı©-やªæ̶ßÆØ°╆や)©¹ØµØ°╇や̶±やß©±²や
¬°̶ª²ıª̶œやS̶ßØ±やŁ©や-©²やŁı±ªæ̶°ºØやı-²©やŒ°ØØや̶ı°╇やŒ©°やß³ªæや
©Œや²æØや¹©°ø╇やª©-R-ØßØ-²±やŒ°©ßや¬°Øµı©³±やØ¼¬Ø°ıßØ-²±や
〉4½°ØŁ╇やｲｰｰｶ╉や7̶œØ°̶やØ²や̶œ╆╇やｲｰｰｹ《や¹Ø°Øや³±ØŁ╇や¹ı²æや©¬Ø-や
̶-Łやª©-ıª̶œやØ¼ı²や-©¾¾œØ±╇や²æØやœ̶mØ°やÆØı-ºや²æØやß©±²や°Ø¬°Ø-

±Ø-²̶²ıµØや©Œやı-Ł³±²°ı̶œやÆ³°-Ø°±や〉'ıº³°Øやｳ《╆や
The objective was to recognize the position and evo-

œ³²ı©-や©ŒやS̶±æÆ̶ªø╇や̶ ±や̶ やŒ³-ª²ı©-や©ŒやŁıTØ°Ø-²やºØ©ßØ²°ıØ±や
̶-Łや¬̶°̶ßØ²Ø°±や¹æıªæや̶°Øやø-©¹-や²©やÆØやı-S³Ø-²ı̶œや〉7̶œ-
era Ø²や ̶œ╆╇や ｲｰｱｱ╉や ｲｰｰｹ《╆や (Ø©ßØ²°ıª̶œや µ̶°ı̶ÆœØ±や ı-ªœ³ŁØŁや
²æØやØTØª²や©Œや̶や Œ³Øœや ı-łØª²©°╇や-©¾¾œØ╇や ²¹©やŁıTØ°Ø-²や ª©--

R-ØßØ-²±╇や ¹ı²æや Æ©²æや ¬°Øßı¼ØŁや ̶-Łや ¬̶°²ı̶œや ¬°Øßı¼ØŁや
combustion being also investigated.

Results and discussion

5æØや ¬æØ-©ßØ-̶や ©Œや S̶±æÆ̶ªøや ¹̶±や ı-µØ±²ıº̶²ØŁや ̶±や ̶や
function of a wide range of variables for natural gas 

ª©ßÆ³±²ı©-やı-ªœ³Łı-ºやØ®³ıµ̶œØ-ªØや°̶²ı©╇やµØœ©ªı²½やœØµØœ±╇や
ºØ©ßØ²°ıª̶œや ¬̶°̶ßØ²Ø°±や ı-ªœ³Łı-ºや -©¾¾œØ±╇や ª©-R-Ø-

ßØ-²±や ̶-Łや Œ³Øœや ı-łØª²©°±╆や $©ß¬̶°ı±©-や ÆØ²¹ØØ-や ª̶±Ø±や
¹̶±や ¬Ø°Œ©°ßØŁや ³±ı-ºや Æ©²æや ²æØや ̶µØ°̶ºØŁや 〉ı±©²æØ°ß̶œ《や
axial velocities in the burner exit and the tangential in-

œØ²やµØœ©ªı²½や̶±やŒ©œœ©¹±╈

ゃややや7exややややや└やｱ╆ｲｱｹ8
ゃややや7exquaや└やｱ╆ｹ8
ゃややや8やややややや└やı-œØ²やS©¹や°̶²Øの²̶-ºØ-²ı̶œやı-œØ²や̶°Ø̶

Hkiwtg"50""Dwtpgt"eqphkpgogpvu"c+"qrgp"cpf"d+"eqpkecn"gzkv"
igqogvtkgu

Ejctcevgtk¦cvkqp"rtqeguu"

"や¹ıŁØや°̶-ºØや©ŒやS̶±æÆ̶ªøやª©-Łı²ı©-±や¹Ø°Øやı-µØ±²ıº̶²ØŁや
Œ©°や ª̶±Ø±や¹ı²æや ̶-Łや¹ı²æ©³²や ª©-R-ØßØ-²╇や ı-łØª²©°や ̶-Łや
-©¾¾œØ╆や&ı²æØ°やｱｰｰゾや¬°Øßı¼ØŁやª©ßÆ³±²ı©-や©°や¬̶°²ı̶œœ½や
premixed combustion was used.  For each run stable 

ª©-Łı²ı©-±や ¹Ø°Øや Ø±²̶Æœı±æØŁや Œ©°や ̶や ºıµØ-や ̶ı°や S©¹や ̶-Łや
²æØ-や ²æØや Ø®³ıµ̶œØ-ªØや °̶²ı©や¹̶±や µ̶°ıØŁや ³-²ıœや S̶±æÆ̶ªøや
©ªª³°°ØŁ╆や 5æØや S̶±æÆ̶ªøや ª©-Łı²ı©-や ¹̶±や Ø±²̶Æœı±æØŁや
¹æØ-や ²æØやS̶ßØやß©µØŁや³¬±²°Ø̶ßや²©¹̶°Ł±や ²æØやßı¼ı-ºや
ªæ̶ßÆØ°╇や̶ªªØ±±ı-ºや²æØや œ̶mØ°╆や5æı±や¹̶±やß©-ı²©°ØŁや³±-
ing the high speed camera. The burner was then cooled 

̶²やæıºæや̶ı°S©¹やÆØŒ©°Øや¬°©ªØØŁı-ºや¹ı²æや²æØや-Ø¼²や²Ø±²╆や5©や
²°ıººØ°や ²æØやæıºæや ±¬ØØŁや ª̶ßØ°̶や¹æıœ±²や ©Æ²̶ı-ı-ºやS̶±æ-

Æ̶ªøや ª©-Łı²ı©-±╇や ²æØや ±½±²Øßや¹̶±や ±Ø²や ³¬や ̶²や ª©-Łı²ı©-±や
ªœ©±Øや²©やS̶±æÆ̶ªøや¹ı²æや¬°Øßı¼ØŁやª©ßÆ³±²ı©-や¹ı²æやØ¼-

²°̶や±ß̶œœや®³̶-²ı²ıØ±や©ŒやŁıT³±ıµØや Œ³Øœ╆や5©や ı-ı²ı̶²ØやS̶±æ-

Æ̶ªøや²æØやŁıT³±ıµØやŒ³Øœや¹̶±や²æØ-や±¹ı²ªæØŁや©Tや〉-©²やÆØı-ºや
°ØŁı°Øª²ØŁや²©や²æØや¬°Øßı¼ØŁやı-œØ²±《╇や¬°©µıŁı-ºやª©-±ı±²Ø--

ª½やŒ©°や²æØやµı±³̶œı¾̶²ı©-や¬°©ªØ±±╆
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'ıº³°Øや ｴや ±æ©¹±や ̶や ª©ß¬̶°ı±©-や©ŒやS̶±æÆ̶ªøや ª©-Łı²ı©-±や
Œ©°や²æØやÆ³°-Ø°や¹ı²æやµ̶°ı©³±やºØ©ßØ²°ıª̶œやª©-Rº³°̶²ı©-±╇や
Æ³²や-©やªØ-²°̶œやŒ³Øœやı-łØª²©°╆や#Ø±²やS̶±æÆ̶ªøやœıßı²±や̶°Øや©Æ-

²̶ı-ØŁや¹ı²æや-©やª©-R-ØßØ-²や©°や-©¾¾œØやŒ©°やß©±²やØ®³ıµ̶-

œØ-ªØや°̶²ı©±や〉'ıº³°Øやｴ̶《╆や$©ß¬̶°ı-ºや'ıº³°Ø±やｴÆや̶-Łやｴ̶や
²æØや-©¾¾œØや©-œ½や ±æ©¹±やS̶±æÆ̶ªøやÆØ-ØR²や Œ©°やµ̶œ³Ø±や©Œや
ゑや ┙や ｰ╆ｷ╆や )©¹ØµØ°╇や S̶±æÆ̶ªøや °Ø±ı±²̶-ªØや ±ØØß±や ²©や ÆØや
¹©°±Ø-ØŁやÆ½や²æØやı-ª°Ø̶±ØŁや±²°Ø-º²æや©Œや²æØや$3;╇や̶±や©Æ-

±Ø°µØŁやÆ½や7̶œØ°̶ま.ØŁı-̶や〉ｲｰｰｹ《╆や5æØや³±Øや©Œや²æØや-©¾¾œØや
ı-ª°Ø̶±Ø±や ²æØや $3;╇や ¹æıªæや ±ØØß±や ²©や ÆØや ̶TØª²ı-ºや ²æØや
S̶±æÆ̶ªøや°Ø±ı±²̶-ªØやœıßı²╆や.©°Ø©µØ°╇や'ıº³°Ø±やｴªや̶-ŁやｴŁや
±æ©¹や²æ̶²や²æØやª©-R-ØßØ-²や¹ı²æや©°や¹ı²æ©³²や²æØや-©¾¾œØや
ı-ª°Ø̶±Ø±や±³±ªØ¬²ıÆıœı²½や²©やS̶±æÆ̶ªøやŒ©°や̶œœやµ̶œ³Ø±や©Œやゑや
(Bagdanavicius Ø²や̶œ╆╇やｲｰｰｹ《╆

*-や²æØやª̶±Øや©Œや²æØやª©-R-ØßØ-²╇や²æØやªæ̶-ºØやı-やS̶±æ-

Æ̶ªøやœıßı²±やı±やŁ³Øや²©や°ØŁ³ªØŁやØ¼²Ø°-̶œや̶ı°やØ-²°̶ı-ßØ-²や
̶-Łや ı²±や ª½œı-Ł°ıª̶œや ±æ̶¬Øや ¹æıªæや ¬°©Ł³ªØ±や ªæ̶-ºØ±や ı-や
̶¼ı̶œや ̶-Łや °̶Łı̶œや ¬°Ø±±³°Øや º°̶ŁıØ-²±╇や ²æ³±や ß©ŁıŒ½ı-ºや
̶Ø°©Ł½-̶ßıªやªæ̶°̶ª²Ø°ı±²ıª±╆や4³ªæや̶Ø°©Ł½-̶ßıªやªæ̶-º-

es have been observed under both isothermal and com-

Æ³±²ı©-やª©-Łı²ı©-±や〉4½°ØŁ╇やｲｰｰｶ╉や7̶œØ°̶やØ²や̶œ╆╇やｲｰｰｹ《╆や5æØや
S̶±æÆ̶ªøや œı-Øや ı±や̶œ±©や±²ØØ¬Ø°や¹ı²æやª©-R-ØßØ-²╇や 〉ª©ß-

¬̶°Øや'ıº³°ØやｴÆや ²©やｴª《や̶-ŁやØ¼²Ø-Ł±や ²©やæıºæØ°やµØœ©ªı²ıØ±や
Œ©°やゑや┚やｰ╆ｷｵ╆や3Ø±³œ²±や¹Ø°Øや©-œ½や©Æ²̶ı-̶ÆœØや³¬や²©やゑや└やｰ╆ｸや
¹ı²æや ²æØやª©-R-ØßØ-²やŁ³Øや ²©や °ıºや œıßı²̶²ı©-±╇や̶œ²æ©³ºæや
the trends are clear.
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$©ß¬̶°ı±©-や©Œや'ıº³°Ø±やｴªや̶-ŁやｴŁや±æ©¹±や²æØやŁ©ßı-̶-²や
ØTØª²や©Œや ²æØや ª©-R-ØßØ-²や³¬©-やS̶±æÆ̶ªøや̶±や ²æØ°Øや ̶¬-

¬Ø̶°±や²©やÆØやœımœØやØTØª²や©Œや²æØや-©¾¾œØ╆や%³Øや²©や²æØやªæ̶-ºØ±や
ı-や²æØや̶Ø°©Ł½-̶ßıª±や²æ̶²や̶TØª²や²æØや$3;╇や²æØや³±Øや©Œやª©--

R-ØßØ-²や ̶œ²Ø°±や ²æØや ±²°Ø-º²æや©Œや ²æØや °Øªı°ª³œ̶²ı©-や ¾©-Ø╇や
ªæ̶-ºı-ºや ²æØや S̶±æÆ̶ªøや ²°Ø-Ł╆や 0²æØ°や ±²³ŁıØ±や 〉7̶œØ°̶╇や
ｲｰｰｹ╉や/̶³Ø°²や Ø²や ̶œ╆╇や ｲｰｰｷ《や ±æ©¹や ²æ̶²や ª©-R-ØßØ-²や ̶³º-

ßØ-²±や²æØや$3;や±²°Ø-º²æ╇や²æ³±やª©-R°ßı-ºや²æ̶²やS̶±æÆ̶ªøや
resistance decrement is related to alterations of this 

structure. 

0Æ±Ø°µ̶²ı©-±や©ŒやS̶±æÆ̶ªøや¹ı²æや ²æØや©¬Ø-やS̶ßØや̶-Łや
-©やª©-R-ØßØ-²や±æ©¹ØŁや²æ̶²やł³±²やÆØŒ©°ØやS̶±æÆ̶ªøやı-ı²ı̶-

²ı©-や²æØやS̶ßØやŒ°©-²や¹̶±や©Œや ²æı-や̶--³œ̶°やŒ©°ßや̶-Łや¹̶±や
œ©ª̶²ØŁや©-や²æØやÆ³°-Ø°やœı¬╇や¹æıœ±²や²æØや°Ø±³œ²ı-ºやS̶ßØやª©-

alesced a couple of diameters downstream, then being of 

œ©-ºやœ̶¾½やŒ©°ß╆や5æØやS̶ßØやª©³œŁやÆØや©Æ±Ø°µØŁや²©やÆØや²°½ı-ºや
²©やß©µØやŁ©¹-や²æØや©³²Ø°や¹̶œœやÆ©³-Ł̶°½や œ̶½Ø°や̶-Łや¹̶±や
̶mØß¬²ı-ºや ²©や ¬°©¬̶º̶²Øや ı-や ²æı±やß©ŁØ╆や 5æı±や œØŁや ²©や ²æØや
ª©-ªœ³±ı©-や²æ̶²やÆ©³-Ł̶°½やœ̶½Ø°やS̶ßØや¬°©¬̶º̶²ı©-や¹̶±や
¬̶°²や©Œや²æØや¹̶½やı-や¹æıªæや²æØやS̶ßØやS̶±æØŁやÆ̶ªø╆
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'ıº³°Øやｵや±æ©¹±や²æ°ØØやS̶±æÆ̶ªøやª³°µØ±や¹ı²æや²æØやŒ³Øœやı--

łØª²©°╆や5æØや ıß¬°©µØßØ-²±や ı-やS̶±æÆ̶ªøや©ªª³°°Ø-ªØや ̶°Øや
µØ°½やªœØ̶°や̶-ŁやØß¬æ̶±ı¾Øや²æØや̶Łµ̶-²̶ºØ±や©Œや²æØや³±Øや©Œや
the injector for all cases.

%ıTØ°Ø-ªØ±やÆØ²¹ØØ-や²¹©や±Ø²±や©Œやª³°µØ±╇や'ıº³°Ø±やｵ̶や
̶-ŁやｵÆ╇や̶°Øや±ß̶œœや¹ı²æや²æØや-©¾¾œØ╇や¹ı²æや©°や¹ı²æ©³²や²æØや
ª©-R-ØßØ-²╆や 'ıº³°Øや ｵªや¹ı²æや ²æØや ª©-R-ØßØ-²や ̶-Łや -©や
-©¾¾œØや±æ©¹±やS̶±æÆ̶ªøやœıßı²±や²æ̶²や̶°Øや±©ßØ¹æ̶²や¹©°±-
Ø-ØŁ╇や©ªª³°°ı-ºや̶²やµØœ©ªı²ıØ±や̶Æ©³²やｱｰゾやæıºæØ°╆や/ØµØ°-
²æØœØ±±╇や²æØや²°Ø-Łやı±やª©-±ı±²Ø-²╆や5æØやı-ª°Ø̶±Øやı-やS̶±æÆ̶ªøや
°Ø±ı±²̶-ªØやı±や¬°©Ł³ªØŁやÆ½や²æØや¬°Ø±Ø-ªØや©Œや²æØやı-łØª²©°╇や
¹æıªæや̶µ©ıŁ±や²æØやŁı°Øª²やı-S³Ø-ªØや©Œや²æØや$3;╇や¬°©Æ̶Æœ½や
¹ı²æや²æØや̶µ©ıŁ̶-ªØや©Œや²æØやŒ©°ß̶²ı©-や©Œや²æØや$*7#╆や$©ß-

¬̶°ı-ºや'ıº³°Ø±や ｴや ̶-Łや ｵ╇や ²æØや ªæ̶-ºØ±や ı-や ̶Ø°©Ł½-̶ßıª±や
above the injector are no longer a determinant factor in 

²æØやS̶±æÆ̶ªøやœıßı²╆や5æı±やœØ̶µØ±や²æØやØ-²ı°Øや¬æØ-©ßØ-©-や
²©や ²æØや Æ©³-Ł̶°½や œ̶½Ø°や ¬°©¬̶º̶²ı©-╆や.©°Ø©µØ°╇や ̶や ª©°Øや
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S©¹や̶ªªØœØ°̶²ı©-やı-Ł³ªØŁやÆ½や²æØやı-łØª²©°やı-ª°Ø̶±Ø±やS©¹や
µØœ©ªı²ıØ±や ı-や ²æØや ̶--³œ̶°や S©¹や ±³°°©³-Łı-ºや ²æØや œ̶mØ°╇や
æØ-ªØや Æ©³-Ł̶°½や œ̶½Ø°や µØœ©ªı²½や º°̶ŁıØ-²±や ı-や ²æØや ©³²Ø°や
¹̶œœやÆ©³-Ł̶°½やœ̶½Ø°や̶°Øや̶³ºßØ-²ØŁや¹ı²æやS̶±æÆ̶ªøや°Ø-

sistance. 

5æØやS̶ßØや¹ı²æや²æØやı-łØª²©°や¹©³œŁや̶œ±©や°Øま̶m̶ªæや²©や
²æØや -©¾¾œØや Œ©°や °ıªæや Ø®³ıµ̶œØ-²や °̶²ı©±╇や ̶-や ØTØª²や ©Œや ²æØや
ªæ̶-ºØ±やı-やS̶ßØやŒ°©-²やœ©ª̶²ı©-╇や©ªª³°°Ø-ªØや̶-ŁやŒ©°ßや©Œや
̶-½や$3;╆や5æØ°Øや̶ ¬¬Ø̶°±や²©やÆØや̶ や²°̶-±ı²ı©-やŒ°©ßや²æØや±²̶²Øや

¹ı²æや S̶±æÆ̶ªøや Œ©°や Ø®³ıµ̶œØ-ªØや °̶²ı©±や œØ±±や ²æ̶-や ̶Æ©³²や
ｱ╆ｰｵや²©や²æ̶²や¹ı²æや²æØやS̶ßØや̶m̶ªæØŁや²©や²æØやœı¬や©Œや²æØや-©¾-

¾œØ╆や 'œ̶±æÆ̶ªøや ̶œ¹̶½±や ©ªª³°°ØŁや ±©©-や ̶Œ²Ø°や ²¹©や S̶ßØや
Œ°©-²±やŒ©°ßØŁ╇や©-Øやœ©ª̶²ØŁやı-や²æØやª©°ØやS©¹╇や²æØや©²æØ°や©-や
the outer burner lip

"±や Łı±ª³±±ØŁや Ø̶°œıØ°╇や S̶±æÆ̶ªøや ¹̶±や ß©°Øや ı-²Ø-±Øや
with the injector for all cases tested. This occurs because 

µØœ©ªı²½やœØµØœ±や̶²やS̶±æÆ̶ªøや̶°Øやœ©¹Ø°やı-や²æØや±½±²ØßやÆ½や
³¬や²©や̶やŒ̶ª²©°や©ŒやｲやŒ©°や̶やºıµØ-やØ®³ıµ̶œØ-ªØや°̶²ı©╇やª©ß-

¬̶°Øや'ıº³°Ø±やｴや̶-Łやｵ╆やや5æØやRmı-ºや©Œや²æØやŒ³Øœやı-łØª²©°やæ̶±や
²æ³±や±³Æ±²̶-²ı̶œœ½やıß¬°©µØŁやS̶±æÆ̶ªøやœıßı²±╆

An interesting phenomenon developed from low to 

ı-²Ø°ßØŁı̶²Øや 3Øや 〉├ｱｵ╇ｰｰｰや ²©や ｲｶ╇ｰｰｰ《や ̶°©³-Łや µ̶œ³Ø±や ©Œや 
ゑや├やｱ╆ｱや²©やｱ╆ｲ╆や5æØやS̶ßØや¹©³œŁや̶ m̶ªæや²©や²æØや-©¾¾œØ╇や²æØ-や
ß©µØやı-╇やŁ©¹-や²æØやÆ©³-Ł̶°½やœ̶½Ø°╇や̶-Łや²æØ-や©³²や©Œや²æØや
-©¾¾œØや̶°©³-Łや²æØやı-łØª²©°╆や"²や²æı±や¬©ı-²や²æØやS̶ßØや¹̶±や
ı-ª̶¬̶ÆœØや©ŒやS̶±æÆ̶ªøや ²æ°©³ºæや ²æØやÆ©³-Ł̶°½や œ̶½Ø°や©°や
ı-ŁØØŁや±²̶Æıœı¾ı-ºやı-や²æØや±æØ̶°やS©¹やÆØ²¹ØØ-や²æØや-©¾¾œØや
̶-Łや Œ³Øœや ı-łØª²©°や ̶±や µØœ©ªı²½や º°̶ŁıØ-²±や¹Ø°Øや ²©©や æıºæ╆やや
8æØ-や̶ -やØ®³ıµ̶œØ-ªØや°̶²ı©や©Œやｱ╆ｱや¹̶±や°Ø̶ªæØŁ╇や²æØやS̶ßØや
œ©ª̶²ØŁや ı-±ıŁØや ©Œや ²æØや ±œØØµØや ı-や ²æØや Æ©³-Ł̶°½や œ̶½Ø°や
around the injector. There was no reaction in the annu-

œ³±やÆØ²¹ØØ-や²æØや©³²Ø°やS̶ßØや̶²や ²æØや¹̶œœや̶-Łや²æØや ı--Ø°や
S̶ßØや±²̶Æıœı¾ØŁやªœ©±Øや²©や²æØや±¹ı°œやªæ̶ßÆØ°╆や6-ŁØ°や²æØ±Øや
ª©-Łı²ı©-±や²æØやS̶ßØや¹©³œŁや-©²やS̶±æÆ̶ªøやı-²©や²æØや±¹ı°œや
ªæ̶ßÆØ°╆や "²や ̶-や Ø®³ıµ̶œØ-ªØや °̶²ı©や ©Œや ｱ╆ｱｹや ²æØや S̶ßØや
ß©µØŁやÆ̶ªøや©³²や©Œや²æØやÆ³°-Ø°や̶-Łやœ©ª̶²ØŁや©-や²æØやœı¬や©Œや
²æØや-©¾¾œØ╆や#©³-Ł̶°½やœ̶½Ø°や¬°©¬̶º̶²ı©-や±ØØß±や²©やÆØや²æØや
œØ̶Łı-ºやßØªæ̶-ı±ßや ©Œや S̶±æÆ̶ªøや¹ı²æや ²æØや ı-łØª²©°や Œ©°や
œØ̶-やØ®³ıµ̶œØ-ªØや°̶²ı©±╆や)©¹ØµØ°╇や²æØや¬æØ-©ßØ-©-や©Œや
Æ©³-Ł̶°½やœ̶½Ø°や¬°©¬̶º̶²ı©-や²©¹̶°Ł±や²æØや±¹ı°œı-ºやS©¹や
ı±や̶œ±©や̶œ²Ø°ØŁやÆ½や²æØや±²©ıªæı©ßØ²°½や©Œや²æØやS̶ßØや̶-Łや²æØや
µØœ©ªı²½や©Œや°Ø̶ª²ı©-╆や4ı-ªØや²æØや-̶²³°̶œやº̶±やæ̶±や̶や°Øœ̶²ıµØ-

œ½や±œ©¹やÆ³°-ı-ºやµØœ©ªı²½╇や²æØやı-ª°Ø̶±Øや©Œやß̶±±やS©¹や°̶²Øや
〉̶ı°や̶-Łやº̶±《や¬°©Ł³ªØŁや̶やŒ̶±²Ø°やS©¹や²æ̶-や²æØやÆ©³-Ł̶°½や
œ̶½Ø°や¬°©¬̶º̶²ı©-や̶ ²やæıºæやØ®³ıµ̶œØ-ªØや°̶²ı©±╇や²æ³±や¬³±æ-

ı-ºやÆ̶ªøや²æØやS̶ßØや²©¹̶°Ł±や²æØや²ı¬や©Œや²æØやı-łØª²©°╆や5æı±や
phenomenon was observed with both the open and the 

®³̶°œや -©¾¾œØや 〉'ıº³°Øや ｲ《╆や"や ±³ßß̶°½や ©Œや ̶œœや ¬°Øßı¼ØŁや
ª©ßÆ³±²ı©-やª̶±Ø±やı±や±æ©¹-やı-や5̶ÆœØやｱ╆

Xkuwcnk¦cvkqp"qh"vjg"hnqy

5æØや ¬°©ªØ±±や ©Œや S̶±æÆ̶ªøや ¹̶±や µı±³̶œı¾ØŁや ¹ı²æや æıºæや
±¬ØØŁや¬æ©²©º°̶¬æ½や̶-Łや°Ø±³œ²±やŒ°©ßや²æØや²¹©やª̶±Ø±や¹ı²æや
̶-Łや¹ı²æ©³²や²æØやı-łØª²©°や̶°Øや±æ©¹-やŒ°©ßや'ıº³°Ø±やｶ̶や²©や
ｶœ╆や'ıº³°Ø±やｶÆや²©やｶŒや±æ©¹や̶や±Ø®³Ø-ªØや©Œやıß̶ºØ±やŒ°©ßや²æØや
ª̶ßØ°̶やµı̶や̶や²©¬やµıØ¹や̶-Łや²æØやｴｵ┱やßı°°©°や¹ı²æや-©やŒ³Øœや
ı-łØª²©°╆や5æØやª̶ßØ°̶やŒ©ª³±Ø±や©-œ½や©-や²æØや-©¾¾œØ╆やや'ıº³°Øや
ｶ̶や ı±や ̶や ¬æ©²©や ©Œや ²æØや S̶ßØや ł³±²や ÆØŒ©°Øや S̶±æÆ̶ªøや ̶-Łや
±æ©¹±やæ©¹や²æØやS̶ßØやı±や̶m̶ªæØŁや²©や²æØやÆ³°-Ø°やœı¬や¹ı²æや
-©やª©ßÆ³±²ı©-やı-や²æØやßıŁやまや±Øª²ı©-╇やゑや└やｰ╆ｵｴ╇や²æØやß̶ı-や
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S̶ßØや ŁØµØœ©¬ı-ºや ¹Øœœや Ł©¹-±²°Ø̶ß╆や "²や æıºæØ°や S©¹や
°̶²Ø±や ²æØや S̶ßØや¹̶±や œıŒ²ØŁや ̶-Łや ©-œ½や °Ø̶m̶ªæØ±や ²©や ²æØや
Æ³°-Ø°やœı¬やªœ©±Øや²©やS̶±æÆ̶ªø╆
"や±Ø®³Ø-ªØや©ŒやS̶ßØやıß̶ºØ±╇やŒ°©ßや'ıº³°ØやｶÆや²©やｶŒ╇や±æ©¹±や
æ©¹やS̶±æÆ̶ªøやı±やı-ı²ı̶²ØŁ╆や'ıº³°ØやｶÆ╇やÆØ±ıŁØ±やıœœ³±²°̶²-
ı-ºや²æØや©-±Ø²や©Œやª©ßÆ³±²ı©-╇や±æ©¹±や²æØや®³̶°nやÆ̶±Ø¬œ̶²Øや
¹ı²æや²æØやŁ̶°øやÆœ³Øやıß̶ºØや©Œや²æØや〉-©²や³±ØŁ《やŒØØŁやŒ©°や²æØや
ı-łØª²©°╆や$©ßÆ³±²ı©-やı±や ı-ı²ı̶²ØŁやı-や²¹©や°Øºı©-±やı-や²æØや
©³²Ø°や¹̶œœや°Øºı©-や̶ -ŁやÆ©³-Ł̶°½やœ̶½Ø°や〉'ıº³°ØやｶÆ《╆や$©ß-

Æ³±²ı©-や ®³ıªøœ½や ¬°©¬̶º̶²Ø±や ³¬±²°Ø̶ßや ̶-Łや ̶ª°©±±や ²æØや
±Øª²ı©-や©Œや²æØや-©¾¾œØ╇や±³ªæや²æ̶²や̶Œ²Ø°やｱｰやßıœœı±Øª©-Ł±やı²や
has spread to almost all the section of the nozzle, Fig-

³°Ø±やｶÆや²©やｶŒ╆や8ı²æや²æı±やª©-Rº³°̶²ı©-や²æØやS̶±æÆ̶ªøや¬°©-

ªØ±±や ı±や ı-²Ø°ßımØ-²や¹ı²æやS̶ßØ±やŁ̶°²ı-ºや³¬や̶-ŁやŁ©¹-や
²æØや¹̶œœや Æ©³-Ł̶°½や œ̶½Ø°╇や ©Œ²Ø-や ÆØı-ºや ±²°Ø²ªæØŁや ²©や Ø¼-

tinction, not quite reaching the main swirl chamber and 

ª̶³±ı-ºや ª©ß¬œØ²Øや S̶±æÆ̶ªø╆や *-²Ø°Ø±²ı-ºや ÆØæ̶µı©°や ©ª-

ª³°°ØŁや ı-や ²æØや ±¹ı°œや ªæ̶ßÆØ°や ̶±や ²æØやS̶ßØや¬°©¬̶º̶²ØŁや
°̶Łı̶œœ½や©³²¹̶°Ł±やŒ°©ßや²æØやØ-Łや©Œや²æØや-©¾¾œØや²©や²æØや²̶--

ºØ-²ı̶œや ı-œØ²±や 〉-©²や±æ©¹-《╆や5æØや¬°©ªØ±±やæ̶±や̶やª©ß¬œØ¼や
ｲ%や¬°©¬̶º̶²ı©-や¹ı²æや ²æØやS̶ßØ±や̶¬¬̶°Ø-²œ½や Œ©œœ©¹ı-ºや
²æØやı-œØ²やS©¹やÆ̶ªøや²©や²æØやı-œØ²±╉や±ıß³œ²̶-Ø©³±œ½や17$±や
̶-Łや±ß̶œœや$3;±やŁØµØœ©¬ØŁやı-や²æØやªØ-²°̶œや°Øºı©-や©ŒやS©¹╇や
²æı±やı±やŁı±ª³±±ØŁやı-やß©°ØやŁØ²̶ıœやØœ±Ø¹æØ°Øや〉7̶œØ°̶╇やｲｰｰｹ╉や
7ıº³Ø°̶±やØ²や̶œ╆╇やｲｰｱｲ《╆

5æØや¬°©ªØ±±やı±や®³ı²ØやŁıTØ°Ø-²や¹æØ-や²æØやŒ³Øœやı-łØª²©°や
ı±や¬°Ø±Ø-²╇や Œ°©ßや'ıº³°Ø±やｶºや²©やｶœ╆や'ıº³°Øやｶºや±æ©¹±や²æØや
S̶ßØやł³±²やÆØŒ©°ØやS̶±æÆ̶ªø╇やゑや└やｰ╆ｹｵ╆や5¹©やS̶ßØやŒ°©-²±や
are formed, one as before on the outer burner lip, the 

©²æØ°やı-や²æØやªØ-²Ø°やÆØı-ºや±²̶Æıœı¾ØŁやÆ½や²æØやŒ³Øœやı-łØª²©°╆や
#Øª̶³±Øや©Œや ²æØやæıºæØ°やµ̶œ³Øや©Œやゑや̶-Łや ²æØや¬°Ø±Ø-ªØや©Œや
²¹©や S̶ßØ±や ı²や¹̶±や -©²や ¬©±±ıÆœØや ²©や µı±³̶œı¾Øや ¬°©ªØ±±Ø±や
Œ°©ßや²æØや²©¬やµıØ¹╆や5æØや±Ø®³Ø-ªØや©Œやıß̶ºØ±や±æ©¹±やS̶±æ-

Æ̶ªøや ŁØµØœ©¬ßØ-²や µı̶や ̶や Æ©m©ßや µıØ¹や ²æ°©³ºæや ²æØや
®³̶°nやÆ̶±Ø¬œ̶²Ø╆や5æØやŒØØŁや²©や²æØやŒ³Øœやı-łØª²©°や©Æ±ª³°Ø±や

¬̶°²や©Œや²æØやµıØ¹╆や*-や'ıº³°Øやｶæや²æØや®³ı²Øや³-ıŒ©°ßやS̶ßØや
radiation from the burner exit is evident with combus-

²ı©-や ©ªª³°°ı-ºや ı-や ²æØや ¹̶œœや Æ©³-Ł̶°½や œ̶½Ø°±や 〉º°ØØ-《╆や
.©µı-ºや²æ°©³ºæや²æØやıß̶ºØ±やS̶ßØや¬°©¬̶º̶²ı©-や©ªª³°±や
°̶Łı̶œœ½や©³²¹̶°Ł±やŒ°©ßや²æØや-©¾¾œØやı-²©や²æØや±¹ı°œやªæ̶ß-

ÆØ°や ŁØµØœ©¬ı-ºや ©µØ°や ̶や ±Øª²©°や Ø¼²Ø-Łı-ºや Œ°©ßや ├ｷｰ┱や ²©や
ｱｵｰ┱╆や5æı±や¬°©ªØ±±や¹̶±や-©²や̶±やı-²Ø°ßımØ-²や̶±やı-や²æØや¬°Ø-

vious case and was much more violent owing to the 

æıºæØ°やµ̶œ³Ø±や©Œやゑや̶-Łやœ©¹Ø°やµØœ©ªı²ıØ±やŁ³Øや²©や²æØやœ©¹Ø°や
̶ı°やS©¹±╆や5æØやS̶ßØ±や°̶¬ıŁœ½や̶-Łやª©ß¬œØ²Øœ½やRœœØŁや²æØや
swirl chamber to the tangential inlets in contrast to the 

case without the injector.

"²やœ©¹や̶ı°やS©¹や°̶²Ø±やÆ©³-Ł̶°½やœ̶½Ø°や¬°©¬̶º̶²ı©-やı±や
²æØや œØ̶Łı-ºやßØªæ̶-ı±ßや ©Œや S̶±æÆ̶ªø╆や)©¹ØµØ°╇や ıŒや ²æØや
̶ı°まº̶±やS©¹や°̶²Øやı±やæıºæやØ-©³ºæや²©や©µØ°ª©ßØや²æØや¬°©¬̶-

º̶²ı©-やı-や²æØやÆ©³-Ł̶°½やœ̶½Ø°±や©Œや²æØや±œØØµØや̶-Łやı-łØª²©°╇や
S̶±æÆ̶ªøや¹ıœœや-©²や©ªª³°や̶-Łや²æØやS̶ßØや¹ıœœやÆØや¬³±æØŁや
Æ̶ªøや²©や²æØや-©¾¾œØや¹ı²æや̶や¬æØ-©ßØ-©-や©Œや°Ø̶m̶ªæßØ-²や
to the lip of the burner. This was corroborated using the 

æıºæや±¬ØØŁや¬æ©²©º°̶¬æ½や〉'ıº³°Øやｷ《╆

Conclusions

This paper describes a series of experiments for the 

̶-̶œ½±ı±や©ŒやS̶±æÆ̶ªøやı-や̶や¬ıœ©²や±ª̶œØや±¹ı°œやÆ³°-Ø°やR°ØŁや
©-や-̶²³°̶œやº̶±╆や4ØµØ°̶œやª©-ªœ³±ı©-±やØßØ°ºØ╈

ｱ╆やや8æØ-やR°ı-ºや¬°Øßı¼ØŁや-̶²³°̶œやº̶±や²æØや¬°Ø±Ø-ªØや©Œや̶や
ªØ-²°̶œやŒ³Øœやı-łØª²©°や±³Æ±²̶-²ı̶œœ½やıß¬°©µØ±や°Ø±ı±²̶-ªØや
²©やS̶±æÆ̶ªøやŒ©°や²æØやºıµØ-や±¹ı°œや-³ßÆØ°や°̶-ºØ╆や5æı±や
±ØØß±や²©やÆØやª̶³±ØŁやÆ½やS©¹や̶ªªØœØ°̶²ı©-やı-や²æØやªØ-²°̶œや
ª©°ØやS©¹や̶ TØª²ı-ºや²æØや©³²Ø°や¹̶œœやÆ©³-Ł̶°½やœ̶½Ø°や̶ -Łや
²æØやµØœ©ªı²½やº°̶ŁıØ-²±╇や̶ŁŁØŁや²©や²æØや̶µ©ıŁ̶-ªØや©Œや²æØや
Œ©°ß̶²ı©-や ©Œや ̶-½や ª©æØ°Ø-²や ±²°³ª²³°Øや ²æ°©³ºæや ²æØや
Æ³°-Ø°や ¬̶±±̶ºØ±╆や 8æØ-や -©や ı-łØª²©°や ı±や ¬°Ø±Ø-²╇や ²æØや

Vcdng"30"Uwooct{"qh"cnn"ecugu"ykvj"rtgokzgf"eqodwuvkqp

$©-R-ØßØ-² *-łØª²©° /©¾¾œØ 4¹ı°œや/³ßÆØ°や4 0Æ±Ø°µ̶²ı©-±
ｱ╆ｰｸ 'ıº³°̶やｴ̶╆や5½¬ıª̶œやS̶±æÆ̶ªøやª³°µØや¹ı²æや̶や-Ø̶°や±²©ıªæı©ßØ²°ıªや

¬Ø̶øや
X ｰ╆ｸｶ 'ıº³°̶やｴÆ╆や/©¾¾œØやŁØª°Ø̶±Ø±やS̶±æÆ̶ªøや°Ø±ı±²̶-ªØ╆や4²°©-ºØ°や

$3;やµı±³̶œı¾ØŁ╇や¬©±±ıÆœØや°Ø±¬©-±ıÆœØや
X X ｰ╆ｸｶ 'ıº³°̶やｴª╆や$©-R-ØßØ-²や̶-Łや-©¾¾œØやŁØª°Ø̶±ØやS̶±æÆ̶ªøや

°Ø±ı±²̶-ªØや±³Æ±²̶-²ı̶œœ½
X ｱ╆ｰｸ 'ıº³°̶やｴŁ╆や7Ø°½や±ıßıœ̶°や²©や¬°Øµı©³±やª̶±Ø╇やŁØ±¬ı²Øや°Øß©µ̶œや©Œや

nozzle 

X X ｰ╆ｸｶ 'ıº³°̶やｵ̶╆や5½¬ıª̶œやS̶±æÆ̶ªøやª³°µØ╇や¹ı²æや̶や-Ø̶°や±²©ıªæı©ßØ²°ıªや
¬Ø̶ø╇やœıßı²±やß³ªæやıß¬°©µØŁやŁ³Øや²©や*-łØª²©°や³±Øやや

X X X ｰ╆ｸｶ 'ıº³°̶やｵÆ╆や'œ̶±æÆ̶ªøやª³°µØや±ıßıœ̶°や²©や¬°Øµı©³±やª̶±Ø╆や
$©-R-ØßØ-²やæ̶±やœımœØやØTØª²やæØ°Øや©-やS̶±æÆ̶ªøや

X X ｱ╆ｰｸ 'ıº³°̶やｵª╆や'œ̶±æÆ̶ªøやª³°µØや±©ßØ¹æ̶²や¹©°±Øや²æ̶-や¬°Øµı©³±やｲや
cases due to absence of nozzle



611

Vigueras-Zúñiga Marco Osvaldo, Valera-Medina Agustín, Syred Nicholas, De la Rosa-Urbalejo Daniel

Ingeniería Investigación y Tecnología, volumen XV (número 4), octubre-diciembre 2014: 603-614 ISSN 1405-7743 FI-UNAM

Hkiwtg"80"Hncog"cpf"jkij"urggf"ecogtc"kocigu."c+""vqr"xkgy."pq"kplgevqt"ykvj"pq¦¦ng."922an1okp"ckt."h"?"2076."
hncog"lwuv"dghqtg"hncujdcem."d"vq"h+"jkij"urggf"ecogtc"kocigu"ugrctcvgf"d{"4"oknnkugeqpfu"ujqykpi"hncujdcem"
fgxgnqrogpv."i+"dqvvqo"xkgy"ykvj"kplgevqt"cpf"pq¦¦ng."h"?"20;7."U"?"20:8."j"vq"n+"jkij"urggf"ecogtc"kocigu"
ugrctcvgf"4"oknnkugeqpfu"ujqykpi"hncujdcem"gzrcpfkpi"kpvq"vjg"uyktn"ejcodgt"



Flashback Avoidance in Swirling Flow Burners

Ingeniería Investigación y Tecnología, volumen XV (número 4), octubre-diciembre 2014: 603-614 ISSN 1405-7743 FI-UNAM612

S©¹やı±やºØ-Ø°̶œœ½や©Œやœ©¹Ø°やµØœ©ªı²½や̶ ª°©±±や²æØやS©¹や±Øª-
tion, coherent structures can propagate and hence the 

±½±²Øßやı±やœØ±±や̶ÆœØや²©や°Ø±ı±²やS̶±æÆ̶ªø╆や
ｲ╆や や8æØ-や-©やŒ³Øœや ı-łØª²©°や¹̶±や¬°Ø±Ø-²╇や ²æØや-©¾¾œØや̶-Łや

²æØや ª©-R-ØßØ-²±や ©Œや 'ıº³°Øや ｳや¹©°±Ø-ØŁや S̶±æÆ̶ªø╆や
5æı±やı±やª̶³±ØŁやÆ½やªæ̶-ºØ±やı-やŁØª̶½や©Œや²̶-ºØ-²ı̶œやµØ-

œ©ªı²½や¬°©RœØ±やı-や²æØや̶¼ı̶œやŁı°Øª²ı©-や̶-ŁやØœıßı-̶²ı©-や
©ŒやØ¼²Ø°-̶œやS©¹やØ-²°̶ı-ßØ-²╇や¹æıªæやı-や²³°-や̶œ²Ø°や²æØや
¬°Ø±±³°Øや º°̶ŁıØ-²±や ¹æıªæや º©µØ°-や $3;や Œ©°ß̶²ı©-の
±²°Ø-º²æや̶-ŁやS̶ßØやŒ°©-²やœ©ª̶²ı©-╆

ｳ╆や や 'œ©¹や µı±³̶œı¾̶²ı©-╇や S̶ßØや ªæ̶°̶ª²Ø°ı±²ıª±や ̶-Łや$'%や
ı-Łıª̶²Øや²æ̶²や-©や$3;±や̶°Øや¬°Ø±Ø-²やł³±²やÆØŒ©°ØやS̶±æ-

Æ̶ªøや¹ı²æ©³²や ²æØや ı-łØª²©°╆や )©¹ØµØ°╇や ©²æØ°や Ø¼¬Ø°ı-
ßØ-²±や ŁØß©-±²°̶²Øや ²æØや Ø¼ı±²Ø-ªØや ©Œや ̶や ±²°©-ºや$3;や
²æ̶²やı-S³Ø-ªØや²æØやS̶ßØやß©µØßØ-²や³¬±²°Ø̶ß╇や¹æıœ±²や
others give details of coherent structures formed in 

²æØや¬̶±±̶ºØ±や©Œや ²æØやÆ³°-Ø°╆や5æ³±╇や ²æØや œ̶ªøや©Œや$3;や
ł³±²やÆØŒ©°ØやS̶±æÆ̶ªøや±ØØß±や²©やÆØや̶や¬©ı-²や©Œや²°̶-±ı-
tion that needs further research.

ｴ╆や や )ıºæや ±¬ØØŁや ¬æ©²©º°̶¬æ½や ±æ©¹ØŁや ²æ̶²や S̶±æÆ̶ªøや
±²̶°²ØŁやı-や̶や±ß̶œœや̶°Ø̶や©Œや²æØや¹̶œœやÆ©³-Ł̶°½や©Œや²æØや
Æ³°-Ø°やØ¼ı²や̶-Łや²æØ-や°̶¬ıŁœ½や±¬°Ø̶Łや̶ª°©±±や²æØや-©¾-

¾œØや̶±や²æØやS̶ßØや¬°©¬̶º̶²ØŁや³¬±²°Ø̶ß╆やや
ｵ╆や や 5æØや -©¾¾œØや ıß¬°©µØŁや ²æØや S̶±æÆ̶ªøや ÆØæ̶µı©°や Æ½や

ß©µı-ºや ²æØや S̶ßØ±や Œ³°²æØ°や ̶¹̶½や Œ°©ßや ²æØや ı-łØª²©°や
̶-Łや Ł©¹-±²°Ø̶ßや ©Œや ²æØや Æ³°-Ø°や Ø¼ı²や¹ı²æや ¬̶°²ı̶œœ½や
¬°Øßı¼ØŁやı-łØª²ı©-╆や%ıTØ°Ø-²やS©¹や°̶²Ø±や̶-ŁやØ®³ıµ̶-

œØ-ªØや°̶²ı©±やªæ̶-ºØŁや²æØや¬©±ı²ı©-や©Œや²æØやS̶ßØやŒ°©ßや
ÆØı-ºやœıŒ²ØŁや²©やÆØı-ºや̶m̶ªæØŁや¬°ı©°や²©やS̶±æÆ̶ªø╉や²æØや
$3;や ²æ̶²や ̶-ªæ©°±や ²æØや S̶ßØや ̶œ±©やß©µØ±や ̶¼ı̶œœ½や ı-や
this process.
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