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Computational Study on Swirling
Turbulent Flow in a Stationary Pipe

Bong-Kyu Park," Kwang-Yong Kim'* Yong-Chul Cho***

Abstract

A numerical computation of turbulent swirling flow in a stationary pipe is presented
in this work,

Major concerns of this study are :

1) To approve similarity laws which were verified experimentally,

2) To investigate the effects of curvature modification for the K-¢& model,

To account for effects of swirl, Rodi's curvature correction and Kim & Chung's are
applied. The governing differential equations for elliptic flow are discretized by control
volume formulation method. and the discretized equations are calculated ay line by line
TDMA and SIMPLE algorithm.

The computational results also satisfy similarity laws which are based on swirl angle
as in experiments. And the curvature modification of Rodi improves compuational accuacy
than the standard K-¢& model, But such lower order closure models are not adequate for
the prediction of this complex flow,
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NOMENCLATURE

C,, C, turbulence model constants in U,V,W mean velocities in axial, radial

Reynolds stress model and tangential direction, respectively
d diameter of pipe u v, w fluctuation velocities in axial,
E constant in wall function radial and tangential direction,
K turbulent kinetic eneygy respectively
L length of pipe w’ tangential velocity at r/R=0.5
NI the number of grid lin T Shear stress

(x-direction) & distance from wall
NJ the number of grid lin & Kronecker delta

(r—direction) x Von Karman constant
P production rate of turbulent 7. absolute viscosity

kinetic energy v kinematic viscosity
o) mean static pressure 6 tangential coordinate
R radius of pipe ¢ Flow angle
Ri Gradient Richardson number & swirl angle
Rix Flux Richardson number € dissipation rate of turbulent
r radial coordinate kinetic energy
S, S swirl number (Eq. (2-1), (2-2)) @ density

SUBSCRIPTS

a average value max maximum value
eff  effective value t turbulent flow
in inlet N,E,S, W, P nodal points in Fig, 2
1 laminar flow n,es w points on control surfaces (Fig. 2)
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g TEBWOE 323 BWE A4Yx gtk o
A felEiE) e haEojnle] MRS, EdEE
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ZyA EASET Ut

AN BLucieEiel 33 prges oo BRI
Wol EfTEO] St AEBHE HE #F PR
Kreith & Sonju(1), Wolf et al (2}, 18X
Murakami et al (3} S o9& #FiT=Iglen
Kreith & Sonjut 15 EEol 2lsled ALieElsn
FE o] 10~20%7} Wz s, o] HFEES Reynolds
Bt apsitn ¥l vk

I3 BAS U PR EEE MR e 2N
BEEREC) 23 B% T dlUA kel BAXH;EK
o AR 5 Utk ATEEMCR Be BVt &
17871 % Rok(4).

FelE S wms A HrEshd A Rl Al EhiTE o
2 EiRBERC MRET oA Bl
King et al. (5) & H®S 53 o HES B

o 2
AeTE

BOEA A 2 4 Qo BT o2 BEH AR
Mo 2 UEte melwokel ol FERThL ¥
Rk,

&% Yajnik & Subbaiah(6)¥ KRS 53 fEE
7} dAEEE ) Pl 9%E ERAYG. £F 1
ol EF# e (Swirl angle) o] HBFFEER
X HEE BT WwRPIL ol KEEE ¢
HEAo disl BRIt

BB S BUERTSY AdNE EBBRTE
#ol 923 Reynolds StressHHES #H3
modeling#iok &t} ol# st R dF 714 Rl
T THBmoR REMS AY Ao K-¢ ndol
‘éal R A7-9). 23 Fhely feldl

Sol o8 fiAR el Peo) & HBol tsidE 1 9F
& T'fz;] Kusta) 2oz o8 2d iEkEel
MEso] gk (10-16).
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X PFRAE EEE ZEY EEKSE Rodivt
Mad g E10)3 RBEDHREKX
(Algebraic stress equation) 2.2 5 ZHE 3 Kim
& Chunge] B F#(14)& FRSAT

A Brzeel Ay A, Yajnik & Subbaiah(6)
7} EBRoR AT ALEAS BlESHS T3l
A3 B4 K- 2ol vt dhaRE e AT EM
Bl nlx AP Farshod Aok ob&E HE
o) ErEMES st Jehemiiol e BiEmTS
.8 8EpLAI (Wall function) 8 Lol HIRARES 82
skt

0. BERER

2-1. e

A Bl M =
Bhs A ol A g (Swirl vane) &
BlLEE s ol sl BT AT

wr o) HRS EmFE e B9 Yajnik & Subbaiah
o] EER(6) T T L3 120, 5mmel i FELEM ] 2
9= olg} &7 John Lauferel HE&(17)% 2ol
046, 88mmE A st T, EhHiE 0 2 o) FHRH
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Fig. 1 The Flowfield being Investigated.
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pelle) e S mbste BT EMAR (Swirl
number) & &8 88 ¥ (Axial momentum flux)
ot fEEEE (Angular momentum flux) &}
HaAM gg e Ko=
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s=f§UWrmr/Rf:Uﬁdr(z_1)
z

s'=f§UWrdr/f§UHdr(z—z)

o

SR EEHY, ol YHEMoD 23 BkE
AU Sl B& FIAHATHS, 10, 13).

Y134 Yajnik & Subbaiah=(6) = (2-1) 3 (2-
2)7Y BS& AESAL Qlo] YA ZRE kel o)
Slo] IEFEMC] BolX B2 fEEA (Swirl angle) &
REER FRS MiTsiad.

BE[ElfE (Swirl angle) o] ¥ BE o 2 BE) ¥/ o] 59
"olZl A3 oA 9 By fy (Flow angle) & @3},
H71M HEAS WEHPA & BiolA HE R
FulEho] olFx MmEreltt

Yajnik & Subbaiah(6)& KEES 55 FEEHREK
T BEEfA T mMEA BEA 247 dee u
Hom & Reynolds@7t 2838 23 A 044
W 7F BEA G B ADKe] 938 3
Al LA e TF B2 Dol WM feE Kol
22 WiiE ol A o S ReynoldsBiyt s
Aol FARCl 2L HE Y dths Al
o] Wirde ¥t

2-3. XEFHER

RAAB S TEAHBREL & HEe) dE 2
FES FHES AHESHE o8 RiTshs
Reynolds 5§k #EEHRA T Navier-Stokes
78R A RE 5 U (18). o1FA o
A HRAE Al EHIRE TR, s
(0/20 =0) o]2= REH Reynolds stressE o] F
HEE SRCel IRt tR® (Eddy viscosity) o]
BIZtH= Boussinesql R34 (1918 HA s %
BroEclA EA s EHHRHRAY EmERS
T3 ol d& 4 Qo

HMTER
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2-4-1. R K-enYg

Boussinesq 9] g% ge 1 Lower
order closure X HE oA o] BB BHEL
Rl 28 el HMES) oluY HEhe
Z} s Bhokoh Bl G ol whe) oe gte 2A 9tk

o] 21 ¥R B (Eddy viscosity) & BEEKRITG
(V)3 o] Kt(L) o) §o2 B, K-exdo
e RLEHESYAN A (Turbulent kinetic energy,
K) o Bl EBh N A AWM E (Dissipation rate of
turbulent kinetic energy, €) & {5l K ITHEHT
€ B3 5T gol HHATT7),
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[K:%(T{Z +vE+we) ) (2-7)

i) AJRT(L) = K¥? /e (2-8)
Ce=v (I
DA R RS

=C,K*/¢ (2-9)

o2 RBEInE MmN HEREE o5
7} o) &4 itk
Vo=V, +CK% /e
o714 C,= =dFE et
BLULEB oV A o BLER N A HEERS 27
&3 28 Transport equationdl] &Jal K]z}
AlLoEE A R

(2-10)

dK K 0 Ve 0K 1 9
Uax +Var_ax( ox 3x)+r6r
(2 b e (2-11)

Ox or
FLVES) A AR R
a€ 0 Vi de 1 9
U +ar ax(ogax) r or
2
(r”‘ )+c,, pP— c.z (2-12)
o714
d ) \%
Pzw[z{<—p—)2+<—5y—>=+<-—>2}
r I
W
e Dy 2y
X
2 Wi _
+{rar(r)}] (2-13)

A7) zelE RUHEE 1% 2L #e Re
ok (7,20

Table 1. The Values of Constants in the K-¢ Model

o

Ce C, Gy Ty [

144 1.92 0.09 1.00 1.00
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K-effifen dl e frEfel 22 Hikel Hel & i
BybTol ol 1 KRG FRE FHE 8] YA X3t
U2 g e 2d BiEel MEs

i) Rodi®] #1EH#(10)

Aokt (Length scale) & REste FTREK (&
equation) ol L1 B3FE B3] A8 /K
I8 (Production term, = (2-13)) o HRHEHS
Flux Richardsonfe] &EZ W=

o] Flux Richardson8y H& 71 E!’*ﬁiﬁfﬁ
o] Mt inp ! 8885 (Body forces) Aol XS
Fi glow, %3 DS LEIE WEIIA
Gradient Richardson@# s siEstsidh

Ca/ =Cu (140.9Rir ) (2-14)
(—)
RiF
E‘*]z-i-[ —"—(‘”)]2

ii) Kim & Chunge #FiE(14)
RBUE 1 B RK, (Algebraic stress equation)
& K (2-16) % 2o (21).

———-“;;’:gb P”+¢ 85 (2-16)
o 7] 4]
5 1 —C,
1T UP/e )+ C—1"
s, =2 Ca(P/e)+Ci—1
, =

3 (P/e)+Cy—1
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O&% X
y = 2 K (
t_l'i"ﬁRi € 2-17)
o714
K2 W oW
Ri=" T 57 (2-18)
a= 0,09, B=10.25

Kim & Chung? ol #ES H HERIFEH
B & KRS AAD14, 22),

25, BRES

A BlEmAToN A (E AT BERRMGS K29} o)

Table 2. Boundary Conditions in each Equation

Variable
U v W K €
Boundary
" Inlet U |0 A o030, ] KM/0.005R
outlet |2V = o] o |2W o 2K _ % _ 4
2x 0 ox 2x 0 o
smetry - fau_ o 1 b ke
axis ar ar ar
Wall Wall Wall Wall
Top Wall
op Ha function 0 function | function function

A U,.XTAN(Vane Angle)

2-6. &%8I (Wall function)

K-exdd #gt HEAES 84 2o 554
BALBURIIT RS FEE AEn=2 mitk
o] gFol & BELMIN Y BERE KEHos
27] 913 EEaQ BEp: A (Wall functon) & % A
o} (23],

BEpcRle] WEW vy =11 63 HHEo = 3l BF
S 2HEH AMA BFHEANMY vyt o R
739-oE Log-law region? H:Hle] HAHT o
BT A2 A2o= Laminar sublayer?] #:g| o]
BRET (24].

=
.
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2-7. FHEBIE
YTESFERES BEMeZ HES] s
ZHRE WEolof 3ty 1 @R HWHES HEk
He] #AE YehWE Schemeo] J3EEA @t
A PrRANXE YR FAEsHA &) dEo) BT8R
3 B el A9l —-slm& Hybrid central/
upwind differecnce scheme& {#H3r5tF (25).
B REE KRB FHEERA 98 43 8
Wyl RET AHHEMESE A AL feEfk HE
o FASIH e o= 23X 23 (NIXN]) o &igss:
Ze BF Kol zEln BEAEE
(Numerical diffusion) & glol7] ¢& 19 29} 2
< Staggered grid system {39t (25).
2} EBhE 9] & TDMA (Tri-diagonal matrix
algorithm) & FHH eI (25, 26).
HEEHELA BHARE 47 ddMe
BOMENRRS Birsls 3FEske SIMPLE
(Semi Implicit Method for Pressure Linked
Equation) H & BR#EEsHAT (25, 26).
Computer code¥r TEACH code(23)& #1E3}
o Aty MekitoR RepEE
(Residual source) 7} 0, 040} 512 Z 15 W7A K
EEtE A,

o}~
AR

i i
1 fia {
r———=— "",=
W C |‘:’ ,‘ (1,1) _E_ J .
S 1
4 HE AT
i B
| - s =
I
Three Grids For P. W etc. - at Position Marked (O)
for U Velocity-at Position Marked (—)
for V Velocity-at Position Marked (1)
Fig. 2 Staggered Grid and Notation for the

Rectangular Computation Mesh.
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A praeclre #31kd BENE 22 ALiiE
o il EE# K-ehRg ES w4 @FA3 e ByA
e, 1 FRE JEREEKEe S John
Laufere] EE{E(17)9} Yajnik & Subbaiah2] &
BB (6) 9 sl 9o, Felmike) 44 Yajnik &
Subbaiash el H{ElzERI 3 HERKE R o L& &
ERRciRi=g

3-1. FEREMEGT

T

g aE o] BEx: A (Wall function) # i o] FHIRAES
& fatstyl 98l FEhEmigel s FHES A
1% 3, 49k 5ol A Ve ulet o] @) AR

Table 3. Blo @y E A Hapde] e HE

run 8i/d v Wall function NIXNJ

1 1.05%107 | 12.4X127 Log law region 23%23

2 6xX10" | 8.7X8.8 Laminar sublayer | 23X30
1
r/R
.ot
.o}
47 Re = 8x10
R = 0.12344 (m)
2t
o . — — -
.2 .4 .8 .8 1
uU/Umax
Fig. 3 Axial Velocity Profile (without Swirl) : []
Experiment by John Laufer, ----: run 1,

-—: run 2.
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e BEgkAle]l A Hv

o] Laminar sublayerd &

ii—?—ﬂ AAA BT
747} Log-law
B uok EEiE ol %J&d’tﬁ  3THE
o] 2R ReynoldsBir 245 #olge 2 <= 9
t} o] Log-law region 9] 85k Al] Reynolds#
7} F83] 2 AL E S s Karskyl gEll Ao
2 Epdr
a2 K WRdAe Kﬁ@lﬁirfrﬁoﬂﬁ AW
¥ F#iol Laminar sublayerol %3] & 4 IS
BEEHT oA 20 RFRBRE Z2A Roh

regiond] &

3-2. fELR

3-2-1. {ELUER (Similarity laws) Off 231 #35t
i) FEmAe] Bl o) oA st A o) (HiE

Table 4. Heo ZREl AHA Ao g HE

run 8./d 'S Wall function NIXN]J
1 | 2.9xX107° | 18~18.4 Log low region 23%23
2 |1.05X107" | 8.4~85 Laminar sublayer | 23x23
1
r/R
.87
.87
b
‘4l Re = 2.mex10”
R = 0.08028 (m)
.2}
o - e i
.2 .4 .8 .8 1
U/umax
Fig. 4 Axial Velocity Profile (without Swirl) : [] Ex-
periment by Yajnik and Subbaiah, ---- ; run
1,—; run 2.
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Table 5. Yo 256 AWA A g3 HE

Table 6. Calculation case (with swirl)

run 8./d w Wall function NIXNJ

1 1L35X10° | 15.4~161{ Log low region 23% 21

2 12.9X10° | 6.3~6.5 Laminar sublayer | 23X23

R® = Bx10"
R

= 0.12344 (m)

a8 1

.2 .4 .8 .
U/Umax

Fig. 5 Axial Velocity Profile (without Swirl) : (] Ex-
periment by John Laufer, ---- 5 run 1, —; run
2.

& &ET37] A8 HEN Bl 299 $UA b
EighEete] RtV Sle Aow Yehdon, o @
BAEL e 2ol £H I

S=0. 0079¢, (3-1)

S =0, 012¢, (3-2)

K (8-1)2 Yajnik & Subbaiah®] PEso| olst
Riel 2om K (3-2) 9N WEKERS Ao K3
% 183 o] ReynoldsBu} gh4s T o] Qgko)
Sl AR veith asng fEEfe RS
Byl 3lo felEloll e Bt 2323 By o)
7t Agol MEEACE: THES ¢ & U

i) ¥EGmE 2 FBfAe S 1877 89
vheb et

THT7L FEEIF o] 57 Wim ol A o] syAre) s, 2

run |Re, (10) Model Vane ang, Swirl ang, | Station
1] L3 K-¢ std, 15 5 75d
2] 136 Rodi 15 5 75d
3| L3 Kim & Chung 15 5 75d
41 142 K-¢ std, 15 5 50d
51 142 Rodi 15 5 50d
6| 142 Kim & Chung 15 5 50d
71248 K-¢ std. 20 9.7 50d
8| 248 Rodi 20 9.2 50d
91248 Kim & Chung 20 9.7 50d
10 | 0.67 K-¢ std, 30 9.2 50d
1067 Rodi 30 9.2 50d
12 | 0.67 Kim & Chung 30 9.2° 50d
2
S, 8t
.18t
s
.12 7
o S
.00 r
.04
© < a2 ) 12 o= 18
Fig. 6 Variation of Swirl Angle with Swirl Number.
O 1 ; Experiment, — ; Calculation
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Exp. O :Re=i. a2x1d
18}
O : Ra=1.asx1d
Calc. tRuN1, 2, 3
127 —ee-:AuN4, B, 8
S
aL
«f B
°0 o
°© @
° — e . B o
.2 .4 .8 .8

1
r/R

Fig. 7 Inclination of Velocity (¢.=5).

20

¢ Ae (1d), EXP.K— & stg.
i 2.48 0

18 0.87 ©O  ------
!

12}

Fig. 8 Inclination of Velocity (¢.=9.2).

ARREE A Aol @ihE Y FHEE S
7t —#Ee 2 5 Aok 2W11L SEREE S
E ¥ 3o E o] 9N ~BEe FHRE BAL
o|RR-E FHFH A N HBLIERo] BIEM
fiogx olFodL ¢ 4 Uth

3-2-2. dhEMEIEO CHBF f&EY
19 65 7ol M Bo] fEmIMA I HBAT B
FelistfE ol the phREIES] I3 A9 glod,
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r/A[

o
. 1.4
u/ua
Fig. 9 Inclination of Velocity (¢p.=5').
1
a
r/Rl  pe=1.3sx1d ©
.a} B Exp.
-~==+ ROd1 o
} — K-§ Stada.
—Kim & Chung
.8 a
.4t
.2}
o —
.4 .8 a 1 1.2 1.4
u/ua
Fig. 10 Axial Velocity Profile (¢.=5")
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2
W/W* —: Run1, 2, 3
+.8b = Run4g, 5, 8
1
.Br
° - .
2 4 .8 a 1

Fig. 11 Tangential Velocity Profile (¢.=5").

1
b ]
r/Rl pewz.asxid 0!
[= ]
.at O Exp. !
---- Rod1 o,
— K~€ Sta. n':
.8
.41
.aft
ol e
.4 .8 .8 1 1.2 1.4

u/ua

Fig. 12 Axial Velocity Profile (¢.=9.2").

29 12 FeEfol 9. 2° Q) B ol A B R
58 18 Ao Rodidl EiFke] @AY £8
7t REaf#E o) Wol #uA e Btk 19 138 fEm
501 9, 2° WrE oA e HEEE SAE 139 A
2 2 Rodi¢] #h#E EHhdl 97 R} % K-e2
doll 3 EREY BEES kK ASH B2 3o

7} J&E & = UATE o]= Lower order closure

2
& Re=2.48X10
W/W* o O Exp.
o ----Rodi
1.8} ——K-€ Std.

Fig. 13 Tangential Velocity Profile (¢.=9.2").

Edo] zhe @R BRE 2 el wieh dn
(27).

V. #& £

Bl EIE RS oS BERT R 42 R
2RE O 2L ERg 48 5 Ut

i) EHEENA FEEIERE (Swirl nummber) & A D
4 olu Reynolds ol BAIglol fEmIA (Swirl
angle) o] &WEE KN TAE BT

i) FHEfEE HBhA (Flow angle) 5-4h ok S5
A7) el Mol ahE HAlE HEAIR S 1,

i) ALAE DR K2l S FHT 3¢+ &
EfEiol & o AL HAEMFEE 48 & AdeY
o] 3+ Lower order closure RdES RS HE
BERES HRES HAN] FRE volx U

i)y 3} i) o] K#H/ S Yajnik & Subbaiah(6)7} &
B 58 o RS —HI
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