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A Study on the Characteristics of the
Temperature Distribution of Thick Pipe Cross
Section in Cross Flow

Sang Bong Lee

Department of Control & Mechanical Engineering, Graduate School,
Pukyong National University

Abstract

As the heat transmission of pipes is frequently applied to
industrial devices such as evaporators, condensers and heat
switchboards, there have been numerous findings reported from
experiments and numeric analyses in various ways. However, most
of previous researches concentrate on the heat transmission through
the flow of fluid around pipes, assuming that the surface
temperature of the pipes or the heat flux is constant.

Therefore we measured the temperature distribution around a pipe
when a single pipe in cross flow field was heated directly and
indirectly and there was asymmetrical temperature distribution to the

direction along the circumference of the internal surface of the pipe,

and using it as the boundary values we compared and analyzed the
temperature distribution on the inside and surface of the pipe, and
heat transmission factor around the pipe, and the effect of local
convection heat transmission. The results of the experiment are as
follows.

1. For a pipe with a thick cross-section, the dimensionless factor
(K') with taking the configuration factor (R,/8) into

consideration decreased compared to that without, and the
difference varied according to the spots on the surface of the
circumference because of their different surface flow rate.

_ix_



2. The smaller the configuration factor ( R,/#) was, in other
words, the thicker the pipe was, the greater the inclination of
temperature to the direction of radius appeared to be because
of asymmetrical concentration of heat transmission to the
direction along the circumference. This made the heat
movement along the circumference and to the direction of
radius remarkable.

3. When the heat transmission factor ( k/k,) and configuration
factor ( R,/t) were small, the heat transmission rate to the

direction around the circumference of pipes significantly went
up and the factor of local convection heat transmission on the
circumferential surface of pipes was greatly affected.

4. The front and rear stationary points on the surface of pipes

and the value of dimensionless factor K are related to the

effect of convection heat transmission through the flow of fluid.
Therefore we can obtain an effective heat transmission rate
when considering the heat movement rates to the direction
along the circumference of pipes as well as to the direction of
the radius of pipes.

5. According to the method of fluid flowing and heat sources, it
was valid to consider both the direction along the
circumference and the direction to the radius with regard to
the factor of convection heat transmission when the value of
dimensionless factor K= was small.

6. It was found that as the number of Reynolds increased the
convection heat transmission increased and the inclination of
heat to the direction of radius grew stronger. Especially around
front and rear stationary points, the inclination of heat to the
direction of radius was prevailing.

7. According to the method of heat sources, the inclination of heat
to the direction of radius appeared to be non-linear in direct

heating, and to be relatively linear in indirect heating.
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Fig. 2.1 Idealized test model for direct heating.
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Fig. 2.2

Idealized test model for indirect heating.
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Qo“(g) = Roz dgz + dt (24%37}%) (210)
kit d°T. .
do (6) = R02 d92 + q; (Zl'%jﬂ'o‘——f’]_) (2 11)

)

q7NA T,/ de & &S FF9 Fig. 29 Zo] 95
gzt @& dgo=s AY FAHs1 F
2~ Z 2ol H 7+ (spline interpolation) 2
FA e ALY o9} Zo] SAHE AY AEE

g, (6) — a.’(6

) (2.12)

N.(8) =

2103 HQ2IDAAX & T4 dF €75 ¢ (9
A(2.12)° ddstd, 12Y EAEASF N(O= ot 2ol

& 4 v

(2.13)
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2.4 2214 A

Fig. 237 22 slo]X 2o &% (T)7 234 (R, 0)&
TE A AL AALHY dUA(AE)RAANYe g

3 2o

2219 EAE WAHA (2155 FHo|x o ug FHIF F
FHA X0 #3 AAZHC HAPHoz FojxXu F
FE€F(g)ol AAAE dol= YR TE 23Y 2% 2
XE ojad A=WAAY HeE & F JeE I
A(215)8 E7] A3lA o]z vpg EWH (R =R, A9

T(R.6) = TS0 (0<6<2r) (2.16)
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Fig. 2.3 Grid for finite-volume model.

- 22 -



o]z U FWH (R=R)INAN ZAAZZAL GEXIS

A8 3 R

dT(R;, 6)

-—kw—'——aR—"— =0 (0< 6<2r) (AAHZE) (217)
~ g AR e (g2 o< o (D) (218)

AEY W3 (9) AAZRAoZE AUy oo wd 9
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T(R,0) = T(R,27) (2.19)
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Fig. 24 Control volume for 2-D cylindrical coordinates.
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A HEAQ2D)FH (222)F (2159 HELEFH thF Ao
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apr=aETE+aWTW+aNTN+asTs+b (223)
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Nu(6) = i(;"f& (2.25)

q, ' (6)
T.R,,0) — Ty

h(8) = (2.26)
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Fig. 3.1 Wind tunnel.
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Table 3.1 Dimension of wind tunnel

Duct Duct fan Driving motor
Impeller .
Length 9510mm ) 2500mm Type Centrifugal
diameter
Test 650mm X Blast 220V
. . 230m /s Motor
section 350mm capacity 55.7kW
Test Control Inverter
050mm RPM 230
length system system
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Fig. 3.2 Test model for direct heating.
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Table 3.2 Size of heating test pipe for direct heating

D t k
No. | Material R, L K Remarks
(mm) | (mm) t Ry
1 SUS 304 20 1.3 7.7 | 0.00186 | 0.01432
Present
study
2 SUS 304 20 1.1 9.1 0.00186 | 0.01693
3 Monel 400 | 258 35 3.69 | 0.00044 | 0.00162
4 SUS 304 25.3 33 3.83 | 0.00186 | 0.00712
5 |inconel 600| 258 | 2.35 | 549 | 0.00172 | 0.00944 | Kakade™’
6 SUS304 254 125 | 10.16 | 0.00186 | 0.01889
7 SUS304 25.4 085 | 1494 | 0.00186 | 0.02778
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Contraction

U
Air

|@] L__ 100Kw | ]
1. Test Section 7. Voltmeter
2. Heated Circular Cylinder 8. Amperemeter
3. Pitot Tube 9. Power Supply
4. Digital Manometer 10. Inverter
5. Digistrip 11. Power(A.C)
6. Personal Computer 12. Thermocouple

Fig. 3.3 Schematic model of direct heating experiment.
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Fig. 3.4 Test model for indirect heating.
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Table 3.3 Size of heating test pipe for indirect heating

No. Material (mDm) (mtm) Ii" -fj K

1 Brass 40 1.0 20 0.000236 | 0.0047
2 SUS 304 40 1.6 125 0.00186 | 0.0233
3 SUS 304 40 1.0 20 0.00186 | 0.0372
4 SUS 304 40 08 25 0.00186 | 0.0465
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1. Test Section

2. Heated Circular Cylinder
3. Pitot Tube

4, Digital Manometer

5. Digistrip

8. Personal Computer

. @C:I ooI:@
Conkraction ©] ] i T
ongractllio \
AIIIr J \ Fan Moter
® N || .||
—_— 7 o
— ==
@@ 3 @ o FL
=

7. Voltmeter

8. Amperemeter
9. Slidax

10. Inverter

11. Power(A.C)

12. Thermocouple

Fig. 3.5 Schematic model of indirect heating experiment.
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340 JelUA e A7A y(mme FF ANETTY =0l
# 350mmeol® ¥£ 1275 m/secst 6.4 m/secollA FF
Ao gg 48 o224 Fig. 36d0ME AFHEEE
3 HAE5EHE YeElz 3 Fig. 3.7 dAe
W3lg o F 3 Qo

_.1
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AA A2 AL 20mmoAlA Hd 40mm oE=2
AYF7He] FHo] 155mm~195mmel $ XA sHed of F
e AFFEEE Ui FFEEHE 1~-1.039 £X &
BRoen AAHA 4 Fo] 20mm~340mmol A= 092~
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Table 3.4 Velocity and turbulence intensity of test section

ul Uy Tu (%)
y (mm)
1275 m/sec | 64m/sec | 1275 m/sec | 6.4 m/sec

350 0 0 0 0

340 0.90 094 0.028 0.031
320 0.96 0.96 0.031 0.029
300 1.0 1.0 0.031 0.032
280 1.03 1.0 0.032 0.032
260 1.03 0.96 0.033 0.033
240 0.96 0.96 0.030 0.030
220 1.03 1.03 0.031 0.031
200 1.02 1.01 0.031 0.029
180 1.01 1.02 0.029 0.029
160 1.03 1.01 0.029 0.029
140 1.0 1.02 0.030 0.029
120 1.0 1.02 0.031 0.030
100 1.02 1.01 0.031 0.031
80 0.92 0.92 0.030 0.031
60 1.0 1.0 0.029 0.029
40 0.96 0.96 0.031 0.029
20 0.93 0.94 0.031 0.031

0 0 0 0 0
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Fig. 3.6 Mean velocity of test section.
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Fig. 3.7 Turbulence intensity of test section.
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322 AH7IELd
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NHEAFEAA T £EF 1275 m/sE RE F T
F E€2S dASNA BAHFNIAL, BEAHAA 28 T3
don 2EEAHAZAXNEZ 2 E FAHSH, PCE FTHA
AZEn APELEY AL 1.0x107°mV7HA Ao 7t
53 fgxdg FYIBEY d4dld ARS dgE AH F
g F A4 97 £%FL 100 kWeolgolt.
A7t Ao YElYd 2=EXE Table 359 Yetd
Hlo} o] el AL 20mme] 8 Reynolds =+ 17000

ozx ¥4 A+ K< Z+7h 001432, 0.01693 o] €
By UEe 2XEXE T4 AF Kol 0014329 =
o] HLE 412TCT~458T oln FAY A5 K gol
001693 1 Bmde] HLE 424C~474T29 EXE Ued
. £ Ay ARFE A K'gel 00143220 A S

0.105V, 97A°l9, K gto] 0.0169321 2 €9 A $+= 0.108V,
95A 2 vtEluTH
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Table 3.5 The list of experimental results for direct heating when D=20mm

Test No. 1 2
K 0.01432 0.01693
D[ mm] 20 20
0 412 424
30 418 43.1
60° 434 448
T.(6)
20 452 468
[C]
120° 458 474
150° 451 466
180° 446 459
Volt (V) 0.105 0.108
Current (A ) 97 95
¢’ [W/m?] 1622 1634
Ty [l 14.34 14.54
U, [m/s] 12.75 12.75
Re 17000 17000
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A e B7¢ £52 64 m/s & 2HIA
do] ZFEFHL IAGFA ZANY HAAEH

=
Fastn, ¥719 SE(T)S 4¥rde) FULES

HME Ao JdENG % B ¥ E Table 360 YElR
A7 o] Reynolds &5 E5F 170008 ZHolx AR L
40mmeo|tt. 97| FALdAF KF-S 27 0.0047, 0.0233,
0.0372, 0.04652 UYElgon A=z WY 2=EEXE H
W 2AASF Kol 0.0047¢ 7 $-dl= 35.97T ~38.8TC ]
3 ERALASF Kol 00233 €uje= 33.1TC~424T o|H
AAASF Kgol 00372 dW= 323C~426TC ol F

F K'gol 00465 ¥ W= 324C~449CE YEY .
A4 71“1?:}% z+zy (0.498V, 0.497V, 0497V, 0.498VE

AL AFE 224A, 223A, 2224, 223A E A HU
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Table 3.6 The list of experimental resuits for indirect heating when D=40mm

Test No. 1 2 3 4

K 0.0047 0.0233 0.0372 0.0465

D[ mm] 40 40 40 40

0 359 33.1 323 32.4

30° 36.1 340 335 335

60° 370 36.8 369 372

T.(6) R

(] 90 38.2 40.8 413 42.6
120° 388 424 426 449

150° 387 416 414 443

180° 38.3 406 40.1 433
Volt (V) 0.498 0.497 0.497 0.498
Current (A ) 224 23 22 223
g [W/[/m?] 888.2 882.4 878.5 884.2
T,ITC] 12.07 13.08 12.56 13.95

U, [m/e] 6.4 6.4 6.4 6.4
Re 17000 17000 17000 17000
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¢F& “Standard single sample uncertainty analysis "& ©]
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of#j ¢} Z .

AYr FAg oy Ed tistd Zz ALE A}
< 23D gt YErE F U

Y = Y(X{,Xo,...... X,) (3.1)

21(31) A vy= 23 &S YEd I, XX, ..X, < &
A FEol,
Ay g9 EFLAAME gy {3, XX, ..X, T F
g Z47bo] EgddAolgta Y gy = ot 2.
_ aY 2 aY 2 aY 241/2
AY—[( X AXI) +(‘“—ax2 sz) +( % AX)] (3.2)

HEYZFY = A-XD XL X Y &5 3YE A

2
76]'?_011, 0:17]}\-] A '\—‘__-_ }\ol-‘}lio]:ﬂ- m;, My, ...My 9’] %l'o] ]. ‘z‘

< -1 9 @& 7H2 Ad5el, 23 #e EFLAHAL oA
Zol verd F o
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o [(AXI)Z(%)%....(dxny]‘” (3.3)

A4t FAHNGE $5, 25, d4% 5 4
WEol glow, olwz Fo 4AY A4F U@ 2
4ol BARAYD obest 2k

(1) &%

Z=AFHANA YIXE FH +055%, nlo]A 2 vlxujE *
055% °olB2 &£xo EJAHAYLS

(0.0055% + 0.00552)2 =0.0078 or 0.78% (3.4)

(2) 2%

A (T-type)s T0.7%, o6& 1= +053%, 254
28 +04% olBE 2T 9 EFZAAML

(0.007% + 0.0054%% 0.004%)2 = 0.0097 or 0.97% (3.5)

metd LEA( 4T )Y BHAHL

(0.00972 + 0.0097)2 =0.0137 or 1.37% (3.6)

3) e

FHH L £052%, A4S +053%, AFE £08%, 4T
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o Huy &HE 1052% olnz dfKe AL L
(0.00522 +0.0053%+ 0.008%2+0.0052% )2 =0.0121 or 1.21%  (3.7)
(4) Hol=ZTF(Re )
AARL +05%, &&= +0.78%, FRAATE £1.3%°]
o2 golgR F9o EFHAAAL
(0.0052 + 0.0078%%0.013>)2=0.016 or 1.6% (3.8)

Ac(h)

E
RS T121%, 53 £1.37%, BAbEd £05%, o2

2 939 A%y BRage

(0.01212 + 0.0137%+ 0.005%)2 =0.0189 or 1.89%

ot2bA Nusselt 79 244 LE A4 £0.5%,

AT £08% o=

(0.0189% + 0.005%+ 0.008%)2=10.021 or 2.1%
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Fig. 4.1 Non-dimensional pipe surface temperature distribution.
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Fig. 4.2 Distribution of isothermal lines ( K* = 0.01432).
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Fig. 4.3 Distribution of isothermal lines ( K* = 0.01693).
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Fig. 4.4 Distribution of isothermal lines ( K* = 0.00162).
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Fig. 4.5 Distribution of isothermal lines ( K~ = 0.00712).
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Fig. 4.7 Distribution of isothermal tines ( K* = 0.01889).
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Fig. 4.8 Distribution of isothermal lines ( K* = 0.02778).
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Fig. 4.9 Distribution of isothermal lines ( K* = 0.00162).
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Fig. 4.10 Distribution of isothermal lines ( K~ = 0.00712).
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Fig. 4.11 Distribution of isothermal lines ( K* = 0.00944).
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Fig. 4.12 Distribution of isothermal lines ( K* = 0.01889).
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Fig. 4.13 Distribution of isothermal lines ( K* = 0.02778).
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Fig. 4.14 Distribution of isothermal lines ( K* = 0.00712).
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Fig. 4.15 Distribution of isothermal lines ( K* = 0.00712).
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Fig. 4.16 Circumferential heat conduction transfer.
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Fig. 4.17 Effect of wall heat conduction on convection heat transfer.
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Fig. 4.18 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.01432).
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Fig. 4.19 Comparison of circumferential conduction number for one and

two dimensional solutions (K* = 0.01693).
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Fig. 420 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.00162).
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Fig. 421 Comparison of circumferential conduction number for one and
two dimensional solutions ( K™ = 0.00712).
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Fig. 4.22 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.0944).
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Fig. 4.23 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.01889).
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Fig. 4.24 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.02778).
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Fig. 4.25 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.00162).
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Fig. 4.26 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.00712).
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Fig. 4.27 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.00944).
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Fig. 4.28 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.01889).
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Fig. 4.30 Non-dimensional pipe wall temperature distribution.
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Fig. 4.42 Distribution of isothermal lines ( K™ = 0.01889).
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Fig. 4.44 Comparison of circumferential conduction number for one and
two dimensional solutions ( K* = 0.01889).
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B. 249 9Ax 221

$debug
C
C MAIN
C TWO-DIMENSIONAL STEADY CONDUCTION IN THE CYLINDERICAL
C COORDINATE IS WRITTEN BASED ON A CONTROL-VOLUME
FORMULATION
C ALL UNITS ARE IN S| SYSTEM.
C
PARAMETER(K=150,L=30)
CHARACTER+*20 INF,ONF
COMMON/BLOC1/TE(K,L), TK(K,L), THE(K),R(L), DTHE(K),DR(L)
COMMON/BLOC2/MITER,ERROR
COMMON/BLOCS3/AP AE AW ,AN,AS B
COMMON/BLOCA4/N,M,NP1 MP1 NM1,MP2 MP3 IFLAG
COMMON/BLOCS/DUM(K)
DIMENSION HH(K)
C READ-IN INPUT DATA

PRINT =’ Input data’,” file—-name 7"
PRINT =«  —=> "'

READ(»,999) INF
OPEN(4,FILE=INF)

OPEN (5, FILE="SPRO10.DAT',STATUS="0OLD’)
PRINT +,’ Out data’, fle-name ?'
PRINT &' ——> '

READ(»,999) ONF
OPEN(6,FILE=ONF)

READ (5,5) N.M
READ (5,+) MITER,ERROR
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WRITE (6,4} NM
WRITE (6,) MITER,ERROR

WRITE(B, (3X,A)) '=====

NP1=N+1
MP1=M+1
NM1=N-1
MP2=M+2
MP3=M+3

C DEFINE A COMPUTATIONAL DOMAIN
CALL GRID

DO 10 I=1,N

READ(4,#) SX

TE(,MP2) = SX
10 CONTINUE

C---- DETERMINE VARIBLE TRANSPORT COEFFICIENTS
CALL PROPTY

ITER=0
C---- ITERATION FOR A CONVERGENCE WITHIN A TIME STEP
25 CONTINUE
IFLAG=0
ITER=ITER+1
IF (ITER.GT.MITER) GO TO 60
C—- COMPUTE TEMPERATURE
CALL ENERGY

C——— TEST OF CONVERGENCE
IF (IFLAG.EQ.1) GO TO 25

60 CONTINUE

WRITE(6,"(/,7X,A,6X,13)) 'ITER="ITER
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DO 110 I=IN
WRITE(B,(3X,15(2X,F8.3))") (TE(,J),J=1,MP2)
110 CONTINUE

WRITE(6, (3K A)) '==========sss===zs====z==========szszs=s=c== :

WRITE(B, (/,7XABX A, 1XA4X AB6XA)) Theta', TE(LMP2),
* TE(,MP1)," h(W/m2 C)','Nu’

PI=3.141592
HSUM=0.
HHSUM=0.

DO 200 I=1,NM1

TFF=11.59

QRAD=0.04+5.67E-8+(P1=0.048/NM1)+((TE(|, MP2)+273)++4
s ~(TFF+273)-+4)
QIN=(1200./(P1+0.028+0.3))+(P1-0.028/NM1)

IF(.EQ.1) THEN

QQCON1=0.

DO 201 J=2,MP1
QCON1=177sDRUMTE(,J-TENM1,IN/( (R(J)+DR(J)/2)«
* (0.5-DTHE(1)+0.5+DTHE(NM1)))
QQCON1=QQCON1+QCONH1

201 CONTINUE

QQCON2=0.
DO 202 J=2,MP1
QCON2=177-DRUHTERJ)-TE(LJ)/ ( (RU+DRWU)/2)+
* (0.5-DTHE(1)+0.5-DTHE(2)))
QQCON2=QQCON2+QCON2

202 CONTINUE
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ELSE
QQCON1=0.
DO 203 J=2,MP1
QCON1=177 sDRWITE(,J-TE(-1,/( (RU}+DRU)/2)+
* (0.5«DTHE(I-1)+0.5-DTHE(!)))
QQCON1=QQCON1+QCON1
203 CONTINUE

QQCON2=0.

DO 204 J=2MP1

QCON2=177 +DRWTE(I+1,J)-TE(LI/ ( (RUHDR(U)2)
* (0.5+DTHE()+0.5+DTHE(I+1))) ©
QQCON2=QQCON2+QCON2

204 CONTINUE
ENDIF

QCONV=(P1+0.048/NM1)+( TE(I,MP2)-TFF )
HH()=( QIN - QRAD - QQCON1 + QQCON2 )/ QCONV

WRITE(®, (3X,F10.0,3X,2F 10.3,3X,2F 11.2)') THE(I)+180/P!,
* TE(,MP2), TE(,MP1),HH(1),HH(1}+0.048/0.590

HSUM=HSUM+HH(l)
HHSUM=HHSUM+HH(1)+0.048/0.590

200 CONTINUE

WRITE(8,"(3X,F10.0,3%.2F10.3,3X,2F 11.2)") THE(N)~180/PI,
* TE(N,MP2),TE(N,MP1),HH(1),HH(1)+0.048/0.530

WRITE(8, (3X,A)) * ===
WRITE(6, (3X,A,3X,F13.3)YAverage H.T.C. (h) =>"HSUM/(NM1)
WRITE(S, (3X,A,3X,F13.3)')'Average Nusselt Number=>'HHSUM/(NM1)
WRITE(B,"(3X,A)) *
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PI1=3.141592
QQSUMO=0.
DO 300 I=1,NM1

TFF=11.59

QSUM1=(P1+0.048/NM1)+(0.04+5.67E-8+((TE(|, MP2)+273)++4~
* (TFF+273)++4) )

QSUM2=(PI<0.048/NM1)+ (HH()+ ( TE(,MP2)- TFF )

QSUMO=QSUM1+QSUM2

QQSUMO=QQSUMO+QSUMO
300 CONTINUE

QQSUMI=Q.
DO 400 I=1,NM1
QSUMI=(P10.028/NM1)«177.«((TE(1,1)-TE(,2)//(0.5*DR(2)) )

QQSUMI=QQSUMI+QSUMI
400 CONTINUE

WRITE(8, (3X,A)) *

WRITE(6,(3%X,A,3X,F13.1)) 'Qin ==>"QQSUMI*0.3

WRITE(B, (3X,A,3X,F13.1)) "Qout==>",QQSUMO+0.3

WRITE(6, (3X,A,3X,F13.2,2X,A)’) 'Energy blance(%)=",

- ( QQSUMI-0.3-QQSUMO-0.3)+100./(QQSUMO+0.3),'(%)'

WRITE(6, (3X.A))

999 FORMAT(A20)
STOP
END

SUBROUTINE BOUNDY
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C
C THIS ROUTINE PROVIDES BOUNDARY CONDITIONS.
PARAMETER(K=150,1.=30)
COMMON/BLOC1/TE(K,L), TK(K,L), THE(K),R(L),DTHE(K),DR(L)
COMMON/BLOC2/MITER,ERROR
COMMON/BLOC3/AP ,AE,AW,AN,AS,B
COMMON/BLOCA/N,M,NP1,MP1,NM1,MP2MP3IFLAG
COMMON/BLOC5/DUMI(K)

C-——— INNER BOUNDARY
PI=3.141592
QFLUX=1200./(P1-0.028+0.3)
DO 10 I=1,N
TE(,1)=TE(,2+( QFLUX +0.5+ DR(2)/ 177 )
10 CONTINUE

DO 30 J=1,MP1
TE(N,J)=TE(1,J)
30 CONTINUE

RETURN
END

SUBROUTINE PROPTY

C

] THIS ROUTINE PROVIDES VARIABLE TRANSPORT COEFF
PARAMETER(K=150,L=30)
COMMON/BLOC1/TE(K,L), TK(K,L), THE(K),R(L), DTHE(K),DR(L)
COMMON/BLOC2/MITER,ERROR
COMMON/BLOCS/AP,AE,AW,AN,AS B
COMMON/BLOC4/N,M,NP1,MP1 NM1,MP2MP3,IFLAG
COMMON/BLOC5/DUMIK)

DO 10 =N
DO 10 J=1,MP2
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10

TK(,D)=177.
CONTINUE
RETURN
END

SUBROUTINE GRID

10

15

20

THIS ROUTINE GENERATES NONUNIFORM CONTOL VOLUMES

PARAMETER(K=150,1.=30)

COMMON/BLOC1/TE(K L), TK(K,L), THE(K),R(L),DTHE(K),DR(L)
COMMON/BLOC2/MITER,ERROR
COMMON/BLOCS3/AP,AE,AW,AN,AS,B
COMMON/BLOC4/N,M,NP1 MP1,NM1,MP2MP3,IFLAG

COMMON/BLOC5/DUM(K)

THE(1)=0.
R(1)=0.014
R(2)=R(1)+1.0E-10

PI=3.141592
DELTHE=360.-PI/(180.-NM1)
DO 10 I=1,N
THE(1+1)=THE(I+DELTHE
CONTINUE

DELR=0.01/M

DO 15 J=2MP1
R(J+1)=RUMDELR
CONTINUE
R(MP3)=R(MP2)+1.0E-10

DO 20 I=1N
DTHE()=THE(I+1)-THE()
CONTINUE

DO 25 J=1,MP2
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DR()=R(U+1)-RJ)
25 CONTINUE

RETURN
END

SUBROUTINE ENERGY

THIS ROUTINE COMPUTES TEMPERATURE BY TDMA
PARAMETER(K=150,L=30)

COMMON/BLOC/TE(K,L), TK(K,L), THE(K),R(L),DTHE(K),DRI(L)
COMMON/BLOC2/MITER,ERROR
COMMON/BLOC3/AP,AE, AW, AN,AS,B

COMMON/BLOCA4/N M,NP1,MP1,NM1,MP2,MP3,IFLAG
COMMON/BLOCS/DUM(K)

DIMENSION TA(K),TB(K),TC(K), TD(K), TEP(L)

DO 40 I=1,NM1
DO 50 J=2,MP1
TEPW)=TE(,J)
CALL ECOEFF(LJ)
TAU-1)=AP
TB(J-1)=AN
TC(U-1)=AS

IF(LEQ.1) THEN

TEMP=AE-TE(I+1, JFAW-TE(NM1,J)
ELSE

TEMP=AE+TE(+1 JJ+AW+TE(I-1,J)
ENDIF

TEMP1=0.
IF (JEQ.2) TEMP1=AS-TE(L1)
IF (JEQMP1) TEMP1=AN-TE(,MP2)
TDW-1)=B+TEMP+TEMP1
50 CONTINUE
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NN=M
TC(1)=0.
TB(NN)=0.
CALL TDMA (TA,TB,TC,TD,NN)
DO 60 J=INN
TE(1,J+1)=DUM(J)

60 CONTINUE

CALL BOUNDY

C--—- TEST OF CONVERGENCE
DO 80 J=2,MP1
TEMP=ABS((TE(I,J)-TEPWU)/TE(,J)
IF (TEMP.GT.ERROR) IFLAG=1
80 CONTINUE
40 CONTINUE

RETURN
END

SUBROUTINE ECOEFF(I,J)

C

C THIS ROUTINE GENERATES COEFFICIENTS FOR TDMA
PARAMETER(K=150,L=30)
COMMON/BLOC1/TE(K,L), TK(K,L), THE(K),R(L), DTHE(K),DRI(L)
COMMON/BLOC2/MITER,ERROR
COMMON/BLOCS/AP,AE,AW,AN,AS,B
COMMON/BLOCA4/N,M,NP1,MP1,NM1,MP2,MP3,IFLAG
COMMON/BLOCS/DUM(K)

IF(LEQ.1) THEN

AE=2+TK(LI*TK(I+1,J=DRUN( (TK(+1,J-DTHE(+TKI,J)
$ *DTHE(I+1))+(R(J)+0.5-DR()) )

AW=2+TK(NM1 )+ TK(L,)*DRUN( (TK(LJ)*DTHE(NM1)+TKINM1,J)
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$ *DTHE(*R(U)+0.5-DR(J+1)) )

ELSE
AE=2TK(,J)*TK(I+1,J«DRWIA (TK(+1,J)-DTHE(D+TK(L,J)
$ *DTHE(I+1))+(R(J)+0.5+DR()) )
AW=2+TK(I-1,J+TK(,J+*DRUW (TK(LJ)*DTHE(-1)+TK(I-1,J)
$ *DTHE()+(RWU)+0.5+DR(U+1)) )
ENDIF

AN=2+TK(,J)*TK(l,J+1)*DTHE()=R(U+1)/(TK(I,J+1)-DR(J)
$ +TK(1,J)<DR(J+1))
AS=2+TK(l,J-1)*TK(L,J+*DTHEMRWUNATK(I,J)+DR(J-1)
$ +TK(l,J-1)}*DRU))

AP=AE+AW+AN+AS
B=0.0

RETURN
END

SUBROUTINE TDMA(TA,TB,TC,TD,NN)

THIS ROUTINE SOLVES NN-SIMULTANEOUS EQNS.

PARAMETER(K=150,L=30)
COMMON/BLOCH/TE(K,L), TK(K,L), THE(K),R(L),DTHE(K),DR(L)

COMMON/BLOC2/MITER ERROR
COMMON/BLOC3/AP AE AW AN AS B
COMMON/BLOC4/N,M,NP1,MP1,NM1,MP2,MP3,IFLAG
COMMON/BLOC5/DUM(K)

DIMENSION TA(K), TB(K), TC(K), TD(K),BETA(K),ALPA(K)

BETA(1)=TB(1)/TA(1)

ALPA(1)=TD(1)/TA(1)
DO 10 I=2,NN
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20

BETA(=TB(I/(TA()-TC()-BETA(I-1))
ALPA()=(TD+TCH+ALPA(I-)/ATAB-TCI)-BETA(I-1)
CONTINUE

DUMI(NN)=ALPA(NN)

NN1=NN-1

DO 20 J=1,NN1

I=NN-J
DUM()=BETA()*DUM(i+1)+ALPA(l)
CONTINUE

RETURN

END
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