BY) FEZBAS HORALE B T AT
@) 7#rar¥ JurpE s

Numerical Heat Transfer
(BUEZEAF)

Chapter 11 Application Examples of the General Code
for 2D Elliptical FF & HT Problems (3)

=

Instructor: Fang, Wen-Zhen; Tao, Wen-Quan

Email: fangwenzhen@xjtu.edu.cn

Key Laboratory of Thermo-Fluid Science & Engineering
Xi’an Jiaotong University
2023-Nov-29


/
/

D) F £ LA A HERF AR @)

XIAN JIAOTONG UNIVERSITY

11.1 2D steady heat conduction without source
term In Cartesian coordinate

11.2 Steady heat conduction in a hollow cylinder

11.3 Fully-developed heat transfer in a square duct

11.4 Fully developed heat transfer in annular space
with straight fin at inner wall

11.5 Fluid flow and heat transfer in a 2-D sudden
expansion

11.6 Complicated fully developed fluid flow and
heat transfer in square duct

11.7 Impinging flow on a rotating disc

11.8 Turbulent flow and heat transfer in duct with a

central jet
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g 11-7 Impinging flow on a rotating disc b
- --Discretization of source term of momentum
.equation in cylindrical coordinate y

11-7-1 Physical problem and its math formulation

Known: A rotating disc with =100 Is
partially covered by a shell (57244). Fluid

flows into the shell through the central inlet I )
of the shell with inlet velocity U, =100; 05 7/

impinges onto the disc and then leaves the I
disc (#) through the gap between the shell +—— . &/~
and the disc. Fluid viscosity n=1.
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Fig.1 Schematic diagram of problem 7
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No change along the circumferential (&) direction (|& & 75 ) 472
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Find: \elocity and pressure distribution in the cavity.

Solution: This is a fluid flow problem in
three-dimensional cylindrical coordinate. The

HoRAtFE 5 A2 D
ﬁﬁ%iﬁi%igjg

NS

fluid flow Is caused by the impingement of
the inlet flow and the rotating effect of the
disc. The circumferential velocity, v,, IS
purely caused by the rotating disc. Thus, there
exists v, but no circumferential pressure drop.
The velocity along the @direction is uniform
when in steady state.

Circumferential @

5/72
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» Original N-S eqs I cylindrical coordinate are:

GZV 1 O, OV @2
%)——— 52+
0z° r@r
oV, av g o°V, 1 8 av 8ZZ !
r direction : r =
LY or Zaz ) 8r Z( 0z° rar ar 0> /60

v v
+p—6’ —77—; «—— Source term

2
@ direction : p(Vr%—FV VW@)_O 77( OV, 16 8v 18/{ 2 o
or oz / rﬁe LY
V.V V
Source term — —PTQ—Ur—Z Zero pressure
gradient!

There exists V, but % should be zero for this problem.

BY) T LA #FAE S TR
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» Thus, governing equations of the three velocities are:

ov, .~ ov,, op 0%V, 10 0y,

= +
or  ° oz 0z 77(82 ror  or

o N, op az 16
r direction: r ) = + U
p(ralr zaz) p» 77( rar( )
- Source term
+pv76’—77%/
2
@ direction : p(Vr%+VZ %): O+77(a Yo | 19 (r 8v9))
or Oz r or

vV, V,

r

r _77?\

Source term

-p
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11-7-2 Numerical method

(1) There are three velocity components, but no terms contain 0/08,

such as no terms with 6/0z in Example 6. L
oV oV op ,0v, 10,6 ov ‘
V,: vV —* L)=——+ L4+ — :
2o Pl or oz oz Ve x 8r( ) y "7/
. ov oV op 0V L1 0 VooV r /
V. v —L4v —)=—"TT+ L4 —— r Vg ple _p¥e "
i Pl or oz ) or g o> r ar( or N+p r =§“‘“—z’ ,,,,,,,,,,,,,,,,,,,
. oV oV oV, 10, ov V.V, .
Vo-  p(v,—5+V,—5)= n—+=—(r 9)) p—= —77—‘3 scalar variable
or 0z oz r or r

(2) v, is not in convection terms of v, ,v, , but it is included in source
term of v, Thus, v, can be viewed as ascalar variable (such as T)
coupled withv, v, ; itis a 2-D cylindrical case with MODE=2.

(3) Inv,eq., rv,can be taken as the variable to be solved to enhance

solution stability.
8/72
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The original V,momentum equation IS:

oV 82 10 V.V, V
Vv —+v —‘9 = 20
PV, or ) 77( " 5[‘( 7 (2
It is transformed to: p(v, orv,) +V, a(gvg)) =
Z
o’(rv,) 10, o(rv,) 277 o(rv,) o taken as
M+ )-——— variable

(4) Numerical treatment of source term in v, :
oV oV op 0V, 10, ov YA

Vv —+V —)=—+ +——(—"))+ p——
'O(ré?r Zaz) or 77(822 rar( r)) P e
2
_ Ve Ve o (rv) 1
Svr_p r 77,,2 — P I’z _UFVr S¢:Sc+sp¢

9/72
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Numerical treatment of source term of v,

- B

- a(;@>+ a(rvg)) n(a (rv) i aar( 8(%)))_277 @(c;:r/e)
S _ _277 5(FV6,) L 2m (1vy), — (1v,),
Wy ar \YICV(J')\
dzr), (&), 2
I(i N'(J,)' , ldeaof FUD . YCV( )[(rVQ)P (1Vy)s ]
e |

A _ 2 1(rv,)s 2 (rv,)
. r, YCV(j) T, YCV(]) o7F
) J

s~

HAFF E A

‘ Introducing a minor value of S, to enhance solution stability. ‘

10/72
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Fig.1 Schematic diagram of Example 7
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11-7-3 Program reading

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeceecee
MODULE USER L
C***************************************************************
INTEGER*4 1,
REAL*8 OMEGA, UIN, AMU, FLOWIN, AR, ADD, FL,
1 RSWM, RHOM, FLT
END MODULE
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeee
SUBROUTINE USER
C****************************************************************
USE START L
USE USER L
IMPLICIT NONE

C*****************************************************************

O T PROBLEM EIGHT----------mm oo
C Laminar impinging flow over a rotating disk

C*****************************************************************

12/72
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ENTRY GRID

TITLE(1)=* .VEL U.'

TITLE(2=* .VEL V.

TITLE(3)=* .STR FN.¢
TITLE(G)=* .R.VTH. ———Regarding (rv,) as 5" variable
TITLE(11)="PRESSURE'
RELAX(1)=0.8

RELAX(2)=0.8 In SIMPLER code, when the 1st variable i1s
LSOLVE(1)=.TRUE. set to be solved, the 2"d and 3" ones are
LSOLVE(5)=TRUE. automatically solved.

LPRINT(1)=.TRUE.

LPRINT(2)=.TRUE.
LPRINT(3)=.TRUE.
LPRINT(5)=.TRUE.
LPRINT(11)=.TRUE.
LAST=25
MODE=2
R(1)=0.
XL=0.5
YL=05
L1=7
M1=7
CALL UGRID
RETURN

13/72
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ENTRY START
OMEGA=100.
UIN=100.

DO 100 J=1,M1
DO 101 I1=1,L1
U(1,3)=0.
V(1,3)=0.
F(1,J.5)=0. - or =or

F(L1,J.9)=R(I)**2*OMEGA 5th yjariable is R.VTheta

101 ENDDO ! Velocity on disc, causing circumferential flow
100 ENDDO T T r o 19 @

UZ,2)=UIN Ll l__1 XU2)  XUQ)

AMU=1. B WD) gy U3
RETURN et i i 2 3

I I I I :
* | I I I X1 X@ X(@3)

I R T e Fk(_»l
ENTRY DENSE . ! ' ' XIDF(2) XIDF(3)

RETURN il el el il e————>
I . I : : XCVS(3)

14/72
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One way for obtaining outlet velocity of open system:

Assuming that the 15t derivatives at outlet =constant

Vi 1=V,
"““A ==k =const ==V, 1y =V, +KAY =V, +C
Y . |

Cis determined according to total mass conservation
Zp, w1 (Vi mz FC)AX, = FLOWIN e

_ FLOWIN — = PiiVi w2

ZP.,MlAX

Vims =Vimz +C s taking as boundary condition for next
Iteration.

In this example this method is used

(&=

15/72
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ENTRY BOUND
IFITER.NE.O) FLOWIN=RHO(1,2)*U(2,2)*YCVR(2) [~ r i =771
FL=0. N\ g
AR=0. \/
Vet —
DO 301 I1=L3,L2
FLT=R(M1)*XCV(I)*RHO(I,M1) 201 "
AR=AR+FLT ! Denominator ! FLOWIN = Reoodimae X
FL=FL+FLT*V(I,M2) > p(1,M1) e XCV(I,M1) e R(M1) e (V(1,M2)+C)
I 2nd part of the Numerator

301 ENDDO oo FLOWIN-Y" p(i,M1) e XCV(i)  R(M1) ¢ V/(i,M2)
ADD=(FLOWIN-FL)/AR S > p(i,M1) e XCV(i) e R(M1)
DO 302 I1=L3,L2
V(1,M1)=V(I,M2)+ADD / I C-method Is adopted to guarantee

302 ENDDO ' C---ADD the total mass conservation condition
RETURN

16/72


/
/

R)) FFAAA HoRAtFE 5 A2 '
@) 7#rar¥ Jurs s @

ENTRY OUTPUT
IF(ITER==0) THEN
PRINT 401
WRITE(8,401)
401 FORMAT(1X," ITER",7X;'SMAX",11X,'SSUM",10X,'U(4,4)",
& 9X,'V(4,4)")
ELSE
PRINT 403
WRITE(8,403) ITER,SMAX,SSUM,U(4,4),V(4,4)
403 FORMAT(1X,16,1P5E15.4)
ENDIF
IF(ITER==LAST) CALL PRINT
RETURN

17/72
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ENTRY GAMSOR | o _ _
IFOTER==0) THEN * Constantviscosity, calculation once Is

DO 500 J=1 M1 enough
DO 501 1=1 L1
GAM(1,J)=AMU

501 ENDDO

502 ENDDO

CAM(L3MDZ0."1 1 ocal one-way for outlet ————<
GAM(L2,M1)=0. d

ENDIF A |
bssbassleasdasd ==
| i I I

| i I I
| GAM(1:L1, 1)=0 ?? ““:““:‘“’:‘"*:“‘
. - . I
No needed in cylindrical T

coordinate e i
1'-"--'--1--'-—-- 18/72
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IF(NF==2) THEN ! Source term of v, —eq.
DO 502 J=3,M2 1 I'Vg Is interpolated from main nodes
DO 503 1=2,L.2 >

RSWM=FY (J)*F(I,J 5)+le J-1,5)
RHOM=FY (3)*RHO(LJ)+FYM(3)*RHO(1,3-1) =
CON(I.3)=RHOM*RSWM**2/RMN()**3 [ e e e

- **x .
AP(1,J)=-AMU/RMN(J)**2 interpolated from

283 Emggg node density for the
ENDIE source term of v,
2 2 (8z)y (32),
Vr r r2 r3 r2 r

19/72
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510 IF(NF/=5) RETURN
DOS12J=2M2 1 Source term of 'V, is calculated at main node
DO 513 1=2,L.2
AR=2.*AMU/YCVR(J)
CON(1,J)=AR*F(I,J-1,5)

- B

l
TWow+- qer (ar)" — =
'EEE T‘(&L

-l

AP(1,J)=-AR
512 ENDDO Sty = : n(rvg)_s 2 — (V)5
513 ENDDO 1, YCV(]) 1. YCV(])
RETURN 5 5
END — 7 : (rve)s_ 7 : (I‘Vg)
YCVR(j) YCVR(j)
Lo ,wx), CON(1,J)=AR*F(1,J-1,5) AP(1,J)=-AR
N 1 ] /
- KN

YCVR

R(1
AG =1 W

X-R coordinate X

&

20/72
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11-7-4 Results analysis

ITER
0.0000E+00 0.0000E+00

0

OO NO Ol WN P

10
11
12
13

COMPUTATION FOR AXISYMMETRICAL SITUATION

KEAEAIEIAAIAEIAAIAAkAAARIAALAAAkIAEAAkIAAAkAhkArAhkhrhkihkkihkhkiikiiikiiikx

SMAX

3.1852E-01
3.6224E-01
1.1265E-01
6.1974E-02
3.2279E-02
1.7869E-02
1.2370E-02
1.0312E-02
7.9294E-03
5.9429E-03
4.6140E-03
3.3741E-03
2.6291E-03

SSUM

0.0000E+00
1.1921E-07
7.4506E-09
-3.7253E-08
-3.1665E-08
-4.0280E-08
5.1223E-09
-1.1176E-08
-2.9569E-08
4.8894E-08
-1.6531E-08
3.1199E-08
-5.1106E-08

U(4,4)
0.0000E+00
3.3742E+00
2.9314E+00
1.8755E+00
1.5199E+00
1.2971E+00
1.2738E+00
1.3363E+00
1.4400E+00
1.5480E+00
1.6437E+00
1.7207E+00
1.7787E+00
1.8202E+00

V/(4,4)
0.0000E+00
4.8158E+00
7.6065E+00
8.5863E+00
8.8029E+00
8.4019E+00
7.6836E+00
6.8852E+00
6.1421E+00
5.5244E+00
5.0452E+00
4.6926E+00
4.4432E+00
4.2728E+00

oA AFE S T4
HEHELSELT
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14
15
16
17
18
19
20
21
22
23
24
25

1.9695E-03
1.4364E-03
1.0142E-03
6.9815E-04
4.6667E-04
3.0389E-04
1.9290E-04
1.1830E-04
7.0846E-05
4.0823E-05
2.2590E-05
1.1003E-05

-2.6543E-08
6.2981E-08
-4.5111E-08
8.9640E-09
3.8388E-08
3.3469E-09
-1.1176E-08
5.2169E-09
4.6941E-08
5.4388E-08
-8.0094E-08
-3.8743E-08

1U(4,4)
1.8486E+00
1.8674E+00
1.8792E+00
1.8864E+00
1.8906E+00
1.8929E+00
1.8941E+00

. 8946E+00
Y 8947E+00
|1 8947E+00
1. 8945E-+00
1. 8944E+00

IV(4,4)
4.1597E+00
4.0867E+00
4.0409E+00
4.0129E+00
3.9963E+00
3.9868E+00
3.9816E+00

(3.97h0E+00
| 3.9778E+00
' 3.97y3E+00
| 3.9772E+00
| 3.9773E+00

HAAFH T S
HEHEERDE
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KEhkkkkrkkhkkkhkkkhkkhkkkikhkkkikkkkikkkiikikiik VE L U KAhkkkAkArkkrkkhkkkhkkkhkkikkkhkihkhkkikikkiikk

R NWP~ OO

2 3 4 S| 6 I

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.00E+00-1.33E+00-2.67E+00-2.12E+00-8.37E-01 0.00E+00
0.00E+00-1.86E+00-2.70E+00-1.86E+00-6.39E-01 0.00E+00
0.00E+00-2.17E-01 1.89E+00 2.90E+00 1.65E+00 0.00E+00
0.00E+00 1.33E+01 1.97E+01 1.92E+01 1.04E+01 0.00E+00
1.00E+02 8.63E+01 7.43E+01 5.99E+01 3.27E+01 0.00E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

23/72
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AR R R R R T P e P e P R T P e P P P e P P VE L V AR R R R R T P P P e P R T P e P e P P T P e

| = 1 2 3 4 S 6 7

0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.99E+00 6.01E+00 0.00E+00
0.00E+00-1.50E+00-1.50E+00 6.18E-01 6.44E+00 8.45E+00 0.00E+00
0.00E+00-4.17E+00-2.98E+00 1.81E+00 1.00E+01 1.20E+01 0.00E+00
0.00E+00-6.53E+00-1.84E+00 3.98E+00 1.34E+01 1.60E+01 0.00E+00
0.00E+00 6.87E+00 5.96E+00 7.21E+00 1.36E+01 1.63E+01 0.00E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

N W B 01 o)

24[72
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Khkkkkrkkhkkkhkkkhkkhkkkhkihkkkhkkkikkikkkiikikiik ST R F N KhkkkArkArkkrkhkkirkkhkkkikkkkikkkikikikkiik

| = 2 3 4 3) 6 I

5.00E-01 5.00E-01 5.00E-01 5.00E-01 3.00E-01 0.00E+00
5.00E-01 5.60E-01 6.20E-01 5.95E-01 3.38E-01 0.00E+00
5.00E-01 6.25E-01 7.15E-01 6.60E-01 3.60E-01 0.00E+00
5.00E-01 6.31E-01 6.67E-01 5.88E-01 3.19E-01 0.00E+00
5.00E-01 4.31E-01 3.72E-01 3.00E-01 1.63E-01 0.00E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

N WS OoO1To

Zero flow
rate on disc

At the shell flow
rate Is constant

25/70 25/72
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KAhkkkkrkkhkkhkkikkrkkhkkhkhkkhkkikkkkikkkikikikiik R VT H AEhkkkAkkikkkhkkhkkkhkkhkkkikihkkkikhkkkhkkkikikkkiikk

P NDWPM~OTO

1 2 3 4 5 6 I

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.50E+01
0.00E+00 1.24E-01 5.24E-01 1.64E+00 5.76E+00 1.26E+01 2.02E+01
0.00E+00 2.02E-01 7.28E-01 1.69E+00 3.66E+00 7.75E+00 1.23E+01
0.00E+00 1.40E-01 4.46E-01 8.49E-01 1.53E+00 3.54E+00 6.25E+00
0.00E+00 5.15E-02 1.49E-01 2.47E-01 3.84E-01 1.09E+00 2.25E+00
0.00E+00 4.66E-03 1.84E-02 3.72E-02 5.53E-02 1.55E-01 2.50E-01
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E?Q

w *I

-
O =]
/ Ie}
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*hkkrkikkkhihkkkhihkkkikkkhikkkiihkkiihkikiikk PRESSU RE *hkkkikkkkhkkhkkiihkkhhkkiikkiikkkiikkikiikk

-4.93E+02-4.81E+02-4.57E+02-3.68E+02-3.47E+02-3.61E+02-3.61E+02
-5.08E+02-4.96E+02-4.72E+02-3.94E+02-3.61E+02-3.61E+02-3.61E+02
-5.38E+02-5.26E+02-5.02E+02-4.46E+02-3.89E+02-3.61E+02-3.47E+02
-6.85E+02-6.47E+02-5.72E+02-4.92E+02-3.60E+02-2.41E+02-1.81E+02
-1f15E+03-9.63E+02-5.97E+02-4.57E+02-1.85E+02 1.02E+02 2.46E+02
-3|01E+02-3.62E+02-4.84E+02-3.04E+02 1.83E+02 6.20E+02 8.39E+02
0.00E+00-6.11E+01-4.27E+02-2.28E+02 3.67E+02 8.79E+02 1.10E+03

X

R NN W s~ 01O N

pmin
\_}

27172
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11-8 Turbulent flow and heat transfer in duct
with a stepwise inlet velocity distribution
g ---k-epsilon turbulence model with WFM y

11-8-1 Physical problem and its math formulation

Known: A stream with a central jet goes

INto  a
turbulen

Find: Adopt the standard k-& model and
the wall function method to determine

velocity
channel.

parallel channel; Flow 1Is In
t state, »=10-%and Pr =0.7.

4.0

and temperature fields in the —

T A« 1.0 —

1

7=400
V=100

o,
&)

29/72


/
/

— o F 2k 2= >
. fsa X8 A f‘t;-t:‘mi._.ﬁ‘}‘% —5_1 7f'1
) TEXEAY LA @

4.0
Flow 1s In turbulent state,

n=10"%and Pr=0.7

T=400
V=100

Fig. 1 of Example 8 30/7
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Governing equations

o g
OX, n
ou,  pu) _ Oy 0 LT o _
L4 e -+ —+S Spe _p+pr
< = - o = " (77, +1,) k] o
\ 8(}0 é) +a(p uké) _ a [(rf _|_1“1‘)_":§]_|_LS’{;j
ot ox, Ox, 3 ox,
eff
S= 2 (ug) + 55 1z + 55 (nays
u: ’76“ 77"'“ dz 19z Additional Egs. are
needed to determine
v: S= (Veﬁ ) + _( ’7eff ) + az( ’76& y turbulent viscosity 7,
so as to close model
w: S= (77eff )+av(’7€ff )+5;(’7effaz)

31/72
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Using k-& model to determine 7,

. ou .
k equation G = MO ouy | M
1 L p ox, (é‘xj T axi)
o(pk) O(puk) 0 - Ok ou, ou, ou
)y SR g+ S, S L+ 2 -
ot ox, o o, OX, Ox, OX, I@xj
] Source term
£ equation:
0pe) | APE) _ [( & ‘58 “9 (a”f +a”f')4’;‘;;-“"—2
ot o, ‘!k Mox ox_ o, Ak
T I [
transient | | convection diffusion source

O, Prandtl number of €5 C,,(; are empirical coefficients
TL — Cﬁpklﬁz — CﬂCDpk]:’Z 3:’2[C — :_

\

C,pk*/ &
v D /

* NS Sk
C.C,—>C, foC,
[ 32/72

turbulent viscosity:
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Governing equation is:
div(pug) =div(I" ,gradg) + S,
Where ¢ — U,V,T ) klgl p! p'
» The diffusion coefficients are:

NF= 1 2 3 4 5 6 7 8 11
Variable U Vv Pe T k & no G P

C
1—~¢ 7 7 / 4l o T 17
Pr. o, o,
(04 0.8 0.8 1.0 0.6 0.6 0.6

77eff :77+77t z77t

For our new temperature G.E.: I’ =4 =nc /Pr 33/72
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» The source terms are:

9, ou 9, oV
u. S, =— + =
i 9, ou 9, oV
V. S = — + h
Y, 8X (77eff ay) ay (neff ay)

K: S =nG-pe

_CenG C, 06’
K K

.S,

-

oV

2 2
G=". Z(G—UJ +(@] +(8u+
P | OX oy oy

OX

T\

Vo

P

#oApAtF & T A2
HENETLFZHFT

&
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» Boundary conditions are:

(1) Inlet:
Fluctuation Kinetic energy k — taking 194 of Kinetic energy
of oncoming flow;

Dissipation rate & — determined by following eq.
- Cﬂ,ok2

40
where 7, is determined by Re, = AV (2L =100
7

(2) Wall: adopting Wall Function Method;

E

(3) Outlet: taking local one-way;
35/72
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(4) At symmetric line: normal velocity component (u)
= 0, all others have their first order normal derivatives
equal to zero!

11-8-2 Numerical method

(1) Source term treatment for K — £

c S,=S.+5 4
Sk=77tG—p6=7ﬁ—(i*)k ’ ;
S~
5 - cenG  cpe” _cenG (Cng*)g
K K K K
Sc Sp

36/72
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(2) Lift ($&8F) of outlet velocity

In order to avoid negative outlet velocity during iteration, we
may adopt method for lifting temporary (&5 I} %) outlet velocity:

FACTOR =— FLOWIN
2 (Va2 + Vi) * RHO, ;% XCV ()]
=2

Vimi = FACTOR e (Vi,MZ T ‘Vmin ‘)

Outﬂoml I:> )\ Ol,l,tm;;v !
Outlet %J\U/ 1 Vmin i Outlet /2|\U/I Vmin |

Interface interface
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ES] ;ﬂ.

au

(3) Treatment of source term in u-momentum equation

f’__‘s

/a TN

u \@X

—(n, —) )r — (nt

o ou
&(m &) —

(GAM (i J)u(|+1 ])-u(l,))

XDIF (i)

xcv(1)

77eff

GAM (l _1’ j)U(l, J) -U(l _11 J)

The above term Is taken as S, of u-equation!

xcv(l -1)

¥

=n+tn =n

SZI = (ﬂeﬁax) (77effa_:£)_
XDIF(i)
o —lii’jﬂo
_____ v 114 S 1Vi,j+1 L
Ui.1,J_> e —liij _lii+1,1
vev() | (-1, ]) (' J)
______ * -
1Vi-1,j . 1Vi,j
o =l
XCV(i-1) | XCV(i)

38/72
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— s @
» source term in u-equation XOIFD)
O oV 1 U. -
— (7. =)= _ i
o o = Yev () ' "
. _ . v Lit14 o€ 1Vi,j+1 L
q v(l, J+D-v(i-1,]+1) ]
Trne XDIF (i) Tle o sl o ot
o A vevg | (-1 | (L))
4 V(I,J)_V(I_LJ)} T 1Vi-1,jx 1ViJ o
"¢ XDIF(i) o L
Also, taken as S, of u-equation! XCV(i-D) | XCV()

(4) Flow field and temperature are solved separately

Because velocities are not coupled with temperature, the

turbulent flow field can be solved first, then the fluid temperature.
39/72


/
/

< = cFE 2k =g o\
FERALE U el (€ )
Sl s & HEHELEDT 5F

11-8-3 Program reading

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
MODULE USER_L
C***************************************************************
INTEGER*4 1,J
REAL*8 CMU, C1, C2, PRT, PRK, PRD, PRPRT, PFN, CMU4,
1 AFL, VMIN, REL, AMT, ALOG, GAP, GAMM, DUDX, DUDY, DVDX,
1 DVDY, DISS, AMU, PR, FLOWIN, FL, FACTOR
END MODULE
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCecee
SUBROUTINE USER
C****************************************************************
USE START L
USE USER_L
IMPLICIT NONE

C************************************************************************

@ — PROBLEM TEN-==—mmm e
C  Turbulent fluid flow and heat transfer in a parallel duct with stepwise
C inlet velocity distribution

C************************************************************************ 40/72
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BY) FEZBAS HORALE B T AT
) FLAALE JuAnEsLE @8

ENTRY GRID
TITLE(1)=* .VEL U."
TITLE(2)=* .VEL V.
TITLE(3)=* .STR FN.'
TITLE(4)=*. TEMP. | o
TITLEGS)='"KIN ENE' > 'All are titles for printing
TITLE(6)= .DISIPA.’
TITLE(7)="TURB VI'
TITLE(11)="PRESSURE'’
TITLE(12)=* DENSITY'

41/72
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RY) FFXLA A F 5 TGS
&"% Hh s s s ()

RELAX(1)=0.8
RELAX(2)=0.8
RELAX(5)=0.6
RELAX(6)=0.6
RELAX(7)=0.6 ' NF=7 for turbulent viscosity n,
LSOLVE(1)=.TRUE. ™\
LSOLVE(5)=.TRUE.
LSOLVE(6)=.TRUE.
LPRINT(1)=.TRUE.

LPRINT(2)=TRUE. lAll logical values for
LPRINT(3)=.TRUE. >‘

|

- -, |
LPRINT(4)=.TRUE. solving and printing :
LPRINT(5)=.TRUE. |
LPRINT(6)=.TRUE. |
|

|

|

|

I |

e el B R S e R
I |
|

|
SR I R —
|

LPRINT(7)=.TRUE. _
LPRINT(11)=.TRUE.

LAST=100 Regarding 7, as

XL=1. th almes ¢ |kl
vl=4 the 71" element of

1o
L1=7 F(1, ], NF) 1
M1=9 _ _ ]
cpcon=1000. ! C,inthe I expression for temperature t 1 'i

CALL UGRID
RETURN I=A =nc,/Pr

I
1

|
|= === =fF == === == ==t ==
|

ﬂ.
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Ty FE X HORATE B TAR R0
FLAALE SRR @

NS

' 1, 1 | ENTRYSTART
L _-4-4-+-L DO 100J=1,M1
1 111 DO1011=1,L1 1% of inlet kinetic energy,
T U(1Ld)=0, initial value, also B.C. for inlet
L _a_a i L V(J)=10
C 0 V(LY)=0.
-l dodolosV(1,2)=10. , -
B Ir IF((I.()ST.4)V(I,2):100. 1, :determied from
oo T T(1,9)=100. |
ot TEl,J)):O. Re, = £ V2La) _100
corop o | IF(1.GT.4) T(1,1)=400. 7
Emietel  AKE(1,3)=0.005%V/(1 )2
N DIS(1,J)=0.1*AKE(1,J)**2 100_1><100><1.O 10
101 ENDDO = T = L
100 ENDDO h

Initial value, also
B.C. for inlet !
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BY) FEZBAS HORALE B T AT
) FLAALE JuAnEsLE @8

AMU=1.E-6 ! Attention, very small value, turbulent flow

CMU=0.09—

Cl=1.44 ! Constants of Standard k-¢

|E>2|:2;|'1:329 >  Most widely accepted values of model constants
PRK=1.0 ¢ & G o o o
PRD=13 — 144 192 0.09 1.0 13 0.9-1.0
PR=0.7

PRPRT=PR/PRT
PFN=9.*(PRPRT-1.)/PRPRT**.25 ! P function of WFM for T

CMU4=CMU**.25 T+ =Ztin(Ey*) + Po,
K

RETURN

O O,\-1/4
ENTRY DENSE P= 896(;’—0(?)
RETURN ! !

4472
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ENTRY BOUND
IF(ITER == 0) THEN
FLOWIN=0.
DO 310 1=2,L.2 _
FLOWIN=FLOWIN+RHO(1,1)*Vv(1,2)*xcv(l) ! Flow rate at inlet
310 ENDDO L OWIN
ELSE
FL=0. FACTOR =—
AFL=0. :
VMIN=0. Z[(Vi,MZ + |Vmin |) *RHO, ,,, * XCV (1)]
ENDIF i—2
DO 301 1=2,L.2

IF(V(1,M2)< 0.) VMIN=DMAXL(VMIN,-V(1,M2)) ! Search for V...
AFL=AFL+RHO(I,M1)*XCV(I)

FL=FL+RHO(I,M1)*V/(1,M2)*XCV(l)

FACTOR=FLOWIN/(FL+AFL*VMIN)

301 ENDDO
DO 302 1=2,L.2 |

- + * —_

0, WLML=(VILM2I VMINEACTOR IV, ;= FACTOR e (V, 5 + |V |)
DO 303 J=2,M2
AKE(L1,J)=AKE(L2,J) ! symmetry; decoration for print out
DIS(L1,J)=DIS(L2,J)

303 ENDDO
RETURN

45/72
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g, ‘5% % _? P
) FELAAS AHFSIE @
s i & HEHESLERFE B2

ENTRY OUTPUT
IF(ITER==0) THEN
PRINT 401
WRITE(8,401)
401 FORMAT(1X," ITER'6X,'SMAX',6X,'SSUM',5X,"V/(6,6)",
1 4X,'T(5,6)',4X,'"KE(5,6)")
ELSE
PRINT 403, ITER, SMAX, SSUM, V(6,6),T(5,6), AKE(5,6)
WRITE(8,403) ITER,SMAX,SSUM,V(6,6),T(5,6),AKE(5,6)
403 FORMAT(1X,16,1P5E11.3)

ENDIF

IF(ITER>=55) THEN | Switch off the solution variables:
LSOLVE(4)=.TRUE. 71 |Flow is not coupled with
tggwgggfgﬁtgg [ |temperature! After obtaining

L SOLVE(6)=FALSE. ;:Sogglliré%ed flow field, temperature
ENDIF

IF (ITER==LAST) CALL PRINT

RETURN

46/72
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ENTRY GAMSOR

IF(NF==3) RETURN

IF(NF==1) THEN _ _
REL=1.-RELAX(7) ' NF=7 for turbulent viscosity
DO 500 J=1,M1 ¢ pk?
DO 501 1=1,L1 n, =%
AMT=CMU*RHO(I,J)*AKE(1,J)**2/(DIS(1,J)+1.E-30) «— 't g
IF(ITER==0) AMUT(1,)=AMT ! Initial values
AMUT(1,J)=RELAX(7)*AMT+REL*AMUT(I,J)

501 ENDDO | : .
500 ENDDO I Underrelaxation for turbulent viscosity
FACTOR=L1.
ELSE Prt — 77th /ﬂ‘t’ ﬁt:Uth / Prt

IF(NF==4) FACTOR=CPCON/PRT
IF(NF==5) FACTOR=1./PRK n n
IF(NF==6) FACTOR=1/PRD |(1, +—)—Tfork; (7 +-)—fore
DO 520 J=1,M1 Oy ¢
DO 521 1=1,L1 ! Laminar part is omitted
GAM(1,J)=AMUT(1,J)*FACTOR
IF(NF/=1) GAM(L1,J)=0. ! Symmetric line, u=0
GAM(1,M1)=0. ! Local one way for outlet

521 ENDDO

520 ENDDO 48/72
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Fundamentals of Wall Function Method ‘

1) Assuming that the dimensionless velocity and temp. distributions | °
outside the viscous sub-layer are of logarithmic law(%}&£2). - |
1 1 M= P T
ut=—In(Exp), —In(E)=5.0~5.5 o i
g L

For X, >11.0 { K - .
1* = in(Exp)+ Po,s P=8.96(ZL 1)Ly

o
K
O-f O-f The 1°tinner node

2) Placing the 1st inner node P outside the viscous sub-layer,
where logarithmic law is valid (x; >11 ).

3) The effective turbulent viscosity and thermal conductivity
between the 1st inner node and wall determined by :

y* X ) pX(C1/4k1/2)
g = (_2)77| Ag = (_z) Pr, A, Xp = =
e Te g 49/72
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Fundamentals of Wall Function Method ‘

4) The boundary condition of k equation dk/on=0
5) The gat 1st inner node is determined by: &=C¥*k?/(xY,)

» For Solid wall: adopting wall function method

(1)Velocity — normal to wall Z_i)“' =0
Velocity — parallel to wall ¢, =0 , and 75 determined by WFM
X CYAKY2
Mo =2y x = 22X K
Ue ]

(2) Temperature

Ag determined by WFEM  4; = (?—i)Pﬁ 4
P 50/59
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WFM implementation!
DO 530 J=2,M2

SELECT CASE (NFLLForu,p’k &
(CASE (1,3,5,6) For u, p’and k--adiabatic; For &, set up its value |\

of 1st inner node, then cut the connection to its
GAM(1,J)=0. <= boundary. All lead to 7=0

CASE (2) ! For velocity v, WFM should be used!
GAM(1,J)=AMU ! First, laminar viscosity is given for the left wall
XPLUS(J)=RHO(2,J)*SQRT(AKE(2,J))*CMU4*XDIF(2)/AMU
< IF(XPLUS(J)>11.5) GAM(1,J)=AMU*XPLUS(J)/ el >
1 (ALOG(9.*XPLUS(J))*2.5) ! Turbulence viscosity 775 = (—E)?]I

CASE (4) ! For temperature, WFM for temperature Up
GAM(1,J)=AMU*CPCON/PR! First, laminar thermal conductivity
IF(XPLUS(J)>11.5) GAM(1,J)=AMU*CPCON/PRT*XPLUS(J)
/(2.5*ALOG(9.*XPLUS(J))+PFN) I Turbulence thermal conductivity /

1
\_ +
ENDSELECT ] px(CYk¥?) | 2, =(?—i)Pﬁﬂq

_|_

530 ENDDO X i
T 51/72
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D 2 sF& Fl 2k b o Pt N
&5%7\@;(2? :ii.af,.u_ﬁ-ks— %.Iii‘ /\@>
e PN {E)

c o 1
ﬂ__(?-?rﬁ_): )
IF(NF==1) THEN S — 0 (n, 8u) 4 0 (7 aV) or ' ax’  XDIF(i)
u . N .
DO 590 J=2,M2 OX ~OX 0Oy — OX  (Gamup it -un) _

xcv(i)

DO 591 I=3,L2 | . oS u{ ) -u(i-1 )
GAM(i-1.j) . }
CON(1,9)=(GAM(1,J)*(U(1+1,J)-U(1,))/XCV(1) xev(i-1)
1 -GAM(I-1,3)*(U(1,3)-U(1-1,3))/XCV/(I-1))/XDI "Source )

GAMP=GAM(l,J+1)*GAM(I-1,J+1)/(GAM(¥,J+1)+GAM(I-1,J+1)+1.E-30) term

GAMP=GAMP+GAM(I,J)*GAM(I-1,3)/(GAM(1,)+GAM(I-1,J)+1.E-30) for u-
GAMMSGAM(1,J-1)*GAM(I-1,J-1)/(GAM(I,J-1)+GAM(I-1,J-1)+1.E-30) cq.
GAMM={AMM+GAM(I,J)*GAM(IA, I)/(GAM(1,)+GAM(I-1,I)+1.E-30) | “sore
CON(1,3)=8ON(1,3)+(GAMP*(V(1, §+1)-V(1-1,J+1)) T
1 -GAMM*(VN,J)-V(I-1,I))/(YCV(J)*XDIF(I)) O e
AP(1,3)=0. Vu_, oL ey
) ) . . ) ) L. yoev | G1,)) w )
°91 ENDDO _ (=L 0)m () m(i-Li+Y)n (i, j+1) < e
500 ENDDO e = (i 4 — s o 7
ETURN n(i-1j)+n(i,J) n7(-1j+1)+n(,j+1) .

Refer to textbook page 358 52/72
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509 IF(NF==2) THEN
DO 594 J=3,M2
DO 595 1=2,L2 \
CON(1,9)=(GAM(I,)*(V(1,J+1)-V(1,2))/YCV(J)-

1 GAM(I,J-1)*(V(1,d)-V(1,3-1))/YCV(I-1))/(YDIF(J))
GAMP=GAM(I+1,J)*GAM(I+1,J-1)/(GAM(1+1,J)+GAM(I+1,J-1)+1.E-30)
GAMP=GAMP+GAM(I,J)*GAM(1,J-1)/(GAM(I,J)+GAM(I,J-1)+1.E-30)
GAMM=GAM(I-1,J)*GAM(I-1,J-1)/(GAM(I-1,3)+GAM(I-1,J-1)+1.E-30)
GAMM=GAMM+GAM(1,J)*GAM(I,J-1)/(GAM(1,J)+GAM(1,J-1)+1.E-30)
CON(1,J)=CON(I,J)+(GAMP*(U(1+1,J)-U(1+1,3-1))

1 -GAMM=*(U(1,3)-U(1,3-1)))/(XCV(1)*YDIF(J))
AP(1,3)=0.

595 ENDDO
594 ENDDO
RETURN Source term

ENDIE calculation J
for v- eq.

53/72


/
/

FHEALE

IF(NF==4) THEN
DO 596 J=2,M?2
DO 597 1=2,L.2
CON(1,J)=0.
AP(1,)=0.

597 ENDDO
586 ENDDO
RETURN

\

Source
term
calculation

~

for T- eq. y

A e s g a4
HENETLFZHFT

&
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I Following part is for the source term of k- eq.:

PE G = Ou, Ou, Ou,
— — — — = +
S =nG—pe=nG-( )k o, ox, o)
I Most part of the code is for calculation of GEN term
ELSE IF(NF==5) THEN
DO 598 J:2,M2 XDIF(7)
DO 599 1=2,L.2 %ﬂ'
DUDX=(U(1+1,J)-U(1,3))/XCV(I) LT
DVDY=(V(1,J+1)-V(1,9))/YCV(J) L B L A
IF(J==2) DUDY=(0.5*(U(1,3+1)-U(1,9))+0.5*(U(1+1,3+1)- {Yf;;?'*(,-.zﬁ T T
C U(1+1,2)))/YDIF(J+1) R I
X(:V(f-l)-1 XCV(i)

55/72
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IF(J==M2) DUDY=(0.5*(U(1,J)-U(1,J-1))+0.5*(U(1+1,J)-U(1+1,J-1))) /YDIF(J)
IF(J/=2.AND.J/=M2) DUDY=(0.5*(U(l,J+1)-U(1,J-1))+0.5*(U(1+1,J+1)-

1 U(1+1,3-1)))/(YDIF(J)+YDIF(J+1))

IF(1==2) DVDX=(0.5*(V(1+1,J)-V(I-1,3))+0.5*(V(1+1,J+1)
1-V(1-1,J+1))/(XDIF(1)+XDIF(1+1))

IF(1==L2) DVDX=(0.5*(V(1,J)-V(1-1,3))+0.5*(V(1,J+1)
1-V(1-1,3+1)))/XDIF(I)

IF(1/=2.AND.1/=L2) DVDX=(0.5*(V(1+1,J)-V(1,J))+0.5*(V(1+1,J+1)

1 -V(1,J+1)))/XDIF(1+1)) ou ﬁ 3
GEN(1,J)=2.*(DUDX**2+DVDY**2)+(DUDY+DVDX)**2 | G = - ( n_ ~)
CON(1,J)=GEN(I,J)*AMUT(1,J) i O

AP(1,J)=-RHO(1,3)*DI1S(1,J)/(AKE(1,J)+1.E-30)

598 ENDDO %f k-€q. }
599 ENDDO

RETURN Sy =G — pe=nG - ('0 )k

&
ENDIF k

56/72
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LS s s G
s _GenG _cpet _cenG (& ps*)g S = Agivens Sp = —A,
¥ K K K K A=10" ~10%
DO 600 J=2,M2 Large source term method
DO 601 | I o 1]
CON(1,J)=C1*6EN(1,J)*CMU*RHO(1,J)*AKE(1,J) '.'i'*:'j'*:‘-iL
AP(1,J)=-C2*RHO(1,3)*DIS(1,J)/(AKE(1,J)+1.E-30) - = Lep
601 ENDDO Co4y 32 --i—-i-*l-i--:L
600 ENDDO e=—+F M
DO 602 J=2,M2 / KYp > o il L
DISS=CMU*AKE(2,J)**1.5/(0.4*CMU4*XDIF(2)) 'i i ! i i
CON(2,J)=1.E30*DISS T
=- L ' _1elelL
602A|\EP|\(IE)’\[]))O 1'E30\ Adopt large source £ T T
RETURN f[erm me;tjhodljor 1.512. Source term
END INNET node WEre 1=25 / calculation for

Epsilon eq. 57/72
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9.8.4 Results analysis

COMPUTATION 1IN CARTESIAN COORDINATES
serkekekoskekekorsiokekokskokskeksrokokskekskokekekoskokskekskokoskskkskokskok

ITER SMAX SSUM V (6, 6) T(5,6) E (5, 6)
8.411E+00 1.421E-14 4. 326E+01 1. 000E+02 9. 108E+00
2. 675E+00 8.882E-15 4. 354E+01 1.000E+02 2. 939E+01
9.943E-01 —4.441E-15 4.409E+01 1. 000E+02 5.808E+01
1. 321E+00 6.661E-16 4. 538E+01 1. 000E+02 9. 042E+01
1. 147E+00 —1.998E-15 4.668E+01 1. 000E+02 1. 233E+02
7.209E-01 3.331E-16 4.747E+01 1.000E+02 1. 550E+02
5.410E-01 2.109E-15 4.762E+01 1.000E+02 1. 848E+02
4. 211E-01 8.882E-16 4. 725E+01 1. 000E+02 2. 119E+02
3. 7T60E-01 3.886E-15 4.642E+01 1.000E+02 2. 363E+02
3.451E-01 -2.776E-15 4.521E+01 1.000E+02 2. 577E+02
3. 7T23E-01 —5.773E-15 4.376E+01 1.000E+02 2. 760E+02
3. 7197E-01 —4.441E-16 4.217E+01 1.000E+02 2. 912E+02
3.811E-01 1.044E-14 4.0504E+01 1.000E+02 3.031E+02
3. 785E-01 —8.216E-15 3.899E+01 1.000E+02 3. 120E+02
3. 723E-01 -9.437E-15 3.757E+01 1.000E+02 3. 183E+02
3. T14E-01 —1.332E-15 3.633E+01 1.000E+02 3. 226E+02
3. 640E-01 —4.441E-16 3.529E+01 1.000E+02 3. 254E+02
3.615E-01 1.776E-15 3.446E+01 1.000E+02 3. 273E+02
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
39
36
37
38
39
40
41
42

DO = = = DO DD DD GO G0 I s U1 O O =1 =1 GO b b =t = = = GO

. 499E-01
. 993E-01
. 916E-01
. 632E-01
. 494E-01

283E-01
071E-01
615E-02
442E-02
219E-02
907E-02
246E-02
292E-02

. 163E-02
. 182E-02
. 624E-02
. 316E-02
. 901E-02
. 497E-02
. 160E-02
. 930E-02
. 130E-02
. 030E-02
. 212E-02

. 1T3E-15
. 000E+00
. 327TE-15
. 270E-15
L TT3E-15
. 220E-15
. 327E-16
. 024E-14
. 301E-15
. 969E-15
. 638E-15
. 104E-15
. 689E-15
. 039E-15
. 467E-15
. 332E-15
. 938E-15
. 693E-15
. 303E-14
. 010E-14
. 041E-16
. (T4E-14
. 114E-16
. 967E-16

O Lo Lo Lo Lo Lo Lo Lo Lo oL Lo Lo L Lo Lo Lo Lo Lo Lo

. 380E+01
. 331E+01
. 294E+01
. 267E+01
. 248E+01

234E+01
224E+01
218E+01
213E+01
210E+01
207E+01
200E+01
202E+01

. 199E+01
. 196E+01
. 193E+01
. 189E+01
. 185E+01
. 181E+01
. 1T7EH0]
. 173E+01
. 168E+01
. 164E+01
. 160E+01

Pt b b = = = e e e e = = = = e = e e = e =

. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02

O Lo Lo Lo Lo Lo Lo Lo Lo oL Lo Lo L Lo Lo Lo Lo Lo Lo

. 280E+02
. 293E+02
. 298E+02
. 299E+02
. 299E+02

295E+02
290E+02
282E+02
213E+02
261E+02
248E+02
234E+02
218E+02

. 201E+02

183E+02
165E+02
145E+02
126E+02
105E+02

. 085E+02
. 064E+02
. 043E+02
. 022E+02
. 002E+02

HAFF E A

(&=
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43
s
43
46
47
48
49
50
1
52
53
54
50
00
oy
58
59
60
61

62 5.T79E=03 =T, 52TE =15 3. LI6E0] _ 2. 1T4E02_ 2. T60E+Q2

Cﬂtﬂtﬂtﬂtﬂtﬂtﬂtﬂ@@@mr—*r—*m[\ﬂww—‘-kﬁ-

093E-02
230E-02
399E-02
645E-02

. 060E-02
. 081E-02

193E-02

. 833E-03

423E-03

. 119E-03
. 003E-03

891E-03

. T7T9E-03
. 1T9E-03
. TT9E-03
. TT9E-03

779E-03

. TT9E-03

. TT9E-03 -

—4. 635E-15

-1.
. 327E-16
. 388E-16
. 188E-16
. T18E-15
. 939E-16
CTT2E-15
. 096E-15
. 288E-15
. 456E-15
.001E-15
. 027E-15
.021E=15
. 027E-15
. 027E-15
. 027E-15
.527E 15

457E-15

7.927E-15

wwwwwwwwwwwwwwwwwww

. 156E+01

152E+01

. 148E+01

144E+01
140E+01
136E+01
133E+01
130E+01
127E+01
124E+01
121E+01
118E+01
116E+01
116E+01
116E+01
116E+01
116E+01
116E+01
. 116E+01

63 0. 779E-03 -7.527E-15 3. 116E+01
64 5. 779E-03 -7.527E-15 3. 116E+01
60 0. 779E-03 -7.527E-15 3. 116E+01
66 5. 779E-03 -7.527E-15 3. 116E+01

DS DO OO DO DO DO = b= = = = bt b e e e e e

. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02
. 000E+02

000E+02

. 000E+02
. 126E+02
. 170E+02
. 174E+02
. 174E+02
. 174E+02

. 174E+02

oo NN NN DN DNDDND DD

2.

.9§gE+02

. 961E+02
. 941E+02
. 921E+02
. 901E+02
. 882E+02
. 863E+02
. 845E+02
. 827E+02
. 810E+02
. 193E+02
. TT6E+02
. T60E+02
. 160E+02
. T60E+02
. T60E+02
. T60E+02
. T60E+02

T60E+02

2. 1T4E+02 2. T60E+02
2. 1T4E+02 2. T60E+02
2. 1T4E+02 2. T60E+02
2. 1T4E+02 2. T60E+02

Changing solution
variables

Seven iterations of 7
reach converged solution
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67 5.779E-03 -7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
68 0. 779E-03 -7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
69 5. 779E-03 -7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
70 5.779E-03 -7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
71 5.779E-03 -7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
72 5.779E-03 -7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
73 9.779E-03 -7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
4 5.779E-03 -7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
75 0.779E-03 -7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
76 5.779E-03 -7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
77 5.779E-03 —7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
18 95.779E-03 —7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
79 o5.779E-03 -7.527E-15 3. 116E+01 2. 174E+02 2. 760E+02
80 5. 779E-03 —-7.527E-15 3.116E+01 2. 174E+02 2. 7T60E+02
81 5. 779E-03 —7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
82 5. 779E-03 —-7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
83 5. 779E-03 —-7.527E-15 3.116E+01 2. 174E+02 2. 7T60E+02
84 5. 779E-03 —7.0527E-15 3. 116E+01 2. 174E+02 2. T60E+02
85 5. 779E-03 —7.527E-15 3.116E+01 2. 174E+02 2. T60E+02
86 5. 779E-03 —7.527E-15 3.116E+01 2. 174E+02 2. 7T60E+02
87 5.779E-03 —-7.527E-15 3. 116E+01 2. 174E+02 2. 7T60E+02
88 5. 77T9E-03 —-7.527E-15 3.116E+01 2. 174E+02 2. 7T60E+02
89 5. 779E-03 —-7.527E-15 3.116E+01 2. 174E+02 2. 760E+02
90 5. 779E-03 —-7.527E-15 3.116E+01 2. 174E+02 2. 760E+02

61/72


/
/

BT) FEEAAS HORALE B T AT @
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| = 2 3 4 S 6 I

o

0.00E+00 0.00E-+00 0.00E+00 0.00E+00 0.00E-+00 0.00E+00
0.00E+00 1.56E-02 3.75E-02 3.84E-02 2.04E-02 0.00E-+00

0.00E+00-1.65E+00-2.68E-+00-2. 78E+00-1.33E+00 0.00E-+00
0.00E+00-2.37E+00-3.56E+00-3.57E+00-1.63E+00 0.00E-+00
0.00E+00-2.38E+00-3.88E+00-3.98E+00-1.66E+00 0.00E+00
0.00E+004-8QE+00-3.33E+00-3.86E+00-1.45E+00 0.00E+00
0.00E+0p) 3.74E+00-3.47E-01 -2.75E+00-8.62E-01 0.00E+00
0.00E+0Y 4.44F+00 6.55E+0 0-2.87E+00-6.77E-01 0.00E+00 I I
0.00E+00°6:80E-+00 0.00E+00 0.00E+00 0.00E+000.00E+00 1 1 1

9

R NWROOIo N O
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Khkkhkkhkkhkkhkkkikkhkkrihkkkhihkkkikhkkikkikkiiikkiik VE L V AR R R R R T P R P S P R T P e P e P P T P e

| = 1 2 3 4 S| 6 7

0.00E+00 8.87E+00 3.18E+01 4.59E+01 6.52E+01 7.82E+01 1.00E+01
0.00E+00 8.87E+00 3.18E+01 4.59E+01 6.52E+01 7.82E+01 1.00E+01
0.00E+00 4.16E+00 2.89E+01 4.56E+01 6.93E+01 8.20E+01 1.00E+01
0.00E+00-2.61E+00 2.55E+01 4.56E+01 7.48E+01 8.67E+01 1.00E+01
0.00E+00-9.41E+00 2.12E+01 4.53E+01 8.15E+01 9.14E+01 1.00E+01
0.00E+00-1.34E+01 1.56E+01 4.38E+01 8.83E+01 9.56E+01 1.00E+01
0.00E+00-2.70E+00 3.98E+00 3.69E+01 9.37E+01 9.81E+01 1.00E+01
1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+02 1.00E+02 1.00E+02

N WS OTO) N 00 O
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Khkkkhkkhkkhkkkhkkhihkkkhihkkkhhkkhkkikkiiikkiik ST R F N *hkkkkikkkhkhkkhkkhkihkkkhkhkkikkikkkikikkkiikkiik

(S

N WS 01O 1 0 ©

2 3 4 S 6 I

0.00E+00-1.77E+00 -8.12E+00-1.73E+01-3.03E+01-4.60E+01 .
0.00E+00-1.77E+00 -8.14E+00-1.73E+01-3.04E+01-4.60E+01 I
0.00E+00-8.31E-01 -6.61E-+00-1.57E+01-2.96E+01-4.60E-+01 |
0.00E+00 5.21E-01 -4.58E+00-1.37E+01 -2.87E+01-4.60E+01 |
0.00E-+00 1.88E+00 -2.36E+0 0-1.14E+01-2.77E+01-4.60E+01 |
0.00E-+00 2.68E+00 -4.55E-01 -9.22E+00 -2.69E+01-4.60E+01 |
0.00E+00 5.39E-01 -2.57E-01 -7.64E-+00 -2.64E+01-4.60E+01 AH_,I
0.00E+00-2.00E+00 -4.00E+00-6.00E+00 -2.60E+01-4.60E+01 1 1 1
>

Stream function increase along this direction

HHIHHHHIIITIIHIHITHT I(THh
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| = 1 2 3 4 S| 6 I

0.00E+00 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02 |
00E+00 3.01E+02 3.26E+02 3.39E+02 3.60E+02 3.80E+02 1.00E+02
00E+00 3.00E+02 3.21E+02 3.35E+02 3.63E+02 3.85E+02 1.00E+02 |
00E+00 2.93E+02 3.10E+02 3.26E+02 3.64E+02 3.89E+02 1.00E+02 |
00E+00 2.80E+02 2.93E+02 3.11E+02 3.67E+02 3.92E+02 1.00E+02
00E+00 2.65E+02 2.69E+02 2.88E+02 3.72E+02 3.95E+02 1.00E+02 ||
00E+00 2.52E+02 2.36E+02 2.53E+02 3.79E+02 3.97E+02 1.00E+02
00E+00 1.29E+02 1.16E+02 2.01E+02 3.90E+02 3.99E+02 1.00E+02
00E+00 1.00E+02 1.00E+02 1.00E+02 4.00E+02 4.00E+02 4.00E+02

Given wall temp

I

T=400
V=100

P NWPS~OTO N0 O

Given inlet temp.
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Khkkkkrkkkhkkhkkkhkkhkkkikihkkhkkhkhkkhkkikkkiikikiik K I N E N E KAAhkkkkikkkhkkhkkkhkkhkkkikihkkkikkkikikkkikikikkiikk

| = 1 2 3 4 5 6 7

J Initial values, No decoration!

5.00E-01 5.00E-01 5.00E-01 5.00E-01 5.00E+01 5.00E+01 5.00E+01
5.00E-01 1.59E+02 4.93E+02 4.65E+02 3.53E+02 2.15E+02 2.15E+02
5.00E-01 1.90E+02 5.34E+02 4.85E+02 3.35E+02 1.74E+02 1.74E+02
5.00E-01 2.20E+02 5.83E+02 5.22E+02 3.20E+02 1.37E+02 1.37E+02
5.00E-01 2.39E+02 6.06E+02 5.46E+02 2.94E+02 1.06E+02 1.06E+02
5.00E-01 2.15E+02 5.40E+02 5.31E+02 2.54E+02 8.23E+01 8.23E+01
5.00E-01 1.15E+02 3.30E+02 4.69E+02 2.06E+02 6.62E+01 6.62E+01
5.00E-01 1.88E+01 1.03E+01 3.22E+02 1.46E+02 5.55E+01 5.55E+01
5.00E-01 5.00E-01 5.00E-01 5.00E-01 5.00E+01 5.00E+01 5.00E+01

N WS OO N 00 O

|

Initial values,
No decoration!

o,
\

)

N
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Khkkkkrkkhkkkhkkkhkihkkkhkihkkkikkkikkikkkiiikkiik . D I S I PA *hkkkAhkkhkkkhkkhkkkikkkikkkhkikkkihkkikkiikkik

1 2 6 I

4 5

Initial values, No decoration!

2.50E-02 2.50E-02 2.50E-02 2.50E-02 2.50E+02 2.50E+02 2.50E+02
2.50E-02 8.18E+03 1.25E+04 1.13E+04 7.78E+03 3.60E+03 3.60E+03
2.50E-02 1.07E+04 1.44E+04 1.28E+04 7.79E+03 2.82E+03 2.82E+03
2.50E-02 1.34E+04 1.71E+04 1.53E+04 7.94E+03 2.12E+03 2.12E+03
2.50E-02 1.51E+04 1.93E+04 1.80E+04 7.66E+03 1.50E+03 1.50E+03
2.50E-02 1.29E+04 1.79E+04 1.98E+04 6.81E+03 1.01E+03 1.01E+03
2.50E-02 5.08E+03 1.04E+04 1.99E+04 5.46E+03 6.63E+02 6.63E+02
2.50E-02 3.34E+02 1.53E+02 1.52E+04 3.43E+03 4.02E+02 4.02E+02
2.50E-02 2.50E-02 2.50E-02 2.50E-02 2.50E+02 2.50E+02 2.50E+02

(&

N WS OO N 00 O

|

Initial values,

C3/4k 3/2
No decoration! g=—~1""F

KYp
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Khkkkkhkkhkkkikkkhikkkhihkkkikkkikkikkkiiikiik TU R B V I *Ahkkkkikkkhkkhkkkikihkkkhkihkkkikkiikkkiiikkiikk

1 2 3 4 S 6 I

o

9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-019.00E-01

9.00E-01 2.78E-01 1.72E+00 1.70E+00 1.42E+00 1.14E+00 1.14E+00
9.00E-01 3.04E-01 1.76E+00 1.65E+00 1.29E+00 9.59E-01 9.59E-01
9.00E-013.27E-01 1.77E+00 1.59E+00 1.16E+00 7.99E-01 7.99E-01
9.00E-01 3.40E-01 1.71E+00 1.48E+00 1.01E+00 6.75E-01 6.75E-01
9.00E-01 3.22E-01 1.46E+00 1.28E+00 8.54E-01 6.02E-01 6.02E-01
9.00E-01 2.36E-01 9.39E-01 9.99E-01 7.00E-01 5.94E-01 5.94E-01
9.00E-01 9.50E-02 6.24E-02 6.19E-01 5.58E-01 6.88E-01 6.88E-01
9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01

R NNDWPA OO N 00 OO

Molecular viscosity 77, ~#107°
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| = 1 2 3 4 S 6 I

[

1.44E+03 1.43E+03 1.41E+03 1.33E+03 1.21E+03 1.14E+03 1.12E+03
1.36E+03 1.35E+03 1.33E+03 1.28E+03 1.20E+03 1.15E+03 1.13E+03
1.20E+03 1.19E+03 1.17E+031.17E+03 1.17E+03 1.16E+03 1.16E+03
9.40E+02 9.31E+02 9.11E+02 9.19E+02 9.28E+02 9.26E+02 9.25E+02
6.02E+02 5.92E+02 5.72E+02 5.96E+02 6.22E+02 6.25E+02 6.27E+02
2.24E+02 2.16E+02 1.99E+02 2.54E+02 3.08E+02 3.24E+02 3.32E+02
4.20E+01 3.16E+01 1.09E+01 1.03E+02 1.39E+02 1.44E+02 1.46E+02
1.31E+01 5.48E+00-9.74E+00-6.55E+01 2.53E+01 4.85E+01 6.02E+01
0.00E+00-7.61E+00 -2.01E+01-1.50E+02-3.17E+01 1.07E+00 1.27E+01

|

T=400
V=100

R NDWPA OO N 00 OO
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3.5

TEMP.

' 370
330

290
250

. 210
170

130

90
i
10

IIJIII

0

0.5 1
X/m

1.5

i TURB_VI

el ! 1.4

E 1.25

K | 1.1

- . 0.95

| 0.8

i & 0.65

- 0.5

m 0.35

B 0.2

- 0.05
[ T

0 0.5 | k5

X/m
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Part | : Fundamentals of NHT and Teaching Code
(11 chapters)

Part Il of NHT: Study of FLUENT £

C 12 Basic contents
(6 hours)

|

Applications
(6 hours)

C 13a Fundamental
Applications

C 13b Intermediate
Applications
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(Li Chen)
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Announcement

Next week, Prof. Wen-Tao Ji Is going to attend a oversea meeting.
Therefore, the lessons In the next week (Dec. 5 & Dec. 6) will be
postponed (ZEHH). Next class is on Dec. 12, 2023.

FRBUR (1285H. 12H6H) BUH, HRESEIRE—,

pialyy
o
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Teaching PPT will be loaded on our website

— G S
R
People In the

same boat help
each other to

ﬁ’cbross to the other
. ank, where....
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