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ABSTRACT

The aim of this research is to study flow and heat transfer characteristics
on a surface of hot air impinging jet generated by Helmholtz pulse combustor. The
research was considered the effects of inlet tube geometry and tailpipe length to gain
the condition of high heat transfer rate on impingement surface. The experimental
parameters consisted of distance from tailpipe exit to impinged surface at 1D, 2D, 3D,
4D, 5D, 6D, 7D, and 8D where D was an inner diameter of tailpipe being 47 mm. The
length of tailpipe was varied at 16D, 19D, 22D, and 25D. The 4 types of inlet tube
geometry were (1) single inlet, (2) double inlets with 90° apart, (3) double inlets with 180°
apart and (4) triple inlets with 90° apart. The supplied rate of LPG fuel was fixed at 29.8
I/min. In the experiment, the velocity and temperature oscillations of free jet along
streamwise at center of tailpipe were measured by using a pitot-tube and a
thermocouple, respectively, and the heat transfer rate on an impingement surface was
measured by using a heat flux sensor. In addition, the pressure oscillation inside the
combustor was measured by using pressure transducer. Flow characteristics and
combustion phenomenon in pulse combustor were studied by using flow simulation with
3-D unsteady flow via computational fluids dynamics software, ANSYS (CFX 13.0).

The results from flow simulation were found that the internal ignition in
combustor oscillated corresponding to Helmholtz resonance. At the inlet of intake tube
and outlet of tailpipe, the entering and releasing of intake air and exhaust gas oscillated
corresponding to behavior of ignition oscillation inside combustor. The variations of
internal pressure inside combustor and velocity at tailpipe outlet correspond to the
results from experiment. When frequency of internal pressure inside combustor between
flow simulation and experiment were compared, it was found that maximum discrepancy
did not exceed 10%. When the effects of inlet tube geometry were considered (at fixed

tailpipe length at 6D), it was found that the results still correspond to the experiment.
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The number of inlet tube increases results on increasing of velocity at tailpipe outlet.
This is effect from ambient air was more intake into combustor, which contribute to
complete combustion.

In general, the results show that jet velocity, jet temperature and heat
transfer on impingement surface decreased according to increasing of distance from
tailpipe outlet. Especially distance from tailpipe outlet in the rage of 1D to 3D, the jet
temperature and heat transfer on impingement surface decreased rapidly, and for the
distance from tailpipe outlet in the rage of >3D, they decreased gradually and rather
consistent. The effects of tailpipe length and inlet tube geometry influence directly on
flow rate of intake air entering and mixing in combustor to be complete combustion. At
the condition of double inlets with 90° apart, the length of tailpipe at 16D and distance
from tailpipe exit to impinged surface at 1D, the heat transfer on the impingement
surface was the highest corresponding to the condition having the high temperature of
jet. However, at the same condition, the double inlets with 180° causes on getting the

high velocity of jet.
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= 1 £ dql' a A =3 2 1 £ 6 v
35 ﬂm:nmsmﬂmm’]mauuuwumwLwmmmauvgwu‘[@yl%LsﬁuLsﬁai’s@
WaNTANNTa
3.6 Ainwysngmsoinyinanszmain lnadilagldldsunsy (ANSYS  software
Ver. 13 (CFX)









4.manaasiuazauls
4.1 ansmzaaslymuazdiulsiilglnnsmaaas

gﬂ‘ﬁ 9 ugasanEmeaasRasti Infuuuwaanltlunisnaasslay
frualiusunasasrasimnlndesi Wostnlndvanuiuaawas a1uriawain
VLmTﬁmmmémmugmsTﬂma 110 mm 17 300 mm LL&:@@@%%Lﬁﬂuﬁfm%'m;mnﬁ@
[ Foiwaefienurneuaswasrn nlaawsudwaias duindusasiasin lmifidanuria
sefsnwundurioaanings sauvasroan lnifdenuvessasnuuuldidudadonasd
Tusnusauasuriagsld vedsvinanvesauas mmmﬁumuquﬁﬂma D=47 mm 811
L=750 mm (Usza1t 16 D) a%m%’miamaLiﬁaWﬂWﬂ"L@TaammﬂﬁamﬁLﬁﬁzjﬁaaLmvl,m]”
YIRNA 4 @‘hLLmLm”\igﬂﬁ 8 YIaN TN IMATINAINNTIDRLAWLAE ﬁmmmﬁumuguﬁﬂma
29 mm #1717 165 mm Qmalﬁﬂmﬂ%ﬁlﬂﬁﬂmuﬁmﬁ'ﬂﬁam Seviamadhenmeasansa
farhdalunsdinlaldom

4.1.1 saulsilFlumsnaaas

(1) lumsmaaaﬁﬂmmamaafﬁﬁmuﬁamaL“ﬁﬁmmmngﬂLLuumiﬁ@@fe
madn ld@nwnonue 4 sy @”@LLa@alugﬂﬁ 8 uaz 10 fa EULL‘U‘U‘ﬁ (1) ViaLae
EULL‘LﬁJﬁ (2) Igagviafivineni 180° gﬂLmuﬁ (3) gasrafivhani 90° LLﬂ::EiJLLiJUﬁI (4) 8
viafivinarin 90°

(2) TumInasasinmItasuwudasnnuenivieds L=16D (750 mm),19D
(893 mm),22D (1034 mm), uaz 25D (1175 mm) asusaslug 9



(1) Single inlet 2) Double inlets with 180°

3) Double inlets with 90° @) Triple inlets
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165 mm ,d= 29mm

Spark plug
| < Airinlet - D=47mm
Tailpipe l
110mmey ——] —— X
N Tailpipe length = 16D, 19D, 22D, and |
25D
300 mm
Combustor Top view

gﬂﬁ 9 LRAITIWIATDIRILN Indlasviads
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(1) Single inlet (2) Double inlets with 180°
4 (4) Triple inlets

ﬁl v v =Y Qq: 1 v
Eﬂ‘n 10 megmmumaa'ﬂaaLm"lmLmzmimmgﬂLmumaammummmﬁ

4.2 ANAD19DIN 1T IWN1INAADY
= a v rff Yo . ci v Y a
lunsdns e e nuaszuuwny (Coordinate  system) Ailge1984914
[ { o A o o [ o A Al
mMInasasaIuaadluzlf 11 daznaudoding X, Y uaz Z dnualigaduiiaagnninans
283U nN98aNVBIYIaRY WNK X AR s luuuiunuu eI nansauaIanALIEwIL YZ
o A , &£ & )

IWunu Y dfiamansduasainiuszwy Xz

via&4 (Tailpipe) 4D X
A

3UN 11 ugasAnanlglunisdnes

@130 1 uRAITEazidaauasaiulsag 9nldlunmaenas snsuea
NIIULTOLNRIVAIUAT LPG a7 117 29.8 I/min

P a o A A
AN 1 LFAITYRLLDUAVDINILYTURLLI auqmﬂlﬂuﬂqjﬂ@ﬂaﬁ



el ugutnasnsluasvag (D) 47 mm
% 1 6 ]
nadusiuguinaamelusasviaanmea (d) 29 mm
. 16D, 19D, 22D Uaz
ANNYNIVBIVIDF
25D
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32821INUNNNTI0NVAINAFIDIRIIAA NSRS

AA Qs 1 1
qmﬁgummﬂmammaaﬂw (X)

1D, 2D, 3D, 4D, 5D,
6D, 7D Lac 8D

T
A a il

JeezaNUINnNIeany aoﬂadaﬁowumwmuﬁ

(7
Aa o o o '

fandriamItnamanusanld (L)

1D, 2D, 3D, 4D, 5D,
6D, 7D sz 8D

stuvvzasfasn nil(lasdanasvasia s lnad
A
A9n)

(1) vialaen, (2) ¥advia
fivinarii 180°, (3) &0
viafivinarii 90° uaz (4)

fuUYiaN®19n 90°
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51 MIANBIMUNNIRILUAZAMNTURALVBIINANTDUNHININABY
7 [ (c‘ ] []
W Inanuuwadninnisaanvasnods
5.1.1 4ANAaad
~ A =< PO = A
3UN 1 me"g@maaawim“lummnmqmﬁgwmamm:mmmmamlao
o A o o ) o € o o a & A
NANTOUNFIIINRAILHT A NULUUNA A mmmwauammaoqﬂnsmwiﬁ’lumsmaaa

%

J

@2

fad)}
She

(1) ﬂaumemaiﬂuqﬂﬂmim%ﬁm{ué’@mﬂ’]m‘*ﬁﬂﬂwam"’uL%al,wﬁo
ufts LPG luwaswn lnaiweltlunissansnwasn lnsuuuwas

(2) DIui® LPG LﬂuL%aLwﬁdﬁm%'mhmﬁymﬁaum%mf‘iammﬂgﬂ
Usasgwaan wduis LPG Adaastnanunaunuaimeadnivasmn lnal

(3) WaLian uazganiugunTIziia (Ignition Controller) WaIaINNDIe
LLa:L%aLwﬁdL?Tﬁwauﬁ'uluﬁadLmvl,vaﬁLLﬁaq@mqumﬁ:Lﬁm:ﬁhUﬂizLLava WA
Wisuilmifaanuseutusafansszdeduluiein lndaufaduwigsnsuounad

(4) v nduuunasduraamn lndlansmensinsiamannuiuaaw
La§WUI 1.5 mm I@UﬁmaaﬁaaLmvlﬁﬁﬁmu’mﬁumugmﬁﬂma 110 mm @alTINUR?
Wsnsgwswrindutadainioalwierin ldmuisoildauanuenaess ladeassd
YUWIQ 47 mm LLaxmwmwaoﬁaum%ﬁmqmasla%iﬁ' 300 mm

(5) 7O IA NN Type K ﬁ]xﬁmﬁiﬁ'ﬁ'@]qm%gﬁﬁmaﬂmomﬂmoaaﬂ
lufanisves X GﬁLLﬁ@dluEﬂ‘ﬁ 11 udrdeunsanliduiwinrnasswerassde 1D,
2D, 3D, 4D, 5D, 6D, 7D waz 8D

(6) qmﬂuﬁ'@mwL%ﬁ%ﬁ@@gﬂﬁﬁ'@Na@mmméi'u"li"maﬂmaﬂ’mmaaaﬂ
lufanisves X GﬁLLﬁ@dluEﬂ‘ﬁ 11 udrdeunsanliduiwininveswarodsda 1D,
2D, 3D, 4D, 5D, 6D, 7D waz 8D

5.1.2 95n1Inaaag

slumsmaam”agﬂﬁ 12 238 IMAINDIVBIADULNIFLTDSLTIR B ILHN
Tndnetasenna (Air Inlet) lasanmeaazlwariuaidsuussauantazallsuaasing
lnavasau Lﬁiaqummﬁummﬁ"ﬁﬁ 2 bar WRZAATINTIAAVEIANM@ 100  U/min
doaninfUsasanainda LPG  hvasin lnaienauiuonnalasidainauda
LPG '%:Vl,mmuéﬁﬂévum’]m‘i‘uﬁauaaﬂmﬂﬁoLLaf:@ﬁi“@é‘@mmsVLmLﬁamuqummﬁu
PoaFoinas 1IN 25 bar uazezasRsaTIMIINBanauAs LPG 1 29.8 Imin nn

A v <& A v o A ] o
Ldauvlmﬂqiﬂ@aaﬂ ﬁaﬂﬁ]’]ﬂuu?@szl,u@@’] N1 LYIEJ%I@]ﬂ‘ﬂaaUﬂizLLavLWW’lﬁl’m"g@ﬂ’J‘Llﬂu



o

myszdalnarwidourinlwifaanufauduisfionseiia nsrdesesainasri
Wifadunsszidewuuipanswadlasynssvasiasinn Ind dpinsuuuwadiliife
anuaulwiasmn mevauinuazay (FRyINe) litAaszuunmsideuuuwadAadu
Imjvl,zj@i”aaﬁhUmmﬂmnﬁ'\mmJstamafﬁﬂ@iavlﬂLﬁaaﬁnﬂmwLfluagmurywmﬁmaaﬁaum
Tnshzisomedanuauinigamacuiasn nafldiosusndar e siginsiuge:
Inadaunavanyaszidaiginslminufivhldiaisugnlfyaszdalugisaaniniasian
Indinassaaden %é’amﬂifmmuﬁaaLm"lmﬁlfﬁ']gjann:mﬁ (Steady state) \3uviin13
ﬁ"@qmﬁgﬁmaaaﬁauﬁa‘j”wmﬂﬁaaLmvlmﬁl,wuw”aéﬁmoﬂmamnmaaanmawiasiﬂm
Jarndndnmisenvadriasluiianig X @”&3&7‘{ 12 vveanidudnwiwvinaesamwia
via&y 1D, 2D, 3D, 4D, 5D, 6D, 7D uaz 8D Gﬁanﬁif@qmﬂgﬁm:f@ﬁqﬂmﬂmaﬂuﬂ”m‘ﬁa
3%@ K (Thermocouple Type K) @iaL?Tm”uLﬂ%iaaﬂ'uﬁﬂﬁagadaiagaqmwnﬂﬁmLﬁu"Li’Lu
ﬂamﬁamaﬂ@ﬂmuﬁummadqmﬁgﬁlummﬁ 1 Hz §3%aNL5I009LENaNTOULIANE
A9UBIANUAKAILRIIN Pitot Tube LHILFAINAYBINAAIIANUAUGILAUFIVBITEAL

iluinuaiiiaas (Manometer) lddnanugaudrdaildduwmmdranuidaly
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Air pressure
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LPG flow
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and air tank
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5.2 msﬁnmmsmﬂmmw%'a%ﬂaamwau%’auuuwmﬁmm!wu
5.2.1 AANANDY
A Al =2 ' o = o

gﬂ“n 13 meﬂg@maaml"ﬂumsﬂﬂmmsmzjmmmiaumammamau
A L0 oA o o 9 o & o o a &) o
AUNN190aNVAIVIARINFININNRDILNT MR ULUNAR mmmwauaU@madqﬂﬂimﬂim
lun1Ineaadnazinidawnu®iTa 5.1.1 LL@iﬁ]::LﬂﬁUm’mq@ﬁ'ﬁ‘@qm%gﬁua:q@ﬁ'ﬁ'ﬂ
Hadaanuanlliduinianisteimenuiauuunuianesu (Heat Flux Sensor) 44
o o ' o ¥ a ' o o o ' o =2
‘mmmimsjmmwmauuuﬁumwwuﬂi:ﬂaumﬂmmmsmUmmwmaumﬂs:ﬂu
NN NBHWIRANIINANAYY 6 mm Lﬁumuguﬁﬂma 100 mm ﬁﬁLﬂumejqumﬁ
WIIANTEUNAMN T WL TN IMA K WLN T2 LN AN T AR aALIA LALZTAIATINT

¥ o o . ad o o '

Tnarasiinszunsausawlin 1.9 I/min UAAMANINI 28°C  MTIAAIMNIIAIULNAIY
%”auuuﬁ'uﬁwﬁwm:i’@aaﬂvl,ﬂmﬂmﬂmaaaﬂmaaﬁaduﬂm:mm’mawm@ﬁam
(L) = 1D, 2D, 3D, 4D, 5D, 6D, 7D i.8x 8D

5.2.2 935n15NAaal

% ni ni caaA a dll A %3 o £
lumimaaamgﬂ'ﬂ 13 NLFAINNITNITLAWLAIDILANAWNLRITD 5.1.2
1 1 1 { Q & = v v v 1 {

LL@]ﬁ]szﬂmaagﬁmzmumimmmammaw%aum%umgama:mﬁ (Steady
state) L'%uﬁwmsi'@msmzlmmm%auuuﬁuﬁijmaaLﬁmm”auﬁmnmaaaﬂmmm
1 U @ o L £ d 1 v =3 a 1
faeurIaNanNTAINTa (Heat Flux Sensor) mawayjammﬂﬂuﬂaumma%mu
Data logger natfiudnvaswaiaazfivnngiwnfilasifiuidudrvasusaaulum (voit) lay

o o '

Anldde 1 mV = 0.8 Wem® (Wadtanmsthumainusausasusen Vatell 34 TG-1000-0

v ot o 1 & 1 1 1 @ o 1 {
Q'JEJG]'JEIEI']EJE?(E].IUE]J"WME% Amp 15 "ITGﬂWﬂ'J']SJVL&ILL%%QW’DQG%??@@%ﬁ +3% )

Heat Flux Sensor

Pulse Combustor
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I J
T Spark Plug > \l/ D Heat Flux Sensor
—0 @ 3 I
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LPG flow ¢ :
meter 77 77 7777 7 L
<-->
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Air flow - Controller
LPG pressure meter
regulator

Data logger
}E Air pressure
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LPG
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and air tank
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Computer
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E‘.IJ‘YI 13 @@ﬂ@ﬂﬁ]dﬁl“ﬂuﬂﬂiﬂﬂﬂ’mﬂiﬂﬂEIL‘YIﬂ’]’]Niﬂu‘].luW%N’JV!G"Iiu“flﬁi’]diﬂﬁﬂ%adLNW
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5.3 NMIANEINAZDIANNABNLAAIU v adInazIuradn 1
5.3.1 4ANAAY
ni ni = % ni a J v
U 14 LLa@o"g@maaawlﬂummnmwamaammmumnmﬂuvx AILHN
v 1 1 U a § a s { a é’ (%
TnduazlurasslUnian gnuinoaTununa89nNNABNLAATBLAZINNNATBIANNAY
o , a & Ad a & v o o a &
ildgnisiiensianudnifeduld dwsunusziBoavesadnininldluniinaass
wiaunuade 5.1.1 udezildsuangairiagannd (Thermocouple Type K) ULazya
WIIANAAIIANNAY  (Pitot Tube) tiduI1@ANGH (Pressure Transducer) Way
a . 2 o g
aaadalaslay (Oscilloscope) TIANHAzLBAAIH
(1) ¥21@Auan (Pressure Transducer) Luu8IUIEen OMEGA 3
DPX101 sﬁaiaﬁummﬁmmgag@agjﬁ 250 PSI (17.24 bar) LLazmwaoqmugﬁﬁﬁﬁ'@
sanInhnuldagf (-75°C s 120°C) dranwliwinenasiaiaegn (+2.5%)
(2) saadalaslal (Oscilloscope) LA TUR Y ANFINNAINHAITAAIN
AWl AUANTULIIAW NN IFINWATI NI TRAN L I uaauRILaas
5.3.2 95n15NAaal
o A A = Aad a A A o o 9
lumsneaasdsgdf 14 Ausesffidinaduniannieowiuwite 5.1.2
1 ] ' { Q & % Q.q: v v v 1 {
udvzuandtaginIzuIuNITagInaINRUIaauia i Inlidnganizasf (Steady
QI o L Qo { a z v v 1 1 v s 1 1
state) SuvimTiannuauiiiadwluiaamn ndiasviadeldnsan gaulasnisauen
druaaadalaslail (Oscilloscope) udien lutufinlunaniiinaiduaaslugli 14 lay
{ o o [ ° ' ) ) ' = o ' '
AR AANNAULUALAIIBDIR DI T asriagI T AN T wIzes 4 LYnuasIwaYia
1 =) 09: 1 g 4 Qs Q
§991nhnnndeanILgnAaaItuNaTarianaNTIIA 6 mm F9uAN 20 cm LHaIANHATR
[ a 1 (% > ¥ A o o [ ] I~ a 6
AMNAUNUGUND g 9ld'le (Fuarwmeliindiannuandsuniuliluaauiaes
1 mV = 0.05 PSI)
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LPG pressure meter
regulator
- IOscilloscope
Air pressure _J
regulator

LPG
Tank

Compressor
and air tank

A A Computer
P

c

ni A =1 s A a J v v 1
311 14 LLam"g@maaawlﬁ’lummnmwamaamm@uﬁnmmulwaum"lmLLazluwa
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5.4 @nwnilsngnisainisen g lnsiasan lnauuunadaalidsunsanig
NaA1aATV9 1A (ANSYS Ver.13)

ﬁg@ﬂi:a\aﬂﬂunﬁiéﬂaaowq@mmmmm%ﬁmmﬁmLmvl,mi”l,muw”aa"lﬁa@gmmu
msfamvienaitha measinadanganssumstn lnsdaswasn lnuuuwadadnals
Tuiiiaz14T1sunsu ANSYS Ver.13 (CFX) lumsdiaaswgdnssumsuunwsvaswasmn
TnfuuuwaguasinafinmImdaeudaatavueia7lusunsn ANSYS CFX V.13 azidu

A5 W luvilafiuusd (Finite Element Method) lasauniswugnuilolunisduwimadda i

5.4.1 aumsmuqumf‘lumsﬁmaamﬂwa

CFD Lﬂummﬁﬂu@mmawaavl,%aﬁmmsm”@‘lﬁagjiugﬂawmn%a agw”uf
mﬂifm:ﬁwmmﬁﬂytymammsnfﬁaagw”uﬁéﬁU?%‘L%@@T’JLM (Numerical method) lag/ld
aouRaastslunsdwin  GenmsasnulasmenmeninaasaadlwaudazUSun
mmsm}”@‘lﬁaglugﬂmadawﬂ’m%aagw”uf B99z15 90 “FUNINILAN (Governing
equations)”’ ﬁmm‘smuQuﬁlﬁun’mﬁﬂvzymﬂ'ﬁvlﬁaéﬁﬂ CFD u3znauaiuauni1sLiasg

ag%’nﬁmaLLazauﬂﬁL%oagﬁhﬂmuuéfu
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o

DA LA LRAS LA A7

@+ O(pu) N o(pv) N opw)

& o e (1)
op  Opu)
— + — " T =
& o (2)

P = ANURW LYV IR

U =auiSvasvad e

auNNIaYINE ALY (The Momentum Equations)

o(pu. Ou,
M.,.w — _@_Fi[u((ﬁ_,_i)_zgu
Ot Ox axi axi axj axi 3 8x‘

a

N+ pg, +F (3)

P =anuauaiannszyindazadinag
g =uwildudrsvaslaniinszvidavaslna

F, = usdnsuaninszyindavadna

aumiagﬁ'ﬂﬁwﬁamu (Conservation of Energy Equations)

Wugunmsnasnunlslumssiaasnmsinanuuaada b (Compressible flow)
oh > DP
p[5+v-(hV)]:——+V-(kVT)+d) (4)
Dt

t =1381 (time)
h =launaddwmizannwassnunely (Specific Enthalpy)
P =anwuauiinszinnuveslna (Pressure)

= @M hanusauzadad s (Thermal Conductivity)

%

K
T =omnnd Nyitﬁ: (Absolute Temperature)



) =W:ﬁﬁ;umiﬂi:mUﬁwa\‘lmmﬁmmmmmﬁ@ (Dissipation Function Representing
the Work)

5.4.2 mei"lammwﬂ'uﬂ'mmmgﬂu (Standard k -& model)
me‘haaammﬂvuﬂfmmmmaﬁ”waum‘smsmﬁauﬁwwaaqmauﬂ'@maﬁmmm
ﬂuuﬂ'su"l@ﬁl,ﬁmm”ﬁﬁmswmigqjamwaawé’ammaﬁﬂ”uﬂm, €  WINWEINFENAIINIT
lRonduved & ﬁazi‘fuagﬁuﬁaLLﬂsvl,&immmﬁ‘hmumﬂLLavaajmmmi'@mVL@T
wuudaes k-¢ Lmummgma:ﬁuuuﬁﬁaaamsmﬁauﬁmwwmﬁmaiﬂ‘m 2 a1 he k
uaze S'fiow”@ummmnﬁugmmwmj‘ﬁLﬁmifmﬁ'umzmumiﬁv‘iﬂﬁl,ﬁ@mmLﬂﬁﬂmmm
Y9INNALADT

mslden kuaze dwmonialindtetifinnusiuazeiediEemea

289 Turbulent eddies laa3%
9=«", 1=x"I¢ (5)

Waldwanvesnsainainanaad Turbulent Viscosity 310 Mixing Length model a1

NI e
w, =cyv/ =ch(k2/8) (6)

Taafien c, Wuaeud s lsuagaduanaen

fusLLUUa09 k -& anespuwazldaunismaiiolaude lUidmst k use €

O(pku) O 0 p, O
—p i +—(pPku,) :—[M——k‘]+2},l‘]£‘:‘j]£‘:‘j —pe (7)
at axi ax‘ CSk (3xi
ope O 0 0 € g’
£+—(pgui) =S H % e, —2uEE, ~c,p— (8)
6t 5xi axi (ZYE axi k k
= ni 1 oq: ag‘ ™ d ™ 1 d'l v o t:i
Iuaumifﬂwmmmgm 5 A TIENTnUTUA N Na LT LaNUAN BN LAAT
RAINRAY LA AT

c,=0.09; 6,=1; 6,=1.30, = 1.44, C, = 1.92
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o 9 ea ° Ao o A ' %
ﬂ’ﬁLLWSGﬁGYVﬂ%&Iﬂ’)’]&Jﬁ]’]Lﬂ%“ﬂ(ﬂﬂdﬂﬂ%%(ﬂw auvlmmm val’J

N19627 AVaIK AT € TADIMNUA
- ok oe
NN9BDNLAZUSIIULNUFNNIAT = =0 WRT — =0
on on
M3 lradasy -k =0 waz £=0

wananhiausadszunmwnsank was & 88190311 9 ldannaau

v
1 d a

T UaInNNURUIN (Turbulence Intensity) T, WazANUITEI VUG L 289T09m T IR

% % 6 1 dq’
TaganusunNwsassialii

3/2

3 k
k=—U T);e=c ¥ —:¢=0.07L
2 14

ref i n

fmsuawescua: & usnalnansss munsadwmldlaswanidugosnsdiasit

a1 isdluadiiniwasgeg Suimualas 30<y. <500 laglwinu y 4
ﬁﬁmd@fdmﬂmnwﬁfdLLazs‘hLmﬁﬁﬁ%ﬁmﬂLmz y:ﬁa Dimensionless distance

AUS AN INTE ML R NMATUR LT EENNS Yy BaTIMT

a o 6

Aadufianasnueatiluszivinuaannsgysas

+ U : ;
U =—=l£n(Ey+);k=L;8=& (9)

M, K Joo o ow

laufiFnadNvad Von Karman (K ) WinAU 0.41 wae Wall roughness factor, E §1W TN
Souyinny 9.8 lunstiuadni mgm:mmmmmm@ﬁi‘mmﬂﬁmﬂ Schlichting. [20]
fmsumItnamanusenaz laanuaunusasaunsh

+ (T_TW)CPPH‘[ GT,(

T =-

=0, [u" +P(

)]
" . (10)

Tt

Te = amnnd o @ unik yp



g = WanTaNuTa N

Cp = @i’]ﬂ’n&]ﬁ;ﬂ’n&l%ﬁmﬁ’]LW’]Z"UBG‘IIE]GVL%G
G, = A1 Turbulent Prandtl number

G = Laminar Prantl number

) a a% o o ..
ANRUUIZENTNNIHNAINTAN (Thermal conductivity)

U
1l

~ > U ¢ ;:;’ >3 > 1 1 . o
Lﬁuw\iﬁmummﬂm%wuﬂuamwmmzmw laminar Prandtl number nu

turbulent Prandtl number

nImN 2 Lo luaawuluaian g sunInisanelawk uas € 924 Wall

damping function 8 1L&58luaNnA (7) waz (8) A laaunTadil

K, :PCHfu; (11)
opk) O 0 n, 0
——+—(pku) =—[(UL+—)—k1+2u EE —pe
a o Pt g T aEE P (12)
ope) O 0 u 0 g g’
—+_( 8 ) :_[( +_|)_8 ]+C18f1_2 tE\'Ei' _C28f2 — 13
Ot 8xpu' GXiHGEﬂxi‘ Rt pk (13)

i €

& e a a% ' o £ v .
wRwINFuUszanFaunitaldarnisndanelauas Wall-damping

function tJua9%h [21]

2
f, =[1-exp(-0.0165Re,)] (14)
0.05 ,
f =(1+—); f,=1-exp(-Re, ) (15)
fu
2
Re,= X7y (16)
v
Re = -k (17)
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5.4.3 LUUIIADINISLHTINAUALUHTIH (Combustion and Radiation
Model)

WUVI1889IN13LK 118 The Eddy Dissipation Model

uLuUiaed Eddy Dissipation uiugiuzaumwifania jisomand
(Chemical reaction) Lfiamié'l?d@Tuwauﬁu’l,mm”ﬂuLaqaﬁ'uﬁ]:l,ﬁ@Lﬂugﬂmaawﬁmﬁm«?ﬁ
N %ﬂumaﬁé’mﬁmmﬁ@ﬂﬁﬁ%mfﬂ:Lﬁ'mﬁaﬂ@Umaﬁ'unmﬁlﬁumswaumi@%ﬁﬂu
szauluana slumsvlmaLLouuﬂmnmﬁﬁmmmam:gﬂmquﬁq DAMANIAYBINTT
WU (eddy) LLazé'mwmiLﬁ@‘lJﬁﬁ%m%uagjﬁ'u Turbulent kinetic energy,k, &

dissipation, €
€
rate o.— (18)

wwifiavasnisnrugul Jiseridnadidultldludyninmanindle
WY J9AFANTINNNIATINIABLAKIN TN AT UN AT M IHENAUYIZNTAY

du luluianavas Eddy Dissipation , sammiaifadjizonluidasdu (k) wildan 2

&
GHUIRRIT
2aULAVBININAU TNV IENTAIGH
€ 1
R = A —min(—) (19)
k V,
= v o . . &
o [1] dduanudnduvasdindsznay | wae | idusiudsznauvaizniag
At

vauavaInItial isenvasndanmei

€ €,00W,
Ri=AB = (———) (20)
kK €V, W,

la P foipsnainuavasndasmeilul e k
mauL°11mJaaNﬁ@ﬂvmsﬁgﬂﬂ@wmw,ﬁaé’uﬂszﬁwﬁ%aa@h B gﬂﬁﬂ%%@lﬁLﬂuﬁﬁau a3
Lﬁ@ﬂﬁﬁ%muﬁwﬂmauua:umm s]mgu@angﬂﬁmmlﬁﬂﬂlﬁam (set to -1) udazidald
Pwdlafmuadi B 1luuan (LL&T’J”]"L&]LLu:méﬁﬁ%'uﬂﬁﬁ%mﬁmUﬂnzumau)
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MUUIIABINIURIIRAINTAN (The P, Model)
P, Lﬂuawmsamadwmjaommﬁ'@§€mu%auluaumsmimﬁausﬁU%a%zawqalﬁﬂaﬂw
i Tu eI IUHTITYIARlunfiane (Isotropic) auMINMIUKTIRANTEUANTUUAS
agw”uﬁmamuuﬁwaaa P, fwsumIuEIfenuTandliunn snesuuesnsunied
ANNTAWIUNNTINAAMTUNTRRILATLU A ILES MIQATUUEY UAzMINTZN BT ULEUATS

%

RNUITDAUI T LA A9

( : )(—a G,)
qf‘/ =- v 21
3k, —k,)— Ak, Ox (21)

E)

%

RUMTEATUFLUNATNVBINITUHIIFANNTDWAA NN TUNBA LN BNV BINTUHTIF

anuTauluwrunIARauY

—(( 1 X d ( d G =k,(E
3k, —k,)—Ak, Ox, Ox "

A e a & a v .
A Ao ’NUITRNDLBILEY anisotropy

bv _Gv) (22)

a

v o v v Qs '

5.4.4 N1IFIUUUIINDIRDILHN IRAUUUNAE
mMyasnuudtaasrearn Induuuwaslaslsldsunsuninamansaad
lna (ANSYS Ver.13 (CFX)) azainalagaanuuunadnanmea 4 sunufiuandaniueny
=& o = ' o Ao A o o o ¢
mMnaaasdaguuumadhanmeanuandens 4 suuuuiiaan (1) deswnlndiuuWad
gﬂmemL?Tﬁmmmmmiamolﬁwmmmam, ) ﬁaaLmvl,mj”l,muw”aﬁgﬂmemmj”w
aIMALLLFaIYiaN9ny 180°,(3) ﬁaaLm"LmJ’LLuuw”aﬁgﬂLLuumamT”nmmmLuuaawia
fvenu 180° uaz (4) Heswn nduuuwWassluuumadhanmeauuuaunwiemu 90°
lasfianuenivasviadsazasntilugnnsdledn 16 viweasswarieds tlaguaain
magnamanuanasnuinldifiadnngnisatluiasen lnduszluvodaduadnels Tn

o A9 o & a Y 1aaa . . ] 22
myssasilisondadulwawulasldl fjiTenvas A propan-air five step et 1HDs
W duaznsdwimle 3 Sadunuuliaan (unsteady) aaaale (compressible) lagf
WUUIIReIM TN AN WL The Eddy Dissipation ,mIuH398ANNTauLLLI R4 P,
radiative, WazLUU1RaIMTMaLUULMLIW k—¢ ﬁ’lu;ﬂ]LLUUIHﬂ’ﬁﬁ’]%’JmL‘ﬂ%LLUU
o \ v o o A .

WHWNN TR WL biAIFIRA LN ED (The second order transient scheme ) LLAZILNWHAIT
uwiludgymluszaugs (high-resolution advection scheme) uuuuvasluaaflElunis

o 6 2 U o 6 1 s 1
Fassdnngmasiman lndludssenniuuunadazuiseandu 4 Tuieananlasuis
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\ o dAa Eve % A = '
mugﬂLu_lwaq‘na‘mamemﬁm@mﬂwuv\aaLm"lﬂﬁ’luagﬂu,uumumﬂuL@alumi
Faasazudisantdusulawunaniumsdiwimasit (1) lawusadanmeausiimsie
maameauazIv U fsvianisdnainiaa s lagainiausi mrianisiananniaaztin
gﬂmamwanmm@ 17 wihrasamwavianidnainiauazeaanithidn 17 winvasvia

v v 1 Q v v = & =
NN DIMAG BTN (2) I@]LuwnamaaLm"l‘ﬁm:uanmmztﬁugﬂmamaUsmmmm
1 (% v q/d' 1 1 =
WAL WIAIRBIEN Pra Tl Ineaed way (3)  lawwusadsviassTinllfsanne
=) 1 1 v A =) 1 1
UitamIQUiaumaawaaa@amammﬂmnm‘[@maumamaauﬂugﬂmam:uaﬂmm@ 17
Winvasviagsnaze1iaantlilu 17  1WiNua9vi o890 8Lt wN% mugﬂuuwadﬂ?mmﬁao
v L= a { lé ] a 1 Qs v
L AT LU LW AR T NS e NI RN TIN N LRI DINT AN LLFIBT I IR DI LKA
Tndudlunainyasamaaz A Lbnlugiwn nanulnnivaanuadviaasuazdinnisun
' o A & 4 ' ' ' o
PadrianaitiannalasNnialatunazuiadusiuton g (elements) ladseuoe
1,555,200 19 2,000,000 &IuNbTiniIdtwImiazlusinsainsaazlawsnTuwdiwgis
. YV o s a a a v o sﬂl =) t:? t:§ s £Z
(Inflation)  lEdwsuNTInauSiiadailinsduraiazidoadudiazuaadlilumide
ol

LUUINRDIUDIRDILNT baal

(1).ﬁaol,mvlmml,uuw”aﬁgﬂLLummL?Tﬁﬂﬂﬂml,l,umial,ﬁm

s 15 LLamLLuu?ﬁﬁaaa'ﬁmLmvlmj"uuuw”aﬁ?gﬂLLuumaLf*ﬁwmmmmuﬁmﬁm

(D =47 mm,d =29 mm)
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Domain 3

Domain 1

Wall 1 Inlet fuel

Domain 2

{ o v v e v 1 A
zllﬁ 16 LLﬁ@NLL‘.IJ?J"D’]QE’N?IE’N%QGLN’IVL%NLLTJUWGQ(E‘]JLL‘]JHYI’NLﬂlﬂaﬁﬂ’]ﬂLLUUﬂﬂLaﬂ’J piN

LENVAULIANIIAWIDH (Domain)

Inflation : Smooth

Transition
Transition Ratio : 0.5
Maximum layers : 3 %\
Growth Rate : 1.2
Inflation Algorithn :Pre

t:l a 3 v o 6 ¥ 1 a
z‘ﬂ'ﬂ 17 LL&@GEﬂLLUHﬂi@I‘USG‘ﬁ8\1LN']VL‘V\&ILL‘LIU‘WER?(E?JLLfLIU‘Y]'NL"}.I’]E'J’m’]ﬁLLfIJ‘.UV]?JL@]ﬂ’J
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(2).wasn lwsiwuWadsUuuunadie mauuuresviafivinariu 180°

gﬂ‘ﬁ 18 LLamme‘haaoﬁadLm"l,mnmuw”aﬁgﬂLl,uuwmLﬁﬂaﬁﬂﬁﬂLLuuaamaﬁmdﬁ'u
180° (D = 47 mm, d = 29 mm )

Domain 3

Domain 1

Eﬂ‘?l 19 LLﬁ(ﬂ\‘]LL‘]J‘]Jﬁ’]ﬂﬂG“UEIG‘VTEIGLN’“IVLMS:]/LL‘]J‘]JW”@@{EﬂLLU‘UY]’NLfﬁﬂ’]ﬂﬁﬂLLUUﬁaGﬁaﬁﬁ’Nﬁ%

s ° .
1800 TILYNVAULUANIIAUITH (Domain)
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Inflation : Smooth
Transition
Transition Ratio : 0.5

Maximum layers : 3 %
Growth Rate : 1.2
Inflation Algorithn :Pre

Eﬂ‘ﬁ 20 LLﬁ@‘Ix‘]El] LUUNIAY aaﬁaumvlmﬁl,muw”aﬁgﬂ LULNaTMALU LRI 8N KN

N 180°

(3).ﬁaaLm"l,mﬁmuw”aﬁgﬂLLmJ“moLﬁTwmmﬂLLuuaawiaﬁﬁwﬁ'u 90°

$=17D

:lill‘ﬁ 21 LL&@NLL']JUﬁ']ﬂﬂx‘iﬁﬂx‘]LN']vlﬂﬁ/LLUUWvﬂﬁ{E‘]JLL‘.IJ‘].I‘Y]’]\‘IL?T’]ﬂ’]ﬂ']ﬂLLUUﬁE]GViﬂﬁﬁ'Nﬁ"l«b
90° (D = 47 mm, d = 29 mm )
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Domain 3

Domain 1

E‘llﬁ 22 LRAILUTINRDIY ﬂdﬁladLNWVL%ﬁLLUUWvﬂéEﬂ WULNTNaTMALLUEBIYIaNA9N

A o .
900 TILYNVBULYANIIANUITU (Domain)

Inflation : Smooth

Transition
Transition Ratio : 0.5
Maximum layers : 3 %
Growth Rate : 1.2
Inflation Algorithn :Pre

]
=

gﬂﬁ 23 LLamgﬂLLUUﬂ’%maaﬁaaLmvl,mﬁmuw”aégﬂLLuumaL%mmmmuaawiaﬂvm

N 90°
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(4).wasn lmilwuWassluuunadia meauuumaviafivihanii 90°

0=90°

=17d
¢ $=2.34D

‘:I o v v L 6 v 1 dl 1 Q
E‘IJ‘YI 24 LLﬁ@]\‘lLL‘iJ‘.IJ"i]’]ﬂQ\W\a\?LN’]VLWSJLLUUWQQE‘]JLLUU‘Y]’NLTWS’]ﬂ’]ﬂLLU‘Uﬁ’]N‘ﬂa‘ﬂW’Nﬂ%
90° (D = 47 mm, d = 29 mm )

Domain 3

Domain 1

Domain 2

]
a

E‘ij‘ﬁ 25 LL&@\‘ILL‘iJ‘.IJ'fﬁ’]ﬂéJx‘]”ﬂﬂx‘lﬁ/a\‘iLN’]VL%&TLL‘U‘]JWVQQ(EEJLLU?IJ“(]’]GL”IT’]Q"]T]’]?I LUURINYIBNANY

Qs A o .
nh 900 TILYNVAULYANITIATWIT (Domain)
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Inflation : Smooth

Transition
Transition Ratio : 0.5
Maximum layers : 3 %
Growth Rate : 1.2
Inflation Algorithn :Pre

]
=

‘:l a v v o 6 v 1 1
:'51]71 26 LLE?(@NE‘]JLLLI‘iJﬂi@]"LIE]\‘W\a\‘iLN’]VL‘VWJLLU‘]JWES&E‘]JLLUUV]"IGL”LI']Q’]TT\?I LUURIUNIBNATI

fiw 90°

WanlvauwanmsiassUnngmisaim s nduuunwasd

mydaasmatn lnfazuslawumsiwmeanduaalamuwnanasit

1 Tatwnitiaz dus1uo9e1n1duS I Ma N9 o ML o9
amadsmytwuadawlusudu =0s) anusizaslnalulawuwnitsluumwiunn XY,z
AUalAYIAY 0 mis AnNawNITad Inalulaluuazirualyvinnu 0 Pa aqt]mgﬁmaa
Tnalulawuwrinny 306 K %\1Lﬁwﬁ’uqmﬁgﬁmmﬂimauﬁmaa<1 dranutuuves
Tnalulawuazimue lWddwnatsdonnudutuwsasanululweingy 5% diany
T upINTuR IRz LiTsa ludauaslisunty sauwssazidoauasdinisznanaas
mﬁ?ﬁwawagiulmmezﬁmu@l‘mﬁummﬂs’ﬁaﬂiznauﬁasJ Maoluwlasiauvinnu 0.78 lag
LAHEIUNIN TNTaaNTLYNAL 0.2 TaslAwaIweIa Hviniu 0.001 TagtaudInila
wazfnwansuanlaaan ladwinny 0.019

2 Tawwugasazidusruvostoan lndifgsagrodondsmamruadowls
Sudn (t=0s) anuisrvadinalulawngasazmruandonlaiwunice anuaunaves
Twalulawmsasezimuainiy -12000 Pa lianusudugyanmeialiainiann
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Tawunitsunazmusauauaay panndvasinalulawuazimualiiviiy 783 K
WolWidamasmaudhunautuanmaluaenusnifianisszidedn snanudwliwuas
faNUT VTR aIM U R nuand anlauniliudness s aauasdinlznauva
ssfnsunwlwlawnazlsznaudy Malnsinn 0.0898 laglABEIwIIANENRLEINN
Safitalulasian 0.6982 lagiauaiuaiauazmoeandian 0.212 lagiawa1uua 991u
nmL‘%'uﬁm:ahaaﬂﬁl,%aLwﬁaﬁ'ummﬂwawﬁ'uﬁqmwgﬁgaLﬁalﬁﬁmﬁ@mﬁuﬁ@*’ﬁ?u

3 Tawunauazingiwsasrassuazanmausnmlnnisasnasvia g
matruadanlusudu (t=0) anuisiuazanuawnapadlnalulawnasmnuamion
I@Luu%ﬁaLL(ﬂ'qm%gﬁmaa"l,mluhmwﬁluﬁuwhﬁ‘u 673 K fnanutninaslaiuuainy
BT Y BINTURTIFLAZ TN B Az B DA N T NARAAE s laLuuR oL

NnlatunnannazlsznauduaNvaUa  (Boundaries) siaﬂ‘ﬁ'agﬂu
Tawunandslsznavldds (1) maummlau%mwﬁwu%%aagiuiﬂqu%ﬁagﬂuuumi
Vlmmml,%wﬁ'mdwmmﬁaLﬁmé'@mmi"lmL%amamau%amaoayj’ﬁl 0.0012435 Kg/s @1
anuUuwnwasmslnathunansanusutuasanuluiln 5% qm%gﬁmau%amﬁa
PTUHNTY 306 K wazoaziBuauasanslusouiwaaasdainainatndsznause i
TWSIWWYINALAD 1 laglasdIwaulanasioaandiawyinny 0.212 lagiasainaia (2)
mm_lL°11maﬂmwuﬁﬁaﬁqmauﬁmﬁmaavlmvl,%alfﬁﬁl,l,azvl,maanmﬂumauLm@%aazagiu
Tawunitsuazlawuaulagazinuaaiaasanuawnayinny 0 Pa tuwusssmeadni
ay dranutnihumelureumalwnasn T utwrasnuwlu 5% gunnfizal
Tnanmeluseuiaawindy 306 K uasnoasifsavasaydsznavluseviaaiazivuals
Wuomeadslsznausis Malulasiewniny 0.78 lasiassiueis,  fAiwoandian
Wiy 0.2 Tasiamsiuuas 5winy 0.001 Tagtawdimana uaziaensuawlaoan e
WinAu 0.019  uaz (3) maummaawﬁfﬁoagiuwgﬂmﬂ@Luuﬁé'ﬂqmawﬂﬁmamﬁfa
mnnalwngsluanlos A0S0y ldasiontss @EdIRNIUNINTZONGD 1 §9%
qm'ﬁgﬁmaawﬁfﬂﬁmﬂmﬁ'@qmﬁgﬁﬁ]'%amﬂ“gw@aaaa%a%asluiﬂquﬁ%ﬁaﬁmm
qmunﬂﬁmﬁ' 558.35 K qm%gﬁmaoNﬁfalﬂ@LuuaaaLLa:mua:LﬂquﬁﬁfuLLa:a@aa@’]u
amwnafasuudasly (x) %awu:ﬁfumaaqm%nﬂﬁmawﬁfﬂﬂmuuaao T(X) = 510.91 +
2084.5143X — 7251.4286X°  [K] uazwislulaiuusy T(X) = 661.7384 + 404.0786X
(K]
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In Combustor OuAIet
4D
......................................... ¢ --=--0

\ 4
In Tailpipe

317 27 usasduniadinanmIdassngAnssumsen Insdluuwag
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6. WaN1INAaaILazanlgua
INNIINARBILAZIIRDINOANTIUN TR Indazusnn1sa Al ana
saniduiiadananaronulasiatausnazaflsenanisdnednngnisotluiamn
Indfuuuwag WatesasazaAUnonamsiannusuaiy qm%gﬁmﬁwaalﬁmﬁauﬁ
FuniarsanUInnIsaanens g wademaazaflnenanTIanNanSANTDRLWHITIT
WnauTaunizulanass witafzafunonamyiamaisuudasanuauluia s lnal
MUUNWARULAYIDEY Lmzﬁaifaﬁﬁ%ﬂw”ﬁaq@ﬁwULﬂumim%‘wLﬁwwamiﬁmaamﬂm

NANgANTINM I IR LLWa SR UALNANTNARITIaza AU ENaaIR

= ' v %] ¥ U Y
6.1  wanis@nwilangnisainistunlnduuunadlusiasiw lnanag
nszuInNIIINaaInialilsunsanadansvadlnua (ANSYS Version 13.0, CFX)
o A a & @ Y ' ~ 1
6.1.1 HAZDIAMNABNLAAYWIWAILKT Inanazlunadensdiuasro
% a £ a B = [ 2 Y
NI INIALAITINANLIINaAIBL LW 16D LiltaIasawuul
Qs { a J v v 1 1 Qq: 1 AI a §
navaInNuaniiiadwluiasmn Induaslurassaudisuauiaiasann
AM3inaadInganTsunisien msveswa s nduuunad laaliGainoudalnsinulu
a a [ { 1 Rt QI s s qu 1 &/
80T INALTININAEN 1.2435 g/s WUTIHATBIANMUAWITNTUAIMIAILALIANT 40 ms Un
o { a J 04 v v 1 1 Gq; a uq:
lu snmsdsesiifedunazasanuauluia s inluazluvedsng 4 Juuuundaas
' £ @ { Y o A [ { ) o Y
riamadhamalinanlndifdusnudsdianuaugiganidaingnisaluuuwagadiuaalu
waan lnalag 0.04 bar uazFanuaudigaluiadnnndad -0.04 bar druluviass
ANANNALFIFABLT 0.025 bar UazAIANNAUAIEABEN -0.025 bar INNWHANTINYDS
anuannilannunimesasdaduwipganimsn lndlnmslvadrvasermealnianey
A A A A& = o 1 Aa A
waziinnsinasanveslaideluaeuszidadanaantnididigldaturangdnssuaes

WaILW AN LULWAS Le Ll T 896 @Tau,a@ﬂugﬂﬁ 28

1.4 14

1.2 1 —— Single inlet 1.2 4 —— Single inlet

10 - Double inlets with 180° 1.0 1 Double inlets with 180°

—— Double inlets with 90° ~—— Double inlets with 90°

%.8 1 ——— Triple inlets _’g 81 —— Triple inlets
o]
.6 1 D .6 1

= In Combustor 5 In Tailpipe

@4 1 B 4

o o
a2 o 24

0.0 A1 0.0

-2 4 -2 1

-4 . . . . . -4

0 10 20 30 40 50 60 0 10 20 30 40 50 60
time(ms) time(ms)



H L H =Y g v v 1 1 o a
317 28 wazasnnNaniiiaduluia s Induazluviadsanmadiassngdnssunisen
Toaal
{ Y] 1 £
6.1.2 Han13tlagnnlasanuanlnnIdadNa NI aIN1ELA 8%
1 1 [~ [~ {
FAN8IMa 81T 16D LilwtaIDIARULL
o a e { =) &/ v v = H
HANTINRBINGANTINDBIANNARNIT AT WA DI IRT UL UNWREN
WOANTTUUULWARAATUAIG Limmm’m@ﬁlwaaLmvl,mLiwgwumﬂmis:mmaa
~ o & a o = o o P o
lad (@meanuibatwisnauni) A28 0.1T (0.1 MUBaIIPINs) nnsszidanainali
Qs v v AI &/ v Qs { v U [-%
mm@ulu%mLmvl,ﬁmwwmuqaq@lunm 0.3T mﬂmmauﬁqﬂu%aum"l,mm%mu
Vl,aLﬁﬂﬁl,ﬁ@mnmil,m"lﬁu“'l,ﬁ"lmaanmﬂﬁaaLmvl,m”'lﬂgjviadawmm@”ﬂuﬁaum%ﬁ
am‘hmwhﬁ'umwm‘"umimmmm:ﬁaaLm"L%iTL%mﬂugrytywmaﬁnm 0.6T aNNLH
qzyzyﬁmmadﬁaaLmvl,mi”a:ﬁammmau gvianainamauaziinniaanaiviadsln
vl,mmﬁﬁ’aaLmvlﬂﬁ’lunﬂﬁﬂmos‘i?ammﬂﬁﬁaLﬁwmﬁfmwvlﬂﬁavlaLﬁﬂﬁw'uaaﬂmr]mﬂ
NI9BANVDINARIAIY IINNITAIANINA RN LTIV INR NN ULTALNRII WA IAI LT 1
guIMAgIganaa 0.8T  Afiansszidadioanuauainlalfonnusanlasnisfs
NAULTIR AN AN LRZ AN T UITNNTIIYDIR DI AN TISL T ARINA LAAT U A L1
) v A & A =< o o o @ & &
mum%mwugwmsaﬂ e]'«aummwwgaqmamgamm"[ﬂmﬂsmgmsmmaqmw
o o o o ¢ . A A ' ' re a v o o
awlunaann lnauuuwagaziduiiui lisay ejﬁmmw?maq@mmmal,wmw'maum"lw
a4 LL&@]GI%E‘Uﬁ 29
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Pressure
P

5571.0
4774.0
39771
3180.1

2383.1
1586.2
789.2
-7.8
-804.8

) B
|

L
=

-1601.7
-2398.7
-3185.7
-3992.6

-4789.6
[Pa]

;

=

Pressure In Combustor
0.2T 03T

Pressure(bar)

time(ms) 0-8T

P a % a , @ a s A "
Elhfl 29 Naﬂ"lil,']_]aﬂuLLﬂadﬂ’n&l@uluﬂimﬂladﬂE]"m\‘]L‘lﬂa’m’]ﬂmﬂ’)‘ﬁd&lﬂ’l’]&lm’maﬁ\‘l

1% 16D LuiaTasduluy

6.1.3 wavasmstasnulasANNR R uazaas lunsiig
anagviadeaniin 16D tiuaiasdwuuy

MIAINATBIAIANUGY QNN LRZANLSILAIAIIINNINANIBIR D
el duasionaaonawislapvesviossfing AnssuuuuwadiAaduasd luszes
X=0 m 14 X=1.052 m LLﬁa@wa“ﬂmnmﬁtﬂﬁlﬂuvlﬂ%amnﬂﬂwLﬁuﬁﬁwnﬂuwamaam'm
A% LﬁuﬁLLma:LﬂuwamaaqmﬂgﬁuauﬁuﬁﬁﬁL’E%LﬂuwamaammﬁﬂuﬁﬂmwaaLmu X



& =1 =) Qs v v v v
FINANANIILALINLATT MR aaNUAIDINIAINNILWANTRBILHT eI aannnelu
ﬁaumvlmﬂgjmﬂuaﬂ NNNAVBINIAAAIYONITIIMATN 4 FUULUNDITHADEIAN
o & a a ~ ~ ' ' Aad AN o
auuazaNUTINNgAnTTuRsuudasauainIzezand qLmeamaaqmwgwummMu
1 dl s v ) ni 1 = a A s 1
aagtanuulasgslnainissnaadn imdauanutdnasansz liAanIINIaLNIIaNNKE
PYBIANVABNANT AALTID DNV IDINATABLAZAINIANWANH ANFINA LALAANIINIG
' ad ag Ao o A oA =2 A '
Lmeaaqm%gwmluﬂuwamaoqm%gwmmmU"L@]”lmwal,mmawaammnwwm
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Abstract

This article presents the pressure variation in pulse combustor. frequency and sound pressure levels
that result from the pulse combustion chamber. The combustion chamber is valveless Helmholtz-type with
single tailpipe. In the experiments, the effect of number of air inlet pipes connected to combustion
chamber on the velocity and temperature of air jet was studied with flow rate of LPG fuel at Q p¢ = 21-30
L/min. The jet velocity was measured using a Pitot tube and the temperature of jet was measured using a
thermocouples. To measure the frequency of pulsating jet, a pressure transducer was installed on the
combustion chamber wall. Sound pressure level was used for sound pressure level of jet from tailpipe.
The results showed that increasing the air inlet pipe with two air inlet pipes give higher temperature,
pressure, sound pressure level and frequency.
Keyword: Pulse Combustor, Hot air jet, Pressure in combustion chamber, Frequency in combustion

chamber
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Abstract. The aims of this study are to investigate flow characteristics in pulse jet combustor and heat
transfer characteristics of impinging jet from pulse jet combustor. The combustor is Helmholtz type
which has single combustor chamber and single tailpipe. The inner diameter (D) of tailpipe was 47 mm
and tailpipe length was about 16D. The effect of number of air inlets: single inlet, double inlets with 90°
apart, double inlets with 180° apart and triple inlets with 90° apart on flow and heat transfer
characteristics were studied. A water cooled heat flux sensor was applied to measure heat transfer rate on
the surface at stagnation point. The jet-to-plate distance was varied at L=1D, 2D, 4D, 6D and 8D. Two
of pressure transducers were mounted on the wall of combustion chamber and on the wall of tailpipe at
4D from tailpipe outlet to measure pressure simultaneously. It is found that the variation of pressure near
the tailpipe outlet is strongly depended on air inlet configurations. The pressure variations in pulse jet
combustor could be preliminary related to the temperature and velocity of jet from tailpipe and heat
transfer rate on jet impingement surface.

Introduction

Pulse combustion technology has been firstly published in 1906 [1, 2]. This technology is very
important to develop for using in jet propulsion applications. The major advantages of pulse
combustion are to provide a way for the efficient combustion of a variety of difficult-to-burn fuels as
well as reduce operation energy consumption and reduce contaminant emissions [3]. According to the
specific acoustic system on which their operation depends, pulse combustors can be categorized into
three distinct classes: the quarter-wave combustor, the Helmholtz combustor and the Rijke-type
combustor. .

Helmbholtz pulse combustor is simple model of pulse combustor which small diameter of tailpipe is
attached to one of large cavity (combustion chamber). It is operated under the principle of the
standard acoustic Helmholtz resonator. A Helmholtz resonator is operated at a frequency determined
by both the volume of the combustion chamber and the length and cross-sectional area of the tailpipe
[6]. It can be operated with valve system that valves are placed at the combustor wall opposite to the
tailpipe [5, 6] or with valveless system [4, 6 and 7].

In previous study, the pulse jet combustor was studied in valveless mode with either a
forward-facing inlet or a pair of rearward-facing inlets. Pressure, temperature, thrust, and frequency
were measured as changing configuration of valveless inlet and tailpipe length with different
geometries [4]. Many researchers have concerned to study the important impact of pulse combustor
on combustion efficiency [3, 8, and 9]. They found that the tailpipe length, combustor chamber
geometry and air inlet configuration effect on combustion efficiency and thermal performance. Other
works have been concerned on progressive thrust force, combustion efficiency, noise reduction and
pressure level in combustor chamber [4, 5, and 7]. However, the flow characteristics in pulse jet
combustion are still unclear and the heat transfer rate of impinging jet from pulse jet combustor is not
mentioned.

The aim of this research is to study the effect of air inlet geometries on flow and heat transfer
characteristics of pulse combustor with Helmhotz type. A heat flux sensor was used to measure heat
transfer rate on the impingement surface at stagnation point. The pressure transducers were used to
measure a static pressure at combustor wall chamber and tailpipe wall simultaneously.
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Experimenal Medel and Apparatus

Experimenal Medel and Parameter. The detailed pulse jet combustor used in this study is shown in
Fig.1(a). The pulse jet combustor is valveless Helmhotz type consisting of single combustor and
single tailpipe. The dimension of the tailpipe was 47 mm in diameter (D) and 750 mm in length (about
16D). The dimension of the combustor was 110 mm in diameter and 300 mm in length. The pulse jet
combustor was made of stainless steel. A spark plug was installed at the bottom of combustor
chamber for ignition during strarting system. In this experiment, the number of air inlet was
examined. The pipe air inlet was installed at combustor chamber as shown in Fig. 1(b). The pipes
were bent toward the tailpipe direction. The dimension of the air inlet was 29 mm in diameter and 165
mm in length. The configurations of air inlet were (a) single inlet, (b) double inlets with 180° apart,
(c) double inlets with 90° apart and (d) triple inlets with 90° apart as shown in Fig. 1(b).

165 mm ,d= 29mm

Air inlet . D=47mm (1) Single inlet (2) Double intets with 180°
Tailpipe 4

110m=\§4 |_.x
__l_,_.é% T
L =16D

300 mm
Combustor Top view (3) Double inlets with 909 (4) Triple inlets
(a) Pulse jet combustor used in study (b) Air inlet configurations

Fig. 1 Detail of pulse jet combustor and air inlet configurations
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Fig. 2 Schematic diagram of the experimental setup
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Experiment set up. Experiment setup consists of pulse jet combustor, fuel supply and starting
system and measurements system for pressure and heat transfer as shown in Fig.2. Liquefied
petroleum gas (LPG) fuel was supplyed from LPG tank, and its flow rate was controlled by pressure
regulator and calibrated rotameter. The LPG was injected to the center of one air inlet pipe through
stainless tube. A spark plug was installed at the end of combustion chamber for starting the
combustion system. The compressed air from air pump was supplied through a flow regulator and an
air flow meter and discharged through the stainless tube into the air inlet pipe that supply LPG. Both
of spark nlue and compressed air were used onlv at the beginine for startine the combustion svstem.
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A heat flux sensor was embedded on the impingement plate at its center to measure heat transfer rate
on the surface at stagnation point. The impingement plate was made of steel plate with 12 mm in
thickness and 100 mm in diameter, respectively. It was movable along axial jet (X-axis) to examine the
effect of jet-to-plate distance. The jet-to-plate distance was varied at L =1D, 2D, 4D, 6D and 8D. The
pressure transducers were mounted on combustor wall chamber and on the wall of tailpipe at 4D from
tailpipe outlet for measuring the pressure variation with time simultaneously. All of experiments were
done at the same flow rate of LPG at 29.8 I/min.

Results and discussion

Fig. 3 shows the pressure (gage) variation with time in combustion chamber and in tailpipe at 4D
from tailpipe outlet for each type of air inlet configurations. The pressure in combustion chamber
changes periodical with time and has same pattern for all air inlet configurations. For single inlet (type
1), when the combustion occurs in combustion chamber, the pressure in the chamber increases and
becomes maximum at a certain time in each cycle. When the combustion gas flows out to the tailpipe,
the pressure in combustion chamber starts to decreases and becomes vacuumed in combustion chamber
and the pressure near the tailpipe outlet tends to increase. For multiple air inlets, the pressure fluctuation
near the tailpipe outlet increases. For each cycle of pressure in combustion chamber, the outlet of tailpipe
has three maximum peaks of pressure. It should be noticed that the pressure near the tailpipe outlet is
positive when the pressure in combustion is positive (combustion occurs) and the pressure near the
tailpipe outlet becomes small or negative when the pressure in combustion becomes negative for case of
double inlets with 180° apart (type 2) and case of triple inlets (type 4). While, the pressure pattern for
case of double inlets with 90° apart (type 3) is similar to case of single inlet (type 1). That is the pressure
near outlet becomes largely vacuum or negative when the pressure in combustion chamber is positive
and the pressure near tailpipe outlet becomes positive when the pressure in combustion chamber is
negative. So, the pressure difference at a time between combustion chamber and near the tailpipe outlet
is maximum for case of double inlets with 90° apart (type 3).
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Fig.3 Pressure variation in combustor and near tailpipe outlet

The pressure data was then analyzed using Fast Fourier Transform (FFT) to produce the amplitude
spectrum of the pressure signal. Fig. 4 shows the spectrum analysis of pressure in combustion chamber
for each air inlet configuration. The maximum amplitude is at about 127.5 Hz for single inlet, 129.5 Hz
for double inlets-with 180° apart, 130.5 Hz for double inlets with 90° apart and 134.8 Hz for triple inlets.
The main frequency of pressure in combustion chamber tends to increase with increasing the number of
air inlet.
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Fig.4 Amplitude spectrum of pressure in combustor Fig.5 Amplitude spectrum of pressure near

tailpipe outlet

Fig. 5 shows the amplitude spectrum of pressure near tailpipe outlet. It is found that there are three
peaks of amplitude at three frequencies for all cases. Fig. 6 shows the three of minor frequency of
pressure fluctuation near tailpipe outlet for each type of air inlet configurations. The first frequency
for case of inlet type 1, 2, 3, and 4 is 127.5 H,, 129.5 H,, 130.5 H;, and 134.8 H, respectively.The
second frequency for case of inlet type 1, 2, 3, and 4 is 238.9 H;, 277.5 H,, 260.9 H,, and 269.7 H,
respectively. The thrid frequency for case of inlet type 1, 2, 3, and 4 is 366.4 H,, 407.1H,, 391.3 H,,
and 421.4 H, respectively. The first frequency is equal to the major frequency in combustor.
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The velocity of free air jet measured on the jet axial with Pitot-static tube is shown in Fig. 7. It is
found that the pulse jet combustor for case of double inlets with 180° apart gives the highest velocity.
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While, the case of single inlet gives the lowest jet velocity, this is due to the small pressure difference
between combustor and tailpipe outlet accoring to Fig.3. For all cases, the velocity decreases almost
linearly as going far from tailpipe outlet.

Fig. 8 displays results for the temperature of free air jet measured with thermocouples probe type
K at various distance X/D from the outlet of tailpipe. For all cases, it is found that the temperature of
free jet decreases rapidly from X/D=1 to 4 and becomes almost constant at T=100°C from X/D=4 to
8. At position X/D=1, the air jet from case of double inlets with 90° apart gives the largest temperature
at T=358°C. While, the case of triple inlets gives the lowest temperature at T=280°C. This may due to
the air flow rate induced to the' combustion chamber is too much and then reduces the temperature of
combustion gas. The case of double inlets with 180° apart and single inlet give the air jet temperature
about T=300°C. The different between double inlets with 90° apart and 180° apart can be explained
by the flow characteristics of air induced into the combustion chamber. The flow in case of double
inlets with 90° apart may promote the turbulent flow in combustion chamber than case of 180° apart.
So, the combustion intensity for case of 90° apart is better.

Fig. 9 shows the heat transfer rate from air jet impingement measured at stagnation point on
impingement plate at various jet-to-plate distance L/D. As shown in Fig. 9, the heat transfer rate is
maximum at L/D=1. But, the heat transfer rate tends to decrease as increasing the jet-to-plate distance.
This is due to the temperature and velocity of jet decreasing as far from the tailpipe outlet. The pulse
jet combustor for case of double inlets with 90° apart give the highest heat transfer rate about 55
kW/m’ for case of L/D=1. While, the case of double inlets with 180° gives the highest heat transfer
rate about 52 kW/m?, the case of single inlet gives the highest heat transfer rate about 50 kW/m* and
the case of triple inlets gives the highest heat transfer rate about 46 kW/m” at L/D=1. However, the
heat transfer rate for all cases decrease to 30 kW/m? at jet-to-plate distance L/D=4, 6 and 8.

Conclusion

The flow characteristics was studied by measured pressure variation with time in combustion
chamber and pressure near tailpipe outlet simultaneouly. It is found that the pressure variation in
combustion chamber is not depended on air inlet configurations, but the pressure near the tailpipe
outlet is strongly depended on air inlet configurations. The pressure variations in pulse jet combustor
could be preliminary related to the temperature and velocity of jet from tailpipe and heat transfer rate
on jet impingement surface.
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