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The objective of this research is to study three dimensional flow and heat

transfer in a vortex tube. A finite volume method has been used with standard k - &
and RNG k& - £ models.

The research is divided into two parts. The first part focuses on CFD code
validation by comparing the pesults with the previous researches, backward-facing
step flow problem and flow in vortex combustor problems. For the backward-facing
step case, the calculation agrees well with the experiment. For the vortex combustor
case, the result is in general agreement with experiment but velocity prediction in air

inlet region is not good.

In the second part of the thesis; computation has been done for the flows in
the counter-flow and uni-flow vortex tubes. When calculation has been compared
with the experiment, it 1§ Tound that the tangential velocity from both turbulence
model cannot predict free vortex. The temperature is higher than that of experiment

because of limitation of enthalpy calculation in the CFD code.

Finally, it «can<be see) from the resulty that the cgoling performance of a

counter flow vortex tube is better than uni-flow type as expected.
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PV” = const (2.24)
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1. @umsanuaeiilios (Continuity equation)
2. ﬁumiau%’ﬂﬁimuuﬁn (Conservation of momentum equation)

v v

3. aumseysnywasy (Conservative of energy equation)

a'; I @ I~ ]
Tao 1l aunsansialsunnms lvamuansazniemenin lailu 2 Useianluaig
A = y 1 1 d'dy U = y 1
aoms lvanuusuGssunazms wmavuviluiu naluniiisiaznaindems lvauvvuiluiliu
I [ ] ~ 1 = =\ A Y I A Y o [
Wunan daums lvavvusiusevaznanoufissie lHidurasududmsunsmauns
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Wugvesms lanvuilutluge

3.1 aumsnugudmsums lvanuuifuiu

Tumsinnziilymms lnalaeiald) snsasiild lasnsmnamasvessz

L4

a v A A 9 @ [ A - - . I
AUMIFIYWUTNNGIVBINVANNIAINABEHBS (Continuity equation) azaumssysny

o . . 1 I~} o [ y '
Taumudw (Conservation of momentum equation) 8819 lsnawdvsums Ivauuviluilu
3 ] 1 = v ~ = ~ = = (] 3 ~
Wy dulsanenaziian liaah wazeziinndasuuasaunaritlasu 1y ru anwsy us

~ £ o P g v o o a ' A 2

naaalugili 3.1 Faanvazisui i linsauama s iaug I NIHLIUNIN

k4 1 U
INSIZRSUUTIAUYANN U AUTAA N ANNTDNTUNANNTTTUBIAV0INT Inaupuiuiliu
Y I '

' A ' A g a d o v A
ﬁ"lllr]jf]“uqaﬂﬂ]lﬂlﬂuﬁ@\jﬁ?u ik ﬁ’JuVIL‘]Juﬂ”ImaEJUhJ‘lJuﬂ‘LIL’Jm WU U,V 1ID p uag

v ]
v A o U

1 A ~ o o - ] ] r A '
AIUNUNUANAVRINITAUNFNNUTNUIA (Fluctuation) tsu U, v’ wise p
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517 3.1 dnvazaesnnusannatleg dwmsums vanuuiuilu
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y U o 9
f:‘fiJmiﬁugmmmmﬂwmmuﬂuﬂau ﬁn\l'ﬁﬂw{mu'lulﬂ"l]’]ﬂﬁiJﬂ’liﬂl'f]Qﬂ’lithauU‘U

[

% 1 4 o | @ J v
fl"llll?.iﬂll ﬁ\?ﬁﬂﬂ'ﬁﬂ'ﬂﬂﬁ@iﬁﬂ\? ﬁllﬂ'li’ﬂigiﬂ‘leliulllu@]ﬂ UASAUNITDUINHNAINIU UYBINT
9

= = 1 J Y o v w A
Tvanvuswsuamnsodeusgluglunumuses (Tensor) laawdwusasil

0
i =0 3.1
o (pu;) (3.1)
0 8p 80-"-
) d= Bl (Vayel ) 3.2
OX; (puju,) %, 5 OX; (3.2)
o ) oq
__ H) = —Ilu.o. i it 3.3
OX; (pu’ ) OX; (U'U”) OX; (33)

A A - - - £ 1 9 [ o 4
iiie o, Ao Deviatoric part ves Viscous stress tensor Gt ldnnanuduiugveans

Tvauuuiinladiou e

oy =0 248, (3.4)
A i au A 1 .
o S = LPau Y | e nstrain tensor
2\ 0%, ox,

o o I
“luﬁumsmgﬁﬂﬁwamu H fie Total enthalpy enunsaden lailu

H = h+%uiui (3.5)
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ifo h AeAneumall uaznamesues Heat flux (q;) luaums (3.3) fe

oT

— 3.6
o (36)

qj:_k

i k; Avs1 Thermal conductivity

namsisanms lvadunoviluilau gadaulslums lvasnunsontaeneemilu

1 A 1 A 1 A ) % ] ' o Jw = Y 3
daununadetas @ IUNUNURNaYRINIT Y A08193 1 Hansu @ mmmmau‘lmﬂu

¢ = ¢+¢ (3.7)
dmsmasdutsare lugraranils (Time-averaging) 114

t+T

F(x) = lim= [gxt)t (3.8)

T%ocT ’

& A o = 9 o Y A 1 A v A d Ty
Fudeinsmagal sz InaunasvesaununuaaveImsdulauugud (¢’ =0) uaz
1 { z @ 3 je ] B @ 09.:’

ﬂx"lﬁ’mmﬁammwaﬂmmﬁmmuﬂigﬂu fg=fg+ fg’ auiudadeuauns (3.1) uag

E4

[

(3.2) 181nai lugdandsvesnanlugive unumesamaidy dail

0,
2 om) = 0 (3.9)
OX;
a(pUin) p 0~ a'n’
= -1 " (. —pulU" 3.10
X X, +axj () —puit) (310

b4
aums (3.9) uaz (3.10) UiFenanns Reynolds-Averaged Navier-Stokes
(RANS) Faopmsdaunaaziiivldin aums (3.10) inow Kinetic. _Reynolds. stresses
LR N v Y
(R; = pujuj) muﬁummﬂgﬂﬂmmumi (3.2) MFsnudds A wuaums

o g [ o y ' [ o
muﬁ]QmLﬂuﬁgfmmﬁmmumﬁmﬂ’smﬂuﬂ’;ummaiummmam

3.2 nuusraesmiiudhu (Turbulence modeling)

] {1 4 y 1 a a
Tugae 30 Ynrruwn msanprdsingmssinig lvauvuiluihudreszideuisise

@ @ [ ] @ 09/’ a o y '
anavldsunnuauludusdraun auiuicdddidaadunazaduuodassnnuiluilu
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4 I o : o 1 ' {
(Turbulence model) ¥wilugmaunin Gdﬁmuumammuiwnggﬂﬁ%’muuﬁuﬂmmm Two-
. d! 9 a - - . 1 [ - -
equation model dslsuuinaues Boussinesq approximation saufuauns Kinetic
energy taz Auxiliary quantities 1w Dissipation rate (&), Turbulence length scale (¢)

w50 Specific dissipation rate (@) Wudu

puudeesnnuiluthuiidrenunateguuy sy Standard k —e model (Launder
and Spalding, 1974), RNG k —& model (YYakhot and Orszag, 1986) uaz k — o model
- 1 <3 1 o y ]
(Wilcox, 1993) eg14lsnaw daiduuudiaesauiluiou Reynolds  stress 2zl
o - - FIE 1 1 9 o d'
anuasalumsiiuiens lvauuy Swirling 188 ua laiawnsaldsuSou lvvevuuy
Cyclic 18 (¢¥e# 3.5)  ddesldnirennuirluasesnouiunesuin i liinses

o

a o’d’ 9! [ 9Y o oaj d‘ [ o
ﬂﬂilW’JL@]@iTlcl%thﬁ"lﬁJ”liﬂﬂ11!’3'[1111@] @1mug‘ﬂu:uummmzﬁuﬂumsmammi"lwauuumw

v 2l
A A

= o 9
unazgniaentiun lgluii fe

1) wuusiaesnuiiuiiay Standard k— ¢

2) nuusiaesnnuiniau RNG k—g

3.2.1 Standard k —& model

g J ’ S % Aa @ <
ludil k flea Turbulent Kinetic energy agniio1uunanmsusiuaesnusa i

1@ Av (L2 T2) 1wy m?%/s® Tagh

1_ —
k- = Zuu = Eu’2+v’2+w’2

) (3.11)

A 1

. - @ & S v aa
¢ foa1 Turbulence eddy dissipation Ao 803 139A1UGRULs R Hazlilane K
aoriueal (L2 T°) 1wy m?/s®

E4

dmsuauns Turbulence kinetic energy aunsauand lagatl

0 0 U, | O
—(ok)+—| pu k—| g+ || =
Gl [” ajax,.

J

2 ou. ou.
P+P,)—ps——=| u. —~+ —+ 4P 3.12
:Ut( B) PE 3 Hy 8XJ- oK ox. Hi Pl ( )

]
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Lﬁl’e) P = Sij(%] (3.13)
OX;
PB = _iié_p (314)
Thy P OX;
p. = _ﬁm%_ p_2[ou  pk|ou (3.15)
n OX; 30Xy )OX,

ilof1 o, Ao Turbulence Prandtl number ¥osaun1s Turbulence kinetic energy
TasmenusnnaaIuvNilovasaums (3.9) uwaaine Turbulent generation TasA1MAY
A v 2 e = . T A
MU ANNIAUAIRIN ez Buoyancy force mounaeduandnd viscous dissipation meuh
AULAAIDINITVYIAINT BNITOAR UUDIVINHANTENUVEINT0AA1 14 Lazimongaiie

= A a 1A 9 A
Llﬁﬂﬁﬂ\‘lﬂﬁﬂlﬂﬂﬂTﬂﬂ’J"liJll‘JJL"INLﬁufJu“]

Tudaauvesdums Turbulence dissipation rate ansanaad laily
0 0 U | e
—lpe)+—|pue—|u+—|—| =
Gl {pu‘ (” agjaxj}

£ 2 ou, ou, £
Cgl_|::utp ——(# o PkJa—XJ +C, P Ps -

2

&£ ou; €
ngp?+cg4p8&+cgl E/Jt Pu (3.16)

1o o, As TurbulentPrandtl number wo 315 Turbulence dissipation rate

wazAm1 C, , C,, , C 4 waz C,, Aomiaena1es damnsi lunuuiiaesnnuiluilu

el >

Standard k —& (Launder and Spalding, 1974) tgadluas i3l

A15199 3.1 Maand sy Standard k — & model

C oy o oy, ot C, C,, C, | C, K E

009 | 10 | 122 | 09 09 | 144 | 192 | 144 | -033 0419 9.0
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Tao@ g, Ao Turbulence viscosity lumsl¥  k —& model A1 Turbulence
viscosity gnimualiiinnuneadesiu Turbulence kinetic energy uag Dissipation 1u

v W c’dy
gﬂlL‘U‘Uﬂ'J'lﬂJﬁ'ﬂJWLl‘ﬁu

k2
o= Cop (3.17)

3.2.2RNG k — & model

Tunpudaesnnuiluilu RNG k — & aunis Turbulence kinetic energy a1u1so

uaad iy
0 0 U, | ok
—(ok O||k gl 4T f ) =
8t( )+ 8x[ ( akJax.]
2 ou ou.
P+P;)- + oK |— 3.18
#(P+P5) = pe - 3[utaxi Jaxi (3.18)

1 - o . <3|
Tuauvesaus Turbulence dissipation rate ansaueas 1@y

o ol 208

£ 2 ou, ou, g
Cglﬂﬂtp——[ut—w@ }+C kutF’ -C, P

3 OX: OX.
. C - 2
0% 1+ fBn K
dal W 2 8K (3.20)
&

uaz 7, . A Aemneh Tasamasiiansn il lunuuiiaesnnuiluilu RNG k —& uaaslu

A15197 3.2
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Oy,

Cgl

C52

Cs3

C£4

Mo

0.085 | 0.719

0.719

0.9

0.9

1.42

1.68

1.42

-0.387

0.4

9.0

4.38

0.012

WenSeuifouaums (3.18) wa (3.19) Suaums (3.12) uaz (3.16) Auaadl3ly

guuudaedanuiluilou  Standard k-—¢

v v Y
dznuNImauiiuIu luuuIanIny

Yuilu RNG k—¢ avmougaiiouesaunis Turbulence dissipation rate &sauiitiy

4 Y 1 1
Yuaniluaastanamsiasuuilasves Mean flow filinageaunis Turbulence dissipation

rate TagsiazdeanANaINIT0811 19910 Rodi (1979)

3.3 Juneulaglilvessziiienislilludieqy

' k4 v
Tawiia 'l s2idlons I ludieauazilsznoudledunsundng 3 dunou (Versteeg

and Malalasekera, 1995) sasio il

g’l 3 1 1 [ = 1 @
Tumeui 1 uisvouvaylssvestlynuilulsmasaiugy (Control  volume) o8 A4

waraalugaldi 3.2

d

O D

10

] < a [
U 3.2 mausveumavesilaymeoniluilsnasaiuguios
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AouN 29 msaans Ind (Discretization) aums Transport Tasduiitnsanasailsanas

ce

2

u
Aada aa A Aa, & o qgj A a o o3|
aruguludannesan 1A vie 3 Ua) FuiluduasumslasuaumsiFaoyius iy

E4
=

aumsiiwadialugdm 'l saaaslddsd

Iﬂdv _ I%Er%jdV+js¢dv (3.21)

4 Y Aa & J 4 I
o ¢ e mdalslugumaBeuius @wu u , v, p, T Wudu

S, o Source term

= o
L‘JJ’E)T]'Iﬂ"Iiﬂﬁﬂﬁuhﬂ“mm? W Ulﬂﬁ?JﬂﬁW‘]fﬂﬂ!@ﬂ\Wlﬂulﬂu (GIWL!“I’T“IJ\‘]‘U’EN Node SEING] ﬂﬂllﬁﬂ\‘lﬂlu

3101 3.3)

By = By +aAcfe +ashs +aydy +SAV (3.22)

o ¢, fAv Awesdails ¢ 1 Node 1o n=W,E,S,N

a, fo duilszansvesaauls 4, e n=W,E,S,N

[l 4
Famduiszanivesdnds a_ wildninmsdszuaununeunsnidie Numerical

[ 1 . - I
scheme tuua19e @y Upwind, Hybrid #35e Power-law 1fudu

N of

W
_. W ‘ € ._

T
I:l unul3unasaauny

311 3.3 §umids Node s TuilSinasaunu
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Fumeudi 3 msmwamasds Solver ¥Haa19e5u Tri-diagonal Matrix  Algorithm
(TDMA) 350 Strongly Implicit Procedure (SIP) Tasauyaniusnayaaetufeas 1y
’mmimmmm (Iteration method) fnu‘l@waawwamwmaummaﬂi”lwu (@ums (3.22))
N Algorithms @199 15U SIMPLE, SIMPLER w58 SIMPLEC fludu Lwa“lwwami
sSnnaildnnaunsanuaeiiewasaumsousny lummduianuasandeatu  Tas

seazdeaiiuana1nsasiulaein Versteeg and Malalasekera (1995)

3.4 WA UAYANA

1 A A 9 A < Ay Y o A [ Y] a Y =
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4 a v 9 Y 1 o L4 1 9 4
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o d‘ [ té = q‘/
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¢

Taeh M, Ao Normalization factor @4 M, luneazaumsuaasluasian 3.3

a13197 3.3 Normalization factor

Equation Variable ¢ Normalization Factor M,
Continuity P Mp =D m,
S - — __ 2
Momentum u,v,w M,w= Zm‘ (ui2 +V2 + W
(2 52, o2
Turbulence Energy k My = Zmi(ui TV W, )
Turbul Dissipati M M,
urbulence Dissipation £ L=
(L/Vnom)
Enthalpy h M, =h,

Tuean319 3.3 favios | uansdvoLAN i

[l Y v
Mo m. Ao 9313 lananuaniuvs e

2

in

Y
9 WATINIMUAVDINST lHatin

o))t
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Q Characteristic length veslamuns lva
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¥ A
3 ANULIAUVURQY
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3.5 (qoulvvou
° A AY a 7 2 A & Ao
msfrualou lvvevvesTamuvesilymindesiinsigvinamas udaniland
o 9 9 =1 an - 2 d‘ d' dy I~
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15197 3.4 Inlet boundary conditions

Variable Expression Note
u : PoYANNHANINAADY
v : PoYANNHANINAADY
W 2 HoYANNHANITNAADY
3 2 . .
K E(UI) I : Turbulence intensity
o2 k¥ ¢=0.07L
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M =955 b1ia
m A A D
o, VA A = NUNUBIN AN
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Parameter Magnitude
Vortex chamber geometry
chamber inner dia., m 0.25
chamber height, m 0.66
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center tube inner dia., m 0.11
center tube height, m 0.51

Mutiple air injection
nozzle height distribution, m
flow rate distribution, m*hr
tangential velocity, m/s
air temperature, K
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Tube Characteristics

Tube length, L (m) 0.52
Tube diameter, Do(m) 0.094
No. of Nozzle 4
Nozzle diameter, (m) 0.01075
Cold orifice diameter, dc (m) 0.035
L/Dyratio 5.532
Inlet Fluid Properties
Fluid Air
Temperature (K) 294.15
Velocity (m/s) 200
Flow Conditions
Mass flow rate (kg/s) 0.122
Cold mass flow (kg/s) 0.028

Hot mass flow (kg/s) 0.094
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Tube Characteristics

Tube length, L (m) 0.77
Tube diameter, Dy (M) 0.0762
No. of Nozzle 8

Nozzle diameter, d, (m) 0.009525
Cone valve opening (m) 0.007854
L/Dy ratio 10.1

Inlet Fluid Properties

Type of fluid Air
Temperature (K) 297
Velocity (m/s) 230

Flow Condition
Mass flow rate (kg/s) 0.2184
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