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ABSTRACT

TITLE : INVESTIGATION ON PERFORMANCE AND FEASIBLE APPLICATION
OF STEAM EJECTOR REFRIGERATION

BY : WIRAPAN SEEHANAM

DEGREE : MASTER OF ENGINEERING

MAJOR : MECHANICAL ENGINEERING

CHAIR : ASST. PROF. KULACHATE PIANTHONG, Ph.D.

KEYWORD  : EJECTOR/EJECTOR REFRIGERATION / CFD / CRMC

Ejector refrigeration is a refrigeration system which uses an ejector to induce the
refrigerant from an evaporator instead of using a compressor. This will usually extend the life of
the system because of fewer moving parts. This system utilizes a low-grade heat or energy to
generate the refrigerating capacity. Therefore, it significantly reduces electricity consumption.
Moreover, this system can be used with water, which is the most environment-friendly substance,
as working fluid. However, one disadvantage is that this system gives low COP compared with
conventional system. In order to improve the performance of ejector refrigeration, investigation of
ejector flow characteristics and effective design of ejector are very important.

In this study, Computational Fluid Dynamics (CFD), FLUENT program is employed
to calculate ejector performance and flow characteristics. The axis-symmetry and 3D of steam
ejector geometry is created in GAMBIT program. In the 3D geometry, suction zone connecting
evaporator is included. The study compares, in simulation, CPM ejector with CMA ejector in
terms of their performances. The temperature in an operating boiler is ranged from 1200C to
1400C and the temperature in an evaporator is ranged from 50C to 150C. CFD is also employed
in designing the new conceptual ejector called “Constant Rate of Momentum Change (CRMC)”.

It is found that ejector flow characteristics in both axis-symmetry and 3D geometry are
quite similar. That means suction zone has a little effect on ejector flow characteristics. CMA
ejector induces the more mass of working fluid from the evaporator, but it generates lower critical

back pressure. If the temperature in the evaporator and the boiler is increased, critical condensing



pressure rises. Mass flow rate of secondary fluid from evaporator is decreased when pressure in
the boiler is increased. Results from CFD support experimental data vary well. Modified CRMC
- ejector from CFD and a mathematical model yield much more entrainment ratio than that of CPM
ejector while critical back pressure stays the same at each operating condition.

In this study, mathematical model of an ejector refrigeration system is also established
in order to investigate the parameter affected on system performances and to size of each
component. The mathematical model reveals that the cost of one complete ejector refrigeration

system is significantly higher; however the operating cost is much lower.
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qegaii A, adnmmeimausai ldisuiiduifioddaneslugaund deal ejector) 1y
dy 9 i [~ ] o ot o 4" 1
uenNlugd MNgUN 2.4 wmunmsgeydednlszmafatunnnIzuIUMIHANS U
° o o o 3 o { a é’
Asmauvesdnames 0 11 2 uaz 17 1 2) datu Taem ldudanszuaunisfidaty
] o o o [ ]
HinBRamesSuilunszuaumsiundu'lild (ireversible process)
(Y] d'd U o o d
2.2.2 tadeniinanssnunsanssouzvsIdignines
A ° @ a1 YY 9 v o o
2.2.2.1 wansznunnieulymshau diina1n 134heduds s Rm gadda
o ad v é @
Aruauaulinneeenvesdilnines M3 M critical back pressure (CBP) darfiuniudy
e =1 I'4 ¢ P o []
qAMBv0 condenser NORAMBT SO IA TRuaussouzmsmiloni Rm) lianas

o

a o a A o ° o g sda
ﬂ')%ﬂwU’\N'ﬂ’lﬂ'ﬁﬁﬂy197\ﬁWﬁ‘ﬂ1ﬂﬁﬂ']'Jzﬂ']ivn\ﬂu‘ll@\ﬁzuuvnﬂ?11‘!Uu&lﬂu§ﬂ§)ﬂlﬂﬂiﬂﬁﬁ0

[

U
o ad d % ° P o A o
ﬂﬂ! AHUTUDIDIAUNDTDUIINITNUYIN IﬂU‘Vl1ﬂ151’\ﬂaENL‘]JﬁtmLtﬂaﬂqmﬂquﬁiﬂﬂ’amﬂuﬂm

L) 1 A o . a A
Qﬂﬂim ATOINIULLUU Lﬂiﬂ\iﬂ'lmﬂllﬂ HASINTONISIVY

[ 4 -
Fnininsuims unTIneaoguaTIYsIUl



11

mﬂwamsﬁﬂmﬁ'dmuwm Rogdakis and Alexis (2000: 1841-1849), Aidoun
and Ouzzane (2004: 974-984), Aphornratana, Chungpaibulpatana and Srikhirim (2001: 397-411),
Eames, et al. (1997: 378-386), Sun ( 1996: 919-929), Al-Khalidy (1997: 56-64) uag Alexis (2004:
2657-2663) wuiuﬁﬂaﬂqmwQﬁtﬂ'ﬁimﬁuﬁﬂ"lauazsﬁ"nqmmﬁmémszmﬂ Bidaumes i1 Rm
qqs?iyu LT TR TSR SRR Ny “lﬁqa%'?uim"lajmﬂqﬂ CBP Aauang

NOANTIUAWNINT 2.5 1Az 2.6

0.8 CoP
TW‘,,,=120°C
0.6 — 125°C
0.4 —
0.2 —
Critical condenser pressure (mbar)
0.0 T T T T T T
30 40 50 60

4 a a 4 o 4 ' o <
NN 2.5 'e)'miwmmmm';zﬁau"lﬂumimamﬁﬁmaﬁmsauzmmmwu (Chunnanond and

Aphornratana, 2004: 129-155)

Entrainment ratio
A

Unchoked Reversed
Chokedflow . flow _,. flow

g ) Lt

v

Critical pressure

v

Condenser pressure

a o o ad 4
A 2.6 gudnyaz Taoa lvesdidnnes
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o & ad ¢ o i v
AudnEnen vesdinmes uanaliRen il 2.6 MnnmsEIsanL

s o o adg Jd A & ] 9 [] A
qudnbaems lnamuanuduiithansesnvesdiiameniensosnuminldiiu 3 429 fe
1) Choked flow 2) Unchoked flow 118 3) Reversed flow nsfiawuauinilinnieeendnigg
CBP M3 IMazaglugis choked flow Tay Rm giimasdi vhldaussauzmsianubuyes

o < < 4 a4 { a
STUUMIAMUGY UUUBIRANBS (COP) fiAMIN Munday and Bagster (1997: 442-449) a1t
a ad o ' ' ° 4 4

WOANTINYRIBIIAAES Aana1aiillaumeaInms choking YesmsHILAIININATBITTINY

o

a ad @ @ a ' 3 o
mehnSnudewauvediames Funaldvndasingnavesveslnaydsgiies hitudy
o s g 4
anuauthnmesnvedianmes
o ] d )
2.2.2.2 wansznuongilievestdames Tavialy Bidamesiisnmgiig
¥y 1 ad J .. s
aamflu 2 dszian lAun 3Ramesuuy constant pressure mixing (CPM) t1a¥ constant mixing
[ P ad '3 a’/’ ) e v [y oo 4
area (CMA) uaraamenmi 2.7 alameinsaeslsunniiguautifuanaisiu TasdRnmes
o o Y ay ¥ - (=) ° ot d o
uuy CMA annsamiisnhasydosgid lduinnielin1 Rm qe usitlya CBP f vaizidiiamos
1 o 1 ] 4
(U CPM iif11 Rm 1 4AYA CBP g9 Aphornratana ef al. (2001: 397-411) msidenldsiSanes
14 1S ¥ [ T b4
Wrpalszinniuziuegiugasniuduiazdanmamienihmsidoamsdmiuaniueg
£ ° < o 4 [y ' 4 1Y 4 ' vt @
FeluszuuhnnuBunuudRamesanudusEnhuasestmetunsosuuiuiia ety

v o u’;’ o o o Y [
ABUINN dafuBRamesuuY CPM 39l85unuilonannI iy CMA

(a) Constant Pressure Mixing (CPM)

Y ) [

(b) Constant Mixing Area (CMA)

4 d o ¢ o
AN 2.7 Uszinnueadinmes (a) BlRAmBsiuy CPM (b)suamediuy CMA

o d (=) { 2 ] 1 o o
Tao ldBRnmesiosdsznoumunnii 2.2 & uiseenidiu 2 daudidy
- = A =4 ['] d' { Qs L)
Ao 1) vaRam1slguqll (primary nozzle) Famelufivensarmihfinldeunnusuadaiiy
=] o J 1 ' a N . ¥
ANULTI LAY 2) dames urlveonidlu 4 dau Ao wm%mmmaqu (secondary inlet), 1OINEAY

} 4 v v
(mixing chamber), USHUNUNUTAAAIN (throat) 1AL 1ONTZIUR (diffuser)
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. . . . . ° o o
ESDU (Egineering Sience Design Unit) HUZWINIT00NUUVDIANDTUGS
1. 8 a a 1 ' g o . Yo e
nA1ININTHANNGUT T MsENeUYDBIAADS ( ESDU International Ltd, 1985) 1 3neii
WaRam1guqil (Primary nozzle) AN B3R A (position of nozzle)
a0 a . o g o (d o a E4
: MuluiivionsveAYia convergent-divergent vntii/asunuduadavosves Inaldiy
=] 4 4 Y o T o ' ' o <
AT NUNHUIAAYDINDYDALAZAWNUININA (NXP) 2 INA0aNITOUZVOIDISANDS
lasnsaazaznanswavdeade luluuni 3 msfinydnwavesdumisiiadeingus
9/ ) a 3 ° 'Voa e oA & o Yt o't
wezveyaUBLIN  AniumMITEyRwmisiRaimnzaudaih 1dinme sNanssouzgaga
° i o ¥ y @ =4 4 { o
vildon ualaeiahluds Wemdowiiadhnidesway SEamesizmiioniiars18anas
4 ' a a d 4 a
(Chunnanond, 1994) BannvIaTesmudvesssyAsgiseiivinadinas msadreiui
v A gda o w 1 a a a g LY 1 ' ~
vosramanuaMudgrelss@ninmvediiamesisuiu msiz Taodaulng magadely
v A A 3 s 1 < 1Y j’ o a g 4
HIRANAYTUNINUT UTEAMUTENINYEY InannudigaiuRufiiivesdiiames
s )Aegil (Secondary inlet) : udnfiimuansevsfuyuvesas

nasgiineuIzdiowway iesnnamdimadhuesasyAegdiia mIgadonaau

9 U

- 1

= 9 o a cg v o A o 1 ¥
ms neveiifeunhiifaduduiaia  Taovliiemadwesasmisgiier hinevie 1 na
dhdmdudiamems Tnavesssguglinniafia mszdnadodelszansnmvesdiianes
1Rt
9 . . ] Ay ~ Y o P “ ~
WOINTY (Mixing chamber) tag TIUNUNHUIAAAIN (throat) : RV TETP T

v 1
vod aisaeadmmaufunasian fsundsauseniasy Aougnds lldsuSinn diffuser

o

n’/’ ] @ 9 Q0 ] a o @ o o o
ﬂﬂuugﬂi’mﬁﬂﬁmzﬂQQWG\?WﬂU%Qﬂﬂﬂaﬁ@ﬂizﬁﬂﬁﬂn‘ﬂlaﬁﬂ"ﬁNfﬂJﬂuﬁlu@WﬂmaiIﬂUﬂiﬂ

a

oo o a o any gy 1 o~ o a ad J
111ﬂ’ﬂmﬂlﬂ?Jiﬁ'lllﬁﬂwﬁﬂ’dﬁ‘ﬂ‘ﬂﬂﬂﬂﬁﬂv‘ﬂQNﬂM"lﬂﬂEJNiJ‘ﬂﬁz’d‘Vlﬁﬂ’l‘W DIIAMDIVLNIUITO

Y

mmmﬂu’lﬁ'm Tudidnawmesuuy CPM ﬁmwam i 2 99 v USIUND convergent iay
Vinaiuinhdand NNITITUUALANYIVEY Chunnanond WUANNEIVBIRBIHaL 1Y)
v ' P ° ad d 1A [ Y] et d d o 9
MnanTENuAeMIMilenihwIamIvesRamesualinafunNRIgIgANBISAme T 1A
MoNsz10da (Diffuser) : Hugndiuauduvesves manesluiSanes
() o s v 1Y) o 4 1 [l ] 1
TWhAuanuduvesglnsaimdenisiinhansesnvesdiiames dannglsrenszing
o o o [ ] [] [ ]
Mvosdameszlidnuuziiune divergent yuUAzAIIEIIVEMBONTZ BRIV FINANTENY
1 a a -1 o 4' ] [ A A a 3 ¥ a
aerlszimEnmuesdiiamesdae ifosnndswasemsgandefifiadulurienszereda

o F T o L] < [
Area ratio ( Ar) : ﬁ‘luemmfmﬁzmnﬁuﬁwﬁmﬂﬁmﬂﬁﬂmmﬁ'mwﬁn

v v ] y [] i ]
& d Qs ' I Y S

wieusnuiuinihdans (4,) de Aufinthdanidnfiqgavesnevenlwiaiia (4) deaums

q
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Ar=232 (2.24)

' - = st 1 a a ad ¢ 4 -t
A Ar ﬂﬂ‘w151111?18‘51’]1194’51ﬂi31’1‘1Jﬁﬂﬂizﬁ‘1’lﬁﬂ?WﬂJﬂGﬂL%ﬂLﬁﬂii’)ﬂNMﬂu
ﬂ"s uﬂwa1ﬂVi1uVlﬁlwEnfnnﬁﬂy1llﬁ$lﬁu@llUU§1aﬂQw1\3ﬂtﬁﬂﬁ1ﬁmg lﬁ8"1ﬁ1ﬁlwu1$ﬁuﬁqﬂ

[

9 I ] 1% { v ' 4 '
dmivilszgnalFauBinmes lugaamnssy simsinnfiduwei de  4r uAga
¢ g SR

ad ° 9 ] v Ao d ¢ o 9 =1 1 &
mﬂmas%zmucm,!1ms"lml1mmmmﬂummﬂmasm"lmzm UITYUBY maau"l*ums

° ad o
NINIUYDIBLBARNDOTAY

-4 d
2.3 MIDINUUUBINAIADS

0_a

& a
ESDU "H\‘il‘ﬂulﬂﬁlij'l‘uﬂ']iﬂﬂﬂllUUﬁWN’JﬂﬂﬂiiMﬂlﬂQVlﬂﬁ "lé'uuzun%msaemmu

g 4 ¥ o o A Ao g e 3 o
DIVALADT Tﬂﬂ‘lwqyg,]immJwamsmammawwmmmamﬂmm;mu 1 m“luumwmm

]
e

o R o ad ¢ o t oA Y A d A ¥
ANNIOANIUN TUAUFUINTNYBIDRMAABT 3 A Aewvhdafianfigavesioanay
) 4 1 ] y =1 o o
1thanseenuaznoveavsiiifng vagnanueazglindmduvedidame; awnsaih
° 1 o ] 4 g 14 {
Jouuzriwes ESDU 414 uddaunamiuldndidamesnoonuunld o199zl 1488 ame 57
=y ' d' Q :: @ a e 1] Y a Y =) a 1)
igsaazvinamingauiga dniulin cmmumu'lﬂwmmuﬂﬂﬂumqy;]uamﬁmﬂwm
A K- oq ey a a aa
WemsoenuuuBRAWMes INTUssdninadiiga
Eames ( 2002: 121-131) ({@u0HaNnI00nLLUYRINensZ9 1982 udRanes vy
Taslduuafia “msmihiuvessasimsuldouulasTummudunoluvionszawda (constant rate
4 aAa d
of momentum change, CRMC)” Inuiigailszassitonamsqaudonifadinlsingmsel shock
oo 4 [ =] '3 ] ldy ° 1Y) g/ (=K~ ¢ o
muludimnes nudidamesgUsalmidl anNIniInNAU(CBP) ldgandRnmesia Tl
1 { o I~ ]
Uszua 40% Taosin Rm viemsmileniaisvesdidawes yanaq
R ... . A a a d ¢
Garris (1997) uag Mavriplis and Garris (2004) Wen URUUTEANTAINDIRIAROS
-] @ [J ol o [} .
ﬁ'aumsaﬂmmw01un1wmumwmmmﬂﬁuqnﬁﬂmmﬁﬂ Tavldeslnamu  self-rotating
] 9 = A ] Py o A o
skewmwa'lwms"lwaﬂuuuuﬂaguznaﬂmwaﬂmaﬂmsqq;muwmammmmnmiwﬁuﬂwm
}
msguglifunAegd 1nunInwAail Ao Chang and Chen (2000 203-211) #hhwiida
o v [-3 a ;
HUY petal nozzle HALHINIIANYINARDINYI ’Sa%‘ﬂma{muﬁammmwu"lﬁ'qwuum Hag
A A ‘g d 9 [ R o A o':ll (] =Y < o I ° 9
Rm JANuYUaNL oY amama'lsﬂmmﬂmﬂmaimﬁmgﬂsnuqﬂﬁssﬂmmumsm"hﬂmm

* 14
v3epgun iloannilglsndudeunazindudiudedld na TuTadmsadreszduge
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2.4 1UV$1999 CFD va3didnA0s

ms1h CFD inndumiesiiodmsumsAoums Inaludidameswwrvandunu
[ = g L { oy (-3 1] é H 1} o~ o
wazilszvidanal BanvauisauaaNauednnInaastnsa il Fenruiniinsih
[ od o o ¥
CFD i l¥funsfivesdinamasiinada fail
N o o o A g g o
Riffat and Omer (2001: 115-128) ¥iMms$rasems nafnadvuneludinmes
ar ° 4 A o [ aa o
fuszuvinmBui 14 methanol Wuasvhan Tavadaglssvesddamesiu 3 §d $iaeq
anuilutudae k- & model 4111 Renormalization (RNG) stazfmuadeu lvveumwa madn
uazeon ({u flow inlet 1Az flow outlet MUAIAY TABTIAMIANYINANTTNUNINAUANYUL YDA
ad s A o o 1 . e A
Bfmes Wendasundasduniianneesnues nozzle (nozzle exit position, NXP)
=y =4 J ] g Y A o
alSsuouseritanaved CFD way nMsnaassny 1 vinalndineany
° o -3 '3 aa
Rusly ef al. (2002: 115-128, 2005: 1091-1101) ¥msdravsdidamesiduuyy 2 4
o y \ & [ {
waslduvudaeenmsiiuluues k—& model MU realisable H9EMI5091809M5 AN
a 42’ a o (lllalr:s Y . R dy Y o o °
inavuludames 1AANI MUY Renormalization (RNG) UOAINHUAITIAMUAMIAIUIN
wa ° -1 -] a £ o 9 ° dy 9 2 s
aaautidensiinnubuiufiaeda (real gas model) FahlRuvusnesiilndifvaduain
b
Wu95auInUU @B Chunnanond (1994), uay Pianthong, Seehanam, Chunnanond,
Aphornratana and Behnia (2004) UV Rusly er al. ANHINAATENLNINNS
a Vet ad o o
nasumilasgisnntidetusiouzysdlAmesLATATIVABLHAYEY CFD AUNANMINARDY
Bartosiewicz, Aidoun, Desevaux and Mercadier (2004: 56-70) Anuaznagay
wuuassarwiluthuilgdmsudmwoaly crp luiligiiu TasshwlSouisudunans
' ° VI v YA a o e
naaosnyN uuusassawiluii k-e TealediRssdunmsnaasaniniga weneni
udn Bartosiewicz, Aidoun and Mercadier (2005: 604-612) falanlSsuvunaves CFD fu
° o d . = 4 aa
HUUSID0INNANAMAATYDY Aidoun er al. (2004: 974-984) Tas Iaszvimsivalu 1 6@
1 ] :: I o o o ] o
Usngh crD IRwadnd edsaunsofnuwgAnssuns lnaludiawes lugiufiamsiva
found (reverse flow) 1éde

[

a ‘) ° o @ q’/’ av o 3
mmmmiﬁﬂmam’mﬂﬁmuumﬂﬁ’mm AAVVUITUIWY YDITSUUNIANUEU
ad o a2 o & ' ' o a ¥ ‘
HHUUDIINADT %'lﬂﬂﬂﬁﬂ\?ﬂﬁ]@ﬂu PFINUN ﬂ'liﬁﬂ‘]el']lm\'mﬂﬂlﬂ‘u 2 aNUMe ﬂ?]ﬂ'liﬂl"]fﬂ'ﬁﬂﬂaﬂ\‘l
o o a 104 o o é 1 ) \ ] a 41 o
wazMsvuuuasmndiasnans uaniineuIte Fadamlngezeglugieilagiu 2ldh

' ¢ ad ¢
CFD mmuﬁﬂmﬂsmgmsmmmamﬂmm
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=h.

un

v
L) 4

ad
NY YNNIV

aw A d ' o d 4
vinmsAnmedssinedesun mawsmimguidunameaniveslvame
= < @ 3 3. o 4
Inedusngmasims inaludidames 18 dnfuluuniBesivauefugunimives
L4 Q) o d . .
ms lranuudada1d nazasudilgmdiemsiiinvesivanamans (Computational Fluid
. & A Y Y4 - VIO A Aado
Dynamics, CFD) #uftadessuaumsoysny nguganuiluihutassadouisamuismu
a 4 4 Jd - ° o av
YSwmsduiileq (finite volume method) e l#iTusennuiiugudmivmstinmivoves

¥
dinmes ludugadeu

3.1 aumseysnumsinavesvedina

o o v o d A a 3 a
aumsoyindifuaumsuansnruduiusvesves lnafifindueselumsina
o o & a @ X { wa
@51 Tumd wrsesrin, 2545) cmuﬁm'lugﬂmmﬁumsmeuwuﬁ' amumsasuudasanan
a cg A ;Y o o 9/ Y o o o ¢ w
ey aumsmamarilldunnnngmseysny 3 deldun eyihuua oysnEwdsnuaz
v o v & = - dy
ay3ny lumudy Fellswaziduadsde lui
3.1.1 aumseyintina
a A o 1 o [ Y P
Ausadovesna@umerkunsewang v druas dy A 3.1
] k4 ]
vnndnanudueieii wabiannsegymelllvy  dufudFinaei lvadhuazeen

14 ¥
vshunuguilvziiu Wude

74 {pv+ Mdy}dx
dy
t
(pu)dy ——» ‘—{pLHa(lm) dx}dy
ox
(pv)ax T ;’(

" 1 o
an'ﬁ 31 gﬂtm‘ummmamuﬂia‘u‘ummaﬂ
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Tunaunu x ; pu+g(—p—l£—)-dx dy——[pu]dy =dedy (3.1)
Ox a(x

Tuneunu y ; pu + Mdyl dx— [pv] dx = ?(ﬂ)—dxdy (3.2)
L Ox o(»)

4 o w & 8 1 A
Tav u tag v fuanudadeslunuanny x wag y mud ey Fnnusidestil

] ng 1o a o A’f -3 d' =
MIUBYNUNNA x, y UUAD u = u(x, y,t) waz v = v(x, y,1) waziioannysinaialunsey

14 ]

[ Y [ 9 d' a \J
@nily pdxdy dniudanimsnldounasveaiafianasly Ae —a—pdxdy NUWANUN
t

- { o 4 [ = 4 I 4 &
PinefiuiuvennawhfuSinafiasamolunseudng sldaunsi 3.4 ) dailu

- v o & a
AUNTITIDYINBUIN “Nlﬂ‘HfﬁJﬂﬁ’t’)ﬁ‘lﬂﬂﬂﬁ"lﬂﬁﬁilﬂ'ﬁlliﬂ

dp | |0(pu) , O(pv)

bl —C =0 3.3

ot Ox * dy ¢3)
A 3,0 . >3

Y30 5 +div(pV)=0 (34

3.1.2 qumseysnulaunuey

a o o ~
NAIBNIUDI IHADN VLA dx 1A dy AINIWN 3.2

.); a T
1 {ryx+—r—’5~dy dx
mme——

— op
pdy.........“y [p+—5;a&]d)
o dv‘—"'—' ’ [UX'F x(b,]d

— > x
5
{tyﬁidy]dx
o

4 { o W =
M 32 gluuuvewssinsshiduiaves lnavinaan
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9 Py a W 4'! a ] =Y ) } 4
mﬂngﬂla'ﬂaewmmmu F=ma l.ll‘i’)W%ﬁﬂl'lLL'Ni’)ﬁJiHVlﬂ&LﬂH X ilzblﬂ

F =

X

—0p  Oo yx
—L 4+ —+—E\dxdy+ pf.dxd 3.5
Ox Ox Oy v+ pf.dxdy (3-5)

14 :41 ' A
yrauefeuved lnaiifie m = p(drdy) UATAMTINUUUIUAU X AD

Du . : a o '
a, =—-uwnmim,a, aslungdenaesvesiiadu aunsi 2.5) ax 18
¢

Du _8p 0o, 97,
—x 3.6
P or = ox —+—== ™ +—= By +pof, (3.6a)

RusaRgIfumuuuILaY y 9214

Dv op 8o,  OT 7,
ey e Py 3.6b
°Di oy Oy Ox ZL : (360

ci % oL o Y 1
NN (3.7a uag 3.70) Wluaumseywusduysaidemunsaialioglu
= o o 1Y ' ~
auMsFeyiusITumAs uaumsi G.4) wwd

Tunemny x

O(pu)  O(pu®) O(puv) _ 8p 8{ au] ol [6v  Ou
MiviID) + 22— |+ —|u| —+—
e I M (PR o i ol P
(3.7a)
Tunsunu y
B(pv) O(pv?)  O(puv) 6p 0 Ou| O} [Ov Ou
=——4 MivV +2 —
7 VR Ve W S v) R i el
(3.7b)

b4
o Y4 o
AUMS (3.7a - 3.7b) SnamsdeaumaFeoyind Tunuduveunavesina
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o d o
3.1.3 quUMIBDYINBWAINU
= @ A a d? [V ) [ a
NITAUINULATHAINUNNAVUNUADUNIAVUIA dx UaY dy AININN 3.3
[ v ¢ o 4 o o 1 Y
NANANMIBYSNENGINUVRIVR Inauazngloiaesueames ulawia az'ld “dasims
:4' a Y (K% a £ 4' Vv Ty @ o
wlasuntlasvesndsnuludeuulaszminulsuiaanudounldunfouniauindusnsves
{ ) 4 4 1 d' [} :}l 4 [] é
amﬁmﬂﬁmﬁmmmmmmmnszmuuﬁ'@umauu” @51 Tund mez'm'lw, 2545) 490

@ o d ) v
adranuduiug lugdvesaumsiFeoyius 18dly

D [e+_l/_'i]_ Q+i[k§_T_] _(?_[kOT]_a(up)_a(vp)+a(uox)+3(uTyx)

pE 2 ox\ Ox oy| Oy Ox Oy Ox Oy
O(vo o(vr B
+ (8yy)+ (6xxy)+pf.V (3.8)
&)
Y [“tyﬁf(vllfyx) dy |dx
e [up+ a(up)dx}d,
updy —» 6‘“
o(uo,) ]
uo, + =~ dx |dy
uo dy € I: ax
%, 1.
qxdy E— . |th+~&dc:|(é
‘—-_—-——

u z'yxdx

d' = [ 4‘ @ dgl o Y
HNN 3.3 WNTUINULASHAINUNNAAYUAUNDULIAVUIN dx A dy

nnaums 3.8) aunsanfaoueglugdvesaumaFoyiussssuen 1diiu

2 2
gt— p[e+V2 ]17 + div [e-i—V2 ]

oT), 0|, 0T)| O@up) OJ(p)
Q+6x[ 8x]+6y[k 8y] Ox Ay

L) Br,)  900,) 90T,)
Ox Oy Oy Ox

+pfV (39)
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[ 14 3
Eenquanmsiifadunaunsh (3.4, 3.7 ) uaz (3.9) NITUVANMS
. . a A a 3 L) o '
navier-stokes equations {lusTUUAUMIAWMUMT Inavesves lnaifadiuese semiuldn
1 y 1 a v ¢ A = o
aymsmandl ogluglvesaumsiFaeyius nMsufaums navier-stokes A3TN1AGamans
qs: A ° v 3 o asy a o '
Tavasuiudusesh 1don uds1amrsetine35msiFsiuny (numerical method) ¥28lu
. ey 4 d . .
msmAmeuvessruuaunst id Fufunuives Computational Fluid Dynamics (CFD) %30
'y o o 1 a o o o o o
assuves Inanasansuazdwude lszesusuuusaemeasiamaainliddmsy

Usngmseims wauvusaien lu CFDTisunsy FLUENT (FLUENT User’s Guide, 2001)

3.2 wuudassanutduiluveamslva

{ 1 q &
M3 Tafif1 Reynolds’s number g4 #n12zms navzidunuuiluilu damsluasey
d' wa ] [} a [V 3 9 =3 o9
wasunlasuaidvesvenastbidusadfion  dufumsudilagmmundinmanidae
] 14
FFwnavduiuFesnnuazldnardmsulumsdmanu  dnhnindssiamesusias
A lidluszidiovveens masuuiulhufl9su3Emssnnudduay uateuiisznanis
} 4 Ed U
wwuiaeunaniudriudemswumgdnssunazquauiaiugiuvesaruihuhulumsiva
Y009 InauazauMsAURABYY Reynolds AousTneuuuiansns Inasuuiluiliy (Fox,
McDonald and Pritchard, 2003)
3.2.1 auMIAUNALYLY Reynolds
o wa y U d'
ANuEMashuauiRngvesms masuviluihusealdoundasamnm

et hiduseidion danmit 3.4 Tao u(x, y,z,0) duguantidvesveslna duiledduves

AWYUL oz

\j

-

7 3.4 mslasuudasese linduszidevvesns Iwanuuiluilu
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! & ¢ ¢
welinerulumsudilyvwesszuvaunmsuiieialand Osborne

Reynolds fimnuaRmds u 910

- 1
u=—= Iudt (3.10)

3 d’l ‘id_] ' A A A Yy A ¥ 4 o 3/
wadl Ar Wughanaunie dadigrniegeldningndes Tasunazimualy
o wa - ' o o '
At — Tﬂamwuﬂf}mauummms"lwmﬂu U, =u; +u, ”lugﬂmmnnmanﬂu U=U+U
4 o 1 ¢ ¢
wazidiothaumsi llunulussuvanasdesaland ezld

auMITMIBYSNYLIA
op . .. =
E-'FdIV(pU):O (3.11)

o o [ aa
aumsoysny luwuduly 3 44

——6(2 Y 1 div(pul) = —%x}l +div(u gradu) + [— a(,;: D a(?y"v’) % ;: 4 )} +pf,

(3.12a)

____6(; V) + div(,D;fJ—) = —-%y}—)+ div(u grad v) +[_ 6(/;;“,') _ 6(;6);2) _ a(/’a‘;'w‘)} +pf,

(3.12b)

6(/6) ) +div(pwU) = —%I—) +div(u grad w) { Ap ;:w') _%p a‘;w') - a(/; :,z)} +p/f,

(3.12¢)
9 9 d” L) ] Al
FUMIVNAULIUTONIT  AUNISVDY  Reynolds 158  Reynolds-Average
=] T y [ = d A =)
Navier-Stokes equation (RANS) ﬂzmumgﬂfmmiﬁﬂf’fwfmﬂnmimnuaimﬂ’dmmmumau
=] a ey a Q’/’ o
mmnﬁ'u (GlU’NLﬁ‘U‘VlN‘il'Nﬁi’)) mmﬂ’hm Iﬂﬂfﬂlﬂ’liclu 3 UM %zumﬂmwﬂmanﬁ’wﬂum

=) 3/ 1 d"v
[FUNANVA UV AIUIT Reynolds stresses
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° v w
1INMINARBUAZANYIYDS Boussineq 1119 lanu duwusveumenay

o o

9 dy ~ 4 = o @ a an o
UYL Ny 'Uﬂ')'lill,i’)mﬁU“UﬂQﬂﬁ‘lWﬁﬂﬂﬂﬂ51ﬂ1ilﬂaﬂuzﬂﬂﬁmuﬂ%ﬂﬂ‘lﬁﬁ (Versteegand

4
=

Malalasekera, 1995) 1384

- ou,

. Ou, | 2 u,
Renolds stresses,-puu, = p, +—=\——| pk+u,— |5, (3.13)

oz, ox ) 3 ox,

Tas g, #o turbulent viscosity iudamsiisufussdosadreaumsdhun
duAude I szuaumsmnsamdwen 18 aumsmai do wuudaesyesnsInauuy
gl

322 wwudraesnnuihulu iy Standard k s

nun$raean il standard k-g  Sunuusiaes?  turbulent

viscosity ﬁ‘luﬂaﬁ%’mmwﬁwm%aﬁmmmmﬂuﬂm (turbulence kinetic energy,k) HaY

@ o < . . =5 L
DATINITNTLAIYNAIINY (dissipation of turbulence kinetic energy, £) Taodierymsdenio 2 YA

¥
Muaumsues k uaz & (FLUENT User’s Guide, 2001) 881982%A A4l

o,

_G(g;k) +div(pkU) = div [(ﬂ +£)grad k ]+ G +G,—p,~ Y, +5, (3.14)

7 2
a(g;s) +div(peU) = div[(,u +Hyorad ¢ ]+C15 %(Gk +C35Gb)—C25pf]—c—+SE (3.15)
0-6'

A o I a g [~ a A @ /A
Tag G, fowdsnuvalunifadunInAIuS IRty G, Aowdsnueain
@ z o \ a é 1 Y 1
NAYUNMIABUAY (buoyancy), Y, Aesiminadald dslinadeauilutlwlumsiva
C,,,C,, C,, flusnefi, o, uaz o, AvA1 Prandtl number Y04k U10% £ AWAAY LUV IAD
Y93A turbulent viscosity, M, fio
k2

H,=pC, s (3.16)

9 C, Husaed Tasvialmneii luaumsgomdreduaziiandiu
C, =144, C,, =192, C, =009, 6, =1.0, 5, =1.3



3.2.3 uuvsraesnnuiiul 1wy RNG k-¢
o Y U { a 4
RNG k-¢ Shuuimewmnuilutuilsedugnnaumsndeialand
AqY A aada ' . o S oa o '
#1%52150u33 5009 Renormalization Group (RNG) tuuiiaestisziisnaiunnaneinen

HUUD1004 standard k—& tm%LWQNUNWI'EJNGluﬂﬁJﬂﬁllﬁL{IH

a(<,30tk)'+ div(pkU) = div[akﬂeﬂgmd k ]+ G +G,—p,~ 1 +S, G.1D

S N & &’
=L+ div(pel) = div| a,p,grad & ]+C1£;(G,( +C3EG,,)—C2€p7—R€ +8,
(3.18)
i Gk,G,,, iag ¥, finmmuaguaiduaumsdadiovesuuiiaes
Standard k—¢ mmm a umra, A9 inverse effective Prandtl numbers A M5y kuaze

AUEIRY  uUUSIneUBIAY turbulent viscosity WgilaumsiBeeyiusdmiuniniines

= 2 5
RNG k—¢& A9 d[P k}=1_72___"___ (3.19)

\/—‘97; \[\:3—-1+Cv

fz:,ueff/,uuax C,~100

Taw

] E4 v
aums G.19) selfidadiomsnariufiin  Reynolds number §1 usdns
9
Inatiuiisn Reynolds number gaazdealdaunts (3.17) unulaefmualider C, =0.0845

] 9
msmuasienIA a, uaz o, W ldaums

0.3679

la-13929"" | @ =23929" _ fhoa
2o -13929]  |@-23929]

(3.20)

& nilunsdiAn Reynolds number q9 o, waz @, ~1.393 A1 R, Tuauns
(3.18) annsam idnnnnuduiug
3
C,pn (1-n/1n,) &
1+ B’ k
Anefidmsuanms (3.17) wae (3.18) wilanily C, =142, C,, =1.68

Re =

(3.21)
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324 wwuraesanmihulauuuy Realizable & — 2
HUUI1ADY realizable k-—¢ Qﬂﬁﬂ%ﬂiﬂﬂﬂiiﬂﬁﬂ%%ﬂﬂlﬂﬂ Shih (FLUENT
User's Guide, 2001) iHunuuiaesiiuandienn 2 nuudhedu fe msdszavganuduiug
eddy-viscosity aum3di (3.16) Tagmi1 C, mnndeiadusves Reynolds uagadnaunsves

4 o y U . [
& drpaumsnasans uuusiassnnuilutluiy Realizable & — £ Haumsaenio Ao

a(apk)+dzv(pkU) d1v|:(,u+ )gradk]+G +G,-p,— Y, +5 (22

Oy

d(pe) 7 g
+dzv(ng) div| (u+ ’)grads +pCS, — pC,——=—+C,, C G, + S,
ot Oy +\/—_

(3.23)
&
4

C = max[o 43—’7—} (3.24)

n+5
n=S£ (3.25)
£

v @ o 9 s rg
ANUFURUEN 1T 5UM turbulent viscosity Huaunsaldaunis (3.16)

1 o o 1 1 v o ¢
WuRnfuusass k- wasgu ualumama C, seldanudiiusves

1
C =—— (3.26)
u
Ao +A ZC_(]_

U* =S,S, +Q,Qy

Q,=Q, -2¢,0,
Q, =£_)_.-— £ O,

a i U wlden

Uag

— ¥
s

¥
1Q, fi© mean rate-of-rotation tensor Tavmnsii 4,=4.04, 4 = \/gcos¢ N
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S.S.S, =
¢:%cos"(\/6W),W=—%'i,S= S S

5y

Lo, , ou

!

= =+
2\ ox, ox,

J

]
A o

} 4 9
Anen dmsuaumsdenetiueziianaeil C, =144, C,=1.9,0, =10, o, =1.3

@ & { a 3 a
wadeiifituu ieuonumsplupums Inaiifiadussanfendaomue
wnaesmailutuveamsina fireudhunseunquynnsdinsnavesvesina uagiive
' o o v o d 1 ¥ [ :/l [ o
aannuganndmiuudmdniugimat dafumemnamenluaumseyindazgndaoen
Y = A v ] S a 3 a g df 1A o
ponamdeaudnazdouludsquesmsiva  nsdinms Inanfavuludiameinmuhsiny

sradlfifums Inaduuuusada1d vesmagaund wazms lnadunuuaniizash

3.3 M3 InauuUsAA? (Compressible flow)

@ @ Y A d' 1 A 1 ¥ ey
ms lnanuusadm1d Aems nafinamunumiun/asunasasawanoguauiia
A o Yy v a v o A A Ay d
duveavesiva Tasaldudy dnfinsanduvesveslnagongmenmasuiinionausags
v 4 a Aa < a
Wy MsunaneImeveuniesiuiiudleanuSmiedss  mslvavesemesnalin
3 a ¢ a 3 a g 4 (Y
N90ONNBABYDANINTIIANNALYS uazdsingmssinfatuludiames msinauvuguda
] o o ) L&Y '
dewaldifntlsingmsel shock wave wagms'ivauuy choking lasilsingmsainna1ies
4? 1o ] o 4? A Y v oA ' =
Fuegiy anudrveamslva uazmsulfeumlasiuiinhidavesrio daaznaisvazidenly

wusehl

Do

3.3.1 guanliAsInvesvella (Stagnation properties)
o o ta o ]
Tﬂﬂ‘n']"l'l,ﬂiz'ﬂ'Juﬂ'liqmﬂwaﬁ'lﬁﬁﬁﬂ%uluwﬂ‘lsm"wa\?\i']uil']ﬂﬂ?'luli?ﬂlﬂﬂ
aoa g4 1 ey Vo o
ﬂm\‘lvlﬂa lWi‘]zﬂﬂﬁWﬁ‘lﬂﬂﬂ'ﬂuliUﬁﬁﬂﬂﬂmﬁUUWﬂﬂQﬁ'ﬁﬁﬁﬂUn'lﬂ Uﬂﬁ‘lﬂiuﬂ'ﬁqﬁauuﬂ
o o Yy a 4 ¥ A < 3 o qy '
QUW'JﬂTlﬁum?)QW"inim’ll'ﬂﬂuﬂ?‘\utﬁ'Jﬂ'JULUﬂQWIﬂﬂ'ﬁuJﬁﬂuuﬂﬂQﬂ'J'lulﬁ?ﬂ'ﬂﬂﬂq'luﬂuuluu
wad = =y wad a a a - 1
llaZﬂﬂlﬁn‘ﬂﬁﬂu'ﬂﬂ\?ﬂ']ﬁvlﬁﬁlﬂﬂﬂuuﬂaﬂ li'\ﬁﬂﬂﬂﬂlﬁuu@‘lﬂ““‘lm’]@'ﬂﬁwa‘\lﬂ\?ﬂj‘luﬁ'JW'JU'J']

“naaniAs VD I¥09 1A (stagnation properties)” (Cengel and Boles, 2002)
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M~
I | W "

| | V.
v - | ) | ) 7

l ) hyy = My
hﬂl | /’_,/"

|

d‘ Qa d‘ ' 1
MAN 35 ﬂiﬂJ'lﬁ'iﬂ'JUﬂﬂJliJﬂ“\lﬂQ"lﬂﬁN”Mﬂ0

fnsanSuesauguanmi 3.5 Amuald wdsnumelutasndsny
[} 1 o d  w 4 a [
ms Inaeglumenifes Sundn enthalpy () MINAUMTEYTNENEINU HIDRNTUIMAINY

~ o A @ @ o 9
MYUBNNITTUUNIEM l!a%ﬂ'ﬁllIﬁﬂuuﬂﬂﬁWﬁQﬁTUﬂﬂﬂﬂlﬂﬂﬂ'ﬁ.Ilﬁa%:‘;'lﬂ

ANS
T T

Tae by = h+V7 fafuarums (3.27) seidlu

by, = Py, (3.28)

o v { a .3 4 (Y
wiitu1d A, (U enthalpy 20903AsTLIUMSTIRAYY nsdN A 1Y A,
a g =3 4 (Y 4 ] e d
ifndu1dfnoiiovaslvasgiuil uenINe enthalpy AuianiANIsguuwamanivesves lna
[ ~ o ' o 4 [~ [y
U QUNQN ANUAYU  ANUUUWUU UQLL’L‘ilﬂaﬂUQTUﬂ'}l'mlTJ‘Uﬂﬂﬂ'ﬁ.’lﬁ'ﬁa{w AIAUNI

(3.29-3.31) AWAAY

(3.29)

ki(k-1)
A _(L
Jull Y el (3.30
(1) >
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1(k-1)
Po_ (Tl) (3.31)

y o

Tay &k Ao oasaruamSous uns 1 uay C, Ao Auous NI ITNANY

¥

o 4 . 3 a o < i t ey
AunIN (constant-pressure specific heat) NatidnTnavesnIuTMilnonumniaveweslnasy
A g é’ (5 =4 :: 9 =] [ o o oJ dy
winnseresyuegiunnuE1weIved lnariud Al nminnansadament
' g ' 3 P} 9 ° s wa
en lluamannusigenhanudiveadoeiuudouiwamsunldoulownaaniaas

t4
mmﬁmﬁmsmw’f’m

wiindudus Wnasasuguuenthadudey

(a) (b)

o A = - o 4 wa ' A a
NINN 3.6 ﬂ]ilﬂaﬂuﬂm’f]qqnqu (QMNUANUT AT (b) ﬂmﬁuu%ﬁ’ﬁﬂ]uﬂaumﬂﬁ

332 anusades (Speed of sound or Sonic velocity)
d a /o W o s o [ Y]
anuiaFeadumsiimesiddydmsufaumgAnssums lvauuudada
d a [ & o 1
Tas Idanus udoanigdsanamuesms va wWeannanusadoatly ausvesndu
a 4 @ Y U @ 1 d
anuduinsznei ldumsnsehiendsnuseninveymavesvedina  avwsadouily
wa ] =Y = = A 1% -4
AUANTAMIIZYRINISUAAZFHA NSNMA 3.6 (a) ianagngudlenamiidl awly
~ o aly 1 A P o qVa A a g v 2 '
pszuengy Nussyimen hiimandoud wihldifandwdseninuiim ¢ Funiweslna
soniluansdiu As Audhelioduveslvafndoun uazdwvntleduvesIvafiegiisiud
wa Yy Y A & A o & o
qamidveaves nadudreliovzulanumlauiiesninarmsivesmslva vaziduunie

\ { 4 ] g = 4 o« o 4 { 1
fimnsii e lddwiy AnsanldmhedudulSuasaruguasnmi 3.6 () uazldarsiioy

¥ [

2 =y

a ] A Y A 9 3 LYY 9 Y - d' d'l
HUATADUNHIU mﬂmma"lﬂmvua muuﬂmﬁuummawm"lwamumﬂnmﬂaﬂuuﬂm e

vi‘ L 3/ o o d
ﬂizmumiL'flmmu"lmuﬂnnm %1ﬂﬂ§]ﬂiﬂﬂ’)ﬁ‘ﬂ$1ﬂﬂ'ﬂuﬂﬂwuﬁ&ﬂu

m.right = m.Ieﬁ (3.32)



pAC =(p+dp)A(C-dV) (3.33)

A 44 9o o
WONUNHIUINA A AINAADAAINETT
Cdp-pdV =0 (3.34)

v ¢ N 1a o Y4
nnngeysnindsauiie lifinsanauweanszuums wisnudng uaz
AszUIUMST lunldsuulasauna

c? (C-av)’

h+——2—=h+dh+ (3.35)

dh-CdV =0 (3.36)

v w d . P~ A o S’ﬂ
i)']ﬂﬂ'J'liJﬁuwuﬁﬂlﬂﬂﬂ'ﬁlﬂﬁﬂuenﬁopy,S 1uﬂ52u1umsmm‘nu¢ﬂm U

WU isentropic (ds = 0) 22l

dh=— 3.37

NNAUMS (3.34), (3.36) az (3.37) wwldnnuduiusvosnns udes

§uC? =dP/dp iile sasii vie

OP
C*=|-— 3.38
(apl 639

& I3 ¥ @ g
mmmsmwummauwuﬂmw

C?= k(-@z) (3.39)
op ),

28



29

(] ' = wa 4

nnaums (3.39) sz ldh awdudeaduguauianeguunamans

& Ag (Y ) :ll 4 a wa "4 o
Feuegfurilauazan1izvesves nariusg Wennsanauidvesves lnadlumalugaund

(ideal gas, P = pRT ) aumi (3.39) annsaadrennuduiug 1Ay

Ol pRT
C? = k(?_}i) = k(.ﬁ’__}) =kRT (3.40)
op ), op ),
vSeansaon 1@l
C =~vkRT (3.41)

1 d A A a ' 14
NANMS (3.41) ‘W'Ll'J'lﬂ'nnti’)ﬂlﬂﬁﬂﬁulﬁﬂﬂ‘l’lﬂi%ﬂ'lElfﬂuﬂlﬂQ"h’ia YDINTY
a o @ a 9y .
gauaAsziiuflanduiugungiide

4 Y oo PN o o A &
HUDNVINAIULI TR ENNW151ulﬂﬂ§'ﬂﬁ1ﬂmﬂﬂﬂigﬂ1i 19 Mach number

G’l‘d‘l as 4

A a [ i g Y
(M) Fadareamnininuimaaianiesainme Li‘luamm'mmmﬁ'nlmmqiwm"lﬂa )

] N v w d
aonnusudesluved va (C) asanuduius

14
M=— (3.42)
C

ey d’ 1 ey J -

9 [
M dugumnianavegiuanuiudvavesveslva dadu M uiluguaninnyuegiu

9 £ 1 ] 1 [ dy
ﬁnnwawm"lmma cmmu1immmmazms"lwaﬂamﬂu 3 g9mua M a3

13 1M ALLY Subsonic e M <1
M3 IMauuy Sonic do M =1
M3 Iwauuy Supersonic do M >1
M3 lvauD Hypersonic e M>1

333 m3lnanuylewunsedakunegidazgesn
] v Y o a ["d = 3 =1
YUzNIUIUMS IMarunenindaasuilasvesmmaetuy AT IAE
anusuueans navznlaounas dewalinamniAvesas wu awmuiniy uaz gungil

=% :i o d? v Y 4" b 1 =3 1 Y o @ 1
fimsulasundaufatu Wiadeil 1519z 18081989 nszuiums lvakunindadnyaizaag
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yoama1gANA (ideal gas) i hidagemnauion (adiabatic process) wazifunszIums

lowsunsotln (isentropic process) MNAZNTINIA

m'® = pAV = constant (3.43)

A o o
wiooulugilvesaumsoyius

dp a4, 4V _y (3.4
p AV

o 1Y ta o @ 1
‘ﬂ']ﬂﬁllﬂﬁﬂuiﬂﬁ'ﬂﬁﬂﬁ'\u ullJW‘i]'ﬁﬂnWﬂ\N']uﬂﬂU m'imtlm'ﬂ’nu%uuaz

umeouennizi az1d

£+VdV =0 (3.45)

o,
Haun1sn (3.44) M (3.45) 1WA LA UNUMNINTUNS (3.21)

av _dA_ dpP
v A4 pV?

(1—M2) (3.46)

anuduiuivesaums (3.46) Innudndumsnymginssumsiva
voatwriuenThdastian wurmin msmadwedluuuy subsonic, M <1 mey
voal-M? wwdhin ¥ d4 wez dP Wisuuasmawdu anuduveavesivasy
Lﬁu‘i’fmﬁaﬁaﬁw1ﬂim$uﬁauq vioanusurzanauiiovieiiviiadnas dmsunsdinmsiva
ey supersonic, M >1 mowwedl-M? wwiiauiiuay wildmdd wee dP
Wiasasuuunniudu mneanudussanauseun MNUAYVEIRBIRYAY 4
Fuaimsaoudasanuda 4V wwnnfunduniudueae anuduiuivesdd, dv
waz dP dwmdums Inaduuuuan uaasB3sann 3.7

nsims Inanfiunuy sonic, M =1 meuvoal-M? wflugud ldauns

-l

{ o & 3 a 1 a
(3.46) szneudaumoniimsdogud Falifimluswouee uwamaunsefinsentnmnlag
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b4 b4 []
fmua M > 1 wyanssullamnsofadulddo dd -0 wSe dd - A
9 ] [ v

ms luauuy subsonic M azdd 1 18y d4 Aewldvuuasdhdaiiviesiiqe (d4 —0)
I 4 o 4 3 1 1 L4
wionunmihdandesiigavesie uaz mMsIvauuy supersonic dd  Avagingdmotiud
b= Ay a9 oo v oA ) P [ v " W
(d4 — ») wnieRunnhdavemonlaga 51SonannzinnuEvems lnaluvemiiy

g : = . Lo, 2 N
AN AT (M =1)N “ANITINGH  (critical condition)” Fauduaninzdreda (reference

condition) Tumsfinmsnldsuntasgaauifvesms Inauuudada1d

ilharie Subsonic, Supersonic, M <1
M <]
> >0 dv <0 v <0
i ; dp >0 dp >0
dv <0
\ dr <0 >0
- <0 >0 >

4 4 9

1 v ] ¥
NN 3.7 WAYBI Mach number NDATUINMTILATUAUNHITIGAYBING

o o d ar) oY a

3.3.4 anuduiusvesguandnfagaund
o 9 dy Y o v a o wa A a o A
Tuiadeiiey laiuaueanuduiusvesgaaunid WeRarsanarmiss vie
auauiasvesvesnaidiufsgannd  lumenvessasduanudousunsz, £ uag
Mach number mwldaunAgu aszurumaihuuuylomunsetln uazdasdiuniuiou
o oy o wa P ¥ wa Y '
Sumzlinnd guauifvesveslvaaunsodoulvegluglvesumniasu’d Tasunum

M=V/C uaz C,=kR/(k-1),C* =kRT, 3%

£=1+(__._k‘1)M2 (3.47)
T
0

ki(k-1)
?=[1+(%—1)M{| (3.48)
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1/(k=1)
&=[1+(k_;l)M2] (3.49)
P

w‘:d' = 1 wad’ o 9 * 1 A
auaulian M = LinGenh “quaniananzinga” @nuaie” agimiio
Snussenqudalvg) :1naums (3.47) (3.48) az(3 49) vz ldauduiuisgnegaaania

[] 3/
Fufugaaniananzings Al

-
0
* k/(k-1)

L (—2 ) (3.51)
v \k+1

% = (ﬁr_ljl/(k 1) (3.52)
0

V*=C"=,[—RT, (3.53)

3.3.5 M3 lnanuneneven (Isentropic flow through nozzles)
9y t

Tuadeiisz Idnandimsnldsunlasguanianimlsingnissims lnaru
1) A = 1 Q U 1 Q/ ' U
vionovoadll 2 wila fe veurhdagh (converging nozzle) waz vewrhdnagd-goen

. . . o 3 4" 1 K| o A

(converging — diverging) Tuiadaiiisnaznandawansgnunnanuauninnieesn (back
pressure) BATIANS 1118 LAZAITNTTIVAINAUADDAVIDABYDA

3.3.5.1 ﬁﬂﬂﬁﬁfﬂdl‘l‘l’] (Converging nozzle) A5IMT IMaUDY subsonic

T
[ a3

1 ] 9y o T 9 ag ¥ P VA ~ °
iunenihdaghdanmi 3.8 nam auudldvesivanniiegiia ¥, =0 gamilenit uaz
1 ' Y o 19 Y o o A v
Tnaruvonihdagiih deiluaanaudu (vacuum pump) ivaaanuauiithameen (back
pressure, P,) vz ldnswlauduiuivesdandiuanududennuduson (P/R) aaoa
Noaue1IMe AT 3.8 (a) TuBsn (regime 1) AUAUNLIANIOINILIAUANUAUVDS

o [] 3 o
fluapanudy P =P, dunaoinmwi 3.8 (@) Weaannuduvesiluaanudy feaamy
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d’ . é * o = LY d' LI Y o
il iv 9 P = P* winaanwauaddn @z v) avwaunithanieenes livhduanudy
o
vostluaanuau P, # P, (regime 2)
o o da 4 o A
M3 asundaadaiinms ImannevunmMsaan A LNYInN19e9nYes

ames Funaldninmwd 3.7(b) minmasanuduvsaluasnnusuIuiineundinnu
v a ad . ' sy 1 @ A ) *
AUINGAN ARYEA P, < P* 8nsIMs nariuneuoavziining udszaaasiuimina P, > P
55en m3lvarusisnsveangtiuums lnafinihdaneveadiu sonic flow uaziidnsims
Tnagegain “msluauuy choke (chocking flow)” W3on@RLIUAN1IE choked lAEMT

v o @ ' v A ~ 14 a
ﬂ’J'liJﬁll‘V‘lu'ﬁ‘lli'Nﬂﬁl‘i'Iﬂ'livlﬁﬁw’mﬂ'lﬂﬁlﬂ L\‘lGu"lﬂlﬂﬂ'l’lgﬂﬂ'vl‘ilﬂ\‘lﬂ'l“ﬁ@ﬂilﬂ@l N

m* = pAV = ({%)A(M\/kRT)z PAM, /% (3.54)

- —— i ——

0
0 w*ln 1.0,%
(b)
1.0 )
P,
. P
PI/IO 8) Regime | Po
P v .
° G | p*lpo |
P*lpg liv): :
@ L pegime 1 :
] 0 | (
% Throat x 0 p*ipo 1.0%3
(c)
(d)

() [
2NN 3.8 M3 IamuyenavaaYydIIMARETLAAANAY (Fox en al., 2003)



34

Aouey lugdaudfsn 18 las unuaums(.43) uaz (3.44) luaums (3.54)
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3.3.6 Shock wave Y2313 Inalune
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¥ o o v 4
VNANNAUAUTVOIRUANTANNQUMNAMTAT  TUMTANIWIN  (3.60)
v Jd o v Y g v o del o J
AT AUMIBYINYNAINU (3.61) mianasgauuns i A-s aldiduanuduiuif Send
1 4 '4 ] [ 4 (Y
“lunrli Ty (Fanno line)” seunadinydasgamienuriuly ualFerumsngeysny Tunmdy

[ [ (Y o 4 . . o {
(3.62) unuanuduRusoyimindanuld “Uuindians Reyleigh line)” uanRenwd 3.11



37
[~ 1 Py o { a ¥ [ a ¥ é o o o
szniuld1mane shock M ldnszurumsinavuiiai wu Insthnudy Fuduileseilding

o =t @ @ WY
msguiidonaznszuuilunszuiumsdundylild

by =h

Rayleigh line

A 4

mwﬁ 3.11 Mollier’s chart

v o w a
NAUMIDYINHWANU (3.61) Lla$ﬁuﬂ15ﬁﬂ13$ﬂlﬂ\1fc{']“]ﬂ2ﬂuﬂﬁilzulﬁlﬂ'nn

v o

a { o 1 K2 o v o ¢
wiusvesgunpiiwdidumis x waz y i 7, =7, Fehldinldnuduiuives

9

t4
@ A

wa o ' o a A o 1 kY ° a4y
AUAVUANIFNDULDEHAINTTING shock INDVATIHIUANNIDUIUWIZAIN Ulﬂﬂ\iu

BATAIUUNYN
1+ M?* (k-1
L_* ;(k )12 (3.63)
T, 1+M;(k-1)/2
BATITIUAINAY
P M_Jl+M?*(k-1)/2
2= "‘/ "( ) (3.64)
P M, 1+ M2 (k-1)/2
90351894 Mach number
M*+2/(k-

’ T 2Mk ) (k-1)-1



38

[
a e

R ¥ ) 3 o @ dyd' "ﬂ
infm'mawmuﬁﬂm’du'émqygwugmmﬂawmnmmmﬂum uﬂ'liﬁﬂll'l
o a da 4 ad ¢ o ad 79 9
msmqmuazwqmssums"lwamﬂmumtﬂuamﬂmas TﬂﬂﬂTﬂuﬂﬂ'l'i‘lﬂﬁclum‘ﬂﬂm’é)i&lﬂ

LY Y] 9 o =
dunpums Inanvusada ldvssmagaund
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o o [ 4 LY 4
VNN (7.9) - (7.11) Wuaumseyinvuna eydni lumudy uazeysny

3 A 1 Qs 4
wasugsusodiouIdeglugilves Mach number (M) 1Adafl

* *
. Mgt RyMT

M3 =n, (7.15)
27 [t Ry ) (1 B

4 T m o o , w
o = ———Te uaz Ry, =—< Tay a1 mduius3e1313 Mach number (M) i1 Mach
g Mg

number Inga(M") iuail

2
oM™

5 (7.16)
y+1-M “(y-1)

3 o i CaL { a 1 t 1 ,dy
asnsaeINTiLeE ANy salNoUNIZIAA shock B8 1UBIEHI19 2 D9 3 o1 Al
v
f

o a { =y ¥ 5 a { v o o ]
fmuald shock axiaNUSNURUANIIGANR (throat) AMUFUWUTANAT O shock 921

(7.17)

2
, - M3 +2/(y +1)
@y My -DMZ -1)

SASIAIUANUAUANATON shock 1511

2
P2 l+}/M3

' ¥ 1 o g o d 1w o
Tuyaeenszaeds anuianhnmesnvesdidamesividugudes 14



92
P (y-1) poan
n,(y- -
D (M7 7702 | (7.19)
P3 2

v @ o v da 4 ad &
nnuMsoYSAENIn A=m/pV fmualfanzvesmsiinaynludinnes

9 v v
I ideal 92 18R uga51s InaiFanarunsvoaiia lddsil

P
my = 4e (7.20)
74l
fg_’i[y_ﬂ}{r-ll
¥ 2

Y 1 4’!’ ~ 9y o v [Y] @ 9y o dy
ﬂﬂiTﬁﬁuwuﬂﬁu1ﬂﬂi$ﬂ’ﬂﬁlﬂﬂi’)ﬂﬂ'ﬂﬂ1ﬂ1’l1~3ﬂﬂﬂﬂl‘€]~1ﬂ’mﬂ”lﬂ U

1

2 |y+l 2
pl IR o e
4 Y (71.21)

4ol 4=

o/ 1 g d' 9y o @ 'Y L) g 4’ Y @ 4'
fm51muﬂ1mwuwmmﬂwammwmﬂﬂuummwuwwmmmw (A3)

1

2 jy+l 2
1+R 1+ Rmz)| —— - —
4 \/( +Rm)(1+ mr)[yﬂ] 1 [}/H]
A, =—2= (7.22)

A6

snIasenuILLazAnYIguAnEazvesdimme s ine ety ssywhn

d o d ¢ 4
IHUNDUDIRARNBT NI UUAUYAU



93

d
7.2.1 PITVBNULLYMIANIVBIBITANDS
o d ad o4 = ad o
mseenuuLsTuDRIANuBUILLBRAmesFean lUdsvaveBiIames
9 = :J’ [T dy '
awfidunounade 11T
3 A o ' [ ] =Y 4
Fumsudl 1 Mvuammseiamuiuvesszuy (Q, ), QUNYIYeURIBY
fuia'le (Ty), nFosiminninaszmuy (T,) uazarmduveunsosniumiu (F)
3 4 ° o 1 4 o . . £ ]
Yuaouin 2 Mnuadasrdumsmilenit (entrainment ratio, Rm) &4 l1inas
ganaiu 0.5 mszminguiull aaudangudmivldnuzanas
b4 []
Tunoui 3 AU 1BUNIAY (enthalpy) YBILADZYANINANAS (7.1- 7.6)
£ v
Tunoui 4 Aamm Qg , O MINANMS (7.8) 4o (7.9) Mud1Ay

¥ o
wouagnsavmauesluldan

Wpump = mg (Wpump) (7.23)

¥ [
VUADUN 5 A1UIUNT COP INAUNIT

COP =Q, (Q, +Wpump) (7.24)

k4 v
Y =t

o d ¢ H |
FUABUN 6 MUINUVUIAVDIDITIAADTMVUHUMNTUADU TUN NN 7.4(2)

14 ]
A A

A [y (] Y o o A o a 4{ - Y o P ad o
iWonsasdIunuivhdanoveaureiIRaduuTnUNUNMINAAAINYDIDRANDS (4,.)
} 4 ] ] })
55assanaluduaoud 5 uaad 3 ludenini 7.4G) Taadlusadvuduaes

[ ° a o ad o a a Y o '
MUl LTI IN WA IAATY0IDIAANDT 1INNTNTA 7.4(2) FUAUMNUANITAIE
¢ o < ad s vy H A ! S = a
vo9gUnsal luszuuhanugudnames Feldvinduneun 1 uaz 2 Aeaniuleduud

' o A v A o o e ad s
AN IUAUNNNODNUDINIINA (Pl ) lweﬂ']u’.)m?nﬂj'ujﬂu"ﬂ']ﬂﬂ‘]\iﬂﬂﬂﬂ]ﬂ\?ﬂlﬂﬂlmai (Pb)

Ay 1 A

NTUMNT (7.10-7.19) LOZAIAOUATN 1AL uﬂﬂnﬁ'tﬁmﬁ’m31u@'1"uﬂlmm‘§'mmumiu

v 1 14 I
(B,) ffmualinTeli winlimasduldnduldfmsdmuan B Tninszidnluizesy

a0y Al Yy 9

wniwi P, iy P, wxlidlndifoeiu deldmgrudrdemditemer 4, snaums (3.22

o 4 4 o o 1
‘il'lﬂ‘lluﬂi’JUﬂ'ﬁi’)ﬂﬂu‘]J‘lJLﬁﬂ‘ﬂ'}‘ilﬂ']ﬂﬂlﬂﬂ%ﬁlﬂtﬁﬂ{ %zﬁammwu"lﬁ"nmmm
Y 1 d’l A Y oo a d ¢ g ad (\1 1
szqwm“lumawmamﬂmuwuwummmﬂmﬂmasmmu Tﬂﬂﬂ’]'mﬂ']’l‘llﬂﬁﬂl%ﬂlﬂﬂi U
9 ° a nldy y 1 -] ' A A
ﬁ11l15ﬂ53141ﬂ%1ﬂ1m‘u%1ﬁf]\i'l’l'l\iﬂmﬂﬂ'lﬁﬂiu lWIElUNVlSﬂWIM M Ar nmi‘_lumwmwaﬂszwu
] =] d ' =N o4 y °
maﬁmmuwmﬁmﬂmaimﬂmmmmmiﬁu ui’)ﬂmﬂﬁ mnss’{mnmummﬂmmmwm

ad Jg Y '3 ° 14
ﬂﬁ]ﬂW]ﬂiﬂﬁ'ﬁl15ﬂiguulﬂ"i)'lﬂﬂ']“ﬂ%“'lﬁ'\ilil’lﬁﬁﬁ']u‘llﬂﬂ ESDU "lﬂ



94

T, T, A, /A and AJA,

Tg, T,P, andR ¥

Find MM and P,from
! Eq.(10), (16) and (21)

h 4

Assume Rm

Find P, from Eq.(10-19)

Find A_from Bq.(15-19),(22)

|P-P, ke No -~
|A-A/A < e No—
Yes
Yes
Find Area ratio(A ) &
from Eq.22 Yield Rm and P,
(a) ()

A 7.4 lavzunsuuanInisfIuInumIal (a) Rm uag P, (b) Area ratio (Ar)

= o d S g d
7.2.2 MIANHINANIETNUDINNITNINBIUDIDIVAND T

A ad ¢ 4 4 o ¥
luﬂqi]"ﬂﬁui501‘!3ﬂmﬂlﬂﬂs%glﬂaUutlﬂaqg}']lllﬂﬂuvhlﬂ157|1\11u LIANUN
& S da " ad 4 o deas °
UASNNBDIN “]Nﬁ']ﬁ'ul'lﬁﬂﬁﬂ}:n HAUBITNNITIVATUUNUNIAD DA DT TINVNNUADITUUNM
g y 9 ¥ ' 9 o ad
ANV ﬂ1ﬂ5$ﬂﬂﬁnﬂ1iﬁl1\1ﬂuﬁ’ln']iﬂi%?ﬂiuﬂsu EES ¥8inszuuauns IﬂUﬁzlﬂJUUQﬁ

14 ¥
udilgmiiduneudsde Uil

muamguvgiiveunsesiuiinle (7y) uaziniesszme (T,)

Do

1

=h.

12190

=

i o =1 Y
ADUN 2 mwummmmm%mﬂma{uaxmaﬂ( 1g/At Lkﬂ$A3/At)
b

AOUN 3 AUIUNIAT Rm Hay P, NI HURUIUAIWNTNN 7.4(b)

b.

2 2
L’e! ::Ewe teve

14 []
Funoun 4 Mudua eUN1aY (enthalpy) 910eUNIST (7.1)-(7.5) TasA1 Rm

[]
[

9
wag P, 9nYunoun 3



95

€e
R.

M

UADUN S I m:g 1NTUNT (7.20)

2

£ 4 v
Tunouin 6 A Qg , Oc MINAUNIS (7.8) Uiz (7.9) awdidy
o
wiounuvesilu uaz cop
3 Y o a 3 ad J 3 ~ ° °
luduseumsudilyminfiatuludiSames @uaoudt 3) szsimsdun
Augluuuvenmi 7.4 ) Tavezuiimstmuamanzimadiuassnsidmmiisaveg

1 4
BAMDS MIMiuTen Mle’Mlg Uaz A 1Naums (7.10), (7.16) uag (7.21) foxnduuian

o ° J v P Y '
Rm UaEIINTALINM 4, MNAUMS (7.157.19) uaz (7.22) wnm 4, 7' lAuand
k4 1
010 Ay / 4, Winduhlau@e Rm Tnd vdindu Waduaindoseaush Ay (U 4y / 4, Ty

Indifvetuuazwagamioss 18A1 Rm uaz P
a b

2 a d
7.3 HAMSADHUDZNITUATIZH

7.3.1 BNBEWAVRIM LI

' 1
a o

9
meenuuusTUBIR MBS Same siTud TngudaneGufidmun
[-] ‘ o é Qs QU ) 1 @ d'
mszihmuby uazanzimusvesglnsaluszuy Swrmdiniutsen e msaaile
o ¥y A A, oa ¥ ¥y Ay
Tuszu (WasnuanuTeuinsesiuia leuazauanily) arwdouiidosmsszueesnuas
o o ° d P -t 1 9
onsms naluszuusumsstnmndu uanslunwd 7.5 INNNA 7.5(2) WUNHINABINS
° o v o o o ¥ 4 o Y  dew A
sonuussuuhnuBu I IS umssih L ety wdinuanuZeuildiie
¥ v ] ¥ ) ¥
wmﬁeumsﬁmuinﬂm?mﬁuuﬂ%uazwﬁwmﬁm?mmmmuﬁaaﬁzmﬂeanmﬁuﬁu
] ] o { 3 [} [
smamq"lsﬂmnmszﬂﬁauuﬂammawmqﬂﬂmfmmmw"lmawammmﬂmmmszmm
g a ° =1 ° 9 A g 4" 3 o @
sounszuuhmuBuasavle emnmszanBuizIuegiudnms navesans
ﬂ [ P ) o a a é’ =Y d' o a
Tuszvuitlundn Fuanannnuvedluivsmuiunugumgiveuniestuiia lowaznse
ar { o -] 5 Vo L7 L} U g
anufouvesszuy Fanmi 7.50b) mswihsihauiuegiuanuduuandiesznimnies

ﬂ?ﬁ!tﬁﬂﬁﬂlﬂ?@ﬂﬁuﬁﬂ’lﬂ



96

50 -
45
40
35 -
30 -
25
20 -]
15
10 ]

Energy (kW)

0 2 4'6 8.10'1'2'1I4
Cooling load(kW)

(a)

0.0050 -
0.0045 -
0.0040

£ 0.0035 ] g

& 0.0030 - e

50.0025-: e

= 0.0020 R
0.0015 - L.
0.0010 - et
000054 ..<
0-0000.-"1'|'|'|-|'|'|

0 2 4 6 8 10 12 14
Cooling load(kW)

(b)

—— Boiler 120°C
- - - - Boiler 130°C
------ Boiler 140°C

K

4' ) 4 d'd ] [ 4' o =Y 4'{ ]
NN 7.5 INTWAVDINIISNANUIDUNUABNANIU (a) msmﬂ"uuﬂ"l'emazmimﬂ'muuu

1 (b)aUvDaily

Py Y a VoA o =1 A 3 o

Ghlﬂ']'W‘Vl 7.6 l.lﬂﬂ\ﬂﬁlﬁu')'llll'ﬂﬂ'li37\1?1'.]']11LUNLW?J‘Uuﬂﬂi'lﬂ'ﬁllﬁﬁﬂﬂQ'd'li

S | o ' - 4 o A o -
Ugugfivziiniiudie dunndr mngamgiveunsesumeanas Suiludeumudasinmsina

¥ 4?‘ A o = 9 ° d 9 a o 3 ac @
TuszuuIdgevwieShugumgiivesieshnnuduldag duiuiimsniugudasnisinag
o 4 o w ) o o ] 3 d
ﬁlﬂQﬂ'ﬁ'ﬂN'Iuiu5$‘U‘U$Ql'ﬂuﬂ\?ﬁ']ﬂﬂlull'lﬂfnﬂ5’]J5$1J1J“ﬂ’lﬂ']'mlﬂullﬂﬂ%t%ﬂl@]ﬂi1W51$ﬂ15$

¥ A o b é’ [
ﬂ'J']?J5@“7]531”.]7\11?\%3‘"“@5«'}1]'ﬂﬂﬁ']fni"lﬁﬂ



97

2 0015 . : : . : :
kv
T
B 00104
E
) 0.005
&
é‘ 0.000 . . , ' . . . .
E 2 4 6 8 10
0.0065
Evaporator 5°C
- - = Evaporator 10°C
SRR Evaporator 15°C -
0.0060

0.0055

54 Cooling load(kW) 56
t:i s oa v Ad [ .4 42 0o a
NN 7.6 EI‘W‘EWﬁ‘lli)\?ﬂ'li%‘ﬂ'Nﬂ’J'IlliﬂM‘Vlnﬂ’t’)ﬂﬁlﬂﬂ‘lSvlﬁﬁ‘il@ﬂﬁ'li‘l]'lﬂmiﬂﬂﬂ'lﬂmvlﬂ
a a i v A g d
7.3.2 e‘nﬁwmmtmnzQ‘IJnimnumammmmazswu
o g 4 . 4" 1o A a Jd
YUIAVDIDNAIADT LD area ratio WIUBYNUANITHTBQUNIVEIQUNID]
A A o A A 4 ¢4 vd A
1ui$‘U‘U IﬂULﬂWW’fJUNHQ Lﬂ500ﬂ1luﬂ18 IRIDITEINY LAZIATDIAIVLUUU HITANITINAIUITY
] Y o =] 4 = 4
NﬁGlﬂﬂ5$ﬁ1’l‘§ﬂ']Wﬂﬁ?’nﬂ’ﬂllwuiﬂﬂﬂﬂ mﬂfﬂW‘ﬁ 7.7-7.9 uﬁmwmmqmwgmmm%’m
o a 4 d [ {ct 1 adg 4
ﬂ’uuﬂ"l’t) m%‘mszmv az m?mmmmu ﬁllﬂ’ﬂ COP 110% area ratio YBIDNANDT Iﬂﬂﬂlu'lﬁ
ad s o d 4 a A o & & o
mﬂmes%zmmﬂTﬂﬂuumaqqummmsmmmﬂ"lmmzmimszmaiumsaﬂmmuumqq
o/ 9/ o 4' M a 9 ' A o = A o
’c’fﬁlﬂﬂulﬂﬂ'lﬂﬂ'm“ﬂ 7.7 ﬁmazmsmszmmzmmwauaumuﬂsmmmﬂ'la tH9INANUAU

vosaslgugiinazvinavesneveaiielinasemamilsnirsmhaumasmsiinnudy

¥ ]
A

ad o ndyo/ [ A’l a 3 o o 9 o -2 ﬂ
‘Uﬂ\iﬂl‘i)ﬂmﬂiiﬂtmiﬂ G’htjmquamsmmmmwuwnmmmmawuwwummmﬂwaﬂw H
a I 0w [ IR o a A e d Jd Y ° ;:ld '
NITWMBINAIAY lWI'E')UN“liﬂﬂTllQﬂ!'H{]?Jtﬂif)\ﬁzlﬁU'VlﬂmﬂmﬂiﬂE]Q‘Vlﬂﬁmlﬁ’ﬂUNﬁﬂﬂﬂlu’]ﬂ

ad S 1 o 1 Vet v A o a o
YOIDIIAUND LB UIAYINU llu%gqnuu"lﬂlw’]lﬂi@Qﬂuuﬂhlﬂfwnn



98

~——— Boiler 120°C
2604 - - --Boiler 130°C
- . ()
240 Boiler 140“C. .......................
= 220 -
< 200
§ i
= 104 -
[ 1l e
3 160 ’
< -
140 4
120 —_—
100 T T T T T T 1 T LI
0 5 10 15 20
Evaporator (°C)
(a)
200
1904 —— Evaporator 5°C
4 (4}
< 180 Evaporator 10°C
<m I Evaporator 1 5 C .
© 170+ ‘
o 9 /
f o
< 160+
&) J
< 150 -
140
130 4
120 }'.‘./. T T T T T v T T 1
115 120 125 130 135 140
Boiler (°C)
(b)

d’ a A ) dala 1 - 4 A o A
NN 7.7 INFWAVDIRUNYIVegUnIsintnvUIneIBRANeS (a) INTBf TR To Laz®D)

A
RITTINY

-~ a o J A a A 43 & o 9 [
szuufwuﬂszﬂ‘nﬁm‘wmnwm0qm‘nnmﬂsmizmﬂﬂwummanumnnuwa‘um

9 L

) ] Y ¥ 1 )
insosnuiiale Aunndl 7.8 isiiifiosnn maugangiindessmeasi linamsve oy

¥

' ' 4 ' £ 2 '
“/I'lﬂ?.]‘)f'NiN"]f’NLﬂ?@ﬂizmUﬁﬂ'llJ‘lﬂ"UuuuWH']CJﬂ’J'IlJ’J15$1J‘1Jﬁ]ﬂ]iﬂ@,ﬂﬂ’l'm%’ﬂuﬂﬂﬂ%'lﬂﬁ’ﬂﬂ

o d ¥ Y < a & o a Y Y o ¥

‘Vl’lﬂ')'lmtlullﬂiﬂﬂ miqm&‘\nuﬁmmnqqummmimmmﬂ"laszuusnm“hrwawmﬂ'nmau
2

UINYU



0.366 -
——— Boiler 120°C
0344 ~ Boiler 130°C
----- Boiler 140°C
0.362 P
N ]
O 0.360 -
O .
03584 _--
0356 .-
! K T v T d T ™~
0 5 10 15 20 25
Evaporator(°C)
(@)
0368 . ——— Evaporator 5°C
S0 - - - - Evaporator 10°C
: Y. eesesa 0
0.364 S . Evaporator 16°C
D_ -
(@]
O
0.360 -
0.356 -
0.352

H = P 4 o =
MNT 7.8 Havesgungilvesqnsalfifide COP vesszuy (2) nTas iAo uaz (b)

A
INIDITTINY

1 v T y ¥ T T r |
100 120 140 160 180
' Boiler (C°)

()

99



100

600 . - 0.3608
500 . 0.3606
% : Area ratio
% 400 - 0.3604
8 o)
o 1 : 0
° 9
S 300 - 0.3602
<
200 - - 0.3600
100 R - 0.3598

2 4
Condense pressure(kPa)

a o A oA ad '
NANT.9 ATMUAUYIUATDIAIVUUUNUABVUIAYDIDINANDT LLaE COP VONIT U

4 a o Y 4 1 { ] o o

NNAMA 7.9 LaaIdNTNanNUAUYBURS oI IULLU AT eV RYe B S am e SIas
A A o A v A 4 ad ’d v a
COP 999521 UMY HOANUAUATOINILLUMNYTY YUIAYBID B AND T NADINTS 925
-] A s g oo ‘]d_l 9 ° [y g ¥ g Y] 3 g P Y w
AN (We9n dRawessuludevhnmuaulnldgeiu daiu vinavesiuiindhda
Hde d = @ o & - A a a °
AINIUANDY LASVULIALINY ANUAUYBUATBIAIVUUUNUTUTZ VYT se AnEniwnisei

v ¥ ] ] } 4 [
anuduaadiag eanndifamessmileniens 18 eoas ane13lunmi 7.10) i uile

ad ¢ o ; 9 v
DIINUADTVUIAINIZAING I COP VNIZUUDIADIATY

VNN 7.10 HAAIANFURUS Y83 Rm AilldBvNAveIdSames 11nam o

4 4 aq ¢ 4 A - A4 o ay a 0 q va g st

Rm (WuL vinedwames selavu Woguugiiveuniesduialefidniosas mMlnsiSane sl

2 - - , o
NNATATUEWN NG 7.7(2) uog 7.10) 910 A 7.100) umingamgliveundesszme
! 2] &’ [ qy = 4

fimge vinaBiamesez Tniude udedilsfinw dem rRm Yooy gungiinessvmedl
1 ad a3 A A = ° Y ¥ a o a a
WANTENUABYIIAYBIDINAIMBSUBY 1Henn dWamisnhaslddes Sndwavesaimdvgd

da 1 ad 4

1 a a 1 o 0 <
'VlllﬂﬂﬂmﬂmT’JSﬁBUﬂT\ﬁ'ﬁ‘VJﬁUQN ummﬂsnmu 'luﬂ'mlﬁ‘lum‘mammmzuummmwu

oﬂﬁl gt of P o v M) g ad /d v Yo
13190 uﬂ@@ﬂ'ﬁ‘lﬁ'f]l.i]ﬂm05“’]uU'Ju'lfniclﬁvlﬂu'lﬂﬂ'JUlﬂﬁ!u‘Uu'lﬂ@ﬁlﬂmﬂi?’lﬁ'\ﬂﬂﬂi"ﬂﬂ'ﬂ

4 o 4
:mJwwfmﬂmawmm?msmwﬁw



300 -
275 -

—~—

-~ 260

/A

i

N

N

[3,]
i

200

175 ~

Area ratio (A,

150
125

100

101

-—— Boiler 120°C
- - - - Boiler 130°C
------ Boiler 140°C

-
-

0.0

200
190
180

170 ~

Area ratio(A,/A )

160

150 +

140

1 1 i i N 1

T
0.1 02 0.3 0.4 0.5 0.6 0.7

Entrainment ratio (Rm)

(2)

Evaporator 5°C
- - - -Evaporator 10°C .
------ Evaporator 15°C LT

0.0

| N I ’ ) M 1 ' ] 4 1 ' 1
0.1 02 0.3 04 05 0.6 0.7
Entraiment ratio(Rm)

b

d' a a Aat 1 1 . == 1 ol =Y A o =
HAN 7.10 INTHAVOI Rm NUADAT area ratio VDIDRANDIN UNU (a) Lﬂimmtuﬂvla Hay

Y

(b) N5DITZINY



102

-
[+]
]

14 -
—— Area ratio 50
g 121 -~ - Area ratio 100
= Area ratio 150
5104
(773
/2]
£ 8-
S 1 L
8 6—- ..................
4] eemmt T
2 T v r . | ' I , | | |
120 125 180 135 140 145
Boiler("C)
(a)
10 -
o 8-
& —— Area ratio 50
5 - - - - Area ratio 100
3 .
2.1 Area ratio 150
2
-3 U
I PR b
o ————————
S T
m 4 T e
2 . | | | |
° 5 10 T "
EVapOratOr(oC)
(b)

P o st 1 o ~ A o o A
MWN 7.11 wavesguugiigilnsainlidennuauihnnieesnfivediinmes (a) 1n3es

fuilale uaz(b) nSoe5zive

ad o ° Y a A " A Y 1w A
'f)mﬂlﬂ05114531]“%37\1ﬂu1ﬂlwuﬂ'nllﬂuﬂ"ﬁﬂ']ﬂlﬂiﬂq531“U1ﬂlﬂ1ﬂ'u1ﬂiﬂ\1
v

¥

] v Aes g o o J vas 4 3 1
auwin stimwaundiamesih Idezuegiuannzvsuniesssime wissniuuiuuaz
o ' A VA a A o a A 2 4

AT 4, vnami 7.1 wudidiedgamgiliniestuiia leuazinFossemeiiuiy
- [4 o [ 9 g r.'§ s b3 1
pivamesszhin AN AN Fenseiudwdom 4 #isdamefazyianusu 1ddamni
g mniamsmileniias Rm) fuanusunodame i 18sulsunduiu nande g
P} L4 3; o =1 {
SlameTausamilonhans1dun Sidamesaziinusy 136 dunadiuninnmd 7.9 Uy

7.10 muumsmeﬂﬂlummawmﬂmaﬂﬂmm mlmJmsvmmwﬂummﬂmamwmmm

o g d ¢
ﬂ'li?J’E')ﬂl!']Jlﬁz]J']J‘Vl'lﬂ’J]iJLEJuLL‘]J‘UaL%ﬂWIE]i



103

o A f o g é
7.3.3 HANTENUVDININANDANITOUL DIDAINDS

N

anfwavesdnsrdmhnmeeendensvenveniifia (4,74, ) filldens

~ o o o et g d o ¥ v o do = A
mugnhmsiuanuaundRamesd  uaaswmnudiusdinmi 712 wuduiierthn

@ A a 4 o ad o Y A
nweeniRalivuialaiuar Rm wazanuaunseendlames Tuuwllduiezanauilesnn
A ad ot Y o - o a v Yy v
weanamasivIanthdntniRabdn  wwawiseasanusuuSoutowan1da dawald
{ o Y 3 ) g Qo ¥ =y o =
awsamiisnhimsnmmiosameldnniy Saiimswaususzninansdgugiuasyivgd

1 o o Yx o 4 o o 9
stnauysaiihlvidamesansahanuiu1dge

0.60 6.0

Eo.45 4 O Rm 557
m. . g
g =3
b1 1 B [1}]
o 3
-t 7]
£0.30 - -5.0 8
£ &
g ] [ 3
(50.15 4 L 450
R T e — Y'Y

MWA 7.12 WANSENVVBIVLIATIRARDAT Rm 11AZ AMUTUTNI0BN 18IS Ame |

] -1 o .Y d
7.3.4 fSsumsuramsanmaintuusiaeamendinmans
[ o L&) av o1
waaawaniSouiouvewuusasamunuagiamani fuauseRdu
uaAInems1en 7.1 TaonlSouifousunuuiinesues Alexis (2004: 2657-2663) LazHans

A 1 1 s g
NANDIVYDI Eames et al. ( 1996: 378-386) Hvziiunldalndieeiy



! LY ° A ° ] J
ﬂTiNﬁ 7.1 ﬁuﬂuwa"’umtmnmammaﬂmmmﬂm{mmiwuw1m1m§utmu§mﬂmai

104

COP Deviation
Tg("C) | Te(°C) | Te(C) Rm Eames et al. Alexis Present Eamesetal. | Alexis
works works works
140 344 5 0.1958 0.1779 0.1789 0.1789 0.001 0
35 334 0.2748 0.2513 0.2518 0.2517 0.0004 -0.0001
130 30.8 0.2996 0.2756 0.2753 0.2752 -0.0004 -0.0001
125 27.8 0.3722 0.3442 0.3431 0.343 -0.0012 -0.0001
120 26.5 0.4407 0.4044 0.4074 0.4073 0.0029 -0.0001
140 353 7.5 0.2610 0.2334 0.2390 0.2388 0.0054 -0.0002
135 334 0.3230 0.2965 0.2965 0.2964 -0.0001 -0.0001
130 315 0.3840 0.3553 0.3535 0.3534 -0.0019 -0.0001
125 29.5 0.4507 0.4161 0.4161 0.4161 0 0
120 273 0.5369 0.4973 0.4973 0.4972 -0.0001 -0.0001
140 36.3 10 0.3314 0.3093 0.3039 0.3038 -0.0055 -0.0001
135 340 0.4246 0.3892 0.3905 0.3904 0.0012 -0.0001
130 319 0.5127 0.4734 0.4729 0.4728 -0.0006 -0.0001
125 30.0 0.5751 0.5374 0.5320 0.5319 -0.0055 -0.0001
120 28.3 0.6275 0.5862 0.5822 0.5821 -0.0041 -0.0001
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h;=2660 [kV/kg]
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Qc=13.08[kW]

Tg=403 [K]

Rm=0.4
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Tce=301 [K]
Ts=5[C]

Wpump=0.0009777 [kW]
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PREDICTION OF PERFORMANCE AND FLOW BAHAVIOR OF STEAM
EJECTOR USING COMPUTATIONAL FLUID DYNALICS TECHNIQUE

K. Pianthong', V. Seehanam’, K. Chunnanond?, S. Aphornratana®, M. Behnia®

ABSTRACT: Ejector refrigeration has been studied and improved continuously for many years. In
this study, the flow behavior in the ejector is thoroughly investigated. The Computation Fluid
Dynamics (CFD) code (FLUENT) is employed to describe the flow behavior, mixing characteristic,
and also predict the ejector performance. The flow geometry is assumed to be axis symmetry while the
steam property is set as a perfect compressible gas. The turbulence model used in this study is the k-€
model. Results from a concurrent experimental study are used to compare and validate with the CFD
simulations. Varied parameters are ejector throat lengths and nozzle exit positions. Entrainment ratio
and static pressure profile along the ejector are then examined.

KEYWORDS: Ejector refrigeration, Computation Fluid Dynamics (CFD), ejector performance,
ejector flow characteristics

1. INTRODUCTION

An ejector is a simplified type of vacuum pump or compressor which has no pistons, valves, rotors or
other moving parts. It consists essentially of a nozzle which discharges a high-velocity jet (or primary
flow) across a suction chamber that is connected to the fluid to be delivered (or secondary flow) or to
the equipment to be evacuated. The secondary flow is entrained by the primary flow and carried into a
venturi-shaped diffuser which converts the velocity energy into pressure energy at a pressure between
the two incoming pressures. Nozzles are devices in subsonic flow that have a decreasing area and
accelerate the flow to supersonic at its diffuser. They convert pressure energy to velocity energy.
Tremendous interests have been owing to many advantages of ejector such as simplicity and
reliability, low installation and operation costs, thermally powered system. The energy sources can be
any low grade and environmentally friendly sources such as solar energy, waste heat etc.

Lately, ejectors have been employed in the refrigeration cycle. Its function is to replace the mechanical
compressor to pump the refrigerant to circulate in the system. A liquid pump, a boiler (or heat
generator), and an ejector are used in place of a compressor (Rusly et al 2002). Thermal energy has to
be provided substituting the electrical energy that runs the compressor. This can be obtained from a
. boiler or a generator powered by many alternative heat sources.

This study employs computational fluid dynamics (CFD) technique to elucidate the flow
characteristics on the ejector flow. Moreover the ejector performance can be predicted, enhanced, and
simulated at various conditions. CFD will help engineers to save operating time a cost due to
experiments, although some actual tests are still required.

2. EJECTOR FLOW CHARACTERISTICS
Flow characteristics inside the ejector directly affect the coefficient of performance (COP) of the

ejector refrigeration. Therefore understanding the flow behavior is very important and will lead to
enhancement of COP. Ejector consists of mainly 4 parts; (1) primary nozzle, (2) mixing chamber, (3)

1) Dept. of Mech. Engineering, Ubon Ratchathani University, Ubon Ratchathani
2) Dept. of Mech. Engineering, Sirinhorn International Institute of Technology, Patumthani
3) School of Mechanical Engineering, University of Sydney, NSW, 2052, Australia



throat, and (4) mixing chamber as shown in Figure 1. The velocity and pressure profile along the
ejector axis are also shown in this figure.

At the boiler, the liquid water is heated and becomes superheated vapor at high pressure. The
superheated vapor flows though the primary nozzle and choked at the nozzle throat, then it becomes
supersonic in the nozzle diffuser (or divergence section). At the exit of the nozzle, the superheated
vapor (primary fluid) flows at supersonic speed and cause the static pressure around the its exit or
mixing chamber very low, this will induce the water vapor (secondary fluid) from the evaporator.
Those two fluid mix and flow through the throat while their velocity reduces to subsonic, finally, they
expands at the diffuser. Here, the velocity or dynamic pressure converts to be static pressure and force
the fluid to circulate along the cycle. The design concept and theoretical analysis of steam ejector
maybe found are usually related to 3 basic equation i.e. energy equation, momentum equation, and
continuity equation. But the two important parameters represented the ejector performance are;

R - mass of secondary flow
" mass of primary flow

Entrainment ratio

. . Static pressure at diffuser exit
Pressure lift ratio PLR = P iff

static pressure of secondary flow

The entrainment ratio will directly affect COP of the system. However it is limited by the “critical
back pressure” or condensing pressure of the system which the pressure that the ejector can maintain
its entrainment ratio. Ejector geometry and other operating condition also affect the ejector
performance as well.
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Primary Nozzle \W’_‘/——-—“
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L | L
g \ 4
£
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Figure 1. Typical Stream Ejector and Flow Characteristics in the Ejector

3. CFD MODELING

Geometries and dimension of the nozzle and ejector, also the mesh geometry, used in the simulation
are shown in Figure 2. The variables are the length of the ejector throat and the nozzle exit position
(NXP). The operation conditions are listed in Table 1. CFD commercial package (FLUENT 6.0) is
used as the tool to simulate the ejector flow characteristics. Ejector geometry is assumed to be axis-
symmetry with quadrilateral mesh element. The mesh was densely created at the area of high shear
flow and mixing layer. The material of the refrigerant (steam) is water vapor and set as ideal gas.
Turbulence model is realizable k-g¢ with the couple-implicit solver for non-linear equations. Inlet
pressure and outlet pressure were used as boundary conditions at the entrance of the nozzle and at the
exit of the ejector respectively. '
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Figure. 2. Geometry of ejector (a) Ejector geometry (b) Geometry primary nozzle (c) mesh geometry

Table 1. Operating condition

Boundary Static pressure (Pascal) Temperature (K)
Inlet Secondary Fluid 1227.6 283
Inlet Nozzle 270100 403
Outlet Ejector 4000 302
Fluid water-vapor (Ideal-gas)
4. RESULTS

Some of particular cases of CFD simulations were validated with the experiments (Chunnanond and
Aphornratana 2004) and they show good agreement well with the experimental results.
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Figure 3. (a) Throat Distances vs. Entrainment ratio (b) Throat Distances vs. Static Pressure

4.1. Effect of throat length: Length of the ejector throat was varied from 10 mm to 170 mm while the
operating conditions are fixed. It is found that the entrainment ratio increase when the throat distance
is increased from 10 mm to 70 mm as shown in Figure 3(a). But further increase of throat distance
gives roughly the same entrainment ration (from 80-170 mm). The profiles of the static pressure and
the pressure jump position (or shock condition) are also related to the throat distance as shown in
Figure 3(b). Contours of Mach number at various throat distances are shown in Figure 4.
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Figure 4, Contour of Mach Number at Different Throat Distance

4.2. EFFECT OF NOZZLE EXIT POSITION: Nozzle exit positions (NXP) were varied for 9
positions from -34.3 mm to +15 mm. From Figure 5(a), when the NXP is decreased the entrainment
ratio tend to increase. It seems that the furthest NXP (-34.3 mm) is the best position for highest

entrainment ratio while the static pressure profile from each NXP are quite similar as shown in Figure
5(b).

NKP
0.44 4 5000 - —8—-34.3mm
e <20 mm
0.42 i— A~ <15 mm
4000
£ 0.404 =
é 0.384 g
50 & 30001
£ o036
g o 2000
m 0.344 g
e |
0.321 1000
0.30 , . : : . ) o
-40 -30 -20 -10 0 10 20 01 0.0 0.1 0.2 03 04
NXP(mm) (a) Distance along Efector(m) (b)

Figure 5. (a) Effect of the NXP to Entrainment Ratio (b) Static Pressure with changes of NXP

5. Conclusion

CFD can be successfully employed to investigate the flow characteristic inside the steam ejector. The
entrainment ratio and the static pressure profile can be examined. This leads to the better
understanding of ejector performance and will help in enhancing is performance. Also this will save
time and cost in optimizing the ejector. However further studies such as using three dimensional
geometry or variations of more parameters are still required and have to be performed.
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Abstract

Steam ejector refrigeration has been studied and improved
continuously for many years. In this study, the flow behavior of
the steam ejector is thoroughly investigated. The Computation
Fluid Dynamics (CFD) code (FLUENT) is employed to describe
the flow behavior, mixing characteristic, and also predict the
ejector performance. The flow geometry is assumed to be axis-
symmetry while the steam property is set as a perfect
compressible gas. Flow characteristics of two kinds of ejectors;
called CPM and CRMC, are investigated and compared. The
entrainment ratio, pressure lift ratio and static pressure profile
along the ejector are the main interest. Moreover the velocity
manitude profile of CRMC and CPM ejector are plotted and
analyzed.

1. Introduction

An ejector is a simplified type of vacuum pump or
compressor which has no pistons, valves, rotors or other moving
parts. It consists essentially of a nozzle which discharges a high-
velocity jet (or primary flow) across a suction chamber that is
connected to the fluid to be delivered (or secondary flow) or to
the equipment to be evacuated. The secondary flow is entrained
by the primary flow and carried into a venturi-shaped diffuser
which converts the velocity energy into pressure energy at a
pressure between the two incoming pressures. Nozzles are
devices in subsonic flow that have a decreasing area and
accelerate the flow to supersonic at its diffuser. They convert
pressure energy to velocity energy. A minimum area is reached
when velocity reaches sonic flow. In supersonic flow, the nozzle

is an increasing area device. A diffuser in subsonic flow has an

increasing area and converts velocity energy into pressure
energy.

Tremendous interests have been owing to many advantages
of ejector such as simplicity and reliability, low installation and
operation costs, thermally powered system. The energy sources
can be any low grade and environmentally friendly sources such
as solar energy, waste heat etc.

Lately, ejectors have been employed in the refrigeration
cycle. Its function is to replace the mechanical compressor to
pump the refrigerant to circulate in the system. A liquid pump, a
boiler (or heat generator), and an ejector are used in place of a
compressor {1]. Thermal energy has to be provided substituting
the electrical energy that runs the compressor. This can be
obtained from a boiler or a generator powered by many
alternative heat sources.

For many years, the steam ejector used in steam ejector
refrigeration are usually designed based on two conventional
assumptions either constant pressure mixing (CPM) or constant
area mixing (CAM) at mixing region as shown in Figure 1. Lately,
there is an experimental study confirms that CPM ejector gives
the better performance than that of CAM ejector. However, it
seems that the performance of CPM ejector is still very low and
there is no sign of improvement in this ejector so far. Lately,
Eamse [2] presented the novel prescription for the design of
supersonic ejector called constant rate of momentum change
(CRMC) method and described it would increase entrainment
ratio and gradually increase the static pressure along the ejector
axis (i.e. avoiding the total pressure loss associated with the

shock wave effect in the diffuser).
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Figure 1 Conventional CPM and CAM ejector

This study employs computational fluid dynamics (CFD)
technique to elucidate the flow characteristics on the ejector flow
of both conventional CPM and CRMC ejectors. Moreover the
ejector performance can be predicted, enhanced, and simulated
at various conditions. The some aspects on performance of both
ejectors are compared. These will also give us some idea how
CFD can help engineers to improve the ejector refrigeration while
saving operating time and costs due to experiments, although

some actual tests are still required.

2. Ejector characteristics

Flow characteristics inside the ejector directly affect the
coefficient of performance (COP) of the ejector refrigeration.
Therefore understanding the flow behavior is very important and
will lead to enhancement of COP. Ejector consists of mainly 4
parts; (1) primary nozzle, (2) mixing chamber, (3) throat, and (4)
mixing chamber as shown in Figure 2. The velocity and pressure

profile along the ejector axis are also shown in this figure.
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Figure 2 Typical steam ejector and flow characteristic in the

ejector.

At the boiler, the liquid water is heated and becomes
superheated vapor at high pressure. The superheated vapor
fiows though the primary nozzle and choked at the nozzle throat,
then it becomes supersonic in the nozzle diffuser (or divergence
section). At the exit of the nozzle, the superheated vapor (primary

fluid) flows at supersonic speed and cause the static pressure
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around the its exit or mixing chamber very low, this will induce
the water vapor (secondary fluid) from the evaporator. Those two
fluid mix and flow through the throat while their velocity reduces
to subsonic, finally, they expands at the diffuser. Here, the
velocity or dynamic pressure converts to be static pressure and
force the fluid to circulate along the cycle. The design concept
and theoretical analysis of steam ejector maybe found are usuatly

related to 3 basic equation i.e. energy equation, momentum

equation, and continuity equation. But the two important
parameters represented the ejector performance are;
Entrainment ratio ,, _ mass of secondary flow M
mass of primary flow
Pressure lift ratio PLR= static pressure at diffuser exit @

static pressure of secondary flow

The entrainment ratio will directly affect COP of the system.
However it is limited by the “critical back pressure” or condensing
pressure of the system which the pressure that the ejector can
maintain its entrainment ratio. Ejector geometry and other

operating condition also affect the ejector performance as well.

3. CFD modeling

Geometries of CPM and CRMC ejector, also the mesh
geometry, used in the simulation are shown in Figure 3. The
variables of CPM ejector are the length of the ejector throat and
the nozzle'exil position (NXP)[3]. The operation conditions are
listed in Table 1.

®)

©
Figure 3 Geometry of ejector (a) mesh geometry (b) CPM
geometry (¢} CRMC geometry



Table. 1 Operating conditions

Boundary Pressure Temperature
(Pascal) (K)
Secondary Fluid inlet 1227.6 283
Primary Fluid Iniet 270100 403
Ejector Exit 4000 302
Fluid Water-Vapor (ldeal-gas)

Geometry or shape of the CRMC ejector, especially the
diffuser, is designed base on the prescription provided by Eames
{4], however the operating conditions were according to Table 1.
The profile of the diffuser designed by using CRMC method is
shown in Figure 4.

CFD commercial package (FLUENT 6.0) is used as the tool
to simulate the ejector flow characteristics. Ejector geometry is
assumed to be axis-symmetry with quadrilateral mesh element.
The mesh was densely created at the area of high shear flow
and mixing layer. The material of the refrigerant (steam) is water
vapor and set as ideal gas. Turbulence model is realizable k-E
with the couple-implicit solver for noninear equations. Inlet
pressure and outlet pressure were used as boundary conditions
at the entrance of the nozzle and at the exit of the ejector

respectively.
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Figure 4 Profile of the diffuser of CRMC ejector
4. Results

Some of particular cases of CFD simulations were validated
with the experiments in our previous works {4] and they show

good agreement well with the experimental results.

4.1 Constant — pressure mixing ejector
4.1.1 Effect of throat length

Length of the ejector throat was varied from 10 mm to 170
mm while the operating conditions are fixed. It is found that the
entrainment ratio increase when the throat distance is increased
from 10 mm to 70 mm as shown in Figure 3(a). But further

increase of throat distance gives roughly the same entrainment
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ration (from 80-170 mm). The profiles of the static pressure and
the pressure jump position (or shock condition) are also related to
the throat distance as shown in Figure 4(b). Contours of Mach

number at various throat distances are shown in Figure 4.
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Figure 6 Contour of Mach number at different throat distance

4.1.2 Effect of nozzle exit position

Nozzle exit positions (NXP) were varied for 9 positions from
-34.3 mm to +15 mm. From Figure 5(a), when the NXP is
decreased the entrainment ratio tend to increase. It seems that
the furthest NXP (-34.3 mm) is the best position for highest



entrainment ratio while the static pressure profile from each NXP

are quite similar as shown in Figure 5(b).

0.44 4

0.424 e

Entrainment Ratio
o © o o
[ [%3 w -3
s [+ @ (=3

: . : ;

-10 0 10 20
NXP(mm)

-20

(@)

Nxp
- 15 mm

o o () mrm
19,

AT

Static Pressure(mBar)
8 2

s0 06 150 200 2%
Distance Along Kjoctor(mm)

o

(b)
Figure 7 (a) Effect of the NXP to entrainment ratio (b) Static
pressure with changes of NXP,

28 : : : NXP:= 15 mm

24Ty

NXP.=-15 mm
Figure 8 Contour of Mach number at different NXP

4.2 CRMC ejector

From Figure 8, we will see that the static pressure along the
ejector axis is gradually increased as suggested by Eames. This
behavior will reduce the loss of total pressure caused by shock
pressure (or shock wave at the diffuser). This advantage helps
the CRMC ejector to be able to operate at the higher critical back
pressure (i.e. condensing pressure). However, the entrainment
ratios given by CRMC ejector are quite similar to those obtained
from CPM ejector. Case of 15 mm mixing chamber distance
seems to give the best pressure profile while the 50 mm case

has a strong fluctuation of pressure (i.e. higher pressure loss)
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which is not desirable for the ejector design. Contour of Mach
number in CRMC ejector are shown in Figure 9 where Figure 10
shown the plot of velocity magnitude (at axis position) along the
ejector, It shows that the CRMC give a constant velocity at a
longer distance which agrees well with the concept of constant
rate of momentum change. This is one of the evidence that

CRMC would enhance the pressure loss in the diffuser.
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Figure 9 CRMC’s Static pressure along ejector axis
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5. Concluding remarks

CFD can be successfully employed to investigate the flow
characteristic inside the steam ejector. The entrainment ratio and
the static pressure profile can be examined. This leads to the
better understanding of ejector performance and will help in
enhancing is performance. The novel design concept ejector
(CRMC) is also investigated and analyzed its flow behavior. The

results are then examined referring to its 1D theoretical design

—
400



and also compared with the CPM ejector. However further
studies such as using wider operating conditions and compatring
with the experimental results should be performed in the near

future.
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Abstract

Steam ejector refrigeration has been studied and improved continuously for many years. In this study,
the flow behavior of the steam ejector is thoroughly investigated. The Computation Fluid Dynamics
(CFD) code (FLUENT) is employed to describe the flow behavior, mixing characteristic, and also
predict the ejector performance. The flow geometry is assumed to be axis-symmetry while the steam
property is set as a perfect compressible gas. Flow characteristics of three kinds of ejectors; called
CPM ,CMA and Modified CRMC, are investigated and compared. The entrainment ratio, pressure lift
ratio and static pressure profile along the ejector are the main interes. Simulation results show good
agreement with the concept of ejector flow and experimental results.

Keyword: ejector, CFD, ejector refrigeration
1. Introduction

An ejector is a simplified type of vacuum pump or compressor which has no pistons, valves, rotors or
other moving parts. It consists essentially of a nozzle which discharges a high-velocity jet (or primary
flow) across a suction chamber that is connected to the fluid to be delivered (or secondary flow) or to
the equipment to be evacuated. The secondary flow is entrained by the primary flow and carried into a
venturi-shaped diffuser which converts the velocity energy into pressure energy at a pressure between
the two incoming pressures. Nozzles are devices in subsonic flow that have a decreasing area and
accelerate the flow to supersonic at its diffuser. They convert pressure energy to velocity energy. A
minimum area is reached when velocity reaches sonic flow. In supersonic flow, the nozzle is an
increasing area device. A diffuser in subsonic flow has an increasing area and converts velocity energy
into pressure energy.

Tremendous interests have been owing to many advantages of ejector such as simplicity and
reliability, low installation and operation costs, thermally powered system. The energy sources can be
any low grade and environmentally friendly sources such as solar energy, waste heat etc.

Added heat

Fig 1. Ejector reftigeration cycle
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Lately, ejectors have been employed in the refrigeration cycle. Its function is to replace thcla
mechanical compressor to pump the refrigerant to circulate in the system, as shown “Fig. 1”. A liquid
pump, a boiler (or heat generator), and an ejector are used in place of a compressor [1]. Thermal
energy has to be provided substituting the electrical energy that runs the compressor. This can be
obtained from a boiler or a generator powered by many alternative heat sources.

For many years, the steam ejector used in steam ejector refrigeration are usually designed based
on two conventional assumptions either constant pressure mixing (CPM) or constant mixing area
(CMA) at mixing region as shown in “Fig. 2(a)”. However, these ejectors have quite low performance
and there is no sign of improvement in these ejectors so far. Lately, Eamse [2] presented the novel
prescription for the design of supersonic ejector called constant rate of momentum change (CRMC)
method and described that it would increase critical backpressure while the entrainment ratio is the
same. Moreover we used CFD to further improve this ejctor performance and called the new ejector
shape as Modified CRMC as shown in “Fig. 2 (b)”.

This study employs computational fluid dynamics (CFD) technique to elucidate the flow
characteristics on the ejector flow of conventional CPM, CMA and Modified CRMC ejectors.
Moreover the ejector performance can be predicted, enhanced, and simulated at various conditions.
Some aspects on performance of the ejectors are compared. These will also give us some idea how
CFD can help engineers to improve the ejector refrigeration while saving operating time and costs due
to experiments, although some actual tests are still required.
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Fig. 2. (a) Conventional CPM and CMA ejector, (b) Modified CRMC ejector
2. Ejector Flow Characteristics

Flow characteristics inside the ejector directly affect the coefficient of performance (COP) of the
ejector refrigeration. Therefore understanding the flow behavior is very important and will lead to
enhancement of COP. Ejector consists of main 4 parts; (1) primary nozzle, (2) mixing chamber, (3)
throat, and (4) diffusser as shown in “Fig. 3”. The velocity and pressure profile along the ejector axis
are also shown in “Fig. 3(a)”.
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Fig. 3. (a) Typical steam ejector and flow characteristics in the ejector, (b) Phenomena in
the converging duct of the ejector.
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Flow Characteristic and Performance of Steam Ejector Using CFD

At the boiler, the liquid water is heated and becomes superheated vapor at high pressure. The
superheated vapor flows though the primary nozzle and choked at the nozzle throat, then it becomes
supersonic in the nozzle diffuser (or divergence section). At the exit of the nozzle, the superheated
vapor (primary fluid) flows at supersonic speed and cause the static pressure around the its exit or
mixing chamber very low, this will induce the water vapor (secondary fluid) from the evaporator the
water vapor (secondary fluid) from the evaporator. The primary fluid’s expansion wave was believed
to flow and form a converging duct without mixing with the secondary fluid. At some distance along
this duct, the speed of secondary fluid rises to sonic value and chokes. This cross-section was defined
by Munday and Bagster [3] as the “effective area” as shown in “Fig. 3(b)”. Those two fluids flow
through the throat while their velocity reduces to subsonic, finally, they expands at the diffuser. Here,
the velocity or dynamic pressure converts to be static pressure and force the fluid to circulate along the
cycle. The design concept and theoretical analysis of steam ejector maybe found are usually related to
3 basic equations i.e. energy equation, momentum equation, and continuity equation. The two
important parameters represented the ejector performance are;

mass of secondary flow
mass of primary flow
static pressure at diffuser exit

Entrainment ratio R, =

0))

Pressure lift ratio PLR=

@

static pressure of secondary flow

The entrainment ratio will directly affect COP of the system. However it is limited by the “critical
back pressure” or condensing pressure of the system which the pressure that the ejector can maintain
its entrainment ratio. Ejector geometry and other operating condition also affect the ejector
performance as well.

3. CFD Model Setup

A commercial Computational Fliud Dynamics (CFD) code, FLUENT, is selected as a CFD code to
simulate the flow phenomena in the ejector. We used the hexahedral grid type in the CFD model and
around 28000 cells of quadrilateral grid with more concentration at the area where two fluids meet is
employed. Fluid density was chosen as ideal gases type. In the solver, an axisymmetric ejector
geometry and coupled solver method was selected. A standard realizable k-epsilon was chosen as
turbulent model. At the entrance of primary nozzle and secondary fluid entering were defined as the
pressure inlet. The diffuser exit was defined as the pressure outlet and all wall as solid wall. Result of
these model give agree with the experimental data as well [4]. Therefore, flow phenomena in the
ejector can be investigated and ejector performances are predicted.

4. Results and Discussion

Usually, after 15,000-20,000 interations, the simulation is assumed converging while the calculation
residual seems not to reduce anymore. It is important that the mass flux between in-flow and out-flow
must be equal(mass balace). At different boiler and evaporator temperature, the entrainment ratio are
plotted against the condenser pressure as shown in “Fig. 4” and “Fig. 6” . These operating conditions
are selected base on the experimental data used in the previous study[S].

4.1 Effect of boiler temperature

Boiler temperatures used in this study are between 120°C - 140 °C. The results are shown in “Fig. 4”.
They show that at higher boiler temperature, the ejector can work well at the higher condenser
pressure, however its entrainment ratio is decreased. The reason might be that the higher boiler
temperature give a stronger primary flow which has a bigger expansion angle (in the mixing area and
throat) resulting a smaller effective area as shown in “Fig. 5”. Usually, the CMA ejector gives a
highest entrainment ratio, but its critical backpressure is low because its throat area is bigger than
other type.
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4.2 Effect of evaporator temperature

The evaporator temperature is varied from 5 °C, 10 °C to 15 °C. In all kind of ejector the entrainment
ratio is increased while the evaporator temperature is increased as shown in “Fig. 6”.The high
evaporator temperature , the high momentum of the secondary fluid (i.e. easier to be increased). The
effective area seem to be bigger and result to the high entrainment ratio and critical back pressure as
show in “Fig .7”.
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Fig. 8. Static pressure profile along the ejector, at condenser pressure 30 mbar evaporator

temperature 10 °C and boiler temperature 130 °C.

The plot of static pressure along the ejector from three kinds of ejectors are presented in “Fig. 8.

They can give similar lift ratio according to the boundary conditions set at the diffuser exit. However,
the modified CRMC reach the maximum prerssure at the shorter distance. It is shown that the CMA
gives quite smooth increment of pressure along the ejector where the CPM and modified CRMC give
an undulate pressure porfile. This characteristic implies that the CMA will give a higher entrainment
ratio but the critical back pressure will be usually lower.

6. Concluding Remarks

The CFD technique is successfully adopted to simulation the flow characteristics in the steam ejector
for refrigeration cycle. Also the ejector performance and its optimum operating conditions can be
predicted. The concept at effective area related to the maximum flow rate in the ejector has been
confirmed and agree well with the results from the simulation. Other useful parameters can also be
obtained from the simulation and may be used to design the better performance ejector.
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Abstract

Recently, an ejector refrigeration system has drawn great
attention from some researchers, because this system can utilize
the fow-grade engegy for driving the cycle. Moreover this system
has a simple construction, few moving parts, and of possible to
operate by water. One weak point is its low COP and cooling
capacity. Usually the ejector performance directly affect to the
system performance. Therefore, this study is to design and
investigate the new ejector in refrigeration cycle. Constant Rate
of Momentum Change(CRMC) method is employed‘ to design the
new ejector. Then Computational Fiuid Dynamics(CFD) is used to
investigate the flow phenomena in ejector. This also predicts the
ejector performance such as Entrainment ratio(R,,) and Critical
Back Pressure(CBP). CFD results can be used to help modifying
the ejector before actually bulding one for the experiment. The
experimental results are compared with CFD result. It is found
that the R, and CBP from the CFD calculation is higher than
those of the experiment by 11% and 3%, respectively. In CFD
simulation, the reverse flow behavior is clearly displayed when
the condenser pressure is over the CBP. This behaviour declines
the ejector performance. Pressure profile along the ejector is
being measured and will be compared with the CFD results in the
near future.
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Investigation on Characteristics
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of Ejector Refrigeration Using CFD
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ABSTRACT

Ejector refrigeration system is usually designed to utilize the low-grade energy for driving the cycle.
It also has a low maintenance cost, because it operates without compressor. Mainly, the ejector performance
directly affects the refrigerating performance. Therefore, an investigation on characteristics and an efficient
design of the ejector are important to improve the ejector refrigeration system. In this study, Computational
Fluid Dynamics (CFD) code (FLUENT) is employed to predict the flow phenomena and performance of
CPM and CMA steam ejector. The ejector refrigeration system, using water as the working fluid, is operated
at 120°C-140°C of boiler and 5°C-15°C of evaporator temperature. CFD can predict the ejector performance,
very well and reveals the effect of operating conditions on an effective area which is directly related to its
performance. Besides, it is found that the flow pattern doses not depend much on suction zone because the
results of axis symmetric and 3D simulation are similar. This investigation aids to understand the ejector
characteristics and provide the information for designing ejector to suited the optimum condition.

Keywords : Ejector, Ejector refrigeration, Computational Fluid Dynamics(CFD)
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