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Table 1.1 Governing equations of the k-: Model with conservative
expression based on generalized curvilinear coordinates

CONTINUITY EQUATION

Ux+vy+w, [ '

=({JCurt, vt W er{T (auta, ver.w) o+ {J (Coutlvelowd e )/]

={(JU) +(JV),+(JW) }/]=0 . \ (1.1)

Transformation Relations between the Contravariant Vector and

the Usual Vector of Velocity - ,
U=t u+é, v+t w, V=nurn,veg.w, W={ u+{,v+{.w (1.2)
u=x¢U+x,V+x W, v=y U+y,V+y. K, w=z .U+z,V+z W (1.3)

MOMENTUM EQUATIONS

u; +HX=-p,+FX (1.4)

v +HY=-p, +FY (1.5)

W +HZ=-p,+FZ (1.6)
Convection Terms of the Momentum Equations
HX=(uu) .+ (uv),+(uw).={ (JUu) ¢ +(JVu) ,+(JWu) .} /] (L.7)
HY=(uv)+(vv),+(vw),={ (JUv) ¢ +(JVV) . +(JWV)} /] (1.8)
HZ=(uw) o+ (vw) y+(ww) ,={ (JUW) ¢+ (JVW) .+ (JWw)  } /] (1.9)
Pressure Gradients of the Momentum Equations
Px={(J¢:P)e+(J1:P),*+(J{:P)c}/] . (1.10)
py={(J¢sP)e+(J1yD)a*+(JEyp)c }/] | - (11D
P={(J¢:p)e*+(J1:D)s+(J{.P)c }/] (1.12)

Diffusion Terms of the Momentum Equations
FX={v, QCua)}at{v: (uy+vi)},+{v: (u.+wa)},
={r (e=vy=w ) bat o (uy#va) b+ (uatwi)
=(Jy {(GG)ue+(GE)u,+(GCIuc=(zc /JIVa+ (2, /] IVet (Y / IIWa= (0 /T)W } ) e /]
+(Jv  { (GE)ue+(EE)u,+(ECQue+(z:/J)ve=(ze /I Ive=(ye/])wer(ye/I)wWe} )/ ]
+(Jy {(GCus+(ECIu,+(CCIuc=(2, /] IVe+(2¢/IIVa+ (Y0 /T)We= (e /])W5 } ) e /]
(1.13)




Table 1.2 Governing equations of the k-: Model with conservative
expression based on generalized curvilinear coordinates
(Continued)

FY={Vt(Uy+Vx)}x+{Vt(2Vv)}y+{Vt(V:+wy)}s
={r, (uy+v ) bt {y  (Vy=u=w. ) )+ {v (v 4w},
=(Jv {(GG)ve+(GE)V,+(GCIvVe+(z: /] Yuy=(20 /T Duc=(xc /] IWo+ (X0 /])We } ) e /]
+(Jv A(GE)ve+(EE)V,+(ECIVe=(zc/]Due+(ze/] Juc*(xc /] IWe=(xe /] )We } )0 /]
+(Jv A (GCIve+(EC)V,+(COIVe+(2, /] due=(2¢ /] Jun=(Xo /D)W e+ (xe/]IWa} ) e /]
(1.14)
FZ={v . (wetu. )} x+{v. (wyev. )}, +{s . (2v.)}.
={Vt(Wx+uz)}x+{”t(W1+Vz)}v+{”t(w:'ux_vy)}z
=[JV:{(GG)We*(GE)Wu+(GC)Wz'(Y:/J)uu+(Yn/J)Uc+(X:/J)Vv'(Xn/J)Vr})e/J
+(Jv e { (GE)We+(EE)wW,+(EC)wWe+(ye /T due=(ye/JDuc=(Xe /T)ver(xe/I)Ve} )0 /]
+(Jv L (GCIW e+ (ECIW, +(COIWe=(y o /Due+ (7 e/ IDun+ (X /] IVe=(xe/IIVa} ) e /]

(1.15)
TURBULENCE ENERGY k
Transport Equation of k
k. +HK=FK+y ,S-¢ (1.16)
Convection Term of k ‘
HK=(ku) «*+(kv),+(kw) .={ (JUk) ¢+ (JVk) ,+(JWk) } /] (1.17)

Diffusion Term of k

FK:(Vth/ﬂl)x+(ytky/ﬂl)y+(ytk:/01):
=(Jv  {(GG)ke+(GE)k,+(GCOke} /a1 ) e /J+( ]y { (GEDke+(EEDk,+(EC)ke}/01),/]
+(Jy  { (GC)k¢+(EC)k,+(CCkc} /1) /] (1.18)

Production Term

1 S=1  {2ul+2vEi+2wi+ (U +v, ) 2+ (Wetu, ) 2+ (V. +w, ) %}
=2y ({(Jéxw) e+ (Jrau),+(JLxu) }/])2
+25 ({JEV) e+ (Tyv)+(JE,v) }/T)2
+2y ({(JEW) e+ (J1.W) o+ (JLew) }/])?
+1 ({(JEur]Eav) e+ (Jayur]nav),+(JE ut]{ov) e} /] )?
1 ({(JEawrJ o) e+ (Jawt]0.w) o+ (JEaw+ ] L) }/])°
+y o ({(JEve]E,w) e+ (Jnov]n, W), + (JLave] o w) e} /)2 (1.19)




Table 1.3 Governing equations of the k-: Model with conservative
expression based on generalized curvilinear coordinates

(Continued)

DISSIPATION RATE ¢

Transportation Equation of ¢ ‘
¢ +HE=FE+c, ¢y ,S/k~c.c?/k | (1.20)

Convection Term of ¢
HE=(su)x+(6V)y+(£W)z={(JUE)e*(JVE)n+(JW5)»}/J (1.21)

Diffusion Term of ¢
FE=(veex/02) ¥ (vey/02)y+(veec/02),
=(Jv{(GG)e¢+(GE) ¢, +(GClec}/a2)e/J* (s {(GE) e +(EE) e, +(EC)ec}/02),/]

+(Jv {(GC) e ¢+(EC)e,+(CCec}/02) /] - (1.22)
where

GG=¢2i+$3+¢2, EE=pi+73+1L, CC={.+!,+!{.,

GE=¢cn +fyn,+ton., GC=bol b, {,+E. 0., EConala*n,t,+1.¢, (1.23)

Xe X, Xt s fv £: -t

J=|Ve ¥a ¥e[=|1: 1y 1,
Zg Zy Z¢ (=« {y (-
§:=(Y22:-y:c2,)/], Ey=-(Xy2:-%c2,)/],
§e=(Xa¥e=Xe¥a )]s 1:==(Yeze-yeze)/],
1y=(Xeze=Xeze)/], 1.5~(Xeye=Xe¥e)/],
(=(Yez,=V22e)/], {y==(X¢2,-X,2¢)/],
{e=(XeYo=X,Ye)/]
Xe= J(ﬂy{z'tyﬂ:)u xn=-J(£¥tz-:Y£l)! Xe= J(fvﬂ:'ﬂyfz)’
Ye==J(1xle=fx0:)s Vo= JCale=lxb:)s ve==J(£x1.~1x¢.),
Z:= J(ﬂxty'fxﬂy)v zﬂ=-J(Ex(y_§xEY)! Z:= J(gxﬂy°ﬂxfy) (1.24)

DEFINITION OF s,
y.=k' ?l=cpk?/¢ (1.25)

EMPIRICAL CONSTANTS
01=1.0, dz=1.3. CD=0.09. Cx=1.44. Ca=1.92 (1.26)




Table 2 Boundary conditions of velocity and Turbulence Properties

Constant ¢ Surface

Gradients of Velocity Components by the Power Law Distribution

utf7=(u, v, w)- (X¢, ¥e, 20 )/ (xE+yi+z})!?

utff=(u, v, W) (X5, Y0, 2, )/ (x3+yi+z})1/?
(ugeﬂ)i.j.k
={(m/h)(u**"):, 5. «}/(GG)'”* ={(GE)(ut®"),, i, v*+(GC)(ut*"), . «}/(GG)

CHALD FIRNTS

={(@m/h)(u* *)s, 5, }/(GG)'7* ={(GE)(ui®%)y, 5, «+(GCY(ui®®)y, 4, «}/(GG)

(ue)i, 5, «
={=(yabe=z, ¢, ) (xE+yi+zd) 2 (Ut "), 50

*(Yebemze by )(xIHyI+23) V(U ),

+J¢:(C*) 1, 5. }/{1(GG)

(Vedi, 5.«
={ (Xabemza b)) (xE4yi+zd) (Ut )0, 0,

—(xebamze b)) X34y 3+22) 710 9) 0, 5,
+JE,(CH) i, 5. 1T (GG}

(We)r, 5, x

=0 bymya b ) (xBryi+zE) P (upf )0, 5
+(xefy=yeba) (xa+ya+22) 7P (uif ), 5. x

+J6:.(CH 5, 3G}

Cl=={n,u,*1,V, *1. Wyt ue+{,ve+! we }

Free Slip Condition of k
Tsi({Jve(fckatt ky*E ko) /01 )dad

=[sa({Jv e (£2+87+£.) 172 (0k/N)} /0, )drdl=0

Wall Law of ¢
€i,j,k={CDs/‘/(‘h)}ki,j.ks/z

(2.1)
(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

2.7)
(2.8)

(2.9)

(2.28)

where N is a normal distance measured from the physical boundary surface,
h is a normal distance between the physical surface and the computational

one and ¢ is the Karman constant, O.4.
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Table 3.1 Poisson Equation and Generation Term

POISSON EQUATION OF PRESSURE
L:({J(GG}iw1s2, 4. «(Pisr, 5, =Py, 4, &)

+{J(GE)} 141, 5. «(Pi+1. 541, x=Pi+1, i-1, x)/4
+{J(GE)} 1, ;. (Pi, 541, v=D1, 5-1, x)/4
+{J(GC} is1. 5. «(Di+1, 5. x+1=Pi+1, 3, x=1)/4
+{J(GC)}i,j.k(pi,j,k+1-pi,j,k-1)/4]

=Li({J(GG)}i-1 2, 5, «(Pis 5, x=Pi-1, 4, &) ‘
+{J(GE)}i-l.i.k(pi—l.j+l.k-pi-l.j—l.k)/4
+{J(GE)}i, 5, «(Pi, 541, «=Pi, -1, x)/4
+{J(GO)}i-1, 5. x(Pi-1, i, k+17Pi-1, j, =1)/4
+{JGCO} i, 5, w (D, 5, ws1=Ds, 5, €=1)/4)

+L ({J(GE)}i, s+1. x(Disr, s+1, x=Pi-1, j+1, £)/4
+{J(GE)}i. 5. x(Pis1, 5, x~Pi-1. ;. x)/4
+{J(EE)}i,j+l/2.k(pl,j+1.k-pi.j.k)
+{J(EC)} i, 541, x(Pi, 541, k+17P1, 41, k=1)/4
+{JEC} i 5, w(Di. 5, es1=P1, 5, w=1)/4)

-Ls[{J(GE)}l.i-l.k(pi+1,i-l.k-pi-l.j—l,k)/4
+{J(GE)}i.i.k(Di+1.j,k‘Dl-1.j.k)/4
+{J(EE)}i, s-12. «(Pi, 5, x=Pi, 5-1, &)
+{J(EC)}1.i-l.k(pi,j-l.k+1-pi.j-l.k—l)/4
+{JCEC)} i, 5. w(Di. 5. w+1=Di, 5, w=1)/4)

+Le ({J(GO)} i, 5, ee1(Pis1, i, k+17Di-1, 5. x+1)/4

+{J(GC)}i.j,k(pi+l,j,k-pl—1,j.k)/4

i,

C+{J(ECH . 5. x+1(P1, j+1. k+17Di, 5-1, k410 /4
+{J(EC)} i, 5. «(Py, s+1. =D, 5-1, x)/4
+{J(COV} i, 5. k1,21, 5. x417DP1, 4, &)

'Ls[{J(GC)t.i.x—l(pi¥1.j,k—1'pi-1,i.k—l)/4
+{J(GO)} i, i, x(Pis1, 5. x=Di-1. ;. x)/4
+{J(EC)}1,i.k—l(pi,i+1,k—l-pi.jfl.k—l)/4

H{JEO L 5, o Py, 541, P, -1 x)/4

+J(CC) i, 5. x=1,2(Pi, 5. x=Pi. 5. x-1))

=D/At, |
where underlined terms are vanish when all of Li-¢ equal unity.

(3.1)




Table 3.2 Poisson Equation and Generation Term (Continued)

Generation Term

D==/s: {JU At +) 52 {JUNRAL -] 55 1JVIAEAL +) s, (IVIdEE = 55 {JW}dEdn+S s o {I}dEdn

Discrete Expression of Generation Term for Full Control Volume &8
D={(JW)isr. 5o e=( W) i-n, 5w+ IV, san, k-(JV)l: -1k

+(IW 4, 5, e =M, 5, e }/2 (3.3)
Discrete Expression of Generation Term for One-half Control Volume
D={(JW)ser. 1. =D e, 5. 1241 1o =D, 5o

L TRRUEE 1) PR P! (3.4)

Definition of L:
Li=li(Is+l)(Is+16)/4, Lo:=I1.(1s+#1.)(Is+ 16)/4, Ls=Is(1.1+1:)(Is+1¢)/4,
Le=lo(I1+12)(Is+16)/4, Ls=Is(11+1,)(I1s+1.)/4, Le=14(1:+12)(I1s+1,)/4,
I, =0:if the surface S; coincides with the boundary,
=1:if the surface S: does not coincide with the boundary. (3.5)

Definitions of ﬁ, 6 and W
If each surface of the control volume does not
coincide with the boundary,

ﬁ=(§x.5y.E.)-{(u.v,w)“+At(-HX+FX,-HY+FY,-HZ+FZ )**'} (constant ¢ surface),

V=(nx.ny.ﬂ.)'{(u.v.w)“+At(-HX+FX.-HY+FY,-HZ+FZ )**'} (constant 1 sufface),
ﬁ=(§,,K,.K:)'{(u.v.w)“+At(-HX+FX,-HY+FY,-HZ+FZ )**'} (constant { surface).

If each surface of the control volume coincides &0
with the boundary respectively,
U=U(constant ¢ surface),
V=V(constant 1 surface),
W<W(constant { surface). | 3.7
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[vier, 5, «HXAV

=!s&+a/z. i. k(_JUll)dﬂd("!51+1/z. i, k(JUU)dﬂd.;

tlsi serra o (JVUIAEAL =S s, sm1e, «(JVu)dEdL
+[si, 5, we1,2(JWu)déda-fsi, 5, e-1,2(JWu)dédr (5)
B
ﬁ(mwm%k&ét\Tﬁﬁmﬁmﬁﬁﬁﬁéﬁbfs
O‘H%ﬁﬁﬁf5éo:nuéh%Téiom:y}u—
W R 2 —L20ERBLEBYTBR 7 v 72 APFERTDH D

SELEELTEYNY, o2yt o—-—NEKY)2—-—LbDOBHEHA

v

NDHABEEMANFCALNDERIIEZ->TWEIREOBINR 7
v 7 RIFMEBESEINBEIIEZRLTW S,
2Tnariro—LRYa2—2CEIHESEZMINIET.
EREO7 5 v 7R EHEAT. HRHEDAD T 5 v 7 X 5K
52 ik b,
ChEzXNTERE

!vHXdV=§§§IVi. i tHXdV

=l5!mlx(J.UU)d”d§_ISflﬂin(JUu)d”dt
+!Sumux(Jvu)d£dt—!Snmin(Jvu)dEdt
+/stmax (JWU)dédr=Ssemia(JWu)dids (6)

&% 5,

11
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Table 4.1 Relaxation Equations

13

RELAXATION EQUATIONS FOR VELOCITY COMPONENTS

t+1,.n+1
,

Correction Values

c=(xeeI'+x,eVIi+x,e™I*)/{1+(8t/], 5, «)PVTy, 5, &}
c'=(yeebli+y,eVIi+y,eI*)/{1+(At/] ., 5, )PVTL, 5, &}
c"=(z,e"l'+z,eV] +z,e"I[*)/{1+(At/]:, i, «)PVTy, 5, «}

Error Values of Contravariant Vector Components
eU=§xeu+£yev+6zew, eV=”‘eu+nyev+”'ew’ ew=§‘eu+tyvv+z‘ew

Error Values of Velocity Vector Components
eu=_zun+1+up+(At/J)!v{_1p:+‘_tHXn+1+£FXu+1}dv
ev=_lvu+1+vn+(At/J)!v{_tp;*1_1HYn+1+tFYu+1}dv

n+1l

ew____twn+1+wn+(At/J)lv{_!p' _lHZn+x+lFZn+1}dV

Definition of I', I!, and I*

If a surface of the control volume coincides with the boundary:

I1'=0 (constant ¢ surface),
['=0 (constant 7 surface),
I1*=0 (constant { surface),

(4.1)
(4.2)
(4.3)

(4.4)

(4.5)

(4.6)

If a surface of the control volume does not coincide with the boundary:

I'=1 (constant ¢ surface),
Ii=1 (constant 7 surface),
[*=1 (constant { surface),

4.7)

13
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Tdble 4.2 Relaxatioh Equations (Continued)

Diagonal Term of Coefficient Matrices of Simultaneous Equations

for u, v, w, k and ¢

PVT4, 5

=({Jv. (GG}, 5, «*{Jve(GG)}iwn, 5, &)1 F172/2

+({Jv. GG}y, 5, «+{Jve(GG)} -y, 4, & )II"172/2

+({1r BB} a, 5, oIy (BEDFu, san, ) 1P%172/2

+[{Jvt(EE)}i-i-k+{J”P(EE)}i.i-x,k]Ij—l/z/Z

+[{Jyt(cc)}i-i.k+{J”z(CC)}1,g.k+1]1k*‘/'/2

+({Jye (COV} i, 5, x#{Jv e (CO}i. 5. x=1)IX"22/2 (4.8)
~ (cf. egs. (2.23) in Table 2.1)

1£{(it1/2).GT.0.and. (i£1/2).LT. imes} 1'%1/%=1

1£{(i-1/2).LT.0} I'"'72=0, If{(i+1/2).GT.ims<}I'**/2=0. (4.9)

RELAXATION EQUATION FOR k
a+l n+1l

k4 -l
ki, g ="kl g x

+mk[_lkn+l+kn+(At/J)fv{_lHKn+l+lFKn+l}dV+At{ly:+ISn+l_len+l}]i".k
J{1+(At/] 4, 4, ) (PVTy, 4, /01)} (4.10)

RELAXATION EQUATION FOR ¢

t+1 a+i_t a1
CF b, Gk

€i, §, x

+w:[_zeu+1+eu+(At/J)fv{_lHEn+1+lFEn+xldV+At{cllen+1 lyz+lsn+1/tkn+1
-Cz('£“+l)’/‘k"+l}]i,j,k

/(1-At{c.®yi*t So*1/tkntt=c ten kR (At / T, 5, ) (PVT Y, 5, o /02))  (4.11)

RELAXATION EQUATION FOR PRESSURE

L+1.0+1 —_lan+1l
Pi, i, «= Pi, j. x

+0°([v{pii'+pyy +pit =(ui+vi+wi)/At

-(-HX3*'-HY;*'-HZ:* ' +FXE* " +FY5* ' +FZ2*')}dV) 4, 4, «/PVPy, 4, & (4.12)

where 0°,0%,0% 0® are over/under relaxation factors.
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START

Input Coordinates,
Values of nodal points
Set initial values, n=0

=

Boundary condition of
u Vv, w, k, and ¢

l+1FXu+1'l+1;Yn+x.l+1FZn+1

t+1ygya+l S+1ygya+l E+1[7a+l
HX=*!, **THYR M, PTTHE
|

U V. RD
|
v

t+l,.a+l L+l,,a+l s+l a+l
’ ’ w ’

u
l+lpn+l'

1
E+lpga+l  S+lgga+t
L]

l*lFEn+l t+1HEn+l
]

|
l#lkn#l l¢l€ a+l
’

v'=C°(l¢lku#l)1/ l+le B;l

& 6 e 6 o

du, 8v, dwler(u)
ApLer(p)
es
Y& hicer(k)
deler(e)

Steady state!
yes

no

no

@ Diffusion term and convection term of momentum egs.
cf. egs. (1.7)~(1.9), (1.13)~(1.15)
@ Generation term of Poisson eq.
cf. egs. (3.2),(3.4),(3.5)
® Relaxation of u, v, wand p
cf. egs. (4.1)~(4.6), (4.12)
@ Diffusion term and convection term of k and ¢
cf. egs. (1.17), (1.18), (1.21), (1.22)
® Relaxation of k and ¢
cf. egs.(4.10), (4.11)

Fig. 1 Flow chart of time marching procedure
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(a) Plan of a gymnasium and quarter
area used for simulation
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Z (b) Positions of the supply opening
and the exhaust opening

Fig.2 Plan of gymnasium and arrangement of supply
and exhaust openings
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Table 5 Boundary and Calculation Conditions of Gymnasium Model

Supply outlet 1 : u®=1.7, u'=0.0, k=0.043, {=0.08

Supply outlet.2 : u®"=1.8, u‘=0.0, k=0.049, {=0.12

Supply outlet 3 : u"=2.2, u'=0.0, k=0.073, !=0,12

Exhaust inlet 1 : u®=0.1, u', k, ¢: free-slip

Exhaust inlet 2 : u®=0.1, u'=0, k, ¢: free-slip

Exhaust inlet 3 : u®=0.54, u‘, k, ¢ : free-slip

Wall boundary (wall, seats, floor, ceiling): m=1/7

Imaginary boundary (two cut-out sides of the quarter portion of the space)
! free-slip

Wall Bounary (at nodal points, i=1, 4, 17, 19~21, 23~25, j=1, k=1~11)
: u=0, v=0, w=0

Time increment : At=0.1

Distance between physical wall and computational boundary : h=0.05

Relaxation factors (in the vicinity of the exhaust inlet)
P 0®=0"=0,5, e*=0*=1.0"

Relaxation factors (in the other region)

‘ P 0°=0°=1.0, 0*=0°=1.0

x Representative values for normalization : U,=1.0 m/sec, Lo,=1.0 m/sec

j=24
i=1
j=1
==
s ==
I i=24 |
s e

Fig.3 Grid layout of x-y section (40X23X10)
(z=0, center section)
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0.0 L0 2.0

Fig.4 Velocity vectors”
(u+v) (z=0, center line)
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(c) », (x107%) SN S—

Fig.5 Turbulence properties (center section)
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-' &Y SV
(c) 2500 seconds

Fig.6 Time-serial streaklines
based on averaged flowfield (full space)
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NOMENCLATURE
X, Y, 2z : physical or Cartesian coordinates
¢, 1, ¢ : computational coordinates or
generalized curvilinear coordinates
u, v, w ! X,¥,2z components of the velocity
vector
g, v, W : components of the contravariant
vector of velocity
p : kinematic total mean pressure
(usually defined as (p/s+(2/3)k),
where p is density)

k . : turbulence kinetic energy

¢ ! turbulence dissipation rate
'R : eddy kinematic viscosity
! : length scale of turbulence
gre- : tangential velocity component

parallel to the constant ¢ surface
in the direction of the {-curve
(namely, tangential component
parallel to a curve with constant ¢
and constant 7)

h : distance between computational and
physical boundary surfaces
0. : partial derivative with respect to

independent valuable a

%1 HE IHE

*x2 BHEEKE I8/
*x3 BHIxF2i HE ITiH
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