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ABSTRACT

The purpose of this thesis is to present a computer program 

DISCNET written in FORTRAN which, given all the relevant constructional 

details of a disc-type power transformer winding and its operating 

conditions, will predict its thermal behaviour and in particular the 

location and value of its 'hottest spot* temperature. The software is 

restricted to ON, OF and OD transformers with flow-diverting washers. 

The horizontal and vertical cooling duct thicknesses, and the number of 

ducts per pass, appear to be the design parameters which influence the 

thermal behaviour most markedly. Significantly lower 'hottest spot' 

temperatures may be obtained using fewer ducts per pass, and vertical to 

horizontal duct thickness ratios greater than unity. A sample 

computation is made for an experimental winding rigged with 99 

thermocouples and designed so that the oil flow distribution can be 

measured directly in each duct of an 8 duct pass, using a quartz 

insulated hot-film constant-temperature velocity probe. OISCNET 

prediction and experimental results agree well, given some uncertainty 

in the determination of the total flow rate in the measurement pass.

The theoretical and computational basis of DISCNET is given 

extensive treatment. The general purpose laminar Navier-Stokes and 

energy equation solver TEACH-L is described. The program was adapted as 

necessary to obtain tee-junction and corner flow pressure loss data, and 

to analyse the conjugated heat transfer which takes place at the 

oil-paper-copper interfaces in the horizontal ducts. These results were 

then assembled into an iteratively solved linear network which is the 

main part of DISCNET. Low Reynolds number flow in the winding permits 

essentially linear analysis of the flow distribution, but mostly weak
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non-linearities due to junctions and corners, together with the

variation of the fluid properties with temperature, necessitate 

iteration.
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LIST OF SYMBOLS

A reasonable effort was made to avoid using the same symbol for

different physical quantities; this has occurred in a few isolated

cases. The List of Symbols and context should eliminate any ambiguity.

SI units have been used throughout, although Imperial Units are

occasionally referred to in manufacturer's specifications. In Chapters 
3

1 0 -1 2 , cm /s have been used for flow rates for numerical convenience.

1st Used

Svmbol Phvsical Meaninq in Sec. Units

a left vertical duct thickness 2 . 1 m

Ac flow cross-sectional area 2 . 2
2m

A combined convection/diffusion 4.3P , N , S , E , W
coefficients. For <i> = u,v,t kg/m s

For + = p' s

A 1 A. - B 4 . 4 as A„P P
AP surface area of probe 1 0 . 1

2m

A , King's Law constant 10.4 V2

A 2
King's Law constant 10.4 V2 /(m/s)* 5

> >
C

D Fluid property constants A see App. A

b right vertical duct thickness 2 . 1 m

B coefficient in source term 4 . 3 as Ap

B constant of integration A dim'less

Bf coefficient for false source 4 . 6 as B

c horizontal duct thickness 2 . 1 m

cp specific heat at constant pressure 2 .3 J/kg °C

*

♦

*

*

*
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1st Used

Svmbol Physical Meaning in Sec. Units

C constant of integration B dim'less

C coefficient in source term 4.3

for 4> = u, v N/m

for <t> = p’ kg/m s

for = t kg °C/m s
* C* = C A * A $W W E E 4.4 as C

C" see (4.47) 4.4 as $

cf coefficient for false source 4.6 as C

0

d height of disc 2 . 1 m
*d d/ (D Pe. ) 

1 or r 1 or r 7.3 dim'less

D diameter of hot film probe 1 0 . 1 m
* 2De , w, n , s pressure correction coefficient 4.5 m s/kg

°h hydraulic diameter of flow passage 2.3 m

°hor hydraulic diameter of horizontal ducts 3.2 m
♦ 0 . 3 diagonal element in t.d.m.a. matrix 4.4 as Ap

°i hydraulic diameter of left vert, ducts 3.2 m

Dr hydraulic diameter of r. vert, ducts 3 . 2 m

* 0 w mean winding diameter 13.3 m

e exponential function 4 . 4 dim’less

E coefficient in King’s Law correlation 10.4 dim'less
4k

f Fanning friction factor 3 . 1 dim’less

fapp apparent Fanning friction factor 3 . 1 dim’less

fn , s , e , w factor used in control vol. equations 4 . 2 dim’less

Vu.v.p' ,t underrelaxation factor 4.6 dim’less
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1st Used

Symbol Physical Meaning in Sec. Units

coefficient in King's Law correlation 10.1 dim'less

9
G'

G

c.f

e , w , n , s
G , G 

1 r

gravitational acceleration 2.4 m/s
* 2 correction to guessed G 4.5 kg/ m s

conductances between conductor nodes 7.3 W/m K

conductance between conductor and

contiguous horizontal duct fluid

temperature node 7.3 W/m K
2mass fluxes due to guessed pressure 4.5 kg/m s 

conductances between disc-edge 

conductors and left and right

vertical ducts 7.3 W/m K
2 *GX mass flux in x-direction CNJ kg/m s

Gy mass flux in y-direction 4.2 kg/m2 s

h convective heat transfer coefficient 2.3 W/m2 K ♦

hl mean value of h at left disc edge 7.3 W/m2 K

hr mean value of h at right disc edge 7.3 W/m2 K

i current source in network model 3 . 2 m2/s

v v - - - mesh currents in network model 3 . 2 m2/s

i conductor current 2 . 2 A

rms high voltage winding current 1 . 1 A

>L rms low voltage winding current 1 . 1 A

IP probe current 1 0 . 1 A

fluid thermal conductivity 2.3 W/m
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1st Used

Svmbol Phvsical Heanina in Sec. Units

kP oil-impregnated kraft paper

insulation thermal conductivity 7.3 W/m k

kX thermal conductivity in x-direction 2.4 W/m 1C

ky thermal conductivity in y-direction 2.4 W/m KT

v  k2>... cubic duct thickness ratios 13.4 dim' less

K friction constant 3.1 dim ’less

Kc corner flow friction constant 6 . 1 dim' less

K , K cs ct combining flow friction constants 5. 1 dim ’less

ds dt dividing flow friction constants 5.1 dim’less

V , Jamison and Villemonte notation 5.5 dim* less

V 2
Jamison and Villemonte notation 5.5 dim' less

K,-m Jamison and Villemonte notation 5.5 dim'less

KP m2 -m Jamison and Villemonte notation 5.5 dim'less

K' , K' cs ct modified K , K .cs ct 5.5 dim’less

k \ ,k *ds dt modified K . , K ..ds dt 5.5 dim' less

L length of horizontal duct 2 . 1 m

L . entry entrance length in JUNCTION 5.2 m

Lexit exit length in JUNCTION 5.2 m

^horiz horizontal branch length in JUNCTION 5.2 m

Lhy hydrodynamic entrance length 2.3 m

Lth thermal entrance length 2.3 m

L* modified L for pressure drop 7.5 m

L' . entry modified L  ̂ for pressure drop entry 5.2 m

Lexit modified L .̂  for pressure drop exit 5.2 m

L'honz modified L. for pressure drop hor iz 5.2 m
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1st Used

Symbol

m
Mx , n , s , e, w

Physical Meaning in Sec.

exponent in King's Law correlation 10.4

momentum flux across c.v. boundaries 4.3

Units

dim*less

N/m

n

Nu

Nu

Nu
m
m, H

Nux, H

P

P

P
b

ex

in

P1

P2

P

P*
*

P

P

exponent in King's Law correlation 10.4 

Nusselt number 2.3

Nu averaged over probe surface 10.1

duct-averaged Nu with constant wall 

heat flux boundary condition 

(parallel plate duct) 7.3

local Nu with constant wall heat 

flux boundary condition

(parallel plate duct) 3.3

dim'less 

dim'less 

dim’less

dim'less

dim’less

fluid static pressure 2.4

buoyant pressure regain 3.4

pressure required by external agent 

to cause flow 3.5

average pressure at tee-junction 

entrance 5.3

average pressure at tee-junction 

exit 5.3

average pressure at tee-junction 

horizontal branch entrance/exit 5.3

total pressure 3 . 1

pressure correction 4.5

guessed pressure 4.5

p defined mechanically 2.4

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

*

P

*
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1st Used

Svmbol Phvsical Meaninq in Sec. Units

P wetted perimeter of duct 2.3 m

Pe Peclet number 2.3 dim’less

P . in apparent input power 1 . 1 VA

P . out apparent output power 1 . 1 VA

Pr Prandtl number 2.3 dim'less

thheat (per unit depth) from j

conductor to fluid 7.3 W/m

q * • ’ heat generation/volume 2.4 W/m3

surface heat flux 2.3 W/m2

^w,m average surface heat flux from probe 1 0 . 1 W/m2

Q pass inlet area flow rate 2 . 2 m2/s

Q . in junction inlet area flow rate 2.5 m2/s

Qi left vertical duct area flow rate 7.3 m2/s

Qr right vertical duct area flow rate 7.3 m2/s

junction exit area flow rate 2 .5 m2/s

° 2
junction branch area flow rate 2.5 m2/s

Q total winding dissipation 12.3 kW

Q ’ see (7.12) 7.3 W/m

Q'.5 heat source per unit depth in j^h

conductor 7.3

r distance from winding central axis 14.3 m

rh hydraulic radius of duct 2.3 m

Fh,horiz horizontal duct hydraulic radius 5. 1 m

rh,vert vertical duct hydraulic radius 5 . 1 m

R mean winding radius 2 . 1 m
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1st Used

Svmbol Phvsical Meaninq in Sec. Units

Ravg mean winding resistance 1 1 . 1 Q

Rc temperature-dependent dissipation 7.3 W/m K

rca cable resistance 10.4 Q

R C h
upper corner resistance 8 . 1 Pa s/m2

Rcl lower corner resistance 8 . 1 Pa s/m2

Rcs combining junction resistance 8 . 1 Pa s/m2

R C t
combining junction resistance 8 1 Pa s/m2

RdS dividing junction resistance 8 . 1 Pa s/m2

R d t
dividing junction resistance 8 . 1 Pa s/m2

Re Reynolds number 2.3 dim*less

Re.in junction entrance Re 5.2 dim'less

R e  1
junction exit Re 5.2 dim'les s

R 6 2
junction branch Re 5.2 dim'less

R 1
left vertical duct resistance 3.2 Pa s/m2

R
0

mean winding resistance at t 1 1 . 1 Q

RP probe resistance in ‘operating’ mode 1 0 . 1 Q

Rr right vertical duct resistance 3.2 Pa s/m2

Rt residual for t 7.3 kg Ic /m s

rt top resistance of DISA CTA

Standard Bridge 10.4 Q

Ru residual for u 4 . 6 N/m

R
V

residual for v 4 . 6 N/m

% residual for $ 4 . 6 as R , etc u
R1, etc. resistance in duct 1 , etc. 3.2 Pa s/m2

R 2 0
probe resistance in 'resistance* mode

at ambient temperature of 20 °C 10.3 Q

R probe resistance in 'resistance' mode 10.3 Q
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1 st Used

Symbol Physical Meaninq in Sec. Units

s slope of density vs. temperature curve 3 . 1 kg/m3 1C

sf false source 4 . 6 as C

SM mass source 4.5 kg/m3 s

SMP mass residual 4.5 kg/m s

Su source associated with u 4.2 N/m3

SV source associated with v 4.2 N/m3

st source associated with t 4.2 kg fc/m3 s

s* source associated with $ 4.3 as S , etc u

t local fluid temperature 2 . 2 °c

ta cooling air or water temperature 1 .3 °C

tav arithmetic mean fluid temperature

over a duct cross-section 3 . 1 °c

bottom oil temperature 1 .3 °c

tc cooler top oil temperature 1 .3 °c

tC. 1 temperature of jth conductor 7.3 °c

te duct entrance temperature 3.3 °c

film temperature 1 0 . 1 °c

‘h hottest-spot temperature 1 .3 °c

thot, 3
thhot-spot temperature in 3 duct 3.3 °c

tm bulk mean fluid temperature

over a duct cross-section 2 . 2 °c

tmh , j
tht at exit of j horizontal duct m 3 . 1 °c

tm, in t at pass entrance m 2 . 1 °c

tm, out t at pass exit m 2 . 1 °c
tm, r t in right vertical duct m 3

7.3 °c
tm, 3

tht in j right vertical duct m , r 3 . 1 °c
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1st Used

Svmbol Phvsical Meaning in Sec. Units

t
0

datum or reference temperature 3 . 1 °C

tr

t r , 1 - 2

mean winding temperature by resistance 

mean temperature by resistance of

1 .3 °C

disc-pair 1 -2 , etc. 1 1 . 1 °c

tank top oil temperature 1 .3 °c

tw winding top oil temperature 1 .3 °c

twall duct wall tempc rature 2.3 °c

tw, m mean probe surface temperature 1 0 . 1 °c

t
00

undisturbed fluid temperature 1 0 . 1 °c

u fluid x-direction velocity component 2 . 2 m/ s

u. in mean velocity at junction entrance 5.5 m/ s

um fluid mean axial velocity 2 . 2 m/ s

u t
mean velocity at junction exit 5.5 m/ s

u' *correction to u 4.5 m/ s
* *u guessed u derived from p 4 . 5 m/ s

U free stream or duct centre-line

velocity 1 0 . 1 m/ s

V fluid y-direction velocity component 2 . 4 m/ s

Vm mean vertical duct velocity 3 . 1 m / s

VH r.m.s. L.V. winding voltage 1 . 1 V

\ r.m.s. H.V. winding voltage 1 . 1 V

V O U t
output voltage from DISA bridge 10.3 V

Vp voltage across the probe 1 0 . 1 V

w horizontal duct width 2 . 1 m

X axial (flow direction) component 2 . 4 m

28



1 st Used

#

Svmbol Phvsical Meanino in Sec. Units
*

X dimensionless x for thermal entrance

region 3.3 dim'less
*

X dimensionless x B dim*less

y coordinate normal to flow direction . 2.4 m

z overall width of insulated conductor 7.3 m

z cartesian coordinate in

circumferential direction 14.2 m

I

fluid thermal diffusivity

. in t.d.m.a. matrix N. 3
resistivity-temperature at 

see equation (4.46)

A m2/s

4.4 kg/m s
o20 C 7.3 K - 1

4 . 4 dim'less

coefficient of thermal expansion

A„ . in t.d.m.a. matrixS,3

3.1

4.4 kg/m s

transport property associated with <t» 4.2
30a large constant (10 ) 5.2

kg/m s 

dim'less

5 distance from disc surface to nearest

temperature node 7.3 m

5x grid spacing 4.2 m

5y grid spacing 4.2 m
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1st Used

Svmbol Phvsical Meaning in Sec. Units

A prefix denoting a difference 3 . 1 dim'

Ap static pressure drop in the flow

direction between two cross-sections

of interest 3 . 1 Pa

Apc see equation (6 .1 ) 6.3 Pa

Apct see equation (5.8) 5.5 Pa

Apdt see equation (5.9) 5.5 Pa

Aps see equation (5.7) 5.5 Pa

Apc see equation (6 .2 ) 6 .3 Pa

Apcs see equation (5.10) 5.5 Pa

Apct see equation (5.11) 5.5 Pa

Apds see equation (5.12) 5.5 Pa

Apdt see equation (5.13) 5.5 Pa

AOwo 0 - 0 r me 1 .3 °C

e thickness of insulation 7.3 m

n thickness of conductor 7.3 m

% bottom oil rise 1 .3 °C

8 C cooler top oil rise 1 . 3 °C

eh hottest spot rise 1 .3 °c
8 me mean cooler oil rise 1 .3 °c
0 mw mean winding oil rise 1 .3 °c
0 r mean winding rise by resistance 1 . 3 °c

8t tank top oil rise 1 . 3 °c
0w winding top oil rise 1 . 3 °c

*

♦

*

4
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1st Used

Svmbol Phvsical Meaninq in Sec. Units

8h th ' tb 11.5 °C

8 'r rt- ci­ ty 11.5 °c

8 ’w t - t. w b 11.5 °c

A coefficient of bulk viscosity 2.4 Pa s

M fluid dynamic viscosity 2.3 Pa s

V fluid kinematic viscosity 4.3 m2/s

6 fluid density 2.4 kg/m3

e 0
d at t

0
3 . 1 kg/m3

0 2O
. . o resistivity at 20 C 7.3 Q m

0 half-height of conductor 7.3 m

T
W

♦

wall shear stress

solved-for variable in generalised

5.2 Pa

*N.S.E.W

field equation

value of 4* stored at neighbouring 

nodes of to the north, south

4.2 as u,

east and west 4.3 as 4

♦p value of <1» at node being considered 4.3 as 41
.old
% value of from previous iteration 4.6 as

*p new value of ♦ using relaxation 4 . 6 as 4>
, wr
S new value of <t»p without relaxation 4 . 6 as <t»
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CHAPTER 1

INTRODUCTION

1.1 Power Transformers and the Thermal Problem The power

transformer, as used in the transmission and distribution of

electricity, is a large electromagnetic device for converting power

between two voltages. Its use is associated with the practice in most 

developed countries of highly centralised generation of electricity and 

the need to transmit the power at as high a voltage as possible so as to 

minimise losses in transmission lines over long distances.

In the U.K., the largest units (typically 800 MVA) step-up the 

generator output line voltage (typically 22.5 KV) to the transmission 

line voltage (typically 400 KV). Smaller units (typically 200 MVA) are 

used at intermediate distribution points to step-down to 132 KV and 

lower. Further step-down to 11 KV occurs using (typically) 50 MVA units, 

where the latter voltage may be used directly in industrial plant, or is 

stepped-down finally to the ’mains’ voltage used in homes.

The essent 

The low and h 

(copper or alumi 

steel, which e 

steel tank, gene

ial elements of the transformer are shown in Fig. 

igh voltage windings are wound from insulated condu

nium) onto a magnetic core, made of laminated

nhances the flux linkage. The assembly is enclosed

rally filled with transformer oil.

1 .1 .
ctors 

sheet 

in a

As the equation in Fig. 1.1 suggests, most of the apparent input

power P. = I. V. , (where I and V are the rms values of current and in L L
voltage) is transmitted as useful apparent output power P = I V . Theout H H

*

%

*

♦

t

*

9
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♦

*

%

efficiency, P . I P .  , of most transformers is typically 95 - 1 00Z. The o u t in
power loss, however, though a small percentage■of P , appears as an

amount of heat which is very large in absolute terms, and turns out to

be the critical factor in determining the maximum power at which a given

unit may be safely and economically operated. It arises in the core. due

to 1 .) the hysteresis of the ferromagnetic material, and 2 .) eddy

currents which tend to resist flux alternation; and in the conductors 
2due to I R losses from main and eddy currents induced by leakage fluxes.

I L = LOW VOLTAGE CURRENT. I H = HIGH VOLTAGE CURRENT.

Vt  = LOW VOLTAGE (L.v) Vh = HIGH VOLTAGE ( h.v)

APPROXIMATELY, I L VL = I H VH = APPARENT POWER TRANSMITTED

Fig. 1.1 Schematic of Transformer (Allen (1960)

Generally speaking, larger transformers are more efficient. If all 

linear dimensions of a given design are increased by a factor F > 1 ,

whilst maintaining the flux density in the core and the current density

in the conductors approximately the same, both flux and current will
2 4increase by F , leading to an increase in the VA rating of F (Stein and

3Hunt (1979), p. 73). The power losses, however, only increase by F . 

larger transformers are also substantially cheaper per KVA.
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The penalty, is that the available core and conductor surface area

for the dissipation of these losses will increase by only F . This

purely thermal consideration is important both for reasons of safety and

economy. The greatest hazard arises from localised overheating in the

conductor insulation, the 'hot-spot' temperature. Experiments on both

solid and stranded conductors wound with kraft-paper insulation and then

immersed in oil by McNutt, et al. (1979) have shown that at temperatures 
oabove 140 C, gas is evolved from the insulation with concomitant 

reduction of its dielectric strength. In severe cases, this could lead 

to catastrophic failure. British Standard Code of Practice 1010 (CP 

1010:1975) forbids hot-spot temperatures in excess of this value.

The enormous capital cost of large transformers (£2 - £4 per KVA 

at 1982 prices, private communication) leads to careful consideration of 

the factors affecting their useful life, normally expected to be 'some 

tens of years' (CP 1010). It is widely agreed that the life of the 

transformer is determined by the life of the conductor insulation. 

Insulation aging rate is primarily governed by temperature, in 

accordance with Arrhenius' Law (Allen and Tustin (1972)), and 

investigators generally concur that in the range 80 °C to 140 °C, the 

rate of using life is doubled for every temperature increase of 

approximately 6 °C (CP 1010). 98 °C is defined by CP 1010 as the 

temperature at which aging occurs at a 'normal' rate.

Knowledge of the location and value of the hot-spot temperature 

for a transformer of a given design and rating is clearly desirable, and 

might logically be expected to form part of the manufacturer’s 

guaranteed specification. In practice, transformers are manufactured

34



with so many different winding designs and cooling configurations that,

as B.S. 171 states, "The hot-spot temperature cannot normally be 

measured directly".

MAGNETIC ELECTRIC

Fig. 1.2 Different Arrangements of Electric and Magnetic Circuits
(Allen (I960)) *

*1

*

*

1.2 Minding Designs and Cooling Configurations 

magnetic circuits in large powe-r transformers may be 

different ways, illustrated schematically in Fig. 

construction is used in the U.S. for the largest units 

MVA. The electrical circuit consists of flat 'pancake' 

core-type arrangement is used in the U.K. Fig. 1.1 shows a 

core-type transformer in which the l.v. and h.v. windings are 

on different legs of the core; however, it is far more common to 

the h.v. and l.v. windings concentrically on the same leg as 

the section and plan views at the top of Fig. 1.3.

The coils may be wound axially, 

(the layer winding) or radially, in 

The two are illustrated at the bottom

The electric and 

arranged in two 

1.2. The shell-type 

rated up to 1 ,3Q0 

coils. Only the 

simple 

arranged 

install 

shown in

in concentric cylindrical shells 

parallel discs (the disc winding), 

of Fig. 1.3. Disc windings have

35



largely supplanted the layer-type in the U.K., and are 

the U.S. for medium power applications. Some disc-type 

air-cooled, with or without a protective enclosure which 

be ventilated. This thesis, however, will be concern 

oil-immersed disc windings.

widely used in 

windings are 

may or may not 

ed only with

PHYSICAL

ARRANGEMENT

ELECTRICAL

CONNECTIONS

QH3
GEEEEH3
EEESa-
H'l'M'i'lilil

E H 9
0HHHHDman

H.V.

y V W W V  

W W W *  o

DISC WfNOfNG

Fig. 1.3 Disc vs. Layer Winding (Allen (I960))

Considerable variation in the cooling arrangements of oil-immersed



LETTER SYMBOLS

Kind of Cooling Medium Symbol

Mineral oil or equivalent flammable synthetic
insulating liquid 0

Non-flammable synthetic insulating liquid L
Gas G
Water W
Air A

Kind of Circulation

Natural N
Forced (oil not directed) F
Forced-directed oil 0

Table 1.1 Cooling Arrangement Symbols from B.S. 171 (1978)

*

*

*

»

ORDER OF SYMBOLS

1st Letter 2nd Letter 3rd Letter 4th Letter

Indicating the cooling medium that 
is in contact with the windings

Indicating the cooling medium that 
is in contact with the external 
cooling system

Kind of
cooling medium

Kind of 
circulation

Kind of
cooling medium

Kind of 
circulation

Table 1.2 Cooling Arrangement Symbol Order from B.S. 171 (1978)

windings is possible and these are systematically classified (B.S. 171) 

by a four-letter designation explained in Tables 1.1 and 1.2. A 

simplified sectional view of an ONAN arrangement is shown as Fig. 1.4. 

In this case a radiator has been fitted to the tank which cools the oil 

by natural air circulation. The cooled oil in the lower portion of the 

tank is ’free to choose’ an upward flow path through the core cooling 

channel, windings, or in the space between the windings and the tank 

walls. The various streams then mix in the upper part of the tank. The 

addition of a pump in the oil circuit would convert the arrangement to 

OFAN. If, in addition, baffles were fitted at the bottom of the tank to 

direct the oil either through the windings or the core, the
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classification would be ODAN. Other variations are shown in Fig. 1.5. 

Oual classifications are common, e.g. ONAN/ONAF, to give a double 

rating.

m

0

¥

¥

Fig. 1.4 Sectional View of Transformer, Tank and Radiator 
with ONAN Cooling, adapted from Imre and Bitai (1978)

The oil flow within individual disc-windings may or may not be 

guided, using flow-diverting washers, in a prescribed direction through 

groups of the horizontal ducts between successive discs. The two 

possibilities are shown schematically in Fig. 1.6. Flow-diverting
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washers are normally used in disc windings of the OD class. Each group

of discs between successive washers is called a 'pass'.

*

%

%

%

*

Fig. 1.5 Various Cooling Arrangements and Their Classification
(Allen (I960))

1.3 Conventional T emoerature Specifications and Attempts to 

Improve Them The transformer manufacturer is usually required to specify
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1 P A S S '

CO N DU C TO R -

1 N S U L A T IO N -

- I m r e ’s (1 9 7 6 )  
T u rb u le n t H e a t  
C ond uction  
m e c h a n is m

FLO W
D IV E R T IN G -
W A S H E R

-D IS C  

-  B A R R IE R

N ode lo c a tio n s  —  
in O liv e r  (1 9 8 0 )  
G e n e ra l N e tw o rk  
M o d el

4
a rro w s  in d ic a te  
o il f lo w  d ire c tio n

Fig. 1.6 Section of Disc Winding with and without Flow-Diverting Washers

temperature as a difference, or ’rise' above the ambient temperature t .a
The hottest spot temperature in the winding t would thus be reported ash
8  ̂ = t̂  - t . The nominal value of t in the U.K. is considered to be h h a a
20 °C. No attempt in fact is made to specify 0̂  either by direct

measurement or theoretical prediction. Several devices have been
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proposed which could be permanently installed in a winding and register

t (see Allen (1975), Pratt (1972), Allen and Havlicek (1974), Yannucci h
and Thompson (1979) and EPRI (1979)). These devices, however, are of 

little value without a priori knowledge of the hottest spot location.

B.S. 171 instead requires the specification of 9^, the temperature 

rise of the winding determined by resistance measurements and 0 c o£ 0  ̂, 

the rise in the top of the cooler or the tank (see Fig. 1.4). B.S. 171 

regards 0 c and 0 fc as equivalent, designating either simply as the 

’top-oil' temperature rise. It is also customary to measure the 

temperature rise of the ’bottom oil’, 9̂ , from which the mean oil 

temperature rise in the cooler is presumed to be

0 = 0.5(0 + 0U) . (1.1)me c b

CP 1010 then asserts that 0. may be found fromh

0 =0 +• 1 . 1  A9 , (1.2)h e  wo

where A0 , the difference between the mean winding temperature rise and wo
the mean oil temperature rise (in the coolers) is

A0 = 0 - 0  wo r me (1.3)

The thinking behind equations (1.1) - (1.3) is shown schematically

in Fig. 1.7. 0 or 0,. are assumed equal to 0 , the temperature rise of c t w
the oil as it emerges from the windings (all windings are assumed to 

have equal 0^). The winding and oil temperature rises are assumed to

increase linearly with height, the difference between them being



constant and equal to A0 . The top coil is always assumed to have thewo
maximum average temperature, the hottest spot in it being greater by 1 0 /. 

of A8wo

Fig. 1.7 Thermal Assumptions in CP1010:1975

It is not surprising that many of these assumptions have been 

challenged. Examination of Fig. 1.4 should suggest that, e.g., 0^ may 

differ substantially from 0 and 8 .̂ Carruthers and Norris (1969) citeC u
evidence that only 25 - 507. of the oil flow in the coolers can be

expected to go through the windings under forced conditions. 0 willw
thus be considerably greater than 0 c or 8 ,̂ because of the mixing of the

winding oil with the stagnant layer of oil in the top of the tank. Their

proposed remedy is to obtain 8 from what they believe to be a directw
measurement of the mean oil temperature rise in the windinq. 0 . When a------  mw
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transformer is tested under full load, 0f is measured by plotting the

resistance of the winding against time from the shut down of the

current, extrapolating backwards to obtain the value before time zero

(B.S. 171). Their assertion is that as the mean winding temperature

falls, it will, if 'corrected' for the concomitant fall in 0 , approachme
a constant value, namely 0 . In later papers (Norris (1971) and Norrismw
(1974)), this 'multiflow' principle evolved into a proposal for a new

standard specification, but was correctly regarded to have little solid

basis either in theory or experimental evidence (Allen (1972, 1975),

discussion of Norris (1971, 1974)). Allen's criticisms were confirmed by

the experimental work of Lampe, Persson and Carlsson (1972) who proposed

instead that 0 be measured directly, using a teflon hose inserted into w
the top of each winding, and connected outside the tank to a pressure

sensing instrument. The volumetric expansion of the oil in the hose

would, after calibration, yield accurate values of 0 . Determination ofw
9. , however, would still depend on (1.2) being correct (which is open to h
considerable doubt). Experimental work by Pivrnec and Havlicek (1972), 

for example, demonstrated that the winding temperature does not

necessarily increase linearly with height nor is the top coil

necessarily the hottest.

Clearly there is a need to put the thermal specification of power 

transformers on a sounder basis. The guidelines set out in B.S. 171 are 

bound to underrate some designs and overrate others. To predict 9̂  

accurately for a given design clearly requires a far more detailed 

analysis of the heat transfer and fluid flow in the winding itself. Some 

of the prior work in this field will now be considered.

1.4 Previous Treatments of the Transformer Thermal Problem The
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earlier attempts to predict the thermal behaviour of transformers mostly

involve empirical formulae derived from

have been extensively reviewed by Allen

this kind of approach is Eastgate (1965)

of Steckler (1928, 1929), in which

distribution in a single disc of a

washers (see CD*r4U- 1 . 6 ).

correlations of test data. These 

(1960). A more recent example of 

. An early exception is the work 

he analyses the temperature 

winding without flow-diverting

Some papers treat the windings in their tank together with the 

external radiators as a single thermal/hydraulic system. A particular 

application is to determine the oil flow rate in naturally cooled 

transformers (Muur (1962) and Yamaguchi, et al., (1980)). The latter 

work appears to be of very high technical quality; the flow rate is 

measured through a window in the pipe of the bottom radiator using laser 

doppler anemometry. The experimental results agree well with the 

prediction of a computer program which iterates on the flow rate until 

the calculated pressure drop around the circuit is equal to the 

calculated natural convective pressure gain. The final result, however, 

consists only of a prediction of the mean winding temperature.

♦

%

4

It appears that Allen was the f 

of fluid mechanics and heat transfer 

Allen and Allan (1963) the layer-type 

1.3), in which the oil flows up 

duct, together with its immediately s 

and spacing material, is treated a 

velocity and temperature profiles are 

account is made of variable fluid 

conductivity in the surrounding i

irst to apply the field equations 

to transformer winding analysis. In 

winding is analysed (see Fig. 

long vertical ducts. The individual 

urrounding conductors, insulation 

s the elemental thermal system. The 

assumed fully developed, but full 

properties and anisotropic thermal 

nsulation. A resistance network

*
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analogue computer was used to solve the momentum and energy equations. 

Much pioneering work was also accomplished in the measurement of the 

relevant thermophysical properties (Allen 1957, 1959). In later work 

(Allen and Finn (1969)) thermal entrance effects were included in the 

analysis and a digital computer was used. Additional references to 

Allen's work are made throughout the thesis.

Extensive work has been done by Imre on disc-type windings without 

flow-diverting washers. In this case there is theoretically no 

established flow direction in the horizontal ducts, therefore Imre 

assumed that the oil there was static, moving only up the vertical 

ducts. A 'turbulent* heat conduction mechanism (see Fig. 1.6) was 

postulated to operate from the horizontal winding surfaces, through the 

static oil, to the oil flowing in the vertical ducts. Assuming 

symmetrical boundary conditions on the four sides of any disc, he 

obtained an analytical solution of the heat conduction equations in a 

quarter-disc, for an arbitrary temperature distribution on the half-disc 

surface in contact with the static oil (Imre and Danko (1976)). In 

later work, (Imre (1976), Imre et al. (1978), Imre and 8itai (1978), 

Imre (1981), he preferred to proceed using a hierarchical network 

approach. Each conductor pair in a disc was modelled as a node, coupled 

to neighbouring pairs and through the static horizontal duct oil to a 

single node in the nearest vertical duct. Mass and heat flow networks 

for the oil in the vertical ducts of each winding were then formulated, 

and interconnected at their inlets and exits to an overall network 

comprising the oil flow in the core, tank and cooler. Regretfully he 

does not appear to have applied his techniques to disc windings with 

flow-diverting washers.
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Preiningerova (1983) solved the temperature and magnetic fields

simultaneously in disc windings, also without flow-diverting washers. 

This procedure allows for non-uniform dissipation, caused by leakage 

flux-induced eddy currents in the windings. One of the weaknesses of the 

approach is the assumption of uniform oil temperature and heat transfer 

coefficient around each disc. (Only the conduction problem in the disc 

is solved, not the fluid flow in the ducts).

Howe (1978) was concerned with the effect of moisture on the kraft 

paper conductor insulation. He proposed the simultaneous numerical 

solution of the unsteady concentration, temperature, momentum and 

electric field equations to obtain the partial vapour pressure of water 

diffusing from insulation to oil as a function of time and load. 

Important to his analysis is the internal heat generation in the 

insulation due to dielectric losses. To include this affect the electric 

field equations must be solved. Though he makes reference to the oil 

flow distribution in disc-type windings, his experimental system more 

closely resembles a layer-type winding, comprising 2 windings and 3 

vertical ducts. He assumed fully-developed, but time-dependent velocity 

profiles.

Haggblad and Mattsson (1983) used the finite element computer

program NACHOS, designed for incompressible flow problems, to solve the

flow at the junctions in disc windings between the vertical and

horizontal ducts. Isothermal conditions were assumed, and it was not

stated whether or i.ot flow-diverting washers were used.

Oliver (1980) used a general network model to estimate transformer 

winding temperatures and oil flows in a disc winding with flow-diverting



washers. His important contribution bears comparison with the present 

work on many points. A single pass (see Fig. 1.6) is taken as an 

elemental system, and a node is located at the entrance and exit of each 

horizontal duct. The solution provides values of the pressure and bulk 

temperature at each node, and the velocity and mean wall temperature in 

each duct connecting the nodes. The hottest local wall temperature in 

each horizontal duct is then estimated, from which the hottest conductor 

temperature in each disc may be found.

The success of any network model depends on the accuracy of the 

assumptions made and the coefficients used in formulating the flow 

resistances, etc. In the ducts, Oliver used the friction factor for 

fully developed, constant property flow in parallel plate ducts (an 

approximation of rectangular cross-sectioned ducts with a very high 

aspect ratio), modified for variable viscosity by a correction factor. 

At the junctions between vertical and horizontal ducts, pressure loss 

coefficients were derived from pipe tee-junction data (see Chapter 5). 

Conservation of mass and energy at each node, together with pressure 

drop estimates along the paths between nodes, then yield values of the 

flow rate in each duct and the bulk oil temperature at each node. In 

particular, the flow-rate and bulk oil temperature at the entrance of 

each horizontal duct is obtained, from which may be calculated the mean 

wall temperature. Oliver used the Nusselt number from the analytical 

solution for constant property, parallel plate ducts with constant wall 

heat flux, assuming a fully developed velocity profile, but a developing 

temperature profile, assumed flat at the duct entrance. The 

duct-averaged Nusselt Number is used, modified, as with the friction 

factor, by a variable viscosity correction factor. The local wall and

local conductor hot spot temperature is assumed to be highest at the



exit of every horizontal duct. The is because heat loss from the 

vertical edges of the disc, and conduction along the duct wall, is 

ignored. Circumferential conduction in the conductors is also neglected, 

and no allowance appears to have been made for the 'masking' effect of 

the pressboard spacers which separate the discs. A sample calculation is 

made, but no experimental confirmation of the method is provided; 

however, the flow distribution results bear qualitative resemblance to 

measurements made in a perspex model by Allen, Szpiro and Campero 

(181).

1.5 Overview of the Thesis The purpose of the present work is 

essentially the same as Oliver's, to predict the location and value of 

the hottest spot temperature in a disc winding with directed flow and 

flow-diverting washers. A network method, based on a single pass, is 

used, however the formulation is quite different. Extensive use is made 

of finite difference field calculations on a digital computer to obtain 

more accurate estimates of pressure loss coefficients in the ducts and 

junctions, and the conductor temperatures in the discs. The overall 

solution is 'hybrid', using lumped parameter networks where possible, 

and full field solutions where necessary. Oirect experimental 

confirmation is provided from measurements of oil velocities and 

temperatures in a facsimile disc winding. In conclusion, an attempt is 

made to assess the influence of the various design parameters on the 

hot-spot temperature, and so to optimise the thermal design.

Chapters 2 - 8  develop the theoretical and computational basis of 

the work, and the experimental work is presented in Chapters 9 - 12. 

Design optimisation is discussed in Chapter 13, and the suggested 

direction of further work is outlined in Chapter 14. In the next
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chapter, the geometry of the disc winding will be presented in greater

detail, and various approaches to the solution of the problem will be 

discussed.

*

*

If

49



CHAPTER 2

THE PROBLEM DESCRIBED

2.1 Disc Minding Geometry The geometry of a single disc-type 

transformer winding will now be considered in detail, noting in 

particular the important dimensions which will influence the thermal 

analysis.

OUTERBARRIER

PRESSBQ ARDSPACER
OUTER VERTICAL OUCT01 SC COIL. PAPER INSULATED COPPER

Fig. 2.1 Plan View of Disc Winding

A plan view of a typical winding is shown as Fig. 2.1. To avoid 

clutter, the individual conductors in the disc coil are not shown and 

the base cylinder and outer barrier are represented as single lines. In
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the sector contained between radial lines A-A, it is seen that the

*

4t

*

pressboard spacers form a horizontal duct of mean width w and length L. 

Although the mean winding radius R will vary in practice, it is usually 

assumed large enough (typically 0.5 - 1.0 m) to enable neglect of the 

variation of width in the horizontal ducts. This assumption will be more 

closely considered in Chapter 14.

The inner and outer vertical ducts, of thicknesses a and b

respectively, are also seen (in cross -section) to be formed by vertical

pressboard ribs which set the outer barrier and ba se cylinder off from

the winding.

. I* -------:— "I

Fig. 2.2 Elevation of Sector A-A

In this example there are 16 geometrically equivalent sectors, and 

it is usually assumed that the oil flow distributes itself evenly around 

the circumference (swirling is ruled out). An elevation view .of a part 

of sector A-A is shown as Fig. 2.2. 4 discs and 3 ducts of thickness c
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are shown. The aspect ratio of the ducts w/c (or w/a, w/b for vertical 

ducts) is usually large enough (typically 20-25) to assume that they are 

hydrodynamically equivalent to infinite parallel plate ducts. The result 

may be seen as vertical section 8- 8 in Fig. 2.3.
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Fig. 2.3 Vertical Section B-B

Here, a "pass" comprising 6 discs and 7 ducts is shown. The 

oil-directing washers at the top and bottom force the oil to flow in the 

direction indicated by the arrows. (An alternative method of diverting 

the flow, apparently used in some Japanese designs (see Yamaguchi, et 

al. (1981)) is pictured in Fig. 3.1.) In the U.K., a pass may contain as
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many as 3B discs, and a winding may have several passes. The thickness c 

of the horizontal ducts may vary within a pass due to tapping 

arrangements or for the purpose of maintaining an ampere-turn balance 

between the high and low voltage windings. This latter point will be 

considered further in Chapter 13.

Assuming that the geometrical simplifications made thus far are 

reasonable, it follows that the thermal performance of the entire 

transformer may be determined from bottom to top analysis of each pass 

in each winding. Since successive passes are connected by only one path, 

exit conditions for the first become entry conditions for the second, 

and so on. The problem then reduces to solving a one-pass system.

2.2 Problem Statement Referring again to Fig. 2.3, it is assumed 

that the oil flow rate Q into the pass, its bulk fluid temperature tm , in
and all dimensions and relevant thermophysical properties are known. In

general, the bulk fluid temperature t of a fluid flowing at meanm
velocity u in a duct of cross-sectional area A is defined as m c

= ----  ut dA ,m A u , cc m J A
(2.1)

where u and t are the local axial velocity and temperature. (Since the

problem is 2-dimensional, Q is an area flow rate which has units of 
2m /s). Each conductor is assumed to carry a steady current I and to have 

reached thermal equilibrium with its environment. It is further assumed 

that the heat flux through the barriers and oil-directing washers is 

negligible.

Given the above knowledge it is desired to calculate the average



temperature of each conductor in each disc of the pass, and hence to 

find the location and value of the hottest spot temperature. The 

pressure drop through the pass is also required. The solution of this 

problem is the main purpose of this thesis, as to the author's knowledge 

there is no published work which accurately predicts individual 

conductor temperatures and for which experimental verification has been 

obtained.

2.3 Preliminary Observations The pass shown in Fig. 2.3 is seen to

be composed of an interconnected series of relatively long (L = 100 mm)

horizontal and relatively short (d = 14 mm) vertical ducts, all

relatively thin (a = b = c = 4 mm). These dimensions are typical. The

flow rates generally used, and the viscosity of most insulating fluids

ensure, low duct Reynolds numbers (Re = 20 - 200). The definition of Re

throughout this thesis is based on the hydraulic diameter of theh
duct, defined as

t

4 A
Dh = - ^ = < V  ( 2 . 2 )

where A is the cross-sectional area, P the wetted perimeter and rL the c h
hydraulic radius of the duct. In the case of, e.g., a horizontal duct

D. = 2c. (2.3)h

4

Low Reynolds numbers and long thin ducts ensure laminar flow and 

small hydrodynamic entrance effects. The hydrodynamic entrance length 

L , defined as "the duct length required to achieve a duct section 

maximum velocity of 997. of the corresponding fully developed magnitude
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when the entering flow is uniform" (Shah and London (1978), p. 41), is

given by Atkinson et al. (1969), for the parallel plate geometry, as

♦

Lu / D =  0.3125 + 0.011Re, (2.4)hy h

which will give Ll << L in the horizontal ducts. The highest Re in fact hy
occur in the vertical ducts near the entrance and exit of the pass, 

which presents complications to be further discussed in Chapter 5. 

Furthermore the dynamic viscosity of most insulating oils decreases 

sharply with temperature (see Appendix A), causing doubt about the 

concept of fully developed velocity profiles. This point will be taken 

up in Chapter 7.

Setting these difficulties aside for the moment, and bearing in 

^ mind that L >> d, it is reasonable to assume that most of the heat

transfer will occur by conduction and convection in the horizontal 

ducts, and that each duct could be analysed individually if its inlet 

flow rate were known. Hence it is necessary to consider the factors 

which affect the distribution of flow between the several horizontal 

ducts of a pass.

^  In general, as will be presented later, both experiment and theory

demonstrate that the distribution of flow is unequal and in some cases 

highly non-uniform. The pressure drops along each parallel path from 

#, inlet to outlet which in combination govern this distribution will

consist of a.) friction losses, primarily in the long horizontal ducts 

and b.) momentum losses (or regains) in the short vertical ducts and at 

all connecting junctions. Because both Re and L are small, friction 

losses are expected to predominate; in fact, it will be shown in Chapter
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3 that total neglect of momentum effects gives a reasonably accurate 

prediction of the flow distribution in some cases. In Chapters 5 and 6 , 

the momentum effects at junctions and corners will be considered in 

detail. Their influence on the pass flow distribution is discussed in 

Chapter 8 .

Fig 2.4 Combined Heat Flow in Disc and Duct

Assuming that the flow rate and bulk fluid temperature at the 

inlet of each horizontal duct is known, knowledge of individual 

conductor temperatures will require analysis of a region such as that of 

Fig. 2.4. Each half disc contains only 6 conductors, which would be 

common in a low voltage winding. Two observations will be made.

First, most insulating fluids have high viscosities and specific 

heats but low thermal conductivities, see Appendix A, resulting in high 

Prandtl numbers (typically 400-80). Thus even though the duct Reynolds 

numbers are low, the Peclet numbers Pe will be high:

5 6



Pe = RePr, (2.5)

*

*

*

*

where Pr is the Prandtl number

MC
Pr = — (2.6) k

where p, c and k are the dynamic viscosity, specific heat at constant 
P

pressure and thermal conductivity. These parameter values indicate that 

thermal entrance effects will be present; in particular, the Nusselt 

number will vary considerably along the horizontal surface of the disc. 

As is standard, the Nusselt number

Nu

where the convective heat transfer coefficient h is given by

(2.7)

h = _____ w
t - twall m

( 2 . 8 )

where t ,, and t are the local (disc) surface and bulk fluid wall m
temperatures and q" is the local surface heat flux, w

The thermal entrance length L ., defined as "the duct lengthth
required to achieve a value of local Nu equal to 1.05 Nu for fully 

developed flow" (Shah and London (1978), p. 50), depends not only on 

flow geometry but also on the thermal boundary conditions. In the case 

of the parallel plate duct with constant wall heat flux, Shah (1975) 

gives
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(2.9)L u = 0.01 1 5439DuPe. th h

Except for the very lowest values of Pe (low flow rates combined with 

high oil temperatures, hence low Pr), this will give L >> L.

The second observation is that some heat transfer may be expected 

to occur from the surface of the disc edges to the vertical ducts, which 

will result in some heat conduction within the disc as suggested in Fig.

2.4 by the serpentine arrows. Hence the heat transfer problem is a 

conjugated one. Further complications arise from the non-homogeneity of 

the materials in the discs (oil-impregnated kraft paper and copper).

2.4 Governing Equations The solution of the flow and temperature 

fields in the region of Fig. 2.3 necessitates detailed consideration of 

the governing partial differential equations commonly referred to as the 

continuity, momentum (Navier-Stokes) and energy equations. (Navier 

(1023) derived the momentum equations for incompressible flow using

molecular arguments. Stokes (1845) rederived them using concepts of

continuum mechanics more common in today’s textbooks, incorporating

compressible flows.) Derivations of these equations are available in

many standard fluid mechanics texts,, e.g. Batchelor i(1967 ), and will not

be reproduced here.

*

#

♦

In the case of steady, two-dimensional flow, the continuity 

(conservation of mass) equation is:

9 . . 9 . .
3x ®u + 3y ®v = 0 (2.10)

Local fluid velocities u and v are in the x and y directions
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*

respectively, q is the local fluid density. Although transformer oil is 

generally considered to be an incompressible fluid, the variable density 

form of the continuity equation has been retained for later convenience.

The momentum equations are, for the x direction

QU
3u
3x QV3u

9y 2n3x
3 . 3u
3x ox

3_, riu
3y(|jC3y $*1)OX

(2.11)

and for the y direction
3v 

'dy
3v 3v

QU7“  + QVT3x '
3d 3 r3v 3u. .  3 3v.
3y ~ 69 * 3 x (lJ[3^ * 37]1 + 3 7 (2p3 7 ’ ' ( 2 . 12 )

where g is the acceleration due to gravity

The symbol p requires brief additional discussion. Strictly 

speaking it is imprecise to label p in equations (2 .11) and (2 .12) as 

the thermodynamic or fluid static pressure (as is customary) except in 

the case of a stationary fluid in thermodynamic equilibrium. In the 

derivation of the momentum equations, p is defined mechanically as the 

average compression on a fluid element which is not necessarily at 

thermodynamic equilibrium. Furthermore, in a moving fluid, compression 

stresses arise due to viscosity which are absent in a stationary fluid. 

As pointed out by White (1974), p. 70, the difference between the 

thermodynamic pressure p and the mean mechanical pressure p is

P = P v 2 » ,2mA * rp) (t— + r— 3 3 x dy (2.13)

where A is the coefficient of bulk viscosity. Stokes's (1845) hypothesis 

was to set
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X + JM = 0. (2.H)

This assumption has caused controversy, but chiefly in dealing with 

compressible flows. In the case of transformer oil, as

3u 3v 
3x + 3y * (2.15)

the distinction between mechanical and thermodynamic pressure is 

unimportant. In this thesis, then, p will be taken to mean throughout 

the thermodynamic or fluid static pressure.

4

t

It will also be noted that equations (2.11) and (2.12) allow for 

variable viscosity. Unfortunately this makes analytical solution of the 

equations virtually impossible even in simple geometries.

The energy conservation equation for the fluid is

Qc 31 
J3x

3t
'3y

3_
3x

3t
"3x — ik—3 y ' K3y (2.16)

where it has been assumed that heat generated through viscous 

dissipation and fluid compression is negligible. Allen (1959) has shown 

that the thermal conductivity k of transformer oil can both increase and 

decrease with temperature, hence this possibility is retained in the 

equations.

♦

%

In solid areas of the domain, the energy equation becomes

— ik —3x x3x
i t

3y y3y 0, (2.17)

*
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where k and x
q ''’ is the 

results from 

insulation, 

conductors .

k are thermal conductivities in the x and y directions andy
energy generation per unit volume. The former complication

the anisotropic thermal conductivity of some conductor
2the latter from the I R losses present in the copper

2.5 Solution Strategy In deciding how to solve the field equations

w most efficiently in a domain such as Fig. 2.3, first note that

analytical methods would be extremely difficult to apply. The flow

domain is multiply-connected, the momentum and energy equations are 

coupled through temperature-dependent viscosity, and finally the solid 

areas are non-homogeneous.

Second, while numerical solution using a digital computer is 

possible, it would be somewhat inefficient and less accurate to treat 

the pass as a whole. Any numerical computation depends for its accuracy, 

on, among other things, the fineness of the grid spacing. No 

computations can be considered complete without some sort of 

"grid-independence test", in which successive refinements of the grid 

are carried out until the quantity desired from the calculation is only 

slightly altered. In the flow domain under consideration, considerable 

refinement is required at corners and tee-junctions, while in the long 

horizontal ducts, where the flow is likely to be fully developed, the 

grid could be quite coarse. In any case a very large number of grid 

points would be required to treat the pass as a whole, and this would 

unduly increase storage requirements and central processor unit time.

Finally, it should be 

analysis is to predict the

remembered that the ultimate aim of the 

location and value of the hot-spot
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temperature. It is reasonable to expect that the hot-spot will occur 

somewhere in the interior conductors of the disc (not near the edges, 

which are cooled by the vertical ducts). Therefore, minute details of 

recirculation flow patterns at tee-junctions and corners are not 

required, only insofar as they influence the overall flow distribution.’

The above considerations have suggested the strategy adopted in 

this thesis. First, the overall flow distribution is to be predicted 

from a "network" model which makes use of lumped flow-resistances. 

Second, each duct is then solved individually using the full field 

equations, and extending the calculation into the disc, to yield finally 

the individual conductor temperatures.

T
c

1

Fig. 2.5 Combining Tee-Junction Fig. 2.6 Dividing Tee-Junction

In Chapter 3, a simple network model will be described, in which 

variable viscosity and corner and tee-junction losses are ignored, and 

it is assumed that the flow is fully developed throughout. The flow

*
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resistances are derived from constant property parallel plate friction 

factors which are well known. In Chapter 5, the continuity and momentum 

equations will be numerically solved in combining and dividing 

tee-junctions, within a region enclosed by the dashed and solid lines 

in, respectively, Figs. 2.5 and 2.6. A similar computation is detailed 

in Chapter 6 for the corner region shown as Fig. 2.7. Concentrating on 

simplified regions reduces computer time and storage requirements and 

provides higher resolution. From these computations are extracted flow 

resistances which are then added to the simplified network. Examination 

of Figs. 2.3 - 2.7 will confirm the following convention for labelling 

flow rates:

%

*

Q = area flow rate into pass,

= area flow rate in horizontal ducts,

Q. = area flow rate in vertical ducts entering a junction, in
= area flow rate in vertical ducts leaving a junction.

Fig. 2.7 Corner

In Chapter 7, 

centre-line symmetry) 

variable viscosity on

the flow region of Fig. 2.4 (but invoking duct 

is calculated to determine a.) the effect of 

the pressure drop and b.) to obtain the details of

63



the individual conductor temperatures. The results of a.) are used to 

revise the friction factor used in Chapter 3. The result of all of these 

refinements is the full disc network model DISCNET which iteratively 

determines the flow distribution by successively adjusting all flow 

resistances for variable viscosity and momentum effects. DISCNET is 

fully described in Chapter 8 .

m

*

m
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CHAPTER 3

SIMPLE NETWORK MODEL

3.1 Simplifying Assumptions The continuity, momentum and energy 

equations stated in Chapter 2 (2.10) - (2.12), (2.16) can be easily

applied to the flow domain of Fig. 2.3 provided that additional 

assumptions are made:

1. ) The flow is fully developed in all vertical and horizontal 

ducts.

2. ) Fluid properties are constant, except for density in the body 

force term, in the vertical ducts.

3. ) Junction and corner losses are ignored.

4. ) The thermal boundary condition on the disc surface is constant 

heat flux on all horizontal surfaces. Heat flux from the vertical 

edges of the discs is ignored.

These assumptions are presented graphically in Fig. 3.1. 

Assumption 3.) is indicated by cross-hatching in the junction and corner 

areas. Assumption 4.) is represented by the serpentine arrows and single 

hatchings on the disc edges. This assumption ignores any conduction 

within the discs, ensuring that the problem is not conjugated. 

Assumption 2.) is sometimes referred to as the "Boussinesq" or 

"quasi-incompressible" assumption and will be further qualified in due

course.



l-a-4<--------- L ---------- i |

Fig. 3.1 Simplified Domain

*

L i ____ -« L*

♦

Fig. 3.2 Horizontal Duct Fig. 3.3 Vertical Duct

If assumptions 1.) and 2.) are applied to one of the horizontal 

ducts, Fig. 3.2, equation (2.11) simplifies greatly to:
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*

whose solution is

. M 2_ do d u 0 = - + u — ,dx M . 2 dy
(3.1)

3 4y^
u ■ 7 V  - c

(3.2)

where

m
j.c/ 2 

ju dy. (3.3)
1 cl 2

The details of the derivation are omitted as they may be found in any 

fluid mechanics text, e.g. Schlichting (1979), p. 84. The pressure drop 

from station 1 to 2 (Fig. 3.2) is then given by

p, - p2
1 2u |lLm (3.4)

If the pressure drop through the entire pass is required, it is

necessary to include the effects of buoyancy in the right hand vertical

ducts. The oil flowing in each horizontal duct of Fig. 3.1 will enter at

at bulk temperature t . , and because of the wall heat flux will exitm, in
at t . 4, etc. At the combining junctions, mixing will occur: e.g. atmh, 1
the exit of duct 2 , oil at t . _ mixes with oil at t 4 (= t . .) tomh , 2 m , 1 mh ,1

yield oil in the vertical duct 2 at t 0. As the oil in the right-handm , Z
vertical duct increases in temperature, its density will decrease, 

generating a buoyancy force which tends to assist upward flow. The exact 

value of the force is related to the area underneath a graph of mean oil 

density vs. height. The mean oil density in turn would be determined, in
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right-hand vertical duct (see Allen, 1960). Strictly speaking, t is

not the same as t , however, in this simplified analysis, it is assumed m
that t does not vary across the vertical duct, i.e., the temperature 

profiles are assumed to be flat. In this special case, t and t are 

the same, and the latter quantity will be used in subsequent 

calculations of the buoyancy force.

this case, from the arithmetic mean temperature t at each level in thea v

*

If the flow is assumed to be fully developed in the vertical

ducts,, but the gravitational body force term is retained, equation

(2 .12)i becomes, for the domain of Fig . 3.3

The d 

(see

0 d£
dy 69

ensity of most transformer oil de 

Appendix A), which may be express

d 2v

creases linearly with 

ed:

(3.5) 

temperature,

q = q + s(t-t ), (3.6)o o

where is the density at some datum temperature tQ and s (negative) is 

the slope of the density vs. temperature curve. It is more common to 

express density-temperature variation using the coefficient of thermal 

expansion p, defined as

P “ (ff)q dt p (3.7)

where the partial derivative 

however Allen (1960) has 

less convenient to use since

is to read "3g/6t at constant pressure", 

pointed out that, for transformer oil, {3 is 

it varies with temperature (s does not).

4

P

4
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Although equation (3.5) differs from (3.1) due to the addition of
5the body force term q , the dissimilarity can be removed by defining a

A

"total" pressure p’ such that

*

*

♦

dfil _ dfi 
dy ~ dy ♦ 69 • (3.8)

which upon substitution into (3.5) yields an equation identical in form 

to (3.1), whose solution yields the total pressure drop from station 1 

to 2 (see Fig. 3.3) which is

1 2v pd
p' - p' = ----— . (3.9)M1 m2 2 b

The relationship between the total and static pressure drop may be found 

by integration of (3.8) from 1 to 2 in Fig. 3.3:

ry2
Pi - Pi = P, - P. ♦ 6 gd + sgI (t-t )dy, (3.10)2 1 2  1 0  . 0

yi
where t must be set equal to the temperature at y^. Substitution of 

(3.9) in (3.10) yields

1 2v gd fy 2
P, - P, = ---‘V "  * 6„gd *sg| (t-t )dy. (3.11)

1 2  b 2 o j o
yi

The static pressure drop on the L.H.S. is what would be measured by a 

differential manometer connected between stations 1 and 2. It is the 

pressure difference which must be supplied by a pump or some other 

external agent to overcome the friction loss (1st term, R.H.S.) and 

raise the fluid through height d (2nd term, R.H.S.). If t increases from 

ŷ  to y2 (heating) then the 3rd term on the R.H.S. will be negative
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(since s < 0). Hence the buoyancy term tends to decrease the pressure 

drop, and to assist upward flow.

In the case of a transformer cooling circuit, the above 

integration is carried out around the closed loop path up the windingsv
and down the radiator (see Fig. 1.4). The result will yield the total 

friction loss and the total thermal driving force (terms 1 and 3, R.H.S. 

of (3.11)) around the circuit. The difference (term 1 - term 3) will 

represent the pressure needed from a pump. In naturally cooled 

transformers, the mean velocity of the fluid around the circuit will 

adjust itself until term 1 = term 3. Allen (1960) was the first to 

demonstrate these principles rigorously and to apply them to transformer 

design.

To conclude this section, three additional points will be made 

about the development of equations (3.1) - (3.11). First, in order to be 

consistent with the assumption of fully developed flow in the vertical 

ducts, it has been tacitly assumed that t = t(y) only. At any 

cross-section, uniform temperature across the vertical duct will ensure 

an isothermal, parabolic velocity distribution. Temperature variation 

across the duct will distort this profile. The effect is ignored here, 

but Allen and Finn (1970) have considered it in detail. It is important 

in the analysis of long vertical ducts.

Second, since in horizontal ducts, no change in height occurs, the 

total pressure drop is the same as the static pressure drop, i.e.,

P, = p2 = p , - p2
1 2ll pLm

2 '
(3.12)
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This fact will be of use in the formulation of the network equations.

ilk

♦

#

Finally, the dimensionless friction factor f will be defined. For

fully developed flow in ducts of uniform cross-section, the pressure

drop Ap is due solely to the action of the wall shear stress on the

fluid. When Ap over a length L of duct of hydraulic radius r^ is

normalised with respect to the mean kinetic energy per unit volume of 
2the fluid q u  / 2 , the definition of f emerges:

Ap . , L_
2 r ’

0u / 2 hm
In the case of parallel plane ducts, we may substitute the 

for Ap from equation (3.4), bearing in mind that c = 2rh :

(3.13)

expression

whence it is evident that

f 24u
ou 4r m h

(3. H)

f 24 
Re *

where Re is based on the hydraulic diameter 0^ = 4r :h h

(3.15)

Re
eu °hm h (3.16)

The friction factor for fully-developed, constant property fluid flow in 

ducts of arbitrary but uniform cross-section is of the form

_K
Re’ (3.17)
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where K is called a "friction constant", and is a function only of the

duct geometry. It should be noted (see Shah and London (1978), p. 40) 

that the "large” or Darcy friction factor sometimes used in the 

literature is 4 times f, and will not be used in this thesis.
m

It is frequently convenient to define an "apparent" friction

factor f in flow situations where a pressure drop Ap over length x app
occurs due to both friction and momentum effects, #

Ap x_
2 ~ app r . (3.18)

q u  /  2 hm
0

This quantity will be used in Chapters 5 - 8 .

3.2 Network Equations Equations (3.4) and (3.9) will now be 

rewritten in terms of the friction constant K, flow rate Q and hydraulic ^

(3.19)

(3.20) +

(3.21 ) »

where the use of the total pressure drop Ap' for both horizontal and 

vertical ducts is for reasons of convenience and is justified by (3.12).

diameter D,_ = 2c for horizontal ducts,hor

Ap' =
4KQ2pL

hor
= 2a for left hand vertical ducts

Ap' =
4KQ1pd 

.3 *

and D = 2b for right hand vertical ducts

Ap' =
4KQ1pd 

_3 '
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*
Fig. 3.4 Network Analogue

The form of these equations suggests an Ohm's Law type electrical

analogy, in which: volt drop = Ap’, current = Q and resistance = e.g. 
34KpL/D. for horizontal ducts. At combining junctions, Fig. 2.5, an hor

analogous Kirchoff current law may be written
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(3.22)Q1 Q.in 2 *

and for dividing junctions, Fig. 2.6

Q.in Q + Q - . 1 2 (3.23)

Hence the four duct system of Fig. 3.1 may be replaced by the

equivalent circuit shown as Fig. 3.4. R̂  are the resistances for 4

horizontal ducts 1 - 4 ,  which may differ due to the hydraulic diameters

, ,. R, and R are the resistances for the left and right hand hor,1-4 1 r
vertical ducts, i, „ are the mesh currents (chosen for convenience). The'-3 4

flow through the pass is represented by a current source i, where i is 

numerically equal to the area flow rate into the pass. The area flow 

rate in horizontal ducts 1 - 4, °2 1 4 are related to i • ^1-3 as
■4.follows: w

> r  
2, 1 1  ♦  l i

z i  -  i  ^
2. 2 2 1

(3.24)
— i  - i2,3 3 2

Q = - i  . ♦2,4 3

Mesh curren 

of mesh equations

ts î   ̂ may be easily calculated from the following set 

, written down by inspection from Fig. 3.4:
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i, (Rt ■fR2*Ri*Rr 1 -i2R2 -i(R,*Rr)

+ i2 (R2+R3+Ri+Rr ) -i3R3 -iR (3.25)r

-l2R3 + i.(R +R.+ R. +R ) = -iR3 3 4 1 r r

These equations may easily be expanded by inspection to a system of N 

ducts comprising N-1 mesh currents. A tri-diagonal matrix always 

results, which may be solved easily on a digital computer. However, for 

passes of up to 10 ducts (which will generate 9 mesh equations) a Texas 

Instrument model TI-59 pocket calculator could be used. The TI-59 will 

invert up to a 9x9 matrix, requiring about 12-15 minutes for the 

computation.

r
/

y

i  .

therm al boundary la y e r

___________^ ________ _____ L— = ------------

t9 tw  tw

Fig. 3.5 Duct Entrance Region
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3.3 Constant Property Disc Surface Temperature The solution of 

(3.25) will yield, by (3.24) the area flow rates in the horizontal ducts 

1 The disc surface temperatures in each duct may then be

calculated using the known analytical solution for the parallel plane 

duct with constant wall heat flux and a constant property fluid. The 

velocity profile is assumed parabolic (fully developed) while the 

temperature profile is developing. The inlet temperature (t& ) profile is 

uniform. The entrance region of the duct is shown in Fig. 3.5, together 

with a sketch, underneath, of the developing temperature profile and 

thermal boundary layer. The infinite series solution obtained by Sparrow 

et al. (1963) has been approximated by Shah (1975) as follows:

Nu ,, = 1 .490 (x*) '1 /3 for x* < 0.0002 x, H

Nu „ = 1.490(x*)"1/3 + 0.4 for 0.0002 < x* < 0.001 (3.26)x, H

*3 * -0.506 - 1 64x *Nu ,, = 8.235 + 8.68 ( 1 0 x ) e for x >0.001,x , H

♦

♦

%

where Nu ,, is the local (subscript x) Nusselt number for the constant x , H
wall heat flux boundary condition (subscript H), defined, as earlier

Nux, H

where

h

*

and where x is defined as

w
t - t . wall mh

(3.27)

(3.28)
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(3.29)

*

*

♦

%

X = DKPe‘h
* __x

The bulk fluid temperature rise t - t along the length L of themh e
duct may be easily derived from energy conservation principles, (see 

Kays (1966), p. 109) from which we obtain:

2qML
t - t = --T"mh e pcw p 2

(3.30)

This simplified model will predict that the hot-spot temperature t. . =hot
t ,, at x = L, i.e. at the right edge of the disc. This somewhatwall
implausible result, due to the second part of assumption 4.) at the

beginning of this chapter, will be rectified in Chapter 7. Since in

reality t „, will increase with x over most of the duct, but decrease wall
sharply as x approaches L, the value of t,_ . predicted from Nu ,, willhot x ,H
be higher than observed, although this error will be compensated by the

fact that, in practise, t. . is measured in the interior of the dischot
(see Chapter 11) and will be greater than the hottest surface

temperature. In any case the Nu solution, in conjunction with theX , H
flow rates from (3.24) and (3.25), give useful preliminary results.

3.4 Friction Loss and Buoyant Pressure Regain The friction loss

from entrance to exit of the pass shown as Fig. 3.1 may be calculated

once ij have been obtained from the network of Fig. 3.4. Any path from

entance to exit may be used, in this example the path is taken through

R. and up through the three R resistors. To this must be added the iR 1 r
drops in the entrance and exit vertical ducts. (As these resistances do 

not affect the value of î  they are not included in the network.) The 

total pressure drop is then
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+ iR . r (3.31 )Ap' = iRi * i*i, HR,*R ) 1 1 r i + i„ )R 2 r (iti3 1Rr

The buoyant pressure regain p^ through the same pass may be 0

calculated once t , _ are known, by evaluating the integral in (3.11) m , 1 - 3
along any path up the pass. For convenience, the friction loss 

calculation path will be taken. Since t is assumed to be a function of y *
only, t (y) = tty), and t must be set to t . : m o m,in

|.exit
P. = -sgI(t (y) - t . )dy (3.32)b - m m ,in

Jentrance 4
A graphical illustration of this integral will appear in the next

section.

3.5 Sample Calculations The equations presented in the previous 

two sections can be implemented on a programmable calculator such as the 

TI-59, and this was done in the early stages of the research. However, 

the process is lengthy and somewhat tedious, and more recently an Acorn ♦

BBC Model B microcomputer has been used. The program, written in BASIC, 

is listed in Appendix 01, but a brief outline of the calculation 

procedure and some sample results will be given here.

First, all relevant fluid properties, pass dimensions and inlet

conditions are input, so that network resistances R, ,, R, and R (see1-4 1 r
Fig. 3.4) can be computed. The matrix of simultaneous equations (3.23), 

being tri-diagonal, may be solved by a tri-diagonal matrix algorithm 

(T.D.M.A.), yielding the “mesh currents" i^ from which horizontal duct 

flow rates Q are obtained. The Peclet number Pe is then calculated
2 # 1 - h
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(3.26) and tin each duct to obtain x 

(3.28) are obtained once t 

(3.30).

(3.29), from which Nu 

mh

x,H ‘ wall
in each horizontal duct has been found from

*

m

0

♦

*

Referring to Fig. 3.1, it is assumed that uniform mixing of the

oil occurs at the three combining junctions, from which t _, t andm , 2 m , 3
t are calculated, (t . is simply equal to t . ., see Fig. 3.1.)m ,out m ,1 mh ,1

The buoyant pressure regain pfa may then be calculated by evaluating the 

integral (3.32). Finally the pressure drop due to friction is obtained 

from (3.31).

In the following three examples, the flow distribution and t. .hot
(t ,, at x = L) for each duct are calculated for passes of 4, 8 and 16 wall
ducts. In all cases the pass inlet temperature t = 40°C, pass aream,in

-3 2 . 2flow rate Q = 1.2 x 10 m /s, surface heat flux q^ = 3,000 W/m , disc

dimensions d = 16 mm, L = 100 mm, and all duct hydraulic diameters 0L ,hor
0 . 0  = 8  mm. These dimensions are typical of U.K. industrial design.

1 r
The properties of the fluid, a naphthenic transformer oil conforming to 

B.S. 148, are given in Appendix A. The results for the first example are 

given as Table 3.1.

Z Flow oDuct No. t. t . c t L . o„hot ,j mh C t * C m, j
4 28.45 55.3 41.0 41.2
3 21 .55 56.8 41 .4 41 .2
2 21 .55 56.8 41.4 41.2
1

inCOCM 55.3 41.0 41.0

Ap' = 213.3 Pa, [> = 0.6 Pa b , p = 212.7 Pa ex
Table 3.1 SN Prediction of 4 Duct Pass

tL  ̂ t . . and t . are t  ̂ and t . in the jth horizontal duct, andhot , 3 mh ,3 m , 3 hot mh
.tht in, the j vertical duct, so that t , = t . . p is them m,4 m.out ex
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d n p
difference between Ap’, the total pressure .due to friction, and p. , thea o
buoyant pressure regain. Hence p must be supplied by some external 

agent to cause flow in the pass. In order to evaluate pfa from (3.32), 

some reasonable assumption needs to be made about the variation of tm *
with y. If it is assumed that y = 0 at the pass entrance (see Fig. 3.1),

the simplest form of temperature variation with height is given as Fig.

3.6. Here, e.g., t . is assumed to change suddenly to t _ uponm,1 m ,2
entering the combining junction at the end of duct 2, where y = 36 mm. *

The shaded area under the curve is proportional to p.. In this example,b
typical of forced convection, p. provides only about 0.3Z of the totalb
pressure requirement. Note that, since t „ = t and t L . < t ,mh,2 mh,3 mh,4 mh,3 *
t . t and t f are all roughly equal. In the next two examples, t m, 2 m, 3 m, 4 m
actually decreases slightly towards the top of the pass, as cooler oil 

from the upper ducts combines with hotter oil from the starved central 

ducts.

y, m m

Fig. 3.6 Bulk Temperature vs. Height

In a 4-duct pass the flow distribution is seen to be roughly

uniform, and t. only slightly higher in the middle ducts. The hot
situation for an 8-duct pass. Table 3.2, is not as good. There is a 

odifference of 10 C between tu  ̂ in the middle and outer ducts, due tohot

0

0
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"starvation" of oil in the middle two ducts. On the positive side, Ap'

has increased only 30Z over the 4-duct case, while p representsb
slightly more (0.9Z)of Ap'.

♦

#

%

4

o 0 o_Duct No. Z Flow tu t « C t u • C t i Lhot ,j mh, i m.j
8 22.08 56.7 41.4 42.4
7 13.14 60.1 42.3 42.7
6 8.41 63.5 43.6 42.8
5 6.37 66.0 44.7 42.6
4 6.37 66.0 44 . 7 42.4
3 8.41 63.5 43.6 42.1
2 13.14 60.1 42.3 41.7
1 22.08 57.0 41.4 41.4

Ap' = 278.0 Pa, = 2.5 Pa , p = 275.6 Pab ex
Table 3.2 SN Prediction of 8 Duct Pass

In the case of 16 ducts, Table 3.3, the effects of maldistribution are
ofar more drastic. t,_ . in the middle ducts is over 50 C higher than inhot

the outer ducts, due to extremely low flows in ducts 8 and 9. The 

slightly increased role of buoyancy (2.2Z of the total pressure 

requirement) does not really compensate for the excessive hot-spot 

temperatures.

Although the above examples are based on a simplified model they 

can be expected to give a reasonable qualitative comparison of the 

thermal behaviour of passes of different mumbers of ducts. The model 

should prove of value to suggest the direction of design improvement, 

which will be discussed at length in Chapter 13.
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Duct No. l Flow t ’ ° c hot, i t • °cmh, j t • °C m,j
16 21.40 56.9 41.4 44.8
15 12.25 60.6 42.4 45.7
14 7.02 65. 1 44.3 46.3
13 4.03 70.5 47.4 46.6
12 2.34 77.2 52.8 46.5
11 1 .39 86.3 61 .5 46.2
10 0.89 98.5 73.6 45.8
9 0.67 109.2 84.3 45.3
8 0.67 109.2 84.3 44.8
7 0.89 98.5 73.6 44.2
6 1 .39 86.3 61 .5 43.7
5 2.34 77.2 52.8 43.2
4 4.03 70.5 47.4 42.7
3 7.02 65.1 44.3 42.2
2 12.25 60.6 42.4 41.8
1 21 .40 56.9 41.4 41.4

Ap' = 438.0 Pa, Pb s 9.8, p = 428.2 ex
Table 3.3 SN Prediction of 16 Duct Pass

3.6 Comparison with Experiment and Finite Difference Computations
♦

The simplified network model does appear to give reasonably quantitative

results in the prediction of l flow in each duct, when compared with the

room temperature perspex model measurements and companion

finite-difference calculations of Szpiro, Allen and Richards (1902). A P

full-scale perspex model of a single 8-duct pass was constructed, and

through it was pumped transformer oil at room temperature (the model

contained no heating elements). Oil velocities in each duct were
m

measured directly using a DISA constant temperature hot film probe.

Concurrent finite-difference computations were made on a digital

computer using a stream-function vorticity formulation of the constant

property, two-dimensional Navier-Stokes equations. Since the grid points ^

were spread throughout the 8-duct pass, resolution was fairly coarse

(about 5 grid points across each duct). Nevertheless, good agreement

between experiment and prediction was obtained.
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DUCT NUMBER (FROM BOTTOM OF PASS)

Fig. 3.7 Symmetrical 8 Duct Pass

%

*

*

30- DUCT DIMENSIONS, mm

|  FINITE DIFFERENCE. 2.x 10*3 m2/s  
|  EXPERIMENT, 2.01 x 10*3 m2/s 
[] SIMPLE NETWORK

<  20+o

10 •

i L
II
I

I

3 4 5 6
DUCT NUMBER (FROM BOTTOM OF PASS)

Fig. 3.8 Asymmetrical 8 Duct Pass

In Fig. 3.7 and 3.8, the network prediction is compared with their
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results. All three appear to be reasonably close. Fig. 3.8 illustrates

the effect of unequal left and right-hand vertical ducts. It should also

be noted that the simple network model will predict the same flow

distribution at any flow rate, since resistances R., R and R, are all
1 r 1

independent of flow rate, i.e. they are linear.

3.7 Summary The main purposes of this chapter have been to:

1. ) Describe a simple network model which will serve as the basis 

for further refinements.

2. ) Illustrate the marked difference in the thermal behaviour of 

passes with large (16) and small (4) numbers of ducts.

3. ) Compare the results of the model with published work.

The refinements needed require a method of solving the continuity, 

momentum and energy equations (2.10) - (2.12), (2.16) in corners,

junctions, heated ducts, etc. In the following chapter, the physical and 

mathematical basis of the 'general purpose* FORTRAN program used in this 

research will be described in detail.



CHAPTER 4

*

*

*

♦

«

FIELD EQUATION CALCULATIONS

4.1 Introduction Refinement of the simple network model requires 

the relaxation of assumptions 1.) to 4.) in section 3.1, in particular 

noting that

1. ) The flow in vertical and horizontal ducts is not fully 

developed at the entrances and exits of junctions and corners.

2. ) Fluid properties are not constant, particularly viscosity. The 

decrease of viscosity with temperature tends to distort the 

parabolic velocity profile, reducing the friction factor when the 

oil near the disc surface is heated. This distortion influences in 

turn the energy equation and temperature field.

3. ) Junction and corner losses may be significant when local 

Reynolds numbers are relatively high (at the entrance and exit of 

a pass). Recirculation zones may occur near corners.

4. ) Since there is, heat flux from the vertical edges of the discs, 

heat flow within the discs will occur, and the constant heat flux 

boundary condition (b.c.) can no longer apply.

A method of solving equations (2.10) - (2.12) and (2.16) - (2.17) 

is therefore required which can cope with two-dimensional laminar flows, 

allowing for variable properties and recirculation, i.e. capable of 

implementation in the geometries of Figs. 2.4, 2.5 - 2.7, with 

appropriate b.c.'s.

The development of computer software for the numerical solution of
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heat transfer and fluid mechanics problems has been the subject of 

growing numbers of Ph.O. theses. As Patankar (1982) has pointed out in a 

recent survey paper, some duplication and "reinvention of the wheel" has 

resulted. General purpose solvers have become increasingly attractive to 

large industrial users since computer simulation is becoming cheaper and 

more flexible than prototype construction and testing. Hence commercial 

packages such as PHOENICS (see Spalding (1981)) have become available.

There is considerable debate among workers as to whether the 

current state of the art warrants marketing of "all-purpose" fluids 

packages such as PHOENICS. It is not the purpose of this thesis to enter 

the debate or to attempt a survey of a rapidly changing field. The 

emphasis will rather be to report experience in solving a particular 

problem.

It was decided in the early stages of the research to make use of 

any appropriate existing software that was readily available provided 

that 1.) the accuracy of the program could be verified and 2.) its 

physical and mathematical basis, and subsequent implementation in a 

computer code, could be thoroughly understood. The choice of locally 

available software which could be applied to all of the flow situations 

was between TEACH-L (Gosman, et al. (1975)) and PHOENICS. The latter has 

the advantage of being a highly developed "user friendly" research tool. 

It must be used, however, as a “black box", the source listings being 

unavailable (and unalterable). TEACH-L is used primarily as a teaching 

tool in the Mechanical Engineering Dept, at Imperial College. Though not 

as versatile as an all-purpose package, it has all the necessary 

features and its source listings, in FORTRAN, are available. The task of 

the user is to understand the program fully, then to adapt it as

%

*

m

*

%
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necessary to his/her particular problem. In particular, the user must 

program the boundary conditions, fluid property equations, grid spacing, 

etc.

* The decision was therefore taken to use TEACH-L, not because 

PHOENICS was judged inadequate or inaccurate, but to ensure full 

understanding and verification of the results. Doubtless other users

* might have arrived at different decisions depending on their 

circumstances. The purpose of this chapter will then be to explain fully 

the physical and mathematical basis of TEACH-L. Subsequent chapters will 

detail the adaptation of the program to particular geometries and*
boundary conditions. Except as otherwise indicated, most of this chapter 

has been compiled and expanded upon from lecture notes and other 

unpublished material.

*
4.2 Generalised Field 

(2.16) may be arranged in the

Equations Equations (2.11), 

following equivalent forms:

(2.12) and

3 .
9 x ( e u u ) ♦ 3 y ( e v u ) 9 . B yj  ( Pj» )OX  o x

B . Bu 
By  ^ By -  S = 0 ,  u ( 4 . 1 )

♦ 9 _ ,  . 
9 x

3 _ ,  , 
*  3 y ( e w )

9 . 9v-  j  ( p»\ )B x  Bx
9 . B y  
By  ^ By -  S = 0 ,V ( 4 . 2 )

B_
Bx (gut) ♦ g^(evt) 9 . k 91. 9 . k 91.

Bx  c B x  By  c 9yP P
0 , (4.3)

where
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(4.4)3p 3_, 
3x + 3x

3u 3_
3y

3v
*3x

Sv 3y QS 3 3u
+ 3x ^3y

3 . ch/ 
3 y (M3 y )f

(4.5)

St
3t 3 1
3x 3x cP

■eg*oy oy cP
(4.6)

%

The motivation for this rearrangement is to be able to generalise

(4.1)-(4.3) as follows: m

f w  * f c ' V 1 - b r> - fetr* S ’- s* = "• (4.7)

where

G = x
G =y

r
U , V

2mass flux in the x-direction = qu [kg/m s]
2mass flux in the y-direction = qv [kg/m s] 

f x-direction momentum/mass = u [m/s]
I
■{ y-direction momentum/mass = v [m/s]
1L energy/mass-heat capacity = t [ C]

= dynamic viscosity = p [Pa s, kg/m s] 

thermal exchange coefficient = k/c^ [kg/m s] 

sources associated with ♦ (4.4) - (4.6).

♦

It is evident that the strategy is to combine everything which does not

fit into the first four terms of (4.7) into the "source" term S.. No?
physical connotation is intended in using the word "source". However, if 

the viscosity and specific heat are constant and the fluid 

incompressible, the sources simplify to
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*

%

Inax* (4.8)

I n
B y *

(4.9)

s t = (4.10)

so that at least in the case of the momentum equations one might want to 

think of the pressure gradients as a "source" of momentum. In the 

absence of internal heat generation in the fluid, is zero; energy 

input arises only through the boundary conditions. In subsequent 

computations, these simplified source expressions will be used; 

justification will be included as each flow situation is discussed. The 

continuity equation (2.10) may also be cast in the form of (4.7) if ♦ is 

taken as a constant equal to unity. However (2.10) will be accorded 

different treatment, as will be shown later.

4.3 Control Volume Equations In order to solve equation (4.7) on a 

digital computer, a grid must be imposed on the flow field, and a set of 

algebraic equations derived, each of which is accurate at or near a 

specified grid point. Finite difference equations, e.g., are obtained by 

using Taylor's series expansions about each grid point. In TEACH-L, 

however, the algebraic equations are derived by integration of (4.7) 

over a small control volume, one of which is shown as the shaded area 

bounded by dashed lines in Fig. 4.1. The grid, represented by the solid 

lines, has been taken to be two-dimensional cartesian with equal spacing 

5x, 5y for illustration in the first instance. The values of and its 

nearest neighbours 4^, and are stored at the indicated 

intersection points of the grid lines. (TEACH-L in fact allows for
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variable grid spacing and uses a “staggered" grid; these complications 

will be incorporated later.)

p

N

n

i

\////. ns

E

rs

<-----lx---- ►

.

5y

Fig. 4.1 Control Volume

Term by term integration of (4.7) gives, e.g.( for the first term

rn f®
J j fx,Gx+,dxdy
J sJ w

I C(G ♦ )x e (G ♦ ) ] dy,x w (4.11)

where the limits of integration n, s, e, w are intended to suggest the

more formal procedure of establishing the origin of a coordinate system

at the lower left-hand corner of the control volume, then integrating

from x = 0 to x = 5x and from y = 0 to y = 5y. Evaluation of the R.H.S.

of (4.12) requires assuming that (G ♦) and (G <H are constant alongx e x w
the east and west boundaries:

s

#

*
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(4.12)

t

4

4

l

rn
| C(G ♦ ) - (G ♦ ) ]dy = C(G ♦ ) - (G ♦ ) ]5y., x e  x w  x e  x w

The accuracy of (4.12) will depend on the fineness of the grid. The 

final result for the rest of (4.7), making analogous assumptions, is

C (G ♦ - x r*fi|♦ox e - (G ♦ x
9$- rJr) ] 6y♦ox w t<y - r*ft|♦ oy n - (G ♦y - r.f) 3 5x♦oy s

rn re
- | I S.dxdy = 0i i ♦ (4.13)

One advantage of the control volume formulation is the ease with 

which each term may be understood physically. The first term, e.g., of 

(4.13) using the variables and constants associated with u becomes:

du. K 'Quu - PT“ ) 5y = MOx e x,e (4.14)

which represents the amount of x-direction momentum per second (per unit

depth) leaving the control volume through the east boundary (M ) fromx, e
the combined effects of convection (q u u ) and diffusion (-pdu/dx). 

(Recall that p = q v , kinematic viscosity v being the momentum diffusion 

coefficient, and that momentum diffuses in the direction of negative 

velocity gradients). When the source integral is evaluated using (4.8), 

and the other terms of (4.13) are similarly identified, (4.13) becomes 

(for ♦ = u)
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(4.15)M - M + M - M x,e x,w x,n x,s (p - p )5y, w e

which says in other words

net outflow of x-direction momentum 
from control volume net force in x-direction (4.16)

One could in fact have begun with statement (4.16), the control volume 

statement of Newton*s 2nd Law, working backwards to finally obtain 

(4.13).

Fig. 4.2 Boundary Fluxes

Having identified the first four terms of (4.13) as boundary 

fluxes,, it remains to find suitable expressions for them involving the 

quantities stored at P and its neighbours N, S, E, W. Considering the 

situation at the west boundary, evaluation of

(G ♦ x r*f± 1♦ox w (4.17)

requires expressions for ♦ and (3+/3x) in terms of ♦ and ♦,,. Thew w P W
difficulty may be appreciated by taking the case in which ♦ stands for
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temperature. One may imagine, as shown in Fig. 4.2, a one-dimensional 

problem in which two thin porous plates separated by a distance 6x are 

being cooled by a uniform and constant mass flux G . If ♦ > ♦ , heat
X r W

will diffuse by conduction in the negative x-direction; if is

positive heat will be convected in the positive x-direction. The 

interplay of these two effects will determine conditions at the west 

boundary of the control volume, which in Fig. 4.2 is the dashed line 

% between the two plates, and this may be analysed by solving the

one-dimenrional equation

% r M . p  . n
x dx ♦ 2 ’dx

(4.18)

with b.c.'s ♦ = +w at x = 0, ♦ = at x = 6x,

where G and T. are assumed constant. The solution (see Appendix B for x ♦
details) at x = 5x/2 (the west boundary) is

* r Pe/2
w = (♦. - V ! Pe

-  1 
-  1

(4.19)

and

,d±. _ (*P ~ V  „ I- »Pe/2 I
dx w fix Pe j 'L e - 1 J

(4.20)

where the local grid Peclet number Pe is here defined as

Pe =
G 6x x
% ‘

(4.21 )
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When Pe is large, (4.19) and (4.20) become, respectively

*w W' (4.22)

and

dt (“ ) dx w = 0 (4.23)

In this case, conditions at x = 5x/2 are entirely dictated by the 

upstream node at x = 0. Assuming that (4.22) and (4.23) apply invariably 

is called “upwind differencing". If on the other hand, Pe is very small, 

(4.19) and (4.20) revert to

♦w
♦  _ +P____ W (4.24)

and

d ♦ (“ ) dx w
V

Sx (4.25)

Here, diffusion dominates and conditions at the west boundary depend on 

4>p and in equal measure; this is known as "central differencing".

Spalding (1972) proposed the use of (4.19) and (4.20) as a 

"hybrid" scheme. Upwind differencing alone leads to numerically stable 

solutions but causes errors in the results known as "false diffusion". 

Central differencing alone gives implausible results at high Peclet 

numbers and can lead to numerical instability (see Patankar (1982)).

*

♦

%

P
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The above one-dimensional analysis is equally applicable when ♦ is

*

♦

♦

taken to be u or v, in which case G^5x/r^ = Re, the grid Reynolds 

number. It is not quite as easy to formulate an analogous

one-dimensional problem, however. In the following development, the 

combined convection and diffusion terms will continue to be written in 

terms of the grid Pe (which is appropriate when ♦ = t). It is to be 

understood that Re should be substituted for Pe if ♦ = u or v.

Using (4.19) and (4.20), (4.17) in terms of and ♦ may be

written down:

(G ♦ - T.p)X +OX w = G [f w w W (1 - f )4> ]w (4.26)

where

fw
Pew

Pew
-  1

(4.27)

where the subscript w on Pe and G is now introduced to distinguish it 

from the Pe's and G's which must be calculated at the other boundaries 

n, s, and e. (Since it is obvious that the mass flux entering through 

the west boundary must be x-direction, the subscript x has been 

dropped.) To economise on the use of computer time, it is better to 

approximate f as follows:

f = 1 for Pe > 2, w w

f = + D  for -2 < Pe < 2, (4.28)w 2 Pe ww
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This avoids 

expressions 

manner and

where f , f e

f = 0  for Pe < -2. w w

the frequent computation of exponentials. The corresponding 

for the remaining boundaries are obtained in a similar 

are

(g ♦ - rJr> = G + f M  >*x ?ox e e P e E e

(G * - rJr> = G (♦_(1 - f ) - ♦̂ .f ), y $oy n n P n N n

(G * ' rjp) = G (f ♦ + ( 1 - f  )♦.),y 4»oy s s s S s P

(4.29)

(4.30)

(4.31 )

, f are approximated in a similar manner as: n s

f = 0  for Pe >2, e e

fe = - 11 f0r ‘2 < Pee < 2'e
(4.32)

f = -1 for Pe < -2, e e

f = 0 for Pe > 2, n n

fn = - 1) for -2 < Pe < 2,n 2 Pe nn
(4.33)

f = -1 for Pe < -2, n n

f = 1 for Pe > 2, s s

m

*

%

♦
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(4.34)

W

*

M

*

fs * i (̂  * 11 for -2 < p%  < 2’s

f = 0 for Pe < -2. s s

Assembly of all components of,(4.13) requires a more general expression 

for the integrated source term:

fnr
| | S dxdy = B* ♦ C.
J Js w

(4.35)

When the simplified source expressions (4.8) - (4.10) are used, B in 

(4.35) is zero and we have

C = (p - p )5y for ♦ = u, (4.36)w e

C = (p - p )5x for ♦ = v, (4.37)s n

and

C = 0 for ♦ = t. (4.38)

The control volume equations may be written down more compactly using 

the following definitions for the combined convection and diffusion 

coefficients:

♦
G 5xf n n

G 5xf s s
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(4.39)A = G 5yf E e J e

A = G 5yf W w w

AP E A ♦ c c c * As * a e
AW

where E indicates a summation over the cluster of nodes N, S, E, W. c
Insertion of identities (4.26) - (4.38) in (4.13) finally yields:

m

m

(A - B U  - EA ♦ = C. (4.40)P P c c c

Equation (4.40) must be written at each node where the value of ♦ is ^P
required; doing so will generate an NxN matrix of simultaneous equations 

where N is the number of nodes in the solution domain. The line by line 

iterative method of matrix inversion used in TEACH-l will be discussed 

in the next section.

d i r e c t i o n  

of s w e e p

N
w P ,E

$

/•
l in e  b e in g  so lved

4

♦

Fig. 4.3 Line by Line Iteration
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4.4 Solution of Control Volume Equations Equation (4.40) as it

stands will give rise to a sparsely banded matrix. A typical node P, as 

shown in Fig. 4.3, will have four neighbours and hence its row of the 

matrix will contain five entries. If however, the grid is solved line by 

line (LBL), taking $w and to be temporarily known, (4.40) becomes, 

for a given line i (see Fig. 4.3)

AP*P " AN*N " AS*S = C ' (4.41)

where

Ap = Ap - B, (4.42)

and

c " c *  V w  * a e V U.43)

which will generate a tri-diagonal matrix:

8 ♦ + D ♦ - a ♦p2 1 2 2  2 3 ■ C 2

♦ D<fr - a ♦ , 3 2 3 3 3 4 - C3

- 0 „ ♦ 0 . ♦. - a .  ♦.33-1 3 3  3 3+1 = C\ 3
- 8 ♦ + 0  ♦ n-1 n-2 n-1 n-1 a <► n- 1 n = C‘n-1

(4.44)

where

= a:P. j*D . 3
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and it is assumed that ♦„ and ♦ are known. Matrix (4.44) may be easily1 n
solved from the following recurrence relations:

a
a‘.3 j = 2, n-1, a! = 0, (4.46)

(4.47)

(4.48)

which can be easily translated into FORTRAN. The procedure is then to 

sweep repeatedly through the solution domain line by line, as indicated 

in Fig. 4.3.

All of the above assumes that the source term C is known. This 

presents no problem in the energy equation where C is zero, however in 

the momentum equations, C contains the pressures at the boundaries of 

the control volume, which must themselves be solved for. A separate 

equation is needed, but none exist which yield the pressures explicitly. 

The appropriate procedure for overcoming this difficulty is described 

next.

4.5 The SIMPLE Algorithm Patankar and Spalding (1971) proposed the

Semi implicit Method for Pressure Linked .Equations which makes use of



♦

0

0

the continuity equation to obtain the pressure field iteratively. The 

procedure is to begin with a “guessed" pressure field, solving the 

momentum equations for u and v. These velocities may not satisfy the 

continuity equation, which is then applied to each node to determine the 

"correction" which needs to be made to the “guessed" pressure field. The 

final result, after repeated iteration, yields values of u,v and p which 

satisfy both the momentum and continuity equations.

W sp u •rW Wl

r - - - - -
5n=P„v„

r
a11

#P
P =P*ue

ii t  - -  -1
GssPsVs

--------

• ps

---- S x -------------- H

r.

Sy

i.

Fig. 4.4 Control Volume for Continuity Equation

As mentioned earlier, the continuity equation emerges from (4.7) 

if ♦ is set to unity:

0 * (G ) + » (G ) - ox x oy y = 0 (4.49)

where Su is the "mass source". In most applications real mass sources M
and sinks will not be present, but the term will be retained for later 

convenience (see Chapter 5). When (4.49) is integrated over the control
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volume of Fig. 4.4, we obtain

(G - G )5y + (G - G )6x e w n s
rnr8
I I S dxdy.

We now divide the G's into two components:

(4.50)

G = G *• G ' ,e e e

Gw G*w

G = G + G ' ,n n n

G = G + G ' ,s s s

(4.51)

*where the G ' s are obtained from solving the momentum equations with a

guessed pressure field. (They do not, however, satisfy continuity
*

(4.50).) The G‘*s are corrections which, when added to the G ‘s yield 

G's which do satisfy continuity). Substitution of (4.51) in (4.50) 

gives, after rearrangement:

♦

(G'e G' ) 5y + (G * - G ’)fix w n s
rn re
I I S dxdy MP (4.52)

where

SMP
*  * *(G - G )6y + (G e w n

*Gs) fix.

The pressure p is divided into two similar components

(4.53)
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(4.54)*
P = P + p‘ ,

where p is the guessed pressure (giving rise to the G ’s), and p* is

the pressure correction. For example, writing the control volume

equation (4.40) for u^ at the west boundary of the control volume of
* *Fig. 4.4, the guessed values of p and p have resulted in a value of
rw r

* * *u (G = Q u ) :w w w w

An - B)u* - [A u = 5y(p* - p ) . P w c c c W P

*Solving for u^ and taking differentials of both sides

(4.55)

*duw
M

(A, - 8 ) d(PW - V - (4.56)

*where any effect of a small pressure change on CA u has been ignored.c c c
We may therefore write approximately

and in terms of G' w

u' w
5v , , 

( Ap - B ) PW PpJ.

G*w e D t p.‘.w w w pp}.

(4.57)

(4.58)

where

Dw B)w
(4.60)

where the subscript w on (Ap - B) indicates that the bracketed
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coefficients are for the u node located on the west boundary of the 

control volume surrounding pp. Similar expressions for the other 

boundaries are:

(4.61 )
m

♦

6e • OeDe (pP - PE

G1 * pc°J p; - Pd> .S  S  S S P

G' « g D (p ’ - p’) , n n n P N

where

(A - B)P e

6x
(A - B)P s

6x
(A - B)P n

(4.62)

where (A^ - B) and (A„ - B) are the coefficients for the v nodesP n P s “
located on the north and south boundaries, respectively. Substituting 

(4.57) - (4.62) into (4.52) yields

*

♦

(A - B)p‘ - EA p‘ = C P P c c c MP (4.63)

where

fn re
\ | S dxdy = Bp* C, (4.64)
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and

*

*

*

*

♦

♦

A., = g D 6x, etc. (4.65)N n n

Equation (4.63) is of the same form as (4.40) and may therefore also be 

solved by the LBL procedure. Once the p’ field has been obtained, the 

corrections to the u and v fields may be obtained from, e.g. (4.57). The 

complete solution procedure may now be summarised:

1. ) Initial values of all variables (u,v,p,t) are specified.

2. ) Coefficients for u and v are assembled and the equations are 

solved.

3. ) The pressure correction field is obtained, and the u, v and p 

fields are adjusted.

4. ) Coefficients for t are assembled and the equations are solved.

5. ) Convergence is checked, and, if not obtained, the procedure is 

repeated from 2.) using the new fields.

4.6 Convergence, Underrelaxation and False Sources The criterion 

for a converged solution is that equation (4.40) for u, v, and t and 

equation (4.49) for mass be simultaneously satisfied at every node 

within a specified error. The procedure is to sum the absolute values of 

the residuals R^ at each node over the domain and require that this sum 

be less than a given percentage of some reference value. For u, v, t:

R = C + EA ♦ - (A - B)♦_ (4.66)♦ c c c P P

for mass,
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(see equation (4.53)). (4.67)= SHP

A suitable reference value must be chosen for each variable, and usually 

is, e.g., for 4> = u, the total flow of x-direction momentum into the 

solution domain.
4

Since equation (4.40) is non-linear (the A's contain u’s and v's 

from the previous iteration), divergence might occur if there is too 

large a change in the «fr's from one iteration to the next. In most cases 

this can be avoided by modifying (4.40) as follows:

(A„ - B) (1 - f.)
- EA 4 c c = C (A_ - B ) ♦old (4.68)

rwhere f. is the underrelaxation factor for $, 4> is the new value of 4»♦ P P
oldwith relaxation, and + p is the value of 4>p from the previous 

iteration. Subtracting (4.40) from (4.6ff) yields

f wr
P (1 - f, old>P (4.69)

wrwhere <frp is the new value of 4>p which would have been obtained without

relaxation. Common values for f and f are 0.5, f^ and f , are usuallyu v t p
1.0 (no relaxation).

0

4

♦

It may occur in the early stages of the iteration process that a 

particular node has a net outflow of mass from its control volume, if 

this outflow takes the form shown in Fig. 4.5, and
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(4.70)Pe , Pe < -2, Pe , Pe > 2  w s e n

then

*

*

*

f = f = f = f = 0, see (4.28) - (4.34), e w s n (4.71)

•N

E

’S

Fig. 4.5 Singularity Condition

^ rendering Ap zero at that node. If B is also zero, then a singularity

will result in the matrix equations, in which an attempt would be made 

to divide by zero, see (4.46) - (4.47). This difficulty may be overcome 

+ by the "trick" of using a false source

*
where

= B ♦f P ’f ' (4.72)

B = -SMO (see (4.53) ),f Mr
(4.73)
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and

Cf
old

MP P (4.74)

modifying (4.40) to yield 4

(AP - 8 - V +P - § V e  * c * V (4.75)

If there is a net outflow, S will be positive, hence the coefficient
Mr

of ♦ will be non-zero even if (An - B) is zero. This device will not P P
affect the converged solution since B _ and C „ will tend to zero asf f
convergence is approached.
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Fig. 4.6 Staggered Grid 4

4.7 Staggered Grid and Variable Spacing TEACH-L has provision for 

variable spacing between grid lines. This feature is useful as it is 

frequently necessary to refine the grid in flow areas where steep
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gradients of ♦ exist, e.g. near corners. A typical 7x7 grid is shown in 

Fig. 4.6. The grid boundaries enclose the solution domain, which in the 

figure comprises an upper wall, a line of symmetry at the bottom, and an 

entrance and exit section at the left and right. The system might 

represent the upper half of a horizontal duct. The thermodynamic 

variables p, t and all fluid properties are stored at the intersection 

points of the grid lines, while the u and v velocities (represented by 

the arrows) are stored on the grid lines between the points.

In FORTRAN, p or t stored at I = 3, J = 4 (see Fig. 4.6) becomes P 

or T(3,4), whereas u and v derive their indices from the grid point in 

front of the tip of the velocity arrow. U(5,3) and V(5,5) are identified 

in Fig. 4.6 for illustration. The shaded areas surrounding these three 

variables are their respective control volumes. Note that, because of 

the combined effect of variable grid spacing and staggered variable 

locations, the dimensions of the control volumes must be carefully 

determined. The east-west dimension of the control volume for a P or T 

cell is computed in the same manner as for a V cell; compare, e.g. 

SEW(3) for T(3,4) and SEW(5) for V(5,5). That is because P’s and T's 

with the same I index as V ’s are both located on a common ’longitudinal’ 

grid line. The same applies to the north-south dimension of P or T cells 

and U cells. Here, P’s, T's or U's with the same 3 index are on a common 

’latitudinal’ grid line. Compare, e.g., SNS(4) for T(3,4) in the figure 

with SNS(3) for U(5,3). The east-west dimension of the control volume 

for U, SEWU and the north-south dimension of the control volume for V, 

SNSV, however, do not correspond to SEW and SNS for P or T. SEWIM5) and 

SNSV(5) in the figure are shown for illustration. The general rule is 

that the boundary of a control volume for a given variable <frp is located

half-way between, e.g. ♦ and .P W In TEACH-L, an entire subroutine,



INIT, is devoted to the computation of all these dimensions, and full 

details may be found in the listings in Appendix 03.

This staggering of the variable locations is convenient in 

calculating the coefficients for the control volume equations. The fluid 

velocities needed for e.g. P or T(3,4) are conveniently stored at the 

boundaries of their control volume. The pressures required for the 

source terms for e.g., U(5,3) and V (5,5), are stored at their respective 

control volume boundaries. Ncte that the boundaries of the solution 

domain coincide with the location of the normal velocities.

The penalty for these conveniences is a more complicated geometry. 

The dimensions of each control volume (e.g. SEW(3) X SNS(4)) must be 

individually calculated and stored.

4.8 Conclusion The physical and mathematical basis of TEACH-L has 

been presented. The program uses primitive variables, control volume 

equations with hybrid differencing to represent fluxes at the 

boundaries, and the SIMPLE algorithm to obtain the pressure field. 

Listings with further documentation will be found in Appendices D2 and 

D3.

*

4

4

4

4

m

Implementation of 

this is best done

the boundary conditions has not been discussed 

in Chapters 5, 6 and 7 as each flow situation is

described.
4



CHAPTER 5

TEE-JUNCTION FLOWS

5.1 Introduction Dividing and combining tee-junction flows 

commonly occur on the "sucking" and "blowing" sides of manifolds, of 

which the transformer pass shown in Fig. 2.3 is one example. The latter 

is in fact atypical of most industrial manifolds which operate at high 

Reynolds numbers (e.g. distributing pipes in water-filtering systems, 

see Keller (1949)), in which the flow is usually turbulent. Thus much of 

the literature on manifold and tee-junction flows (Favre (1937), McKnown 

and Hsu (1950), Acrivos, Babcock and Pigford (1959), to name a few) is 

not applicable to the present work. An experimental study by Jamison and 

Villemonte (1971), though partly conducted at low Reynolds numbers, 

measured losses in a three-dimensional system consisting of short radius 

galvanized screwed tees connecting sections of 3/4 inch black iron pipe. 

Their measured losses, although used by Oliver (1980) in his network 

model of a transformer pass are nonetheless very much higher than those 

predicted in a two-dimensional system and are entirely unsuitable for 

the present work, as will be shown.

The earliest work which appears to have been published on 

two-dimensional laminar tee-junctions was that of 81est (1972). He used 

perturbation methods to study the situation (applicable to arterial 

blood flow) in a dividing junction when the branching flow is slight and 

through a smaller side vessel. Blowers (1972), later in the same year 

used the stream function-vorticity formulation of the Navier-Stokes 

equations to analyse numerically combining flows at Reynolds numbers of

180 and 900. He used an "upwind" finite difference scheme, concentrating



most of his 

stability and 

reported.

investigation on the effects of varied meshes on numerical 

the location of recirculation zones. No pressure data was

Further computer investigations were carried out in the late 

1970as in the Mechanical Engineering Department at Imperial College, 

using programs very similar to TEACH-L. Vlachos's (1978) work dealt with 

dividing junctions over a Reynolds number range of 496 - 1130. The 

application of his work was to the human recirculatory system. As blood 

is a non-Newtonian fluid, a power viscosity law had to be incorporated 

into the computer code. Companion measurements of velocity profiles 

using laser-doppler anemometry (LDA) were carried out and the agreement 

was found to be good. Some pressure loss data was reported, but the 

values of Re used were too high for the data to be useful to the present 

study. Pollard and Spalding (1980) investigated three-dimensional 

combining flow in a square cross-sectioned tee-junction, obtaining 

reasonable agreement with LDA measurements by Simitovic (1977). Reynolds 

number ranges were not cited, although the flow was stated to be 

laminar. No pressure data was given.

In general, the pressure loss (or regain) through a

two-dimensional combining or dividing tee-junction, in the absence of

heat transfer, appears to be influenced by three independent parameters:

r. . / r. . . , Q. /CL and Re (see Fig. 5.1). The "friction constants”h, vert h, honz in 2
(to be defined shortly) along the indicated paths, labelled, e.g., K =cs
K . . . . . . . and = K . . ..  ̂ , are therefore functionscombining,straight dt dividing,turning
of three variables. In a disc-type winding appropriate values of the 

first parameter will depend on design practice; r^ vert is generally

greater than or equal to rL u . . Four values of r^ . /r. . wereh.honz h.vert h.honz



*

♦

*

selected: 0.5, 1.0, 2.0 and 3.0. The second parameter will depend on the

number of discs in the pass. As was seen in Chapter 3, passes of large

numbers of ducts will result in extreme maldistribution of flow and

hence large values of Q. /Q. (> 100). As most of the experimental workin 2
in this thesis is based on an 8 duct pass, values of Q. /Q„ were takenin 2
to be 1.5, 2.14, 4.0, 6.0, 8.0, and 10.0. The third parameter Re will be 

largely dependent on the flow rate into the pass; appropriate values 

were selected as 9.4, 17.6, 52.0 93.6, and 176. Varying each parameter 

independently requires 4x6x5 = 120 runs for each type of junction, for a 

total of 240. The results of these extensive calculations will be 

presented in this chapter.

(*— 2rh.v«rt— M 2rh,v«ft— *1

C O M B I N I N G c 1 .

T
2rh,horiz Qg >

i

K c . * '
i ‘  Kca

4

Re

T
2rh.hori*

1

Fig. 5.1 Two-Dimensional Tee-Junction

First, the flow domain and the implementation of the boundary 

conditions will be described. Comparison of micro and mainframe 

computing speeds will be made. Sample graphical output will then be 

presented together with the results of mesh dependency tests. Finally, 

the friction constants will defined, and the results of the parametric 

study will be discussed.
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Fig. 5.2 Tee-Junction Flow Domain

5.2 Flow Domain and Boundary Conditions A sample flow domain from

one of the 240 combinations is shown with overlaid grid as Fig. 5.2. It

is a combining junction, in which Re. = 9.4, Q. /CL = 2.14 andin in 2
r. ./r. . = 1.0. For convenience, the junction has been laid onh.vert h.horiz
its side, hence u and v are the vertical and horizontal duct axial

velocities, respectively. Parabolic profiles are assumed at all

entrances/exits. L , l. and L are adjusted (using (2.4))entry honz exit 3
according to Re^, and (see Fig. 5.2) to make this boundary

condition reasonable. Within and on the solid portions of the domain, 

the u and v velocities and pressure corrections p‘ are set to zero. This 

is easily done by setting the source coefficients B and C in (4.40), as 

follows:

♦

4

B = - y , C = 0 (5.1)
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where f is a very large number (10 ). This will result in30

+ = oP (5.2)

I I
/ s s s s s s ^ r s y / s s s , ,  § y

'Tw

Pw
Ut

l

f I

\*------------ Sx-----------H

Fig. 5.3 No-Slip Boundary Condition

#•

#

The "no-slip" condition is used for the u velocities on the vertical

duct walls and v velocities on the horizontal duct walls. A control

volume for a u cell at the wall is shown in Fig. 5.3, where it is seen

that there is no convection of x-direction momentum through the north

boundary since the v velocities stored at the upper left and right hand

corners are zero. Also u.. is zero from (5.1) and (5.2). The procedureN
for incorporating the wall shear stress t is first to set A., to zero.w N
Then, provided that up is close enough to the wall, x^ may be 

approximated as

T
W 5y / 2' (5.3)
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and the total momentum source is

8u„ ♦ C P ~M *— 7T)5x + (p - P )6y, 5y/2 w e 3 (5.4)

whence

B = -p
and

5x
5y/2 ' (5.5)

C = (p - p )6y, w e (5.6)

as before (see (4.35) and (4.36)).

JW P \w

-t Sy

i

1

-$x-

Fig. 5.4 Treatment of Corners

The corners require slightly different treatment, as is evident
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from Fig. 5.4. Here, convection proceeds through the right half of the

north boundary of the up cell, while shear stress acts only on the

left half. The solution is to set A to one-half of its current value,N
while reducing B to one-half of the expression given in (5.5).

*

Though heat transfer will take place in the junctions in a 

transformer pass, and will thus have some influence on the pressure drop 

*  (through variable viscosity), the effect, expected to be slight, is

ignored here, and the calculation is isothermal. The implementation of 

the various boundary conditions in FORTRAN is incorporated together with 

TEACH-L into a program called JUNCTION. Listings may be found in
W-

Appendix D4.

5.3 Micro vs. Mainframe Computing Faced with prospect of 240 

computer runs in addition to debugging and mesh dependency tests as only 

one part of the total computational requirements of the project, 

alternatives to expensive mainframe computer use were explored. 

Companion runs were carried out on the CDC Cyber 174 mainframe computer, 

the OEC LSI 11/23 16 bit microcomputer, and the Research Machines RML 

30OZ 8 bit microcomputer. The test case used was a dividing junction,

Re . in 9.4, Q. /Q„ = 2.14 and r /r = 1.0. A 17x13 grid wasin 2 h.vert h.honz
used (see Fig. 5.2), and 39 iterations were required to reduce the 

absolute sum of all residuals to 1t of their reference values. The RML 

380Z required 43 minutes, the LSI 11/23 14 minutes and the Cyber 174 

1.48 minutes, giving a time ratio of 29:9.5:1. In spite of their 

slowness, it was far more convenient to use the RML’s. The jobs on the 

mainframe had to be submitted in batch mode and generally took several 

hours or overnight to turn around. Submitting the jobs via a ponderous 

and continually evolving operating system was often frustrating and the
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computer centre staff lost patiently awaited output on several

occasions. Using a dedicated micro interactively was found to be far 

more congenial. The progress of the job could be observed and, if 

necessary, aborted. The output could be saved on a portable floppy disc 

or sent to a local printer as required. (The LSI 11/23 machines shared 

all of these advantages, but the RML's were used as the Microcomputer 

Unit at Imperial College maintains 12 for general college use and 

provides excellent support.)

Possible objections to the use of microcomputers for field 

calculations are a.) insufficient memory to handle large arrays, b.) 

loss of accuracy due to lower precision, c.) less sophisticated 

compilers, particularly for debugging purposes, d.) much slower speeds. 

For this particular case a 17x13 grid was found to be adequate 

(justification will follow in the next section), and this was easily 

accomodated on the RML (which has 56 Kilobytes (K) of memory available 

for compiled programs) requiring only about 39 K. In general, larger 

memory requirements can be handled using overlays. The RML, with two 

double-sided single-density disc drives, has about 1 Mbyte of disc 

storage on line. In the course of the companion runs mentioned earlier, 

and the mesh dependency tests discussed in the next section, no loss of 

accuracy was noted from mainframe (which uses 60 bits for each real 

variable) to micro (which uses 32 bits). If difficulties were to occur

with accuracy, double precision (64 bit words) could be used. Some

difficulty was encountered with the Microsoft FORTRAN-66 compiler

available on the RML, especially with input format specifications. In 

general, the user is advised to build up a library of small program 

modules (subroutines) which are more easily debugged individually. (This 

is considered good programming practice anyway). Finally, slowness of

11 8
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*

speed is more than compensated by the convenience of having a totally 

dedicated machine; this was judged preferable to sharing a mainframe 

which is only 30 times faster with up to 200 users simultaneously and 

systems operators who quite often pick an awkward moment to interrupt 

the service for "development work".

*

#

*

♦

5.4 Sample Output and Mesh Dependency Tests Since the end result

desired from the calculation was overall junction pressure loss data,

the pressure fields were examined in detail. A mesh dependency test was

done for a dividing junction, with Q. /Q„ = 2.14, rL ./r. . = 1in 2 h.vert h.honz
and Re = 9.4 (Re with no subscript implies Re. ). The output isin
presented graphically as isobar plots in Fig. 5.5 - 5.8, comparing

different meshes. The 10x8 and 17x13 runs were done on the RML, the 

22x18 on the LSI 11/23 and the 30x25 on the CDC mainframe. Each isobar 

is labelled with the pressure in Pa.

In TEACH-L, an arbitrary reference pressure (chosen to be 1.00 Pa) 

is fixed at a specified node (P(2,2), see Fig. 5.2). As will be seen 

from comparison of Figs. 5.5 - 5.8, the position of P(2,2) varies as the 

mesh (shown as fine solid lines) is refined. This is particularly 

noticeable in the 30x25 plot (Fig. 5.8) and must be borne in mind whilst 

assessing the effects of mesh refinement on the location and value of 

the isobars. The 10x8 mesh is clearly inadequate as it gives exit 

pressures substantially higher than those of the other three meshes. The 

pressure ridge on the corner further from the entrance is absent, with 

no suggestion of an adverse gradient just around the corner nearer the 

entrance. These features appear clearly on the three finer meshes, the 

30x25 affording somewhat more detail of the latter. Detail, however, is 

not needed, only reasonable estimates of the pressure differences from
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the entrance(s) to the exit(s).

Fig. 5.5 Dividing Junction, 10x8 Grid

Fig. 5.6 Dividing Junction, 17x13 Grid
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Fig. 5.7 Dividing Junction, 22x18 Grid

Fig. 5.8 Dividing Junction, 30x25 Grid
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Fig. 5.9 Mesh Dependence, Dividing Junction, High Re

mesh

cases

As the computation 

dependency tests 

Velocity profiles

covered a wide range of Reynolds numbers, etc., 

were also done for three other representative 

on the three sides of the junction are compared
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in Figs. 5.9 - 5.11. In all three cases only the 10x8 points appear to

depart significantly from the solid curves drawn from the 30x25 runs. On 

the basis of these tests the 17x13 grid was judged adequate for 

providing an estimate of overall pressure drop through the combining and 

dividing junctions.

COMBINING JUNCTION,/a2*2.u
h .v e r t^ rh .h o r iz " '

Re: 9.4 
•22x18  
■ 1 7 x 13 
♦ 10 x 8
so lid  curve: 30 x 25

Fig. 5.10 Mesh Dependence, Combining Junction, Low Re

5.5 Friction Constants It was desired to define friction constants

so that the junction and corner losses could be easily incorporated into

the network model as additional resistances. This was done as follows.

The inlet and outlet pressures were taken to be the average of the node

pressures along lines 1 = 2 (p^), I = 16 (P̂  ) and J = 12 {p^) (see Fig.

5.2). The pressure drops along lengths L*  ̂ , L' .̂  and L' wereentry exit honz
then computed assuming fully developed flow:

Ap. 1 . 5u (Q. L’ . ♦in entry Q. L ’ ... 1 exit
h, vert

1 23

(5.7)
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COMBINING JUNCTION 
Qin/Q2 * 8.0r /r s2J} h,v«rt h.horiz
Re= 176
• 22x 18 

a 17x 13♦  10x 8 soli d curve: 30x25

0 5 10 15cm/s 5 10 15cm/s

♦

0

Fig. 5.11 Mesh Dependence, Combining Junction, High Re

where Ap is the ’straight-through' pressure drop along the portions of s
vertical ducts at the entry and exit of the junction. For combining

flow, the fully developed flow pressure drop along the section of

horizontal duct l' and the section of vertical duct L' .. which ithonz exit
turns into is

♦

L r r Jh.honz h.vert
(5.8)

and for dividing flows, the analogous turning ’fully-developed' pressure
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+ Q2Lhoriz 1 (5.9)Apdt
r

1 .5p|L
Q. L' . in entry
3
h,vert

3
rh,horiz

j

Ap , Ap and Ap s ct d t
the differences. 

computed by TEACH-L 

namely

would already have appeared in the simple

though between these pressure drops and

as p. - p„, etc. are the "excess" pressure in 1

network; 

what is 

drops,

Ap = (p. - P.) - Ap ,cs in 1 cs s

Apct ■ (p2 - pl’ct - Apc f

for combining flows, and

Ap . =(p. - P J .  - Ap,ds in 1 ds s

Apdt = (pin " P2 ,dt ‘ Apdt’

(5.10)

(5.11)

(5.12)

(5.13)

for dividing flows. These excess pressure drops contain 1.) the drops 

through the junctions themselves and 2.) the drops in the entrance and 

exit sections due to momentum redistribution (settling, etc.). It is 

convenient to normalise them following the concept of an "apparent" 

friction factor (3.18), and to further assume that this will take the 

form of equation (3.17). The only uncertainty is the assignment of a 

suitable length x in equation (3.18). It was decided arbitrarily to set 

x = 2r. . since this is of the same order as the distance though the 

junction itself. Doing so leads to the following definitions of the



friction" constants:

OA. 2 8Ap r.cs h.vert
cs pQ (5.15)

ct
8Ap r.ct h.vert

pQ 4 (5.15)

ds
8Ap rds h.vert

pQ . in
(5.16)

dt
8^ d t rh ■ vert

pQ.in
(5.17)

where it may be noted that the excess pressure drops for combining

junctions are normalised with respect to the fluid dynamic pressure at
2 2the exit (q u„/2); for dividing junctions, (q u . /2) is used (see 1 in

(3.18)). u, and u. are mean velocities.1 in

Defining the friction constants in this way makes them directly
ccT»ytat\1

comparable with the frictionftK (= 24), for fully developed flow. The

only drawback is that, at high Reynolds numbers (176) the values of

L'  ̂ and L' .. may exceed d (see Fig. 3.1). Physically this suggests entry exit
that neighbouring junctions may be interfering with each other, an

effect which is entirely neglected here. Whether the values of K_, , etc.ds
obtained in such a case are reasonable is open to doubt. They are 

presented here nevertheless as "first estimates", in the absence of 

anything better.

♦

0

¥

P

The results of the 240 runs are given as Tables 5.1 and 5.2 and as

Figs. 5.12 - 5.15. In the latter, lines of constant (e.g.) K arecs
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plotted as a function of r. ,/r. . and Q. /CL, at Re.h.vert h.honz in 2 in
and 176.

9.4, 52

rh .vert 1.0
rh,horiz

0.5 2.0 3.0

Q . -in
Q2

Re K /K . cs ct Re K /K cs ct Re K /K cs ct Re K /K cs ct
9.4 32.6/ 26.4 9.4 26.7/ 22.9 9.4 21.4/ 28.4 9.4 19.3/ 39.3
17.6 42.8/ 37.4 17.6 36.3/ 32.3 17.6 32.3/ 33.9 17.6 29.5/ 43.0

1 .5 52.0 89.7/ 84.5 52.0 81.2/ 75.4 52.0 76.0/ 68.9 52.0 74.7/ 68.2
93.6 151 .9/146.5 93.6 142.9/138.1 93.6 137.9/128.1 93.6 137.4/121 .2
176 286.7/280.1 176 278.9/274.8 176 282.4/266.3 176 290.2/263.2

9.4 31.3/ 24.5 9.4 25.0/ 20.8 9.4 19.3/ 23.9 9.4 17.4/ 37.2
17.6 39.3/ 33.5 17.6 32.5 28.3 17.6 26.9/ 29.1 17.6 25.0/ 37.2

2.14 52.0 75.2/ 70.2 52.0 66.5/ 62.1 52.0 60.7/ 57.0 52.0 59.2/ 58.9
93.6 121.9/116.3 93.6 111.1/108.1 93.6 105.9/102.0 93.6 105.1/ 98.6
176 223.4/217.0 176 212.8/208.0 176 211.1/202.8 176 213.8/198.0

9.4 30.3/ 22.6 9.4 23.3/ 10.1 9.4 16.8/ 18.2 9.4 14.4/ 27.6
17.6 35.8/ 29.5 17.6 28.0/ 23.4 17.6 21 .7/ 22.6 17.6 19.4/ 27.8

4.0 52.0 59.0/ 53.8 52.0 48.7/ 44.8 52.0 42.0/ 41.4 52.0 40.0/ 44.5
93.6 87.7/ 82.0 93.6 76.0/ 73.3 93.6 69.3/ 51 .2 93.6 67.0/ 70.0
176 148.2/141 .2 176 135.2/133.7 176 129.4/127.6 176 129.2/125.6

9.4 30.0/ 21.7 9.4 22.7/ 16.9 9.4 16.0/ 16.4 9.4 13.4/ 22.1
17.6 34.4/ 27.8 17.6 26.2/ 21.4 17.6 19.4/ 19.4 17.6 17.0/ 24.0

6.0 52.0 52.7/ 47.6 52.0 41.8/ 38.0 52.0 34.5/ 34.8 52.0 32.2/ 36.4
93.6 74.2/ 68.3 93.6 61.5/ 58.4 93.6 54.2/ 53.5 93.6 51.8/ 55.6
176 117.9/110.2 176 104.4/101.7 176 97.7/ 98.0 176 95.1/ 95.2

9.4 29.9/ 21.4 9 . 4 22.4/ 16.2 9.4 15.3/ 14.3 9.4 12.8/ 18.8
17.6 33.6/ 26.9 17.6 25.2/ 20.3 17.6 18.3/ 18.3 17.6 15.7/ 18.7

8.0 52.0 49.8/ 44.5 52.0 38.3/ 34.4 52.0 30.5/ 30.5 52.0 28.7/ 32.2
93.6 67.0/ 61.0 93.6 53.9/ 50.4 93.6 46.4/ 46.3 93.6 43.8/ 47.4
176 102.4/ 94.3 176 88.4/ 84.9 176 80.8/ 81.6 176 70.6/ 81.7

9.4 29.9/ 21.2 9.4 22.2/ 15.8 9.4 15.3/ 13.6 9.4 12.7/ 12.2
17.6 33.2/ 26.4 17.6 24.8/ 19.5 17.6 17.6/ 16.0 17.6 14.6/ 18.4

10.0 52.0 47.4/ 42.2 52.0 36.0/ 32.1 52.0 28.3/ 27.6 52.0 25.6/ 28.7
93.6 63.3/ 57.2 93.6 49.8/ 46.4 93.6 41.6/ 40.7 93.6 39.0/ 41.6
176 93.7/ 85.6 176 78.8/ 74.9 176 70.4/ 70.6 176 68.2/ 71.5

Table 5.1 Combining Junction Friction Constants
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rh .vert 
rh,horiz

0.5 1 . 0 2. 0 3.0

Q . _in
°2

Re K. /K ds dt Re K. /K ds dt Re K.ds dt Re K / K ds dt
9.4 12.9/ 10.3 9.4 6.5/ 14.9 9.4 1.1/ 45.0 9.4 1.0/100.5
17.6 8.1/ 7.6 17.6 .7/ 14.3 17.6 -5.4/ 54.6 17.6 -7.4/126.4

1 . 5 52.0 -10.6/ 4.0 52.0 -20.2/ 20.2 52.0 -25.9/106.6 52.0 -28.2/259.1
93.6 -31.0/ 6.2 93.6 -39.1/ 37.9 93.6 -43.7/109.9 93.6 -45.7/446.2
176 -64.0/ 16.2 176 -70.1/ 86.2 176 -73.7/384.4 176 -76.2/861.4

9.4 17.1/ 10.0 9.4 10.1/ 11.9 9.4 3.9/ 30.2 9.4 1.2/64.9
17.6 13.6/ 7.2 17.6 5.4/ 10.3 17.6 -1.3/ 33.8 17.6 -4.1/76.3

2. H 52.0 -1.5/ 3.4 52.0 -13.1/ 10.5 52.0 -20.3/ 55.4 52.0 -23.0/138.5
93.6 -20.0/ 3.9 93.6 -31 .7/ 19.0 93.6 -38.1/ 94.6 93.6 -40.8/229.2
176 -52.0/ 9.1 17F. -61.8/ 42.1 176 -66.9/197.7 176 -69.7/440.8

9.4 22.4/ 9.6 9.4 14.8/ 9.4 9.4 7.9/ 17.0 9.4 5.3/ 33.7
17.6 21 .0/ 7 . 1 17.6 12.3/ 7.5 17.6 5.1/ 16.8 17.6 2.3/ 35.5

4.0 52.0 13.8/ 4 . 1 52.0 1.2/ 5.5 52.0 -7.0/ 21 .0 52.0 -10.3/ 51.1
93.6 3.4/ 4.3 93.6 -11.5/ 7.3 93.6 -20.1/ 32.9 93.6 -23.1/ 76.8
176 -19.4/ 7 . 7 176 -33.1/ 16.5 176 -41.4/ 62.9 176 -45.2/141.6

9.4 24.7/ 9.5 9.4 16.9/ 0.7 9.4 9.6/ 12.7 9.4 6.7/ 23.0
17.6 24.3/ 7.1 17.6 15.4/ 6.8 17.6 8.0/ 12.2 17.6 4.7/ 23.4

6.0 52.0 21 .6/ 4.4 52.0 8.7/ 4.5 52.0 .2/ 12.8 52.0 -2.8/ 29.5
93.6 15.7/ 5.1 93.6 .5/ 5.6 93.6 -8.6/ 18.4 93.6 -12.0/ 40.8
176 1.7/ 7.6 176 -15.4/ 11.8 176 -24.7/ 35.1 176 -27.5/ 74.6

9.4 25.9/ 9.6 9.4 18.0/ 8.3 9.4 10.6/ 10.6 9.4 8.0/ 17.4
17.6 25.1/ 7.2 17.6 17.1/ 6.5 17.6 9.4/ 10.0 17.6 6.5/ 18.0

8.0 52.0 25.6/ 4 . 7 52.0 12.8/ 4 . 1 52.0 4 .4/ 9.8 52.0 1.2/ 20.5
93.6 22.6/ 5.4 93.6 7.4/ 5.0 93.6 -1.8/ 13.6 93.6 -5.2/ 27.6
176 13.5/ 8.0 176 -3.6/ 9 . 6 176 -13.5/ 24.6 176 -17.0/ 48.6

9.4 26.6/ 9.6 9.4 18.7/ 8.2 9.4 11.6/ 9.3 9.4 8.6/ 14.6
17.6 27.2/ 7.2 17.6 18.1/ 6.4 17.6 10.6/ 8.6 17.6 7.5/ 14.5

10.0 52.0 28.1/ 4.8 52.0 15.5/ 4.0 52.0 7.0/ 8.3 52.0 3.7/ 16.5
93.6 27.6/ 5.6 93.6 11.8/ 4 . 8 93.6 2.8/ 11.5 93.6 -0.8/ 21.6
176 21 .8/ 8.3 176 4.1/ 9 . 2 176 -6.0/ 19.6 176 -9.9/ 36.7

Table 5.2 Dividing Junction Friction Constants
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Fig. 5.13 Contour Plot of K ^ct
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Fig. 5.15 Contour Plot of Kdt

In all four figures it is evident that the K’s are themselves

functions of Re;; resistances formed from them will therefore be

non-linear. In some cases, as will be seen later, these resistances are

smaller than , R̂  , etc. and their non-linearity is weak. In combining ♦

junctions, fluid velocities will always increase, and pressure loss due

to acceleration will add to friction losses. Thus only positive values

of K and K  ̂ occur, increasing with Re and decreasing with Q. /CL. In cs ct in 2
dividing junctions, however, the fluid decelerates, causing pressure 

regain which compensates for friction losses. At higher Re, negative
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values of K. occur (Fig. 5.14), although momentum never sufficiently d s
outweighs friction to drive K.. negative (Fig. 5.15). Areas ofd t
recirculation along turning paths, causing greater viscous dissipation, 

are increasingly likely at higher Re, especially in the horizontal duct 

entrance.

#

*

♦

The section will close with a comparison of K , etc. and thecs
experimentally obtained coefficients of Jamison and Villemonte (1971)

derived from measuring losses in 3/4 inch pipe tees. Their notation for

K 4, etc. is explained in Fig. 5.16, and the comparison is tabulated in

Table 5.3. The Jamison and Villemonte values listed are as used by

Oliver (1980) to compute the flow distribution in a disc-type winding.

The primes on K‘ , etc. indicate that corrections have been made tod t
define KJ1( etc. in the same way as K _, etc. dt * m-2

Oividing Junction
Q . 
_ i n
° 2

K , m-1 K „ m-2 ICds Kdt
Re=9.4/176 Re=9.4/176

00 2090 7000 - -

4 2130 7000 40/-88 60/120
2 3570 7000 40/-260 50/200
1 .3 6140 7000 - -
1 10650 7000 “

Combining Junction
Q.

i n
° 2

K i1 -m 2-m K’cs Kdt
Re=9.4/176 Re=9.4/176

oo 2090 7300 - -
3 2130 7300 48/330 160/1360
1 3570 7300 - -

.33 6140 7300 - -
0 10650 7300 - -

Table 5.3 Comparison of Pipe Junction and Plane Junction
Friction Constants
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magnitude lower than those from the pipe tee data. Furthermore, even

though Jamisorj and Villemonte state that negative values of did

occur, these values are not included in their data summaries and graphs.

Finally, it is interesting to note that substantial values of K. andl -m
K „ were obtained even when Q. /Q_ approached infinity (i.e. no m-1 in 2
horizontal branch flows). This would suggest that a substantial portion 

of the measured losses were due to the roughness and sudden expansions 

of the screwed fittings, making the data even less applicable to disc 

windings.

In most cases, the two-dimensional coefficients are two orders of

2 2

COMBINING DIVIDING

*

♦

*

Fig. 5.16 Notation of Jamison and Villemonte (1971)

5.6 Conclusion Friction constants for two-dimensional combining 

and dividing junctions have been obtained by using TEACH-L. Rigorous 

mesh-dependency tests could not be made for all 240 cases, but the 

representative cases chosen indicated that the 17x13 grid was adequate. 

In any case, the accuracy needed is not necessarily known until the 

constants have been incorporated into the network model. The aim here 

has been to produce "useable" constants, believed to be much more 

accurate than the pipe data in Table 5.3.
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CHAPTER 6

tf

♦

*

0

CORNER FLOWS

6.1 Introduction At the top left and bottom right of the pass
oshown as Fig. 3.1 the fluid is forced to turn through 90 , which will 

give rise to a pressure drop along the path shown in Fig. 6.1. As was 

the case for the tee-junction flows, no pressure loss data was found in 

the literature for two-dimensional, laminar corner flows. Laminar flow 

in a circular pipe was studied by White (1929), but for the same reasons 

as outlined in Chapter 5, the results are expected to be substantially 

different from the two-dimensional case.

!* "  2rh.v«rl H|

Fig. 6.1 Two-Dimensional Corner

A parametric study similar to that for tee-junctions was therefore

made using TEACH-L, however far less computation was required. The

pressure drop appears to be governed by only two parameters,

rL /ru and Re, which were varied over four and five levels,h.vert h.honz
respectively, requiring only 20 runs. All calculations were done on the 

RML 380Z. The program incorporating the necessary boundary conditions 

was named CORNER.
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Fig. 6.2 Corner Flow Domain

6.2 Flow Domain and Boundary Conditions A 15x15 grid was used with
o orefinement near the walls and the two (270 and 90 ) corners. (See Fig.

6.2). The no-slip condition for all velocity components parallel to the
owalls is applied as described in Sec. 5.2. The 270 corner is handled

exactly as in the tee-junctions (see Section 5.2.) The 90° corner

requires no special treatment other than prescribing the usual no-slip

condition for the tangential velocity components near the wall; thus the

source coefficients 8 and C for 11(14,2) and V (14 ,3) (see Fig. 6.2) are

set in exact analogy with (5.3) to (5.6). A parabolic velocity profile

at entrance and exit is assumed, with L and L set according toentry honz

*

♦

4
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Re, using (2.4). A listing of CORNER with further documentation may be 

found in Appendix 05.

6.3 Definition of Friction Constants and Results K is defined  ---------  c

similarly to K , etc. in Chapter 5. The pressure drop Ap due to fully cs c
developed flow is determined from

Apc
r

1.5pQ. |inL
entry

3
h ,vert

L' thonz -
3 jr Jh, honz

(6.1)

(see Fig. 6.2 for definitions of L‘ and L* . ). The excessentry honz
pressure drop Ap due to entrance, cornering and exit effects is then c

Ap,. = (p. - P,) - Ap (6.2)c m 2  c

where p. and p„ are the average pressures on the entrance line 1 = 2  in 2
and exit line J = 14 (see Fig. 6.2). The definition of K follows asc

Kc
8Ap r. . c h.vert

pQ . in
(6.3)

The results of the 20 runs are given in Table 6.1 and plotted in Fig.

6.3. K increases substantially with r. ./r. . . , indicating thatc h,vert h,horiz
it is "difficult- for the fluid to turn the corner from a wider to a 

narrower duct, the converse being "easy". No claim of mesh independence 

is made for these results. A 15x15 grid was assumed adequate since it is 

of comparable size to the 17x13 grid used for the tee-junction 

calculations. Further investigation was not made due to the relatively 

slight influence of Kc expected on the overall pass flow distribution.
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Confirmation of this assumption must await the incorporation of Kc into 

the network model, to be done in Chapter 8.

r / r 0.5 h.vert h.honz 1 .0 2.0 3.0

Re

9.4 11.3 22.3 86.1 205.0
17.6 8.6 23.9 109.8 266.5
52.0 5.6 44.5 235.6 578.5
94.0 9.2 78.2 408.3 990.6
176.0 23.4 167.6 805.6 1902.0

Table 6.1 Corner Friction Constants

Re

Fig. 6.3 Contour Plot of Kc

♦

*
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CHAPTER 7

OUCT FLOWS

m

*

♦

4

%

7.1 Introduction The study of fluid flow and heat transfer in 

ducts of various cross-sectional shapes, with numerous boundary 

conditions and flow regimes, has generated so many technical papers that 

several Ph.D theses would be required to provide an adequate survey of

the field. Shah and London (1978) produced 536 references in their

excellent book whilst limiting themselves to laminar flow forced

convection and constant property fluids.

Their book contains many examples of classical analytical 

solutions for simple geometries and boundary conditions; variable 

property flows, however, even in simple situations, generally require 

numerical methods. The results are usually reported as "correction" 

factors to the constant property friction factors and Nusselt numbers 

(see Kays (1966), p. 258). Since, in many liquids, notably oils, 

viscosity is the most variable property, the correction factors usually 

consist of a ratio of the viscosity at the wall to the viscosity at the 

bulk fluid temperature raised to some power. These correlations appear 

to be useful when both temperature and velocity profiles are fully 

developed, and when only the mean Nusselt over the length of the duct is 

required.

As stated in Chapter 2, the flow in the horizontal ducts of a disc 

winding will be well within the thermal entry region, where the local 

Nusselt number may vary considerably. A computer-based numerical method 

yielding local wall temperatures, and also able to cope with variable
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fluid properties and various boundary conditions, in a two-dimensional

(parallel plane) geometry, would seem called for. The hot-spot 

temperature could then be obtained by extending the solution domain into 

the disc itself and solving for the individual conductor temperatures.

Again, it is likely that more computer codes have been written to 

deal with ducts than any other flow situation, and a comprehensive 

survey cannot be made here. Most of these codes treat duct flows as a 

“parabolic" rather than "elliptical" phenomenon (see White (197A ) , p. 

81). In the former, axial diffusion of heat and momentum is neglected, 

permitting a “marching" solution. Boundary conditions need only be 

specified at the duct entrance and walls. In elliptical flows, heat and 

momentum may diffuse axially as well as across the duct. Boundary 

conditions must be specified all round the flow domain (i.e. at the 

exits as well). Axial diffusion may be neglected as long as the Peclet 

number is greater than 100, according to Kays (1966), p. 121. Below that 

an elliptical method such as TEACH-L is required.

In high Prandtl number fluids, Peclet numbers below 100 would only 

occur at extremely slow flows (Re < 1-2), hence marching solutions have 

been successfully used in many transformer applications. Of especial 

note is the "truncation" method invented by Allen (1970), which assumes 

that "all partially developed temperature profiles are truncated 

versions of the fully developed one, developing outward from the wall 

and only changing shape where it meets fluid at its initial 

temperature." This method has been successfully compared with the 

results of experiment and other more complex computer solutions, in 

ducts of various geometries, and is particularly suited to the analysis

of the long vertical ducts which occur in layer-type windings (see Allen



*

#

(1968), Preiningerova and Allen (1974) and Collins, Allen and Szpiro 

( 1977 ) ) .

In the relatively short horizontal ducts of a disc-type winding 

(see Fig. 2.4), marching methods cannot be used because of pronounced 

edge effects on the discs. Substantial diffusion of heat will take place 

in the disc in a direction parallel to the axis of the duct.

Furthermore, although the current in each conductor is fixed under 

steady state conditions, the wall heat flux will vary with the conductor 

temperature (due to copper resistivity-temperature variation), which 

will depend on the flow conditions in the duct. It appears that while

the duct flow itself is essentially parabolic, the disc heat conduction

problem is definitely elliptic, and the two inter act. The decision was 

therefore taken to adapt TEACH-L to solve the conjugated problem. The 

implementation of these complex boundary conditions, the OUCT program, 

will be presented in this chapter together with some sample results. 

Listings with documentation may be found in Appendix 06.

7.2 Initial Assumptions In addition to the general assumptions

mentioned in section 2.4, the following additional assumptions peculiar

to the duct/disc problem will be made. The expressions (4.4) - (4.6) for

sources S , S and S. will be simplified to (4.8) - (4.10). This u v t
involves the removal of 1.) the "extra" variable viscosity terms from Su
and S , 2.) the body force term from S and 3.) the "extra" variablev v
heat capacity terms from S^. These three actions may be justified as 

follows.

1.) Applying (2.15) to the variable viscosity terms in (4.4) and

(4.5) gives

141



(7.1)9 _ ,  9v»
9 y  ^9x

9 . 9^/. 
dx 9y

9 . 9v
9 y  ^*9x

and

9u 9v 9u 9u
9 x ^ 9 y ^  + 9 y ^ 9 y ^  ~ 9 x ^ 9 y ^  9 y ^ 9 x (7.2)

where it may be seen that permission to interchange the order of partial 

differentiation in either term of the R.H.S. of the two equations would 

cause it to cancel with the other term. Such permission would require, 

of course, constant viscosity; nevertheless it can be expected that both 

(7.1) and (7.2) will be very small. Alternatively it could be argued 

that in a duct the axial velocities u will greatly exceed the normal 

velocities v, hence the v terms in (7.1) may be ignored. In the case of 

Sv , since the v velocities are expected to be very small, all components 

of will be negligible and neglect of (7.2) will make no difference.
0

2.) In horizontal ducts of rectangular cross-section, free 

convection effects appear to give rise to twin vortices whose axes run 

parallel to the duct axis. In their theoretical study, Cheng and Hwang 

(1969) state that as the aspect ratio (w/c, see Fig. 2.2) of the duct 

increases, the vortices tend to move out towards the vertical side 

walls, presumably vanishing as w/c approaches infinity (i.e. the 

parallel plane duct.) Experimental results are reported by Akiyama, 

Hwang and Cheng (1971) but their investigation used air at Reynolds 

numbers less than 100. Cheng, Hong and Hwang (1972), in a more relevant 

theoretical study, examined buoyancy effects in the thermal entrance 

region of horizontal rectangular channels with uniform wall heat flux 

for a large Prandtl number fluid. Their analysis indicated that vortex
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generation depends on the existence of a temperature gradient across the 

width of the duct. Such a gradient will, of course, vanish as the aspect 

ratio approaches infinity. Hence, these published results indicate that, 

in the parallel plane geometry, the effect of free convection will be 

negligible, especially for high Prandtl number fluids. The body force 

term eg in (4.5) is therefore neglected. Examination of the sample 

output provided in Appendix D6 confirms that, since the ducts are short, 

density variation sufficient to give rise to a substantial buoyancy 

force does not arise.

3.) Though the heat capacity cp of transformer oil does vary with

temperature, the effect is secondary compared with viscosity variation.

Hence the terms in (4.6) are neglected, although variation of k/cp is

allowed in (4.3). Examination of some sample output will confirm that

the variation of k/c is slight (see Appendix D6, where it is referredP
to as the ’thermal exchange coefficient').

7.3 Grid Arrangement and Boundary Conditions In Fig. 7.1, a coarse 

6x6 grid is shown which comprises a half-duct and half-disc containing 

four conductors. The y-axis in the region of the duct is scaled up 20 

times over the x-axis to make the drawing readable. The conductors are 

not drawn to scale in the y-direction, but in the x-direction it is 

intended that the surface of each insulated conductor coincides exactly 

with the shaded t-cells at the oil interface. The very sharp refinement 

of the grid near the disc surface is required because of the high 

Prandtl number of the oil and the consequently thin thermal boundary 

layer. The grid ultimately used was 22x9, to coincide with the 

experimental winding, each disc of which contained 20 conductors. At the 

top and bottom of the solution domain it will be seen that lines of
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symmetry have been assumed at the disc and duct centre-lines. The 

accuracy of this assumption will be discussed further in Chapter 12.

M-

d/2

Fig. 7.1 Disc/Duct Flow Domain

Each half-conductor is modelled as a single node whose average

temperature is t , etc., and is connected to its neighbouringc, i.
conductors through conductances G , to the nearest temperature nodes inc
the fluid T(2,5), etc., through conductances G . and to the bulk fluidc, f
temperatures t and t in the left and right vertical ducts through e m, r
conductances G and G . (The uniform duct entrance temperature t , and 1 r e
the bulk temperature in the left-hand vertical duct are assumed equal.

The expression for each these conductances is:A
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(7.3)cG
k a

(k z/e)(kz/5)
Gc,f (k z/e + kz/5) P

(h.o)(k o/e)
G — ^ P
1 {h.o + k o/e)1 P

(h o)(k o/e)G .  E___b__
r (h o + k o/e) 'r p

(7.4)

(7.5)

(7.6)

where

k = thermal conductivity of kraft paper insulation (through the P
laminations, see Appendix A) [W/m K]

o = half-height of uninsulated conductor [m]

e = thickness of insulation Cm] (same on all sides)

z = overall width of conductor Cm]

k = thermal conductivity of fluid CW/m-K]

5 = distance from disc surface to nearest temperature node Cm]
2h^ = mean convection conductance at left disc edge [W/m -K]

2h^ = mean convection conductance at right disc edge [W/m -K]

As indicated by the grid lay-out in Fig. 7.1, the flow field is not

solved for in the left and right hand vertical ducts, therefore h^ and

h must be assumed. It was decided to use the mean Nusselt number Nu r ---- m , H
based on Q, and D, averaged over the height d of the disc,1 or r 1 or r
available from the constant property, parallel plane, constant wall heat 

flux solution given by Shah (1975)
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Nu = 2.236(d*)’1/3 for d* < 0.001, m , H

Nu ,, = 2.236(d*)'1/3 + 0.9 for 0.001 < d* <0.01, (7.7) m, H

Nu „ = 0.235 + 0.0364/d* for d* > 0.01, m , h

where

d* = d/(D Pe ). (7.0) 1 or r 1 or r

This was deemed adequate, as the constant property Nusselt number does

not depart significantly from the variable property Nu over short duct

lengths. It was also found that in any case the solution of the

conductor temperatures is not very sensitive to small variations in the

values of h, and h . 1 r

Conductance G „ is a series combination of the conductances from c, f
the conductor to the oil-insulation interface (k z/e) and from theP
oil-insulation interface to the nearest fluid temperature node (kz/5).

G, and G 1 r
2are similar combinations. The I R losses m  the conductors are

modelled by injecting into each half-conductor node a heat source per

unit depth , etc. (see Fig. 7.1), where, e.g

v/ here

• W 1 * “W  2 - 2°)](I/2)2
Q* = --------- "---- '---------------, (7.9)

2 no
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n = width of uninsulated conductor [m] 

q 2Q = resistivity of conductor at 20°C [Q-m]
o= resistivity-temperature coefficient of conductor at 20 C

c V ' i
I = rms current in each conductor [A]

Equating the energy input to the energy output at each node leads to

(G +G +G )t _ - G t , c c,f 1 c,2 cc,3 = Q, + G T{2,5 ) + G t Z c, f 1 e

G t 0 ♦ {2G +G Jt _ - G t , cc,2 c c,f c,3 c c, 4 = O: ♦ G„ T (3,5 ) j c , f (7.10)

- G t „ + (2G *G Jt - G t = Q * G T (4.5) cc,3 c c,f c,4 cc,5 4 c.f

- G t + (G +G + G ) t _ = Q’ * G T (5,5) * G tc c,4 c c.f r c,5 5 c.f r m.r

The arrangement of (7.10) is inconvenient due to the fact that Q2<

etc. are functions of t 0( etc. To eliminate this, definec, 2

Rc
Q20a20(I/2)

n o .

and

Q'
Q,nn  - 20a?n)(I/2)2

no

(7.11)

(7.12)

so that, e.g.



(7.13)°2 = Q' *0*0,2

(7.10) may now be rearranged to yield

(G +G +G.-R )t _ - G t _ c c, f 1 c c,2 cc,3 = Q‘ + G„ T (2,5) + G t .c , f 1 m, 1

- G t „ ♦ (2G +G -R )t - G t , cc,2 c c.f c c,3 c c, 4 = Q* + G T (3,5 ) c , f
(7.H)

- G t ,  ̂ (2G »G -R ) t ( - G t = Q' + G T (4.5) cc,3 c c,f c c,4 cc,5 c, f

- G t + (G +G *G -R )t _ = Q' + G „T(5,5) + G t c c,4 c c,f r c c,5 c,f r m,r

The set of equations (7.14) is again tri-diagonal, and may be solved by 

the TDMA. The sequence of events in the solution procedure is then:

1.) Equations (7.14) are solved using current values of T(2,5)

etc. (t if it is the first iteration), e

2.) The values of t _ etc. obtained from 1.) are used to evaluatec, 2
the heat flux from each conductor into its contiguous fluid temperature 

cell (shaded, Fig. 7.1), e.g.

<2 ■ Gc.f[tc,2 " T(2'5,] (7.15)

This heat flux is incorporated as a boundary condition for the T(2,5) 

cell using the source expression (4.35). Here B = 0 and

4
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(7.16)

*

*

*

It is necessary to divide by the heat capacity c to maintain
P

consistency with (4.3). The procedure for obtaining the heat flux 

boundary condition for 1(3,5), etc. is the same. For reasons analogous 

with specification of the no-slip conditions on the u-velocity (see 

Section 5.2), must be set to zero for all shaded T-cells.

3.) Using the heat fluxes calculated in 2.) the temperature field 

in the fluid may now be solved, yielding in particular new values of 

T(2,5 ) etc.

C = *2/Cp*

4.) The process is repeated beginning from 1.) until convergence 

is attained. In this case the reference value used for (see (4.66)) 

will simply be

*2 * ^3 * ^  * *5,/cp (7.17)

The thermal boundary conditions required on the other three

boundaries are: uniform inlet and outlet temperatures equal to t and

t respectively, and zero heat flux across the duct centre-line, m, r
obtained by setting A^ to zero for centre-line T-cells.

The hydrodynamic boundary conditions on u are: at the inlet, a

parabolic velocity profile, at the wall, the no-slip condition (see Sec.

5.2), and zero momentum flux across the duct centre-line (by setting A^ 

to zero for all centre-line u-cells). At the outlet, a difficulty arises
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since the outlet velocity profile (which will not be parabolic due to

variable viscosity) is not known. To get round this difficulty the exit 

profile is adjusted to satisfy the overall continuity requirement, a 

practice used in some of the TEACH-L sample problems. (See the listing 

of MODU, Appendix D6, for details). Velocity v is set to zero at the 

wall and duct centre-lines.

iN fftn  Q i- '»
b a r r ie r  | ^

—N * I*- i l l  dimension in mm — * 1  -* I*—

Fig. 7.2 10 Conductor Disc

Fig. 7.3 Temperature Distribution in 10 Conductor Disc
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Fig. 7.4 Surface Heat Flux Distribution in 10 Conductor Disc

7.4 Sample Output A sample half-disc/duct system, shown as Fig.

7.2, comprising ten conductors and using a 12x6 grid, was solved. The 

results are given as Figs. 7.3 and 7.4. The operating conditions were

Q = Q = Q = 5 X 10‘5 m 2/s 2 1 r
Inlet Re = 16.5

Inlet Pr = 88.7

Inlet Pe =1,468

t = t = 65.0 °C m, r e
1/2 = 152.6 A

The solution is characterised by a sharp decrease in conductor 

temperature at the outlet edge of the disc (Fig. 7.3). This accords well 

with experimental measurements and will be elaborated in Chapter 12. In
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winding current was chosen to give a surface heat flux of 1000 W/m in

the absence of edge effects. Whilst conductors 3 to 8 deliver
2approximately 1000 W/m , conductors 1, 2, 9 and notably 10 give far

less. Hence the latter 4 conductors must be delivering a significant 

amount of heat to the side vertical ducts.

Fig. 7.4, the conductor fluxes (here to q^) are plotted. The
2

7.5 Variable Viscosity Friction Constant The pressure drop through 

a heated horizontal duct in which a variable viscosity fluid is flowing 

will generally be lower than in a constant property flow. Even in ducts 

with a simple thermal boundary condition such as constant wall heat 

flux, the velocity profile will never, strictly speaking, be fully 

developed. As the temperature along the wall of the duct increases, and 

the viscosity there decreases, the velocity profile will continually 

undergo adjustment. The more complex thermal boundary conditions 

presented in Sec. 7.4 will cause the viscosity near the wall to decrease 

over most of the duct, but to increase again as the wall temperature 

falls off near the exit due to disc edge effects.

It is still meaningful to define a friction constant K under these 

circumstances, based on (3.18) and (3.17):

K =
8ru Aph . honz

L ’ u p m
(7.18)

where p is determined at t , Ap is the difference between the average 

pressures at I = 2 and 1 = 5 ,  and L* is the distance between these 

pressure "lines" (see Fig. 7.1). However, K will now depend not merely 

on the geometry of the duct cross-section (as in the constant property
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solution) but on flow rate, fluid properties, inlet temperature, thermal

boundary conditions, duct length, etc. In the example of Sec. 7.4, K was 

21.68, about 9.7Z lower than the constant property fully developed value 

(K = 24). In the pass of a disc winding, K will vary from one duct to

another. In general, the lower the flow rate and the higher the wall 

heat flux, the lower the resultant value of K, all other conditions 

being equal. The effect of this will be assessed in Chapters 8 and 12.

*

%

%

*

m
Fig. 7.5 Comparison of OUCT with Analytical Solution

7.6 Mesh Dependency It is possible to alter the boundary

conditions stated in Section 7.3 (by setting h„ and h to zero) so that1 r
a constant wall heat flux system is approximated. If constant fluid 

properties are also imposed, the results of the computation can be 

compared directly with the published analytical solution tabulated by
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Shah (1975). 

The agreemen 

acceptable 

reported in 

6x6, 12x6

solution.

This has been done in Fig. 7.5, where a 22x9 grid was used, 

t is seen to be adequate, hence the 22x9 grid was judged 

for the variable property and wall heat flux computations 

Chapter 12. The excercise was repeated for coarser grids: 

and 22x6; all gave results very close to the analytical
%

7.7 Conclusion TEACH-L has been modified to predict individual 

conductor temperatures, allowing for variable fluid properties, in a 

single disc of a transformer winding, and the pressure drop in the 

adjacent duct, assuming that the flow rate is known. The pressure drop 

data, expressed as a friction constant K, is required for the refined 

network model DISCNET, to be described in Chapter 8. The final results, 

being the flow distribution in the pass, and the conductor temperatures 

in each disc, are compared with experimental measurements in Chapter 12.

*

0

%
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CHAPTER 0

♦

*

%

♦

OISCNET

8.1 Introduction In this chapter the FORTRAN program DISCNET (Disc 

Network) will be outlined (listings, sample output and* further 

documentation may be found in Appendix D7). DISCNET incorporates the 

junction and corner loss data of Chapters 5 and 6, and the variable 

viscosity friction constant calculation described in Chapter 7 into the 

simple network model outlined in Chapter 3, enabling a more accurate 

determination of the pass flow distribution.

From the friction constants K_, , etc. calculated by JUNCTION andd s
CORNER, resistances R_, , etc. are formed which are added to the networkds
of Fig. 3.4. The program DUCT is included as a subroutine of DISCNET, 

and the K's required for R^, R2 , etc. (see Fig. 3.4) are evaluated in 

each horizontal duct as the overall computation proceeds. (It was 

decided that a once-and-for-all parametric study on K would be 

impractical, since, in variable property fluid flows, K is affected by 

so many parameters). A very coarse grid (6x6) is used to run DUCT, so as 

not to prolong the calculation unnecessarily (a sample comparison with a 

22x9 grid found the value of K to differ by only about 5Z). The 

procedure used by DISCNET is then:

1.) The relevant geometric data for the pass is read in, together

with the fluid properties, the friction constants from Tables 5.1, 5.2

and 6.1, and the operating conditions: winding current I, oil inlet

temperature t and flow rate Q. tm, in
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2.) The K's for all horizontal and vertical ducts are initialised

to 24 (constant property value), the junction and corner resistances to

0.

3. ) The bulk oil temperature at the inlets to all horizontal ducts

(and in the left-hand vertical ducts (see Fig. 3.1)) is set to the pass

inlet temperature t and remains so throughout the calculation. Them , in
bulk temperature in the right-hand vertical ducts (t „, etc., Fig. 3.1)m, 1
is initialised to t . .m, in

4. ) The network resistances are assembled and the network solved 

for the flow rate in each duct. At this point, because of the initial 

values set in 2.), the result will be exactly equal to that of the 

simple network model.

5. ) Using the current values of horizontal duct flow rates Q ,t I ■
etc. the variable viscosity K‘s for each duct are calculated using the

6x6 version of DUCT, t ., etc. are updated.m , 1

6. ) The junction and corner resistances are calculated. Using

current values of CL 4, etc., Q. /CL and Re. are determined for each2,1 in 2 in
junction and K , K . , etc. are obtained by linear interpolation in ds dt
Tables 5.1, 5.2 and 6.1.

7. ) The duct resistances are calculated (R̂  , R̂  , etc.) using the 

variable viscosity K's from 5.)

8 A  The network is solved for the flow rates etc.



9.) Repeat the procedure from step 5.) until convergence is

<r

reached. In 

the changes 

of the pass 

case.

OISCNET, this happens when the sum of the absolute 

in the ’s from one iteration to the next is less 

inlet flow rate Q. 5 iterations may be required in

values of 

than 1Z 

a typical

*

*

♦

*

PASS EXIT

Fig. 8.1 Network with Junction and Corner Resistances Added 

OISCNET is thus a "hybrid- scheme. The overall formulation remains
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that of a lumped parameter network, but some of the resistances must be 

calculated using field equations as a sub-operation. Iteration is 

necessary since the junction, corner and duct resistances are all 

non-linear. Fortunately the non-linearity is weak enough so that the 

computation converges readily (in all cases attempted) without need for 

underrelaxation.

8.2 Network with Junction and Corner Resistances The ”improved"

network is shown as Fig. 8.1. The horizontal duct resistances R , etc.

are defined exactly as in Fig. 3.4, except that K is set to its variable

viscosity value (different for each duct), p is determined at t (seem,in
Fig. 2.3). R, 4, etc. and R 4, etc. are also defined as R. and R in1,1 r , 1 1 r
Fig. 3.4, except that the value of p used will be dependent on the 

temperature at the inlet of the vertical duct in question. K, however, 

is assumed to be 24 in the vertical ducts. Since the temperature in the

left vertical ducts is assumed to remain at t . . the R. ‘s will all be---- m,in 1
equal. The R ‘s, however will vary according to t „, etc. r m, 1

The junctions are numbered according to the connecting horizontal

duct. Dividing junctions hence are numbered from 1, combining junctions

from 2. R , and R are the lower and higher corner resistances. These cl ch
resistances are then defined as follows:

*

♦

4

4

2K (Q. /Q )p ds in 1
ds

2Kdt(0in/Q2 ^
dt

(8.1)

( 8 . 2 )
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Rcs

R

R

2K (Cl /Q. )p cs t in

2Kct(Q1 /Q2 ^

2K p cr
Cl D2hor, 1

2K p
ch _ 2

D1. 1

(8.3)

(0.4)

(8.5)

(8 .6 )

where, in equation (8.1) - (8.4) the junction/duct number subscripts 

have been dropped to avoid excessive clutter (the full numbering scheme 

may be extracted from the listings, found in Appendix 07). As with the 

vertical and horizontal duct resistances, p in (8.1) - (8.6) will depend 

on the bulk temperature at the designated junction/corner.

In equations (8.1) to (8.4), K. , e.g., has been multiplied byds
flow rate ratio Q. /Gl . This has been done to correct an error, madein 1
without the benefit of hindsight, in the original definitions of K . ,ds
etc. It will be recalled from Chapter 5 that K, and are defined inds dt
terms of Q . , K and K  ̂ in terms of Q. (see (5.15) - (5.17)). Inin cs ct 1
formulating the resistances, it was realised (see Fig. 8.1) that RJt andd t
R . would have in fact to be defined according to CL (horizontal duct ct 2
flow rate), R_, in terms of CL (flow rate exiting from dividing junction ds 1
in vertical duct) and R in terms of Q. (flow rate entering combiningcs in
junction from vertical duct). The error is easily put right as in (8.1) 

- (8.4) and the difficulty does not arise in the corner resistances.

The solution to the network proceeds exactly as in the simple
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network model, except that, of course, the coefficients of the matrix 

equations (3.25) will contain the additional junction corner 

resistances.

DUCT NUMBER (from bottom of pass)

Fig. 8.2 Magnitude of Horizontal Duct Resistances

8.3 Sample Results The effect of these additional or modified

resistances may be seen from detailed consideration of a sample
ocalculation. An 8 duct pass is examined, with t = 58.9 C, Q = 7.0 x ̂ m,in

-4 210 m Is and I = 800 A (in the coarse 6x6 grid, large conductors are

used, see Fig. 7.1; this value of I gives a wall heat flux of about 1000 
2W/m ). Under these conditions, the pass inlet Reynolds number (based on

D^) is 196, a value typical of forced convection cooling. The disc

dimensions were L = 100 mm, d = 14 mm, and all duct hydraulic diameters

D,_ = D, = D = 8 mm. Referring to Fig. 8.1, it will be seen that thehor 1 r
total flow resistance in, e.g., horizontal duct number 2 is the sum of

RJJU and R  ̂ The corresponding 3 resistances for each of the 8dt,2 2 ct,2 H 3

♦

4

4

m
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4

ducts in the sample calculation are compared in Fig. 8.2. It is

interesting to note that while is relatively small in each duct, R .dt ct
increases from the bottom to the top of the pass. As the oil in the 

right vertical ducts accumulates through the combining junctions, the 

resistance to entrant flows from the horizontal ducts increases, 

reaching a maximum at duct number 8. The horizontal duct resistances , 

etc., are approximately equal notwithstanding slight variations in K, as 

shown. Thus the action of the combining junctions introduces a marked 

asymmetry, especially at relatively high Re. The total flow resistance 

in duct 8 turns out to be almost twice that of duct 1. The situation in 

the left and right vertical ducts is presented in Fig. 8.3. In the 

dividing junctions at the entrances to ducts 1, 2 and 7, Rds is actually

negative. Pressure regain has occurred due to deceleration, enough to

overcome frictional dissipation . At the other junctions, R.ds is

positive, but small compared to R^ . A marked difference is evident in

the combining junctions. Here R is of cs the same order as R ,r and

increases so that R . is almost cs, 8 three times the magnitude of Rr, 7 In

the combining junctions, fluid acceleration causes a pressure drop which 

adds to frictional losses. The consequence of this asymmetry is that the 

total resistance to flow in the right hand vertical ducts is almost 

twice that of the left, and this has a marked effect on the flow 

distribution, as may be seen in Fig. 8.4. The prediction of the simple 

network model (the starting point of DISCNET's iterations) is compared 

with the OISCNET final results. The imbalance of the left and right 

vertical duct resistances leads to a skewed distribution. The oil finds 

it "easier" to proceed up the left vertical ducts, and so "accumulates" 

in duct number 8.
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Fig. 8.3 Magnitude of Vertical Duct Flow Resistances
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DUCT NUMBER (from bottom of pass)

Fig. 8.4 Comparison of Simple Network and DISCNET Predictions

8.4 Conclusion The program DISCNET has been outlined and sample
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calculations have been provided. It is evident that several important

factors which significantly influence the flow distribution are 

introduced by including the effects of variable viscosity, junctions and 

corners. The example given here is that of a relatively high Reynolds
*

number condition typical of forced convection, and it is evident that 

the momentum effects in the junctions predominate over variable 

viscosity effects. At lower flow rates typical of naturally cooled

*  transformers, the reverse would probably occur. More examples of OISCNET 

calculations are given in Chapter 12.

^ It should be mentioned that, once the flow rate in each duct has

been obtained using DISCNET, the local conductor temperatures in each 

disc are obtained using a fine-mesh (e.g. 22x9) version of DUCT.

Examples of complete calculations are given in Chapter 12 also.
*

4

#

%
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CHAPTER 9

EXPERIMENTAL WORK, INTRODUCTION

i

Fig. 9.1 Possible Flow Pattern in Disc Winding without Flow-Diverting
Washers

9.1 Introduction Little experimental work has been published which 

involves the measurement of individual conductor temperatures and the 

flow distribution in horizontal ducts of disc-type transformer windings. 

Since it is highly inadvisable to embed thermocouples in windings 

intended for service, most thermal measurements have been made in models 

of various kinds or in expensive purpose-built experimental windings. 

Most of the studies are of disc windings without flow-diverting washers, 

Fig. 9.1 (see also Fig. 1.6), where in a perfectly symmetrical design 

and a perfectly horizontally located transformer the direction of flow

1 s;

m

P

%



in the horizontal ducts is indeterminate and possibly proceeds as 

suggested by the arrows. Thiele (1941) carried out flow visualization 

studies in a model of a vertical sector of such a system under natural 

convection conditions. He found that by introducing thermal or 

geometrical asymmetries, a transverse flow in the horizontal ducts could 

be induced. In the absence of such a flow, one would expect the 

temperature distribution in the disc to be symmetrical about its 

centre-line. Lobenstein (1967) carried out similar experiments under 

forced convection conditions; his model consisted of 120 coil sections 

in some of which individual conductor temperatures appear to have been 

measured. He observed transverse flows in the horizontal ducts, with and 

without flow-diverting washers, and reports a disc temperature 

distribution qualitatively resembling that predicted by the DUCT program 

(Fig. 7.3). Brechna and Tschudi (1962) measured the temperature 

distribution, using thermocouples, in a model of a sector of a single 

disc. Their investigation was an attempt to improve the thermal design 

by using various baffling arrangements around the disc and by leaving 

‘gaps' of conductor pairs in the disc. Most of the flow configurations 

used bear little relation to a pass with flow-diverting washers. Taylor, 

Berger and Western (1958) performed experiments on both layer and disc 

windings. Their disc model consisted of a vertical section (only two 

discs in height) comprising (in the circumferential direction) an entire 

horizontal duct, two spacers on either side of it, and one-half of the 

two horizontal ducts on the outside of the two spacers. The section was 

flattened (as if the winding had an infinitely large mean radius). No 

flow diverting-washers were used. They report only mean disc 

temperatures, and assume an oil-flow pattern as shown in Fig. 9.1. 

Pivrnec and Havlicek (1972), built a similarly flattened model but 

containing 96 discs. Among their results are the mean disc temperatures,
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under both natural and forced convection, for a winding configuration

using flow-diverting washers, with G passes of 16 ducts each. Their 

results indicate substantial flow starvation at the too of each pass in 

which the flow is radially outward (from left to right, Fig. 3.1). The 

situation in the other passes was the converse of this. This asymmetry 

could have been caused by vertical duct dimensions b > a (see Fig. 3.1), 

although these dimensions are not specifically stated in the paper. 

Pivrnec (1973), made a further study of the flow characteristics in the 

same model. His results confirm an asymmetrical flow distribution. 

Oddly, he states that the vertical duct thicknesses were equal. The 

method of flow measurement is not described. Preiningerova and Pivrnec 

(1977), using (presumably) the same model, but without flow-diverting 

washers, report local conductor temperatures for selected discs. Lampe, 

Persson and Carlsson (1972), in their excellent critique of current 

practice in hot-spot and top-oil temperature measurement, mention a 

similar flattened model, placed between plexiglas (for flow 

visualization). The model contained 108 thermocouples and 400 tests were 

performed. Unfortunately, none of the detailed results of individual 

tests appear to have been published.

The intention of the experimental investigation presented in this 

thesis is to provide detailed information on individual conductor 

temperatures and horizontal duct flow rates in an 8 duct pass with 

flow-diverting washers, over a range of flow rates to include natural 

and forced convection conditions. The results are intended to provide 

verification of the computer analysis presented in Chapters 5 through 8. 

In this chapter, the experimental winding and ancillary apparatus will 

be described. In Chapter 10, the measurement of oil velocities using a 

hot-film probe will be discussed and in Chapter 11, the measurement of
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temperature in the winding by thermocouples and resistance is described. 

The results of the tests, comparison with prediction, and conclusions 

are presented in Chapter 12.

9.2 The Experimental Minding The facsimile winding shown 

schematically in Fig. 9.2, designed by Szpiro (1980), differs from the 

other models mentioned in Sec. 9.1 in that it is a complete winding, not 

a sector or "slice". At the top of the figure, a plan view is shown, 

where it may be seen that the winding has 6 sectors. The base cylinder 

and outer barrier are both made from perspex, and are set off from the 

winding by 6 pressboard ribs on the inner diameter and 12 on the outer. 

The pressboard spacers are of an unusual shape. Oue to the size of the 

experimental tank, the mean radius of the winding (177 mm) was made 

smaller than would normally be found in practice. The spacers were 

therefore designed to ensure that the width of the horizontal ducts 

would be uniform (here w = 100 mm), thus approximating more closely the 

situation in windings of larger mean radius. The draw-back of the design 

is that a greater proportion of the surface area of the discs is 

"masked" by the spacers (i.e. not in contact with the oil), than would 

be the case in commercial transformers.

The experimental 

dimensions shown in 

flow-diverting washers 

ducts each. The upper 

bottom, may be seen in 

inlet pipe/flange is 

sectors and enters the 

circumferential slots

winding has 16 discs, of 20 conductors each (with 

the inset of Fig. 9.2), and was configured with 2 

(each 2 mm pressboard) to have 2 passes of 8 

pass, with the flow-diverting washers at top and 

section A-A. Thus the oil, entering through the 

assumed to divide itself equally between the 6 

bottom of each lower pass through one of 6 

in the steel base plate. The lower flow-diverting
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washer forces most of the oil in the lower pass to flow radially inward; 

upon entering the upper pass the top flow-diverting washer causes the 

flow to proceed radially outward.

The spacers, nominally 2 mm thick, were installed in pairs to give 

a nominal horizontal duct thickness of 4 mm. Upon assembly and 

compression of the winding, however, considerable variations were noted 

and are shown in section A-A. 2 pairs of perspex cylinders were 

supplied, intending to provide inner and outer vertical duct thicknesses 

of 4 and 8 mm in any combination. Although valiant attempts were made to 

machine them to this specification, the smallest of the outer cylinders 

upon assembly resulted in an average vertical duct thickness of 0 not 4 

mm. The problem was exacerbated by some circumferential variation in the 

radial width of the discs.

To measure the oil velocities in the 0 ducts of the upper pass, 

tapped holes were made in the outer cylinder (the top 4 are shown in the 

partial elevation of Fig. 9.2) to enable the hot-film velocity probe to 

be inserted into the horizontal ducts, about 30 mm in from the outer 

circumference of the disc. The photograph in Fig. 9.3 shows the 

assembled winding raised out of its tank, with the probe inserted in the 

top duct but one. Brass knurled plugs with neoprene 0-rings were fitted 

to the other tapped holes. Visible in the photograph on the top of the 

upper flow-diverting washer are 12 spacers, a (grey) steel pressure ring 

and a (blue) steel top plate. An outer circle of short threaded rods 

bolted to the top plate compress the pressure ring. An inner circle of 

longer rods within the inner cylinder bolt the top plate to the base 

plate. These were tightened as necessary to prevent slippage of the 

discs whilst raising the winding from the tank to change the position of

0

0

%

%
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the probe.

S
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Fig. 9.2 Facsimile Winding
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motor whose speed was controlled by a Ward-Leonard system (see Appendix 

C1). This arrangement afforded precise, even control of the flow rate 

over a wide range. The R.P.M./ flow rate characteristic of this positive 

displacement pump was linear, and independent of the oil temperature. A 

toothed aluminium disc was fitted to the pump shaft to measure the 

R.P.M. in conjunction with an Opto-Switch, an integrated circuit in a 

slot-shaped package. An infrared beam is directed across the slot to a 

detector on the other side; when interrupted by a passing tooth, a 

change in voltage occurs at the output of the device. As the pump shaft 

turns, a square wave is generated which is input to a frequency counter. 

The R.P.M., and therefore the flow rate (after calibration), may thus be 

easily monitored. The arrangement is shown in the photograph, Fig. 9.5. 

The pump motor (B 62) is shown in the foreground. The pump itself is 

behind the aluminium disc. The Opto-Switch (not visible) is fitted to 

the pump frame at the top of the disc. (A better view of the device may 

be found in Chapter 10, and details of its circuit are in Appendix C1). 

An R.P.M. v 

flow meter 

photograph 

Each one is
3m /s (50 g. 

or 3 may 

This was fa 

Cooling wa 

roof top st 

galvanised 

and drain). 

experiments

necessary to eliminate leaks and adapt the circuit for its present use.

s. flow rate calibration was obtained using the nutating disc

(Fig. 9.4), see Appendix C1. Visible in the background of the

are the 3 oil-to-water heat exchangers shown in Fig. 9.4.
-3rated to dissipate 3.5 kW at an oil flow rate of 3.79 x 10 

p.m.) They are arranged with by-passing valves so that 1, 2 

be used in series, for a total cooling capacity of 10.5 kW. 

r in excess of what was needed; only one was ever used, 

ter was obtained from the nearest tap, being supplied from a 

orage tank. 2” black pipe was used for the oil circuit, 3/4" 

on the water side (connected by 3/4" garden hose to the tap 

The system had been used previously by Finn (1971) for 

involving layer windings. Extensive rearrangement was
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under load, the winding was connected to a D.C. welding generator rated 

at up to 20 kW (40 V/500 A). The field was excited by a large 

solid-state rectifier unit, and the output current (normally set at 

about 150 A), was monitored using a 300 A (75 mV) shunt. The shunt volt 

drop was input directly to the data logger used to monitor the 

thermocouple voltages (see Chapter 11). The generator was shaft-coupled 

to a 3-phase (415 V) induction motor, which was started using a 

star-delta switch. The circuit is shown in Fig. 9.6, and more detailed 

equipment specifications are given in Appendix C2.

%

*

9.5 Concluding Remarks The 

winding currents and flow rates. The 

supply at approximately constant 

reach a stable steady-state in a few

apparatus described provided steady 

heat exchangers (thanks to a water 

temperature) enabled the system to 

hours.
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CHAPTER 10

HOT-FILM VELOCITY PROBE MEASUREMENTS

10.1 Introduction The measurement of local fluid velocities by the 

technique of hot-wire anemometry is now well established. The method is 

based on the existence of a simple empirical correlation, due to Kramers 

(1946), for the heat transfer from a stationary circular cylinder of 

infinite extent whose surface temperature is constant and is immersed in 

a steady stream:

*

0.2 1/3 1/2Nu = 0.4 2Pr + 0.57Pr Re , m (10.1)

where *

Num
q- 0 w . m

k (tw, m t ) (10.2)

where 0 is the diameter of the cylinder, q" is the average surfacew,m
heat flux from the cylinder, t is the average wall temperature and tw,m 00

is the temperature of the undisturbed free stream. Here,

Re = — , (10.3)v

%
where U is the (uniform) free stream velocity, and the fluid properties 

are evaluated at the film temperature t̂ .:
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(10.4)

4

m

♦

*

♦

tf
t + tw.m

2

Equation (10.1) is usually referred to as King’s Law because it is of

the form predicted by an early theory due to King (1914) . The

correlation is good over a wide range (0.1 < Re A O > thin wire

mounted between two slender prongs approximates an infinite cylinder

well, provided that conduction off the ends of the wire to the probe

supports is negligible. The small wire diameter (typically 25 pm)

ensures that, according to Hinze (1959), the hot wire probe (in air) can
4be used over a velocity range 4.0 < U < 4.0 x 10 m/s. A common

application of the probe has therefore been the measurement of turbulent 

air flows.

If a probe of resistance R and surface area A carries a currentP P
I , then P

I2R P P
w,m (10.5)

Modern hot-wire anemometers use a 'bridge-feedback amplifier' (see Perry

and Morrison (1971)) which effectively maintains the wire at a constant

temperature (hence constant R ) by varying I according to U (t isP P °°
assumed constant). The voltage drop across the probe is therefore

1 / 4proportional to 1) . The exact relationship in a specific instance is

always obtained by calibration.

Use of hot-wire anemometry in liquids, particularly oils, is far

less common. Eckelmann (1972) found that wire probes were unsuitable for

measurements in Shell 3101 mineral oil. If t was maintained abovew,m
1 75



o200 C, cracking of the oil would occur, and subsequent polymerization 

would cause honey-like dirt deposits to form on the wire. Below that 

temperature, a temporary desensitizing coating forms, only a few pm 

thick. The above two effects rendered the velocity measurements totally 

unreliable.
*

Eckelmann also conducted experiments using quartz-insulated 

hot-film probes and found them to be free from the above problems, and ^

capable of yielding reproducible calibration curves. Based on his

experience, it was decided to use the same probe type for the

transformer oil velocity measurements in the horizontal ducts of the

experimental disc winding.

There were three other problems specific to the present 

application. First, the reclaimed transformer oil (B.S. 148) used in the 

experiments contained 'lint': very fine fibers which tended to wrap 

themselves around the probe and cause desensitization. Second, the probe 

was to be used to measure the centre-line velocity in a thin (4 mm) 

duct, and there was concern about the influence of the nearby disc 

surface (2 mm away) on the probe response. Finally, the measurements had 

to be made over a temperature range of about ( 20 - 80 °C) .

The first difficulty was partly resolved by filtering the oil 

through a 100 mesh phosphor bronze screen. Some lint still collected on 

the probe but the much smaller fibers were easily dislodged by tapping 

the probe holder. The second circumstance led to the design and 

construction of a novel calibration duct. To deal with the wide 

temperature range of the measurements, in which the Prandtl No. of 

transformer oil varies from 400 - 60, an attempt was made to find a
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correlation similar to (10.1), and valid over the operating range of 

Reynolds and Prandtl numbers in the experiments.

10.2 Calibration Apparatus The calibration of hot-wire probes in 

air is usually easily done in a wind-tunnel where there is ample room to 

install other devices (e.g. Pitot tubes) for comparison purposes. In 

liquids, the situation is not as straightforward. A common method^is to 

use a cylindrically shaped container of liquid on a rotating turn-table. 

After spinning at constant speed for a while, the liquid assumes the 

motion of a solid body. The probe may be dipped quickly into the liquid 

at a specified distance from the center of rotation. Examples of this 

technique may be found in Bertrand and Couders (1978) and Gourdon, et 

al. (1981).

It is generally recommended that a probe be calibrated in an

environment as similar as possible to the one in which the measurements

will be made. Though hot-film probes are designed to be used in very

close proximity to solid surfaces (e.g. in boundary layer applications),

their influence on the local temperature and velocity profles must be

taken into account. The correlation (10.1) strictly applies to uniform,

free-stream conditions; if significant velocity and temperature

gradients are present at the point of probe measurement, errors may

occur. Wills (1962) discusses the increased rate of heat loss from a

hot-wire probe in air in close proximity to a wall having a much higher

thermal conductivity than the fluid. The increased q" will give risew, m
to a higher apparent velocity.
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Wills’s work is not strictly applicable to the situation in disc

windings since the surface material, kraft paper insulation, has a

thermal conductivity of the same order as transformer oil. If anything,

one would expect q" to be reduced by the wall heat flux qM,w,m w
leading to lower apparent velocities. Presumably this would only occur

if the thermal boundary layer had extended to the centre-line of the

duct, i.e. if the temperature profile were fully developed, an unlikely

situation in this application. The decision was therefore taken to build

a calibration duct of exactly the same cross-section (4 mm x 100 mm) as

the disc winding ducts out of perspex. The surface of the calibration

duct was unheated, therefore the effect of q" on q“ was neglected.w w,m
The oil was to be circulated into and out of a tank equipped with a 

heater stirrer by means of a positive displacement pump with a linear 

r.p.m. vs. flow rate characteristic which was independent of

temperature. To accomplish these ends, a novel design was required.

An exploded isometric assembly pictorial of the duct is shown as 

Fig. 10.1. The dimensioned orthographic drawings may be found in 

Appendix C3. The oil enters through the tube in the filter chamber rear 

cover, passes through the filter, and proceeds up the vertical duct. The 

probe is inserted through the opening in the top of the duct, and 

centred with respect to the duct walls about 200 mm from the bottom of 

the duct. It was assumed that the velocity profile was fully developed 

at that section. The oil, emerging through the top, runs down the 

spillway into, the tank. A photograph of the duct with the probe inserted 

is shown as Fig. 10.2. Fig. 10.3 shows part of the duct and the tank, 

both of which are normally lagged. At the rear is the small diesel 

injector gear pump (covered with lagging). The pump R.P.M. were



monitored exactly as for the larger flow circuit described in Chapter 9. 

The pump, toothed aluminium wheel and Opto-Switch are shown as Fig.

10.4. The pump was coupled to a 200 V D.C. shunt motor, run at full 

field, but varying the armature volts by means of a rheostat. The speed 

control was reasonably smooth and reliable over a range of 13 - 800 

R.P.M. The flow rate vs. R.P.M. calibration was obtained using a 

stop-watch and a graduated cylinder. The calibration curve is given as 

Fig. 10.5.

10.3 Calibration Procedure A DISA 55M10 CTA Standard Bridge was 

used in conjunction with a 55R11 quartz-insulated hot-film probe. The 

constant temperature bridge in its 'operating mode' maintains the probe 

at a resistance R^ which is preset by the operator. In 'resistance 

mode', a small current (0.8 mA) is put through the probe so that its 

resistance R at the ambient fluid temperature t can be determined. The
OO 00

overheat ratio, O.H.R., is related to the temperature difference between 

the probe and the ambient, and is defined as

R ‘  R«O.H.R. = -e“— — (10.6)Koo

The resistance-temperature relationship is assumed to be of the form

4

4

♦

RP R20C1 a.n (t 20 w, m - 2 0 )] (10.7)

where R and a are respectively the resistance and temperature 

coefficient for the probe at 20 °C, and are usually specified for each 

probe supplied by the manufacturer.

4
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O
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F i g . 1 0 . 3  C a l i b r a t i o n  D u c t ,  T a n k  a n d  Pump A s s e m b l y

O n c e  t h e  o i l  i n  t h e  t a n k  h a d  c o m e  t o  t h e  s e l e c t e d  t e m p e r a t u r e  a s

c o n t r o l l e d  b y  t h e  h e a t e r - s t i r r e r , t h e  o u t p u t  v o l t a g e  f r o m  t h e  b r i d g e

V ( w h i c h  i s  p r o p o r t i o n a l  t o  V , t h e  v o l t a g e  d r o p  a c r o s s  t h e  p r o b e )
o u t  P

w a s  r e c o r d e d ,  t o g e t h e r  w i t h  R a n d  R , w h i l e  v a r y i n g  t h e  f l o w  r a t e  i np °°
3

t h e  c a l i b r a t i o n  d u c t  f r o m  0 . 2  -  3 0 . 0  cm / s .  A s  t h e  f l o w  i n  t h e

c a l i b r a t i o n  d u c t  w a s  a s s u m e d  f u l l y - d e v e l o p e d  ( a n d  i s o t h e r m a l )  a t  t h e

p r o b e  m e a s u r e m e n t  s e c t i o n ,  t h e  a n a l y t i c a l  s o l u t i o n  d u e  t o  D r y d e n ,  e t  a l .

( 1 9 3 2 )  a n d  M a r c o  a n d  H a n  ( 1 9 5 5 )  w a s  u s e d  t o  d e t e r m i n e  t h e  v a l u e  o f  t h e

d u c t  c e n t r e - l i n e  v e l o c i t y  U a s  a f u n c t i o n  o f  d u c t  m e a n  v e l o c i t y  u .m
N a t a r a g a n  a n d  L a k s h m a n a n  ( 1 9 7 2 ) ,  p r o v i d e  a f o r m u l a  f o r  d e t e r m i n i n g  U / u m
a t  v a r i o u s  d u c t  a s p e c t  r a t i o s .  H e r e ,  t h e  a s p e c t  r a t i o  ( 1 0 0 / 4 )  i s  25  a n d  

t h e i r  f o r m u l a  g i v e s
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F i g .  1 0 . 4  T o o t h e d  A l u m i n i u m  D i s c  a n d  O p t o - S w i t c h

U / u  = 1 . 54  , ( 1 0 . 8 )
m

w h i c h  i s  v e r y  c l o s e  t o  t h e  p a r a l l e l  p l a n e  d u c t  v a l u e  o f  1 . 5 .  T a k i n g  

( 1 0 . 8 )  i n  c o n j u n c t i o n  w i t h  t h e  c a l i b r a t i o n  c u r v e ,  F i g .  1 0 . 5 ,  a n d  g i v e n  

t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  c a l i b r a t i o n  d u c t  ( 1 0  cm x  . 4  cm = 4

c m2 ) ,  o n e  o b t a i n s

%
U [ c m / s e c ]  = R . P . M .  x  0 . 0 1 2 0 .  ( 1 0 . 9 )

5 r e a d i n g s  e a c h  w e r e  t a k e n  o f  R . P . M .  a n d  a t  e a c h  f l o w  r a t e  s e t t i n g

a n d  t h e  r e s u l t s  a v e r a g e d .  T h e  s t a n d a r d  d e v i a t i o n  w a s  t y p i c a l l y  l e s s  t h a n  

± 0 . 5 Z .  A l i n e a r  p l o t  o f  V Q u t  v s .  U o b t a i n e d  a t  r o o m  t e m p e r a t u r e  i s  g i v e n  

a s  F i g .  1 0 . 6 .  T h i s  c u r v e  w a s  u s e d  f o r  t h e  f i r s t  s e t  o f  f l o w  m e a s u r e m e n t s

1 83



in the unheated winding described in Chapter 12.

CALIBRATION PUMP R.P.M.

*

%

*

m

Fig. 10.5 Calibration Curve for Oiesel Injector Pump

10.4 Correlation of 

correlated in the King's Law

V2out 1 2

where A^ and are numerical constants to be determined. This is a

useful form provided that all measurements are carried out at the same ^

temperature. Most methods of compensation for variations in t , e.g.

Hollasch and Gebhart ( 1972 ), assume that A ̂ and A^ are only weak 

functions of t . This is impossible in the case of transformer oil. ItOO
was therefore necessary to seek a more general correlation of the form

Results The calibration results are usually 

form,

A. + A _U 1/ 2 (10.10)
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Fig. 10.6 Room Temperature Hot-Film Probe Calibration Curve

Nu = EPrm * FPrnRe1/2, (10.11)m

where E and F are constants to be determined, as are .exponents m and n.

(10.11) is in the same form as (10.1), with Nu , Re and Pr all definedm
in the same way. To use this correlation, a relationship was needed

between V . and V (from which q" is determined). This was obtained out p w,m
from the OISA 55M10 CTA (1977) instruction manual as

% VP
V R out D

R ♦ P rt * CA
(10.12)

where RT is the 'top' bridge resistance (50 Q) and R_. is the resistance T CA
of the cable and probe leads up to and including the probe supports (0.5

Q). Since R varies with t (from about 6.0 Q to 7.3 Q), V and V . are p « p out
185



not related in a fixed ratio.

R.1'2

0

4

%

Fig. 10.7 March 1982 Probe Calibration

The correlation procedure was to take the results of the constant

temperature runs (in which, in particular, Pr is constant, or nearly
1/2so), plotting, for each, Nu vs. Re . A family of straight lines wasm

obtained over the entire temperature range, although while working at 

the high temperatures and low flow rates, it was difficult to maintain

4
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t constant. Despite the lagging applied all round the circuit, the oil 00
would cool by as much as 2 - 3 °C under the worst conditions while

flowing up the calibration duct. The calibration curves are plotted, for 

a total of 10 runs conducted over a period of one year (using the same

probe), in Figs. 10.7 - 10.9. (The manufacturer advises regular

recalibration of the probe, as its response tends to deteriorate with 

age). The calibration runs included as Fig. 10.7 were done in an early 

prototype of the calibration duct, in which extreme difficulties were 

encountered with cooling of the oil (as much as 10 °C) at low flow rates

and oil bath temperatures of 60 - 80 °C (Pr = 56.0 and 39.3). Thus the

lower points on these two curves do not fall on the straight line drawn 

through the upper portion of the data. This situation improved with the 

later runs of Figs. 10.8 and 10.9. In general, the scatter is minimal, 

and the correlation appears to be good as low as Re = 0.01. A linear

least-squares fit on the data is given as Table 10.1. To determine E, F, 

m and n in equation (10.11), log-log plots were made of the slopes and 

y-intercepts in Table 10.1, and a least squares fit was again made. The 

result (plotted with linear axes) is shown as Fig. 10.10, and 

considerable scatter is evident. The final expression obtained was

. 1395 .5585 1 /2Nu = . 5407Pr + .2216Pr Re . (10.13)m

This one expression would be used as follows. A single reading of the 

DISA bridge, in both operating and resistance mode, would yield R , Rp
and Vq . would be obtained from (10.7) and (10.4), and all property

values would be calculated at this temperature. Nu would then be foundm
from (10.2), (10.5) and (10.12). Solving (10.13) for Re1/2, U would

finally be obtained from (10.3). The accuracy of the correlation was 

checked by attempting to reproduce the calibration data. A random sample
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of data from all 10 calibration runs was used, and the error in 

predicted II was found to be as much as ±17Z.

Rei/2 R*,/z

*

*

Fig. 10.8 Feb. 1983 Calibration Fig. 10.9 March 1983 Calibration

10.5 Discussion This result, from long tests and tedious 

correlation, is somewhat disappointing, and means that the measurement 4-

of horizontal duct flow rates, as reported in Chapter 12, was subject to 

considerable uncertainty. The major sources of error were presumed to be 

1.) failure to keep Pr exactly constant in each run, 2.) variations in 

the response of the probe over a year of use, 3.) undetected fouling of 

the probe by lint in the oil and 4.) possible departure from the

188



correlation at Re < 0.1. The latter is suspected as the error in

reproducing the lower values of U was usually greater. Matters could 

presumably be improved through the use of a more precisely controlled, 

perhaps automated hydraulic circuit, interconnected with a data logger 

or dedicated microcomputer, and using more sophisticated correlation, 

especially for lower values of U. This was unfortunately beyond the time 

and resources allocated to the project. As will be seen, however, the 

hot-film probe provides useful, if not highly accurate information about 

the actual flow distribution in the winding. This will be discussed in 

Chapter 12.

Pr = H1.9, Num
Pr = 127.0, Num
Pr r 123.0, Num
Pr = 82.4, Num
Pr = 76.4, Num
Pr = 65.8, Num
Pr = 56.0, Num
Pr = 51.2, Num
Pr = 44.5, Num
Pr = 39.3, Num

1.124 + . , 1/2 3.415 Re

1.048 + 3.393Re1/2

1.013 + 3.266Re1/2

1 .020 + o 1/22.601 Re

0.979 + o 1/22.5 4 6 Re

0.996 + 2.265Re1/2

0.900 + 2.243Re1/2

0.967 + 1.949Re1/2

0.950 + 1.685Re1/2

0.875 + 1.810Re1/2

Table 10.1 Least Squares Fit of Calibration Curves
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Fig. 10.10 Correlation Coefficients as a Function of Pr
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CHAPTER 11

WINDING TEMPERATURE MEASUREMENTS

11.1 Introduction When oil-immersed transformers are tested for 

service, only two temperature measurements are required under B.S.

171:Part 2:1978, the winding temperature rise 0 t and the a
top-oil temperature rise (0. or 8 , see Chapter 1). t is obtained byt c r
the resistance method from the formula

.av.q(235 + t ) - 235, o ( 1 1 . 1 )

where R is the mean winding resistance under test conditions, and R avg o
is the cold winding resistance at some datum temperature t . The ambiento
temperature t may be the cooling air or water temperature, depending on a
the type of cooler fitted, t. or t is measured with a thermometert c
placed in an oil-filled thermometer pocket on the cover or in the outlet 

pipe to the cooler (see Fig. 1.4). These measurements are made in lieu 

of a direct determination of the hot-spot temperature, for which no 

reliable and safe method has yet been devised.

The experimental winding described in Chapter 9 is supplied with a 

D.C. current at low voltage, hence thermocouples could be safely 

embedded in the individual discs as desired, the intention being to 

measure the hot-spot temperature directly. The hot-film probe, installed 

as described in Chapter 9, was also used to measure, whilst in 

resistance mode the centre-line oil temperature 70 mm from the entrance 

of each horizontal duct in the top pass of the winding.

191



F i g .  1 1 . 1  F a c s i m i l e  W i n d i n g  D i s c  V o l t a g e  T a p s

S u c c e s s f u l  c o m p u t e r  p r e d i c t i o n  o f  t h e  l o c a l  t e m p e r a t u r e s  i n  t h e  

w i n d i n g  r e q u i r e s  k n o w l e d g e  o f  t h e  b u l k  o i l  t e m p e r a t u r e  a t  t h e  b o t t o m  o f  

t h e  w i n d i n g  t  a n d  a n  a t t e m p t  w a s  m a d e  t o  m e a s u r e  i t .  F o r  o v e r a l l  e n e r g y  

c o n s e r v a t i o n  c h e c k s ,  m e a s u r e m e n t  o f  t h e  b u l k  t e m p e r a t u r e  o f  t h e  o i l  a s  

i t  e m e r g e s  f r o m  t h e  t o p  o f  t h e  w i n d i n g  ( t  ) w a s  a l s o  a t t e m p t e d .  A s  

L a m p e ,  P e r s s o n  a n d  C a r l s s o n  ( 1 9 7 2 )  h a v e  p o i n t e d  o u t ,  t g e n e r a l l y  d o e s  

n o t  e q u a l  t ^  o r  t  , s i n c e  t h e  o i l  e m e r g i n g  f r o m  t h e  t o p  o f  t h e  w i n d i n g s

*

4

*

1 9 2
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mixes with a substantial amount of stagnant oil at the top of the tank,

only some of which may flow into the cooler (see Fig, 1.4). Yamaguchi,

et al. (1980) provide an excellent discussion of this point. The cooling
owater temperature t was noted and found to be 15 - 20 C, dependinga

upon the time of year. The mean winding temperature tf, as well as the 

mean temperature t^  ̂ etc. of each disc pair was also recorded for 

completeness. In this chapter, various aspects of these temperature 

measurements will be discussed, concluding with a description of the 

overall test procedure and thermal characteristics of the experimental 

system.

11.2 Mean Winding Measurements bv Resistance The B.S. 171 formula

for calculating the mean winding temperature (11.1) is based on a
o -1resistance-temperature coefficent = .00392 C . The winding was

manufactured as 8 coil pairs, each wound from a continuous insulated

conductor, the cross-over from disc to disc in each pair occurring on

the inside diameter. The 8 pairs, upon final assembly, were soldered at

the cross-over points on the outer diameter, as shown in the photograph

Fig. 11.1. The voltage measurement taps at each outer cross-over,

consisting of light gauge enamelled copper wire, are also visible. The

arrangement is shown schematically in Fig. 11.2. The volt-drop across

each disc pair, and across the 0.25 mQ current shunt, were input to the

first 9 channels of the data-logger, as shown. (Further details of the

equipment may be found in Appendix C2). The resistance of each disc pair

was calculated from the measured volt drop and current. R in (11.1) waso
determined by allowing the winding to come to room temperature

overnight, then passing a current through it too small (11.5 A) to

disturb its equilibrium temperature t taken to be the average of the 99o
embedded thermocouple readings (25.2 ± 0.4 °C).
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d is c s  w ith  c ir c le d  nu m b e rs

m

4

«

Fig. 11.2 Schematic of Disc Voltage Taps

11.3 Thermocouple Measurements 106 thermocouples in all were 

fitted, 99 in the winding itself, 2 and 5 to measure the bottom and top 

oil temperatures, respectively. The thermocouples (t.c.'s) were all made 

from 2 batches of 33 SWG Type J (iron-constantan) wire, insulated with 

glass fibre. A calibration check of one of the t.c.’s was made using a 

manufacturer-calibrated Type K digital thermometer. The curve, Fig.

11.3, is seen to be in close agreement with the values given in the CRC 

Handbook (1 977), p. E-110. The slope of the curve was 52.9 jjV/°C.

1 9 ;
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Fig. 11.3 Thermocouple Calibration Curve

Ideally, each thermocouple pair should be run continuously 

the measurement junction to its own cold junction. Given the 

number of t.c.'s, a compromise was sought, and the 'zone-box' ci 

was used, in which all t.c.'s share a common reference junctio 

schematic of the circuit is given as Fig. I1.i. Benedict ( 

maintains that, provided all junctions in the shaded zone are at

from 

large 

rcuit 

n. A 

1 977 ) 

the
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same temperature, the uncertainty in this circuit is of the order of

0.5 oC.

Fig. 11.4 Zone-Box Thermocouple Circuit

To enable removal of the winding assembly from the test area, the 

4 m long t.c. wires were soldered to gold-plated, 24-way Amphenol 

connectors, to the mates of each of which were soldered the copper 

extension wires. All connectors were immersed in an oil bath equipped 

with a stirrer to maintain an approximately uniform temperature.

The data-logger used in the experiments had 60 channels, the first 

9 of which were used for the winding resistance measurements. To enable
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the recording of all 106 t.c.'s, a 'manual* patch box (see Fig. 11.4) 

was constructed using 13 'female' 24-way connectors. 5 'male' connectors 

were permanently wired to the 60 channel inputs. The data-logger scanned 

any range of channels selected, at user-specified time intervals. Each 

analogue (D.C.) channel voltage was input to a digital voltmeter, 

filtered to remove A.C. components caused by generator noise, converted 

to digital form, and output to a mechanical printer, the whole process 

requiring about a second per channel. Allowing for manual patching, all 

signals could be printed in a few minutes.

Sa

2019 1817 16 15 14 13 1211 10 9 8 7 6 5 4 3 2 1 —TURN NO. FROM l.D.

•THERMOCOUPLE LOCATION

Fig. 11.5 Oise Thermocouple Locations

Before the winding was immersed in oil, 99 t.c.'s were installed 

at the manufacturer’s works between turns in 11 of the 16 discs (the 

circled disc numbers in Fig. 11.2). As seen, only 6 of the 8 discs in 

the upper pass contained t.c.'s. The 9 in each disc were located, in
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g r o u p s  o f  3 ,  a l o n g  t h e  d u c t  a n d  s p a c e r  c e n t r e - l i n e s ,  a f t e r  t u r n s  1 ,  10 

a n d  19 f r o m  t h e  i n s i d e  d i a m e t e r ,  a n d  a l o n g  t h e  s p a c e r - d u c t  b o u n d a r y  

( s i d e  w a l l  o f  t h e  h o r i z o n t a l  d u c t ) ,  a f t e r  t u r n s  2 ,  9 a n d  1 8 .  T h e  

a r r a n g e m e n t  i s  s h o w n  s c h e m a t i c a l l y  i n  F i g .  1 1 . 5 ,  a n d  a p h o t o g r a p h  

a p p e a r s  a s  F i g .  1 1 . 6 .  A m a s t e r  l i s t  o f  t . c .  n u m b e r s  a n d  t h e i r  l o c a t i o n s  

m a y  b e  f o u n d  i n  A p p e n d i x  C 2 .

F i g .  1 1 . 6  T h e r m o c o u p l e  I n s t a l l a t i o n

M e a s u r e m e n t  o f  t h e  b u l k  t e m p e r a t u r e  o f  a f l u i d  f l o w i n g  i n  a d u c t  

i s  n o t  s t r a i g h t f o r w a r d ,  a n d  f r e q u e n t l y  t h e  a v e r a g e  o f  s e v e r a l

t e m p e r a t u r e s  a c r o s s  a d u c t  s e c t i o n  i s  u s e d  a s  an  a p p r o x i m a t e  s u b s t i t u t e .  

T h e  a p p r o x i m a t i o n  i s  s t r i c t l y  s p e a k i n g  o n l y  v a l i d  i f  t h e  v e l o c i t y  

p r o f i l e  i s  f l a t ' ,  i n  w h i c h  c a s e  t h e  b u l k  a n d  a r i t h m e t i c  m e a n  

t e m p e r a t u r e s  a r e  t h e  s a m e .

*

%
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25.4 R

FLANGE GASKET

a ll dimensions in m u

© Fig. 11.7 Bottom Oil Thermocouple Locations

Fig. 11.8 Top Oil Thermocouple Locations

The bottom oil temperature was measured from 2 t.c.'s inserted 

through the gasket of a bolted flanged coupling on the winding inlet 

pipe. Their location is shown in Figs. 11.7 and 9.4, and readings from
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t h e  t w o  i n v a r i a b l y  a g r e e d  w i t h i n  a f e w  m i c r o v o l t s .  P r e s u m a b l y  t h e  

t e m p e r a t u r e  p r o f i l e  a t  t h e  g a s k e t  w a s  a p p r o x i m a t e l y  f l a t ,  a s  t h e  o i l  

t h e r e  w o u l d  h a v e  b e e n  w e l l  m i x e d  b y  t h e  h e a t  e x c h a n g e r .

♦

%

4

F i g .  1 1 . 9  T o p  O i l  T h e r m o c o u p l e s  o n  P e r s p e x  C y l i n d e r

An a t t e m p t  w a s  m a d e  t o  m e a s u r e  t h e  t o p  o i l  a s  i t  e m e r g e d  f r o m  t h e  

e x i t  o f  t h e  u p p e r  p a s s  a d j a c e n t  t o  d i s c  16 ( s e e  F i g .  1 1 . 2 ) .  T h i s  w a s  

d o n e  b y  c e m e n t i n g  5 t . c . ' s  a l o n g  t h e  c i r c u m f e r e n c e  o f  t h e  o u t e r  p e r s p e x  

c y l i n d e r  s p a c e d  20  mm a p a r t ,  a s  s h o w n  i n  F i g .  1 1 . 8 .  T h e y  m a y  a l s o  b e
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seen in the photograph, Fig. 11.9. Their average value would approximate 

the circumferential mean centre-line temperature, and can only therefore 

be regarded as an estimate of the bulk top-oil temperature.

PROBE RESISTANCE AT AMBIENT TEMPERATURE R„. Q

Fig. 11.10 Hot Film Probe Resistance-Temperature Calibration

11.4 Horizontal Duct Centre-Line Temperature Measurements While 

measuring the centre-line velocities of the 8 ducts in the upper pass, 

the centre-line temperature was also recorded using the probe in 

resistance mode. The value of the this temperature was found from 

equation (10.7) (substituting for Rp ). The resistance-temperature

calibration curve for the probe, Fig. 11.10 was obtained using the 

manufacturer-calibrated digital thermometer from which was obtained a^g 

= .00414 °C 1 and R = 4.856 Q. The DISA (manufacturer) supplied values 

for the probe were a^g = .0042 °C 1 and R = 4.88 Q.

11.5 Thermal Characteristics of the System Attainment of a thermal 

steady state, essential before taking any temperature readings, depended 

on choosing a power input to the winding matched by the dissipation
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capacities of the heat exchanger and the surroundings. After trial and

error, 5.14 kW was found to be about right. The winding current at this

power was approximately 150 A, somewhat over the rating of the winding

under forced cooling conditions (126 A). After equilibration, the bottom
ooil temperature usually settled out at about 56 C. During warm-up,

excess current (200 A) was input and the cooling water left off. When
othe bottom oil had attained 56 C or exceeded it, the current was

-4 3reduced to about 150 A, the water turned on (1.26 - 2.52 x 10 m /s or 

100 - 200 g.p.h.), the oil flow rate adjusted to the desired value, and 

nothing else was touched until the system had come to equilibrium. The 

sudden injection of cooling water reduced the winding resistance 

slightly, allowing the winding current to increase slightly, after which 

the system smoothly approached a thermal steady state. The behaviour is 

seen from Fig. 11.11 where the bottom, top oil and mean winding 

temperatures are plotted against time. Approximately 2.5 hours was 

required to bring the system to the desired steady state. During the 

warm-up period, the plotted temperatures were logged every 10 minutes.

All tests were run at 5.2 kW, but the oil flow rate was varied
-4 3from 2.46 - 8.62 x 10 m /s ( 3.25 - 11.4 g.p.m.). Approximately 2

hours was required for the system to re-stabilise after a flow rate 

change. The dissipation in the heat exchanger did not appear to be a 

function of oil flow rate over this range.

The hottest t.c. was found to be in the top disc, in the middle,

on the spacer centre-line (see Fig. 11.:*). Its value, expressed as 8’ =h
t. - t along with 0' = t - t. and 0' = t - t. , is plotted as a h b  r r b  w w b
function of the pass inlet flow rate (presumed to be 1/6 of the total 

flow rate) in Fig. 11.12. The data is taken from the second series of



tests mentioned in Chapter 12.

*

*

*

♦

*

Fig. 11.11 Warm-Up Curve of Experimental Winding

11.6 Closure Temperature measurements in the winding were obtained 

using 3 different techniques: winding resistance, t.c.’s and a hot-film 

probe in resistance mode. A winding dissipation rate of 5.14 kW proved 

compatible with the heat-exchangers, and the thermal time constant of 

the system enabled measurements at 3 different oil flow rates during the 

course of a working day.

The test results, and their comparison with the predictions of 

DISCNET and DUCT, will be described in the next chapter.
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Fig. 11.12 Hot Spot, Mean Winding and Top Oil Rise vs Flow Rate

P
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CHAPTER 12

♦

»

4

COMPARISON OF THEORY ANO EXPERIMENT

12.1 Overview of Experimental Programme The first set of 

experiments consisted of oil velocity measurements in an unheated 

winding at room temperature. The winding was set up exactly as shown in 

Fig. 9.2. In the second set, the winding was unaltered, but was heated, 

as described in Chapter 11, and simultaneous oil velocity and winding 

temperature measurements were made. The winding was then modified 

slightly by the addition of a third flow-diverting washer just under the 

grey steel pressure ring (see Figs. 9.3 and 12.11) and on top of the 12 

spacers. Its purpose was to eliminate suspected 'leakage' oil flow. The 

cold and hot tests were then repeated as in the first and second set. 

The final set of experiments consisted of measurement of temperature 

only. in a heated winding in which the horizontal duct thicknesses were 

graded to improve the oil flow distribution. These latter results will 

be presented in Chapter 13.

12.2 Cold Oil Velocity Measurements The DISA CTA bridge had 

provision for input from only one probe, hence measurement of the oil 

velocity in each of the 8 ducts involved raising the winding out of the 

tank for each duct and exchanging the threaded probe holder with one of 

the knurled plugs (see Fig. 9.3). The tapped holes in the outer perspex 

cylinder were lined up as precisely as possible with the centre-line of 

each horizontal duct.
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Fig. 12.1 Cold Flow Measurements in Ducts 1 - 5

The volume of oil delivered by the gear pump was found to be 4.925
3 . . .cm /s per R.P.M., and this was presumed to divide itself equally between

the S circumferential sectors in the winding (see Fig. 9.2). The pass
3inlet flow rate was thus assumed to be 0.821 cm /s per R.P.M., and was

3varied from 16.4 - 164 cm /s (20 - 200 R.P.M.). In terms of area flow
-4 2rate, this corresponded to 1.64 - 16.4 x 10 m /s, or assuming a

%•

%

*

*
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vertical inlet duct thickness of 4 mm, a mean inlet velocity range of

#

*

♦

*

*

.041 - .41 m/s. This range of mean oil velocities is representative of 

both ON and OF transformers.

Fig. 12.2 Cold Flow Measurements in Ducts 6 - 8

The cold measurements with the film probe were not subject to the 

±17 l uncertainty reported in Section 10.4, since the oil temperature 

was fairly steady at 20 - 23 °c. The calibration curve given as Fig.
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1 0 . 6  w a s  u s e d .  I n  F i g s .  1 2 . 1  a n d  1 2 . 2 ,  t h e  d u c t  c e n t r e - l i n e  v e l o c i t y  o f  

t h e  8 d u c t s  a r e  p l o t t e d  a s  a f u n c t i o n  o f  p a s s  i n l e t  f l o w  r a t e .  I t  i s  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e l a t i o n s h i p  i s  l i n e a r ,  i . e .  t h e  f l o w  

d i s t r i b u t i o n  e x p r e s s e d  a s  t h e  7. t o t a l  f l o w  i n  e a c h  d u c t  i s  a p p r o x i m a t e l y  

i n v a r i a n t  w i t h  f l o w  r a t e  w i t h i n  t h e  s p e c i f i e d  r a n g e .  T h e  r e s u l t  s u g g e s t s  

t h a t  i n  t h i s  c a s e  t h e  l o c a l  R e y n o l d s  n u m b e r s  a t  t h e  v a r i o u s  j u n c t i o n s  

a n d  c o r n e r s  a r e  t o o  l o w  f o r  s i g n i f i c a n t  m o m e n t u m  e f f e c t s  t o  a r i s e .

F i g .  1 2 . 3  G a p s  b e t w e e n  V e r t i c a l  R i b s  a n d  D i s c s

A s  m e n t i o n e d  i n  C h a p t e r  9 ,  t h e  p r o b e  w a s  i n s e r t e d  s o  a s  t o  m e a s u r e  

t h e  c e n t r e - l i n e  v e l o c i t y  a b o u t  70 mm f r o m  t h e  d u c t  e n t r a n c e ,  w h e r e  i t

2 0 8



was assumed that the profile was fully developed. The flow rate in each

#

*

duct was calculated using equation (10.8) and the duct dimensions shown 

in Fig. 9.2. When the sum of the duct flow rates was compared with the 

pass inlet flow rate as indicated by the pump R.P.M., a shortfall of 

29.21 emerged. Thus only 70.8Z of 1/6 of the total oil pumped appears to 

have gone through the 8 horizontal ducts in the top pass in which the 

probe was inserted. The remainder was presumed to have leaked out 1.) 

Through the flanged pipe joints before entering the slots in the steel 

base plate, 2.) Underneath the bottom edges of the inner and outer 

perspex cylinders 3.) through the 1st flow diverting washer at the top 

of the lower pass, 4.) through gaps between the vertical pressboard ribs 

and individual discs in the upper or lower pass. These possible leakage 

paths are indicated in Fig. 9.2, and the gaps of item 4.) are visible in 

the photograph, Fig. 12.3. The flow distribution, including leakage, is 

shown as Fig. 12.4 (result A.).

Fig. 12.4 Flow Distribution Showing Apparent Leakage 

Leakage can be a significant handicap to accurate prediction of
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the thermal behaviour of a particular design. It may vary between two 

otherwise identical units due to construction anomalies. Carruthers and 

Norris (1969) suggest that even in OD designs, it is safe to assume that 

only 50Z of the total oil flow actually goes through the windings. This 

is due to the flabbiness of the pressboard baffles used to direct the 

flow. The experimental winding would be expected to (and does) have less 

leakage due to the steel base plate and perspex cylinders.

Duct No.

l TOTAL FLOW

SN

Discnet

Q . x in

Prediction
«„4 2. 10 , m /s

EXP .1 . 3 . 5. 7. 9 . 1 1 .

8 4.34 4.52 4.64 4.84 5.06 5.31 5.57 9.2
7 8.12 7.68 7.90 8.19 8.50 8.84 9.20 6.6
6 5.72 5.23 5.49 5.65 5.82 6.02 6.22 7.2
5 8.07 7.41 7.56 7.75 7.96 8.18 8.37 8.2
4 7.60 7 . 24 7.35 7.50 7.66 7.80 7.94 8.7
3 12.37 12.18 12.28 12.43 12.52 12.63 12.74 15.2
2 16.73 17.07 17.04 17.03 16.96 16.91 16.88 19.2
1 37.06 38.66 37.44 36.60 35.52 34.30 33.09 25.6

TABLE 12.1 Comparison of SN, DISCNET, and Experiment

»

4

4

Since the network model does not allow for leakage flow paths,

considerable discrepancy may be expected between its prediction and

experiment. To provide some basis of comparison, it was arbitrarily

decided to ‘correct’ the results as if all the leakage had occurred

prior to the measurement pass. DISCNET was then used to predict the flow

distribution at various pass inlet area flow rates (Q = 1, 3, 5, 7, 9,
-4 211 x 10 m /s) corresponding to pass inlet Reynolds numbers of 7.1,

21.2, 35.3, 49.4, 63.5 and 77.6. All fluid properties were evaluated at
oroom temperature (21.5 C) and of course the winding current was set to 

zero. All dimensions were obtained from Fig. 9.2.
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The results are presented in Table 12.1, where the simple network 

(SN) prediction and ’corrected' experimental results are included for 

comparison. It is interesting to note that the DISCNET results vary only 

slightly with flow rate and are close to SN except in duct 1 at the 

higher flow rates. This result broadly follows the findings of Figs.

12.1 and 12.2. These low Reynolds number results are due to the markedly 

higher viscosity at room temperature. The situation is quite different 

when the winding is heated.

The comparison of DISCNET with experiment is fair over all, the 

most serious discrepancy being in the 7. flow prediction in duct number 

1. Whether this is due to leakage from that duct or deficiencies in 

DISCNET is not clear. More significantly, DISCNET predicts that the 

minimum flow occurs in duct 8, whereas measurement shows it to be in 

duct 7.

12.3 Simultaneous Oil Velocity and Winding Temperature 

Measurements This second set of measurements was considerably lengthier, 

as ample time had to be allowed for the system to come to thermal 

equilibrium. Changing the velocity probe to a different duct 

necessitated a shut-down of the winding current and pump. In practice, a 

full day was required for each duct measurement. The measured flow 

distribution (Fig. 12.4, Result 8) was obtained from 8 days of tests, in 

each of which every attempt was made to achieve thermal equilibrium 

under the same operating conditions, which were:

tw = 55.9 ±2.3 °C b

Q = 5.137 ±.11 kW (I = 150 A)
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1 0 Q)Q 8.23 ±.03 x 10
2.m / s R.P.M. =

where t is the bottom oil temperature, whose measurement is b
in Chapter 11, Q is the total winding dissipation, and Q is 

inlet area flow rate inferred from the pump R.P.M.

described

the pass ■%

Fig. 12.5 Variable Viscosity Distortion of Velocity Profile

The probe velocity measurements were derived from equation (10.13)

and were hence subject to an uncertainty of ± 17Z. An additional

uncertainty in computing the individual duct flow . rates from the

centre-line velocity arose due to the departure of a variable viscosity

velocity profile from the assumed, isothermal, parabolic shape. This

effect was estimated by using OUCT to predict the variable viscosity

profile 70 mm from the durt entrance at various flow rates, and with an

inlet temperature and surface heat flux close to those expected in the

winding ducts. In Fig. 12.5, U/u is plotted against distance from them
duct centre-line. The parabolic profile is included for comparison. U/um
(U being the centre-line velocity) was found to be typically, 1.43

*

4

4
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rather than 1.5, hence this effect could lead to a 5Z underestimate of

#•

*

*

4

♦

the duct flow rate.

In any event the measured flow distribution (Fig. 12.4, Result B) 

shows a marked increase in the 'leakage' flow (from 29Z in the cold 

tests to about 48Z). Whilst it is possible that heating the winding may 

substantially change the flow resistances along some of the leakage flow 

paths, perhaps by expansion/deformation of the perspex/pressboard, it is 

probable that some of the increased apparent leakage arises from the 

uncertainties mentioned in the previous paragraph.

In Table 12.2, the temperature measurements in the winding during

one of the 8 runs are summarised. The probe temperature (from R^) was

read before and after the scan of the t.c. voltages. All voltages (t.c.

and disc pair volt drop) were recorded 5 times (this took about 10

minutes) and the average taken. The standard deviation was at most 
o0.2 C. t was estimated from the average of the 5 t.c. s located at the w

exit of the measurement pass (see Chapter 11). The standard deviation
owas typically 1.5 - 2.0 C. For the numbering scheme of the discs and 

ducts, see Fig. 11.2. Whilst the temperatures in discs 8 - 16 will be 

considered presently in detail, the reversal of flow direction in the 

horizontal ducts brought about by the flow-diverting washer underneath 

disc 8 (see Fig. 11.2) may be clearly seen by comparing the radial 

temperature distribution in the discs above and below this washer. The 

former are skewed radially outward, whilst the latter are skewed 

radially inward.
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Date: 17-2-83 Winding Current 153.8 A Winding Dissipation 5.15 kW
-A 2Pass Inlet Area Flow Rate From Pump R.P.M.: 8.26 X 10 m /s 

Mean Winding Temp.: 87.8 °C Bottom Oil: 55.8 °C Top Oil: 62.8 °C 

Disc Pair Mean Temperatures, °C:

Disc 1-2: 82.6 Disc 3-4: 86.3 Disc 5-6: 84.7 Disc 7-8: 86.3 
Disc 9-10: 87.8 Disc 11-12: 90.8 Disc 13-14: 90.9 Disc 15-16: 93.0

THERMOCOUPLE MEASUREMENTS, °C

Location: After 
Turn No.

After 
Turn No.

After 
Turn No.

Disc No.
From I.D. Duct C-L From I.D. Corner From I.D. Spacer C-L

1 77.9 2 81.8 1 79.2
4 10 87.4 9 88.1 10 90.1

19 70.5 18 77.3 19 74.0
1 77.2 2 82.0 1 78.0

5 10 89.2 9 87.2 10 85.9
19 74.7 18 77.3 19 66.8
1 75.2 2 79.9 1 78.3

6 10 84.5 9 85.8 10 88.1
19 69.9 18 77.2 19 74.4
1 75.2 2 79.9 1 76.7

7 10 83.4 9 84.4 10 • 86.0
19 69.7 18 76.6 19 73.3
1 74 . 1 2 80.1 1 74.6

8 10 92.6 9 91 .8 10 94.7
19 77.9 18 86.2 19 77.7
1 69.3 2 74.0 1 70.6

9 10 89.7 9 86.4 10 85.9
19 -- * 18 87.6 19 80.4
1 70.5 2 75.4 1 71.9

10 10 87 . 4 9 87.9 10 91 .4
19 81.9 18 89.0 19 83.4
1 72.3 2 78.3 1 73.3

12 10 91.1 9 91.5 10 94.2
19 83.4 18 92.2 19 84.5
1 72.9 2 78.6 1 74.4

13 10 91.2 9 91 .7 10 94.5
19 85.0 18 92.7 19 86.8
1 73.5 2 78.5 1 74.7

15 10 92.9 9 93 . 1 10 96.3
19 84 . 4 18 93.9 19 90. 1
1 78.8 2 84.0 ' 1 78.5

16 10 98.5 9 98.2 10 100.4
19 87.8 18 96.6 19 88.4

Table 12.2 Winding Temperature Measurements

^faulty t. c.
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12.4 Computer Prediction of Temperature and Oil Flow Distribution 

Prediction of the temperatures and oil velocities in the upper pass of 

the experimental winding (discs 8 - 16, ducts 1 - 8, see Fig. 11.2) was 

attempted in two ways. Firstly, use was made of the measured flow 

distribution to calculate the disc temperatures directly, using DUCT 

(see Chapter 7). Secondly, the DUCT calculations were repeated, using 

the flow distribution predicted by DISCNET (see Chapter 8). Comparison 

of the two methods afforded, among other things, r> means of assessing 

the accuracy of DUCT and DISCNET separately.

In the first calculation, the input required by DUCT for each duct

is V Q, and Q 1 r ■ 4. and t and m, r 1/2 (see Chapter 7 and Fig. 7.1). Q2

for each of the 8 horizontal ducts was available from the hot film

meas urements, and by continuity, and Q in eachY* adjacent vertical

duct were easily calculated, t was assumed equal to the pass inlet

temperature t (see Fig. 2.3), which was estimated from the measuredm , in
values of t. and t given in Table 12.2, as follows. The 7 °Cb w
temperature rise (t^ - t^) was apportioned 7/16 to the lower pass and

9/16 to the upper pass (see Fig. 11.2) so that t was assumed equalm , in
to t + 7/16(t - t ) = 58.9 °C. t is normally calculated by DISCNET, b w b m , r
however in this first calculation it was assumed equal to t .w

Determination of the appropriate value of 1/2 required

consideration of the ‘masking’ effect of the pressboard spacers. The

total surface area of the 16 discs (excluding edges, but including the
2areas covered by the spacers) was 3.55 m , however, the total area

2exposed to oil flow was only 1.92 m , or 542 of the total. If all of the 

heat transfer is considered to occur in the horizontal ducts, then 1/2
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must be set so as to give an average surface heat flux of 5.153 kW/1.92
2 2 m (see Table 12.2) = 2.68 kW/m . Setting 1/2 to half the actual

experimental winding current (153.8/2 = 76.9 A), would assume uniform

heat flux over the whole disc surface area, and would thus yield an
2 2average heat flux of (5.153 kW/3.55 m = 1.45 kW/m ).

This masking effect, plus the considerable uncertainty in the flow

rate measurements, led to a consideration of ’best' and ’worst’ cases.

Assuming, for example, that all values of Q2 were + 17Z in error (and

should therefore be lowered), and that the maximum value of 1/2 be used

(about 105 A) gives the ’worst’ case, and predicts temperatures much

higher than those measured. The 'best' case, assuming all values of

were 17Z low due to probe calibration uncertainties, and an additional

5Z low due to velocity profile distortion (and should be raised

accordingly), and using the minimum value of 1/2 (76.9 A), predicts

temperatures much lower than measured. Within these extremes, several

combinations of 1/2 and were found to give good agreement with

experiment; in the sample calculations to be presented, one such was

used consistently for all of the computer runs. 1/2 was set to 97.5 A,
2to give a value of average surface heat flux of 2.3 kW/m . This assumes

that 86Z of the total winding dissipation flows directly to the

horizontal duct oil. The measured velocities are assumed underestimated

by 17Z, and the individual ducts flow rates a further 5Z. Thus whereas
-4the total measured pass inlet flow rate Q was found to be 4.3 x 10

2 -4 2m /s, this was revised upward to 5.46 x 10 m /s. All 8 of the measured

values of were revised upward proportionately. This combination was

favoured, since the increased apparent leakage flow in the hot flow

measurements suggested that the probe velocities were too low rather

than too high. Taking the revised value for Q gives an apparent leakage
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of about 33Z -- which is comparable with 29Z observed in the cold tests.

Fig. 12.6 Theory vs. Experiment, Oise 9

Fig. 12.7 Theory vs. Experiment, Disc 10



Fig. 12.8 Theory vs. Experiment, Disc 12

*

Fig. 12.9 Theory vs. Experiment, Disc 13

218



*

♦

#

#

Fig. 12.10 Theory vs. Experiment, Disc 15

In the upper pass of the experimental winding, t.c.'s were fitted 

only in discs 8, 9, 10, 12, 13, 15 and 16. Discs 8 and 16 could be 

expected to run hotter than predicted because the pressboard 

flow-diverting washers were fitted flush to these discs (see Fig. 11.2). 

This, in retrospect, was a mistake, and would not be done in a 

commercial winding. Efforts were thus concentrated on predicting the 

temperatures in the remaining discs. As DUCT assumes a symmetry plane 

through each disc, it was decided to compute each disc temperature 

distribution twice, using the flow rate at the top and bottom, and then 

to average the conductor temperatures obtained from the two runs. This 

was deemed necessary since some discs had substantially different flow 

rates on their top and bottom surfaces, and the disc conductor 

temperatures, as computed with the two flow rates, differed 

considerably. Such a circumstance calls into question the assumption of
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the symmetry plane through the disc; however in the present calculation, 

the averaging procedure seemed to work quite well. The results for discs 

9, 10, 12, 13 and 15 are plotted in Figs. 12.6 - 12.10

DUCT can be expected to predict most accurately the temperature in

the centre-line of the horizontal duct (the squares). The temperatures

in the duct corners (circles) and in the spacer centre-line (diamonds)

will be higher. The only exception, assumed due to a faulty or

mislabelled t.c., occurs in disc 9, Fig. 12.6, where the duct

centre-line t.c. in the middle of the disc actually appears to read

higher than the corresponding spacer centre-line t.c. In general, the

agreement with experiment is very good; in particular the sharp

temperature drop-off at the exit of the duct predicted by the theory

matches up very well with the experimental points. The fact that the

spacer centre-line temperature is only 2 - 4 °C higher than at the duct

centre-line (in the middle of the disc) suggests that most of the heat

generated in the conductors masked by the spacers flows

circumferentially by conduction until, when adjacent to the duct oil, it

is then convected away. All 5 of the cases shown, given a somewhat

arbitrary choice of 1/2 and Q, demonstrate consistently good agreement
obetween theory and experiment (within 1 - 2  C).

The second stage of the computer verification involved the 

prediction of the duct flow distribution using DISCNET. The same values 

of surface heat flux and pass inlet flow rate were used as in the first 

computation. The comparison of DISCIIET and experiment (corrected, as in 

Table 12.1, to assume that all leakage occurred prior to the pass 

entrance) is given in Table 12.3. Here, the most serious discrepancy 

occurs in duct 7, whereas, unlike the cold measurements, the agreement

m

%

%
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in duct 1 is quite good. Further, the departure of DISCNET from the

%

Simple Network prediction is greater, due to the substantial

the pass inlet Re, caused by reduced viscosity. (Pass inlet

the present computation at t = 58.9 °C, compared to justm , m
40 at the same pass inlet flow rate at room temperature).

increase in 

Re = 153 in 

about 38

+

*

%

Duct No.

l TOTAL FLOW

DISCNET Experiment

8 7.39 9.0
7 10.47 2.5
6 7.05 7 . 1
5 9.07 6.9
4 8.68 8.4
3 13.13 16.3
2 16.30 20.9
1 27.92 30.4

Table 12.3 Comparison of DISCNET and Experiment, Hot Tests

The disc temperature distributions were recalculated, using DUCT 

and the flow rates supplied by DISCNET, and the results are shown 

alongside the previous calculation in Figs. 12.6 - 12.10. Except for 

disc 15, where the experimental points fall between the two curves, the 

temperature distributions are quite close. Evidently the winding 

temperatures are not markedly dependent on the individual duct flow 

rates in this particular case, which would typically occur in an OF 

design. The DISCNET flow prediction, and the hot film measurements, 

though imprecise, are good enough to afford reasonably accurate 

temperature predictions.

In all discs considered, the hottest spot occurs in the 16th and 

17th turns from the inside diameter. 8ecause the Simple Network model 

neglects the disc edge effects, it predicts the hottest spot in the 20th 

turn. A comparison of the SN disc hot-spot prediction with the 2
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computations just described is given as Table 12.4. In-general, the SN 

prediction, though on the high side, is not bad, and might serve as an 

adequate, if conservative guide. (Whereas in Chapters 3 and 13, SN is 

used to predict the duct wall temperatures, here, to afford direct 

comparison with the OUCT prediction, the temperature drop across the 

conductor insulation has been added.)

Disc No.

HOTTEST TEMPERATURE IN DISC, GC

SN
Prediction

DISCNET
Prediction

Measured Flow 
Prediction Experiment

16 100.9 - - 101.5
15 100.0 92.5 100.0 96.5
14 99.6 -- -- --
13 99.0 93.5 94.5 94.5
12 97.0 92.5 94.0 95.0
11 94.8 -- -- --
10 92.0 88.5 87.0 89.5
9 89.2 87.5 86.5 88.5
8 87.6 — 95.0

Table 12.4 Comparison of Various Disc Hot-Spot Prediction Methods
and Experiment

♦

DUCT CENTRE-LINE TEMPERATURE 70 mm FROM ENTRANCE, °C

MEASURED FLOW DISCNET
DUCT NO. PREDICTION PREDICTION EXPERIMENT

8 59.8 60.3 62.2
7 66.6 59.4 72.5
6 60.2 60.2 67.9
5 60.2 59.6 70.4
4 59.9 59 . 8 63.6
3 59 . 1 59.2 60. 1
2 59.0 59 . 1 60.0
1 58.9 58.9 57.2

Table 12.5 Comparison of Probe Resistance Temperature Measurements
with DUCT Prediction

Finally, an attempt was made to predict the duct centre-line 

temperatures at the probe location (70 mm form the duct entrance) using 

the temperature profiles computed by DUCT. These results are summarised
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in Table 12.5,N/here very considerable discrepancies are seen to arise 

in ducts 5, 6 and 7. It is unclear why this whould be, as the agreement 

in the other 5 ducts is fair.

Fig. 12.11 Facsimile Winding with Third Flow-Diverter

12.5 Measurements with Third Flow-Diverter The leakage described 

in section 12.2 was believed to occur predominantly between the outer 

disc edges and the vertical pressboard ribs (Fig. 12.3), thereafter 

proceeding up the ‘extra’ vertical duct formed between the 2 ribs on the 

outer side of each spacer column (see Fig. 9.2). It was thought that 

this flow path could be sealed off by fitting a 3rd flow-diverter, shown 

schematically in Fig. 12.11. This, however, (C., cold tests; D., hot 

tests, Fig. 12.4) served to increase rather than decrease the leakage 

flow. Upon later inspection of the winding, it was found that the outer
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perspex cylinder tended to 'ride' up the winding during thermal cycling, 

allowing the oil to leak directly into the tank upon emerging from the 

circumferential slots in the steel base plate. To reduce leakage 

significantly, a major refit would probably have been required; none was 

undertaken, since the end result would probably behave quite differently 

from a commercial winding.

12.6 Discussion and Conclusion DISCNET and DUCT, and for that 

matter SN, appear, in the test case described, to have provided 

reasonably accurate predictions of the hot-spot temperature. The 

results, however, were subject to considerable uncertainty about 

leakage, and the ’masking’ effect of the spacers. The former difficulty 

is apt to be even more severe in commercial practice, where leakage may 

vary considerably between units of similar or identical design. The 

latter difficulty could be resolved by considering circumferential heat 

flow, and is mentioned in Chapter 14 as an area of further work.

In the next chapter, various ways of improving and optimising the 

thermal design will be discussed.

#

4
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CHAPTER 13

*

*

%

OPTIMISATION OF THE THERMAL DESIGN

13.1 Introduction The results of the previous chapter 

that DISCNET and DUCT may be used to predict with reasona 

the thermal behaviour of a given winding. The next logical 

use the software as a design tool, and in particular to 

possible, the best thermal design which is compatible 

requirements, e.g. electromagnetic efficiency, ability 

surge and short-circuit conditions, economic viability and 

of manufacture.

have shown 

ble accuracy 

step is to 

identify, if 

with other 

to withstand 

practicality

Various ways of improving the thermal design of a disc winding 

with flow-diverting washers have been considered by other workers. Some 

of these involve the removal of one or two turns from each disc to 

create additional vertical ducts. Brechna and Tschudi (1962) conducted a 

large number of experiments on a single disc with single turns removed 

in various locations. 8affling arrangements around the disc, however, 

resembled in most cases a disc winding without flow-diverting washers. 

Lobenstein (1967) was concerned with the ratio c/L (see Figs. 2.1 and

2.2), stating that its optimal value was 0.1. Szpiro, Allen and Richards

(1982) experimented with variation of the vertical duct thicknesses a 

and b (see Fig. 3.1).

In general, the dimensions of the disc, and therefore the ratio 

L/d (see Fig. 3.1) will be governed by electromagnetic considerations, 

e.g. the turns ratio and whether the winding is high or low voltage. The 

thermal designer has some flexibility, however, in determining the
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etc.

In this chapter, it will be assumed that L/d is given, but optimal 

values of the vertical and horizontal duct dimensions will be suggested. 

The Simple Network model (SN) will be used for these calculations as it 

is more amenable to optimisation studies. Although of course not as 

accurate as OISCNET and DUCT, it is good enough to indicate that one 

arrangement is better than another. The design of Table 3.3, in Chapter 

3 will be taken as the 'datum', and various ways of improving this very 

poor arrangement will be considered. Experimental results arising from 

an attempt to improve the thermal design of the top pass of the 

facsimile winding will also be presented.

number of ducts in a pass, and the duct dimensions a, b and ĉ  , ĉ  ,

*

0

13.2 Optimisation of the 16 Duct £.

Fig. 13.1, consists of a single pass of 17 

prediction of this design, given in Table 

in ducts 8 and 9 and very high values of t 

gives the maximum wall temperature in each 

conductor temperature in each disc) .

ass The datum design , shown as

discs and 16 ducts . The SN

3.3, shows extreme starvat ion

L  ̂ there, hot {Recall that SN

duct. rather than the maximum

Three ways of improving the thermal behaviour will be examined 

independently, although these could, if desired, be used in combination:

1. ) increasing the number of passes by adding flow-diverting washers,

2. ) grading the horizontal duct thicknesses so as to equalise the flow 

rate in each duct and 3.) increasing the thickness of both vertical 

ducts while leaving the horizontal ducts with their original dimensions. 

Each method has its advantages and disadvantages, and will be discussed 

in turn.

226



♦

0

*

0

-•W*- -*M*-

Q =  1.2 x 1 0 “ 3 m2/s. 
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Fig. 13.1 Datum Design -- 16 Duc.t Pass

13.3 Increasing the Number of Passes This first and most obvious 

method is already suggested by the preliminary results of SN in Chapter 

3. The datum design could be converted to 2 passes of 8 ducts, Fig. 

13.2, or 4 passes of 4 ducts, Fig. 13.3. The results of these 

improvements are compared with the original design in Fig. 13.4. The 

difference between 16 and 8 ducts per pass is dramatic; between 8 and 4 

ducts, less so. If the 'Japanese' form of blocking washers is used, as 

shown in Fig. 13.1 - 13.3, this modification could be carried out

without altering the overall height of the 17 discs or any of the duct 

dimensions. Other arrangements, e.g. Fig. 2.3, would increase the
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overall height, a possible disadvantage. The 

is a substantial increase in the pumping pres 

Fig. 13.5. The buoyant pressure regain is 

ducts than 1 pass of 16 ducts. These la 

militate against increasing the number of pas

penalty for adding washers 

sure required, as seen in 

also less for 4 passes of 4 

tter considerations might 

ses in ON windings.
♦

ft

fig. 13.2 Two 8 Duct Passes Fig. 13.3 Four 4 Duct Passes
4

4
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Fig. 13.4 Comparison of 16, 8 and 4 Duct Pass

Fig. 13.5 Pressure Drop through Pass vs. Number of Ducts per Pass



13.4 Grading Horizontal Duct Thicknesses The second method of

improving the thermal behaviour is to adjust the horizontal duct 

thicknesses ĉ  , ĉ  , etc., leaving a and b unchanged (see Fig. 3.1), so 

as to equalise the flow in each duct. The appropriate values of c^, c^, 

etc. may be calculated directly from the SN equations (3.25) if a = b. 

Assuming, for convenience, a 4 duct pass, we may define all of the 

resistances R , R2, etc. in terms of ( = Rf if a = b) by introducing 

the following dimensionless cubic duct thickness ratios k^, k^, etc.

k . 
3 1,2___ 4, (13.1)

where j is an index running in this case from 1 to 4 in increments of 1.

R . may now be defined in terms of R, as 3 1

R . = ~ k . R. , 3 d j 1 3 = 1,2___ 4 (13.2)

(see definitions of R., R, and R in Fig. 3.4). If (13.2) is substituted
3 1 r

in (3.25) and both sides are divided by iR , the outcome is

11 l 12 L
i ' T ' V V  * 21 - i  J  k2 i- k, ♦ D,

l d 2
12 L X3 L♦ rwv *2] - r d k3 = -1 , (13.3)

kl d 3 ♦ ~ [ “r( k +k ) + 2] = -1 l d 3 4

*

W

*

4

Imposing the constraint of equality of flow in each duct leads to (see 

(3.24) ) :
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1  +  1 . 1
4 ’

- 1
1

1
4

(13.4)

from which

4

*

(13.5)

*
and for a pass of N ducts

l .
l j = 1.2___ N-1 . (13.6)

4 Substitution of (13.5) into (13.3) yields, after rearrangement

4
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1
2 *

1 L 
4 d

1 L 
4 d k2

+ 0 , (13.7)

+ 1
2 '

Generalising for a pass of N ducts, N - 1 equations are obtained which 

are in fact recurrence relations

k . 
3 2j) , j = N-1,N-2,...1. (13.8)

If one assumes that, say k is known, (13.8) may be applied N - 1 timesN
to obtain , k^ , ... k ̂ in terms of k^. Upon doing so, an

arithmetic progression results which may be summed, to obtain

+

N-j = k. + ^ 3 ( 3 + 1 - N) , j = 1.2___ N - 1. (13.9)
0

To determine the value of k ,  an additional equation is needed. ItN
may be obtained by imposing the constraint that the height of the pass ^

remain unaltered as a result of varying c1, , etc. In the case of a

pass which is initially dimensioned as a = b = c_., the sum of the 

horizontal duct thicknesses will be Na, for N ducts. Thus, it must be
4

required that

N
Na = E c ., (13.10)

3=1 3
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or, substituting (13.1) in (13.10),

N Z k 
3=1

-1/3 (13.11)

In the case of the datum design, d/L = 0.16, so that if N = 4, (13.9) 

gives

*

#•

*

k1

(13.12)

k2 * k3 * %  ' °'32'

whereupon (13.11) yields

2 (k, ) ~ 1 /3 + 2(k. - 0.32)"1/3 - 4  = 0. (13.13)k k

Equation (13.13) may be solved numerically by any convenient method. 

Here, the ’graphical bisection method', as implemented on the TI-59 

calculator was used, which yielded k ̂ = k ̂ = 1.177 and k2 = k3 = °-057- 

Assuming a = 4 mm, the graded duct dimensions turn out to be

c, = c. = 3.79 mm,1 4

c„ = c = 4.21 mm.2 3

(13.14)

For a = b = c = 4 m m  and N = 8, the graded duct thicknesses are

c = c = 3.01 mm 
1 8
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3 . 5 5  m m ,c

c

c

2

3

4

4 . 3 2  m m ,  

5.14 mm.

Finally, for N = 16,

c

c

c

c

c

c

c

c

1

2

3

4

5

6

7

8

c = 1.92 mm,1 0

c = 2.11 mm,1 5

c = 2.34 mm,1 4

c = 2.70 mm,

c ̂ = 3.17 mm,

c = 3.96 mm,

c = 5.52 mm,

c = 10.28 mm.

(13.15)

(13.16)

♦

*

As N increases, the grading necessary to equalise the flow becomes more 

drastic. %

At this stage it must be recognised that it would be impractical 

to expect a manufacturer to produce pressboard spacers to a tolerance of 

0.01 mm. The finest variation one might expect from one duct to another 

is 1 mm, and a more likely gradation is 2 mm. Given these realities, a 4 

duct pass would not benefit from grading, and an 8 duct pass would only 

if 1 mm variation was available. The 16 duct pass could be graded by 1 

mm by rounding off the dimensions in (13.16) to the nearest mm:
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2 mm,

4f

C

c

c

c

c

c

c

c

1

2

3

4

5

6

7

8

16

15

14

13

12

11

10

2 mm,

2 mm,

3 mm,

3 mm,

4 mm,

6 mm,

10 mm.

If the minimum variation permissible was 2 mm, an improvement 

still be made using the following dimensions:

*
'16

15

14

13

12

11

10

2 mm,

2 mm,

2 mm,

2 mm,

4 mm,

4 mm,

6 mm,

10 mm.

(13.17)

could

(13.18)
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Fig. 13.6 Datum Design Compared with Graded Design

In Fig. 13.6, the datum design (circles) is compared with a pass graded

in increments of 2 mm (as (13.18), squares). The solid portion of each

bar represents the bulk temperature rise (t . - t ) in each duct. Themh e
dashed portion represents the hottest wall temperature rise above the ^

maximum bulk temperature (t. . - t . ).hot mh

In the datum design the extremely high t. . in the middle ducts ishot
seen to be due to a correspondingly high t . caused by maldistributionmh
of flow. The variation in the Nusselt number (as evidenced by the

variation in t - t u represented by the length of the dashed line) is hot mh
only slight. In the graded design, flow maldistribution is essentially

cured as evidenced by an approximately equal tmh t in each duct

However, though the graded design certainly is an improvement (thot, 8
reduced by 20 C), it is thermally less successful than the division of

the pass into two 8 duct passes, where the greatest t is reduced byhot
40 C. The total pressure drop for the graded and two 8 duct passes is
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also about the same.

*

♦

The graded design is less successful due to the fact that 

increasing the hydraulic diameter of the middle ducts leads to a 

substantial decrease of the mean velocity there. Since, in the thermal 

entrance region, the temperature field is essentially a boundary layer 

phenomenon, the local Nusselt number will be influenced by the mean 

velocity (not the flow rate). Hence equality of flow rate in ducts 1 and 

8 yields equal bulk temperature rises (see Fig. 13.6), yet since c /c =
O 1

5, the Nusselt number is substantially lower in the middle ducts, and
ot. - t. = 24 C. A similar effect may be expected, even when thehot,8 hot,1

temperature profiles are fully developed. Rearranging (2.7) and (2.8),

(setting t ,, = t. . and t = t . ) leads to wall hot m mh

thot mh
q” D. w h
Nu k (13.19)

from which it may be seen that two ducts,

developed thermally and hydrodynamically (Nu

surface heat flux and bulk temperature rise,

t  ̂ in direct proportion to the difference in mh

in which the flow is fully

constant), with the same

will have different tL  ̂ -hot
the hydraulic diameters.

It would thus seem that the optimal design for a transformer pass 

would be one that produces equality of flow rate and mean velocity in 

every duct while maintaining uniform horizontal duct thickness. Such a 

design would distribute the thermal loading evenly through a pass 

whether or not the temperature fields were fully developed or 

developing, and would thus be applicable to both natural and forced oil 

flow conditions. Although it cannot be achieved exactly, this very
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desirable situation can be closely approached by increasing the ratio 

a/c (or b/c).

Fig. 13.7 t. „ vs. c Fig. 13.0 Pressure Drop vs. chot, 8

13.5 Increasing Vertical Duct Thickness A third method of

correcting maldistribution of flow may be seen by consideration of the

network analogue, Fig. 3.4. If R. = R„ = R-, = R. , which is the case whenl z o *
all the horizontal duct thicknesses are equal, then equal ’current’ will

flow in these 'resistors’ provided that the 'volt' drop across each is

the same. This condition will be nearly attained if R, and R are small1 r
relative to R ̂ , R2< etc. Since all of the ’resistors’ are inversely

proportional to the cube of the duct thicknesses, increasing the ratio

a/c {and b/c) is the most effective way of decreasing R,/R. (and R /R.).1 3 r d

%

P

*

*

' P
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Working from the datum design, one could either increase a and b

leaving c = 4 mm or decrease c by the same in all ducts leaving a = b =

; mm. The effect of the latter is seen in Fig. 13.7, where t  ̂ „ ishot,8
plotted against c. The dramatic decrease in t  ̂ „ with c is accompaniedhot, 8
by an equally dramatic increase in the total pressure drop through the

pass, as seen in Fig. 13.8. Alternatively increasing a and b equally,

while leaving c = A mm causes both t. . . and the total pass pressureh o t, 8
drop to decrease, as seen in Figs. 13.9 and 13.10. In both cases, a 

dramatic improvement is obtained for a relatively minor change (0.5 mm) 

in either a (and b) or c.
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Fig. 13.11 Effect of Duct Thickness Grading in Facsimile Winding

13.6 Experimental Results The three above mentioned optimisation 

methods, especially the last two, assume equal left and right vertical 

duct thicknesses, and hence a symmetrical flow distribution. In the 

experimental duct, since a = 4 mm and b = 8 mm, the flow was

asymmetrical, nonetheless it was desired to attempt improvement of the 

thermal design by one of the above methods. In the early stages of the

theoretical work (when this experiment was planned ) , grading the

horizontal duct thicknesses appeared to be the most promising

optimisation method .

%

♦

m

The spacers supplied by the manufacturer were all 2 mm thick 

too thick to effect any improvement in a symmetrically arranged 8 duct 

pass (as (13.15) and accompanying discussion). Nevertheless, an attempt 

was made to force more oil to flow through the top starved ducts, and
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the arrangement shown as Fig. 13.11 was used (see the right side of the 

figure). The lower pass was left unaltered. No attempt was made to 

measure the flow distribution in the top pass, or to predict flow or 

temperature using DUCT or OISCNET. The object of the excercise was 

merely to illustrate experimentally the effect of grading on the winding 

temperature distribution and to assess whether grading in this case 

afforded any improvement.

The graded and ungraded designs are compared in Fig. 13.11. On the 

left are plotted the mean disc pair temperature distributions, obtained 

by resistance, and on the right, the local temperatures (read from the 

t.c.'s) in the middle of each disc and the centre of the spacer column. 

(Recall that t.c.’s were installed only in discs 4, 5, 6, 7, 8, 9, 10, 

12, 13, 15 and 16). The circular points in both plots are taken from the 

data given as Table 12.2.

The graded winding was tested under the same conditions and over

the same range of flow rates as the second set of tests described in

Chapter 12, however upon examining the results, it was found that the

winding oil temperature rise above the bottom oil temperature 8' = tw w
t was much higher than in the ungraded winding. If the approximate

assumption is made that t and t,_ are both bulk fluid temperatures (seew b
Chapter 11) then 0‘ at the same flow and dissipation rate should be thew
same for the graded and uniform spacing. In Fig. 13.12, where 8‘ isw

3plotted against 1/Q (Q being the pass inlet flow rate in cm /s inferred 

from the pump R.P.M.), it can be seen that the slopes of the lines from 

the two sets of results are quite different. After the tests on the 

graded winding, it was discovered that the outer perspex cylinder had

worked its way up from the steel base plate. A similar difficulty was



ivx
noted in the third set of measurements described/Chapter 12.

Fig. 13.12 Top Oil Rise vs. 1/Q, Graded and Ungraded Winding

To salvage the results ; it was decided to compare the results of

Table 12.2 with a corresponding set from the graded measurements which
owhich had the same 8^ (7 C). The flow rate, of course, was higher

3 3(123.4 cm /s for the graded set, compared to 82.65 cm Is for the

ungraded set). This 49Z increase corresponds reasonably well with the

56Z increase in the slope of the graded curve over the ungraded, Fig.
o13.12. t for the graded set was 56.0 C, very close to that of the b

ungraded set (55.8 °C).

The comparison in Fig. 13.11 of the two measurements, especially

the t.c. readings on the right-hand side, do show that in the bottom
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Opass, the temperatures are very close (within 1 C), whereas near the

top of the upper pass, the temperatures in the graded case are about
o . . .2 C lower. Though this is a small difference, it is believed to be

significant enough to at least illustrate the effect of grading.

13.7 Assessment of Optimisation Techniques Of the three methods 

described, all appear to offer some improvement in the thermal 

performance. In a given design situation, the effect of a specific 

thermal design modification may actually decrease the reliability or 

performance of the winding in some other respect. For example, 

increasing the ratio a/c would seem the most effective method of 

correcting maldistribution, especially by increasing a or b (since both 

the hot-spot temperature and the pressure drop are reduced). This 

however, will increase the gap between the core and the l.v. winding, or 

between the l.v. and h.v. windings, and may reduce the electromagnetic 

efficiency of the transformer. The alternative, viz. reducing c might 

lessen the ability of the winding to withstand surge conditions without 

failure. Standring and Hughes (1956) measured the puncture voltage of 

pressboard sheets of various thicknesses, with and without oil gaps. 

Their results, plotted as puncture voltage vs. oil gap, had slopes 

ranging from A - 12 kV/mm. Modest reductions in c might therefore be 

acceptable, if the manufacturer could achieve greater precision in this 

aspect of the assembly process.

Any design modification which alters the spacing between discs, 

viz. grading, or inserting U.S./U.K.-type flow-diverting washers, will 

also alter the spatial distribution of the ampere-turns in that winding 

and could affect the short-circuit strength of the transformer. 

According to Waters (1966), a typical power transformer must be designed
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to withstand short-circuit currents up to 25 times the base current. 

Since the forces developed within the windings are proportional to the 

square of the current, they must be analysed with great care.

The ideal design is to have exact ampere-turn balance between the

1.v. and h.v. windings, and to have the spatial ampere-turn

distributions uniform and precisely aligned axially. In particular, the

'electrical' centers of each winding must be at precisely the same

height. If one winding is lower than the other, additional radial

magnetic fluxes are generated which give rise to an axial thrusting

force tending to displace the windings even further from the correct

position. Any displacement which does occur gives rise to a even larger

thrusting force, and so on. Gibbs (1950) states that a 2,500 kVA 44 kV
fO,

core-type transformer may have an end thrust of 4=8« N (18,000 lb) per 

leg for displacement of as little as 13 mm.

In practice, displacement of electrical centers is never an 

intentional design, however it is common for some variations within a 

winding in the spatial ampere-turn distribution to occur due to tapping 

arrangements. Assuming that all tapping occurs in the h.v. (outer) 

winding, 'gaps' occur in it which are absent in the l.v. winding. The 

effect of these gaps is to introduce thrusting forces against the top 

and bottom clamps of the h.v. winding, and to increase the forces on 

individual coils within both windings. (Even in a perfectly aligned 

transformer, axial compression forces are generated within each winding, 

being highest on the end coils). These forces can be reduced by tapping 

the h.v. coil symmetrically, in small amounts, at several locations and 

by introducing compensatory gaps in the l.v. winding at the appropriate 

locations.
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In view of short-circuit considerations, thermal design

4

*

%

*

improvement by grading is not recommended as a first choice (although 

the slight variation in duct thickness brought about by grading is 

generally far less drastic than in tapping arrangements). Also 

Japanese-type flow-diverting washers are recommended over the 

U.S./U.K.-type. In any event, it would clearly be advantageous to assess 

the thermal effect of a particular tapping arrangement and, if possible, 

to arrange the location of flow-diverting washers so as to use it to 

advantage. Under no circumstances should an asymmetrical grading 

arrangement as shown in Fig. 13.11 be used as this will displace the 

electrical centre of the winding. In fact, there appears to be little 

advantage in the asymmetrical flow distribution brought about by unequal 

vertical duct thicknesses.

13.8 Conclusion The best thermal optimisation procedure would 

probably be a combination of method 1 (using Japanese-type washers) and 

method 3. If, in using method 3, i.t is decided to reduce the horizontal 

duct thicknesses c, this should be done in both windings. In that case, 

no short-circuit design modification would be needed. This combination 

of methods should have sufficient flexibility to accommodate 

electromagnetic and surge design considerations. In any event, the 

potential for thermal improvement and consequent uprating of an improved 

design, is very high.

The above calculations also demonstrate how sensitive the thermal 

performance of a given design is to small departures from nominal duct 

thicknesses. These departures easily occur in the course of winding 

construction, and might explain the considerable variation, noted by
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some manufacturers in the performance of windings of identical design.
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CHAPTER 14
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FURTHER WORK

14.1 Introduction Most of the effort in this thesis has been, on 

the one hand, concerned with the physical and mathematical basis of the 

software: TEACH-L, JUNCTION, CORNER. DUCT and DISCNET, and on the other, 

with the development of an experimental programme to confirm the theory. 

An attempt has been made to point out shortcomings at each stage of the 

work, and no doubt some investigation of these would be required before 

a commercial user would want to use the software directly in his design 

process. Increasing the grid refinement in the JUNCTION and CORNER codes 

might yield more accurate values of the friction constants, and 

interaction between neighbouring junctions could also be analysed. In 

addition to the junction and corner pressure drops, losses along known 

leakage flow paths could be modelled using TEACH-L, as well as those 

through particular baffling arrangements in OD designs. DISCNET could be 

incorporated into an overall mass and heat flow network which included 

the flow in the core and the radiators, enabling a prediction of the 

flow rate through the winding under ON conditions.

More basic to the physical analysis are two effects which have 

been ignored, and might well be included in any further research 

programme. They will be briefly discussed in this concluding chapter.

14.2 Circumferential Heat Flow The thermal analysis of Chapter 7 

neglected any circumferential variation of temperature within a disc, 

and thus can be expected to predict temperatures accurately only at the 

horizontal duct centre-line. Even if this is deemed adequate, problems
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can arise in setting the appropriate value of winding current in DUCT, 

due to the masking effect of the spacers, as was seen in Chapter 12.

CIRCUMFERENTIAL SECTION 
SINGLE DISC (PART VIEW)

Fig. 14.1 System for Analysis of Circumferential Heat Flow

The only satisfactory solution would appear to be to analyse the 

full 3-dimensional situation, a circumferential section of which is 

shown as Fig. K.1. A quarter section of the duct, whose axis is normal 

to the page, is shown, surrounded by the paper-insulated conductor on 

top, and the pressboard spacer on the left. The thermal system is 

bounded on all sides by the respective centre-lines, presumed also to be 

lines of symmetry. As with the system shown in Fig. 7.1, Fig. 14.1 

presents a conjugated problem because of circumferential heat conduction 

in the solid areas.

A first step in the analysis might be to assume fully-developed 

velocity and temperature profiles. Although the latter is unlikely to #

occur in a relatively short duct with high Prandtl number fluids, such a 

preliminary analysis would indicate roughly how much heat flows through 

the spacers in the positive z-direction (most heat flow would be 

expected to flow through the conductor insulation in the negative 

y-direction, see Fig. 14.1). A similar analysis was applied to layer
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Relaxing the assumption of fully-developed thermal profiles would 

represent a substantial escalation of computing costs if a fully 

elliptical formulation such as DUCT were used. Adequate information 

could probably be obtained from a solution procedure which 'marched* in 

the x-direction. One such, especially developed for high Prandtl number 

fluids is the ’truncation* method, due to Allen and Finn (1969).

Irrespective of the method used, the solution would yield 1.) the

windings by Allen and Allan (1963).

percent heat flow through the spacers: the ’masking factor’,, as a

function of duct, conductor and spacer dimensions and 2.) the

temperature difference in the conductor between the spacer and duct 

centre-lines (extreme left and right, respectively, of Fig. 14.1) as a 

function of the ’masking factor* and the dissipation rate. A more 

accurate prediction of the hot-spot temperature could then be made.

14.3 Radial Flow between Parallel Discs As seen in the plan view 

of a typical disc winding, Fig. 2.1, the horizontal ducts are not of 

uniform circumferential width, and consequently some 

deceleration/acceleration in outward/inward flowing oil will occur. The 

pressure drop will not be as in the parallel plane geometry; in 

particular, pressure regain will compensate friction losses in 

decelerating outward flows, while additional pressure drops due to 

acceleration will add to friction losses in inward flows. As L/R 

increases, the effect may be expected to be more pronounced. This might 

occur in practice in windings with relatively small mean radii.

The problem can still be simplified to 2 dimensions, as shown in



Fig. H.2, the coordinates being r and y rather than x and y. Assuming 

laminar, incompressible, purely radial, constant property flow, the 

continuity and momentum equations become

01 sc

D IS C

D IS C

| D IS C  I T
©  ! ©

Fig. 14.2 Radial Flow between Parallel Discs

du u 
dr * r = °' (14.1)

and

QU du
dr dr + X

r dr
_u . ,
r2 3y2

(14.2)

Kreith (1966) presented a series solution of these equations, also

solving the energy equation with constant disc wall temperatures,

insulated (zero wall heat flux) discs, and combinations of these two. ^

Jackson and Symmons (1965) presented experimental results, using air;

Moller (1963) studied theoretically and experimentally air flow in both

laminar and turbulent regimes. A preliminary grasp of the importance of

the radial flow effect can be obtained from livesey’s (1960) simplified
3 uanalysis. He pointed out that the inertia term gu ^  in (14.2) may be 

neglected to first approximation in low Reynolds number flow. The 

resultant equation may then be easily solved for the radial velocity
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profile:

%

3Q ..... 2 2.u(r,y) = ---- Uc/2) - y ],
irrc

where Q is the flow rate, given by

(H.3)

%

*

4

*

Q = u 2¥rc, m (14.4)

where u is the mean velocity and is of course a function of r. The m
pressure drop Ap from station 1 to 2 is then

A p 6uQ
3¥ C

In
r 1 *■ L/D t
I -------“ I1 - L/D . (14.5)

where D is the mean winding diameter (see Fig. 14.2). Equation (14.3) w
is a parabolic velocity profile, similar to the parallel plane solution, 

but modified by a factor containing 1/r. The pressure drop given by

(14.5) is thus logarithmic rather than linear. The degree of difference 

between the two may be seen by series expansion (Dwight (1961), p. 137) 

of (14.5) :

Ap = 1 2uQ L
3 D ’ TTC V*L

(L/D ) w (L/D ) w (14.6)

The first term is equivalent to the pressure drop for the parallel plane 

duct. The additional terms will be insignificant provided that L/D^ << 

1 .
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An analytical solution in closed form to (14.2) has never been

found, however an estimate of the importance of 

deceleration/acceleration to the pressure drop may be found by 

substituting (14.3) into (14.2) and integrating to obtain the pressure 

drop from station 1. to 2. The result is
#

A'P 1 2uQ L
3 0ire w

f r
-II 1 
lL

(L/D )2 w
3

(L/D )4 w+ ------- +5
1
IJ

Re c, 
20 R [1 2 (L/D )3 + w

1
] I- , (14.7)

J

where the first series is the friction term (14.6) and the second series 

is the additional momentum term. Here,

*

Re (14.8)

In both (14.6) and (14.7) Q is positive for outward flows, and negative 

for inward flows. Thus for Q > 0, the second term of (14.7) will 

decrease the pressure drop from station 1 to 2 (see Fig. 14.2). The 

importance of momentum will be slight provided that

Re c 
20 R << 1 . (14.9)

P

m

♦

In most oil-immersed disc windings, (14.9) would probably hold along ^

with L/D^ << 1; the effect was therefore not considered further here. It 

might however be usefully included in further research, especially if 

air-cooled windings were studied.
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14.4 Conclusion The analytical tools developed in this thesis are

really only the beginning of what could be accomplished in the

computer-aided thermal design of large power transformers. Now that

^ desk-top microcomputers are being made available which have a capacity

comparable to medium-sized main frames, and at a low enough cost that

every design engineer might have one for his personal use, the

manufacturer should be able to specify the location and value of the 
JT hottest-spot temperature quite precisely. He should also be able to 

optimise the thermal design interactively with the electromagnetic and

electrostatic design. The use of such methods will greatly increase the

% effectiveness,, while lowering the cost, of the design process, and

significantly reduce the cost per KVA of the final product.

*

*

♦
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APPENDIX A

THERMOPHYSICAL PROPERTIES

The thermophysical properties of transformer oil and 

oil-impregnated kraft paper insulation, needed for the computational 

work, are listed here. They were obtained by direct measurement in the 

Electrical Engineering Department at Imperial College, using identical 

or similar samples of the materials used in the experimental work. The 

difficulties associated with using published properties of transformer 

insulating materials has been described by Allen (1960), who pioneered, 

in particular, the measurement of thermal conductivity by a transient 

method (Allen (1957) and Allen (1959)).

The relevant thermophysical properties of the naphthenic 

transformer oil may be expressed by the following formulae:

v =
exp[exp(A^)(t + 273) ] - 0.7

10
A1

Q = A3 . A;t, A2 )

M = vg (A3 )

pc = A„ ♦ At, p 5 6 A4 )

k * A7 * V - A5)
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a _k
ec ' (AG)

*

#

#•

*

Pr = “ , (A7)a

where t is the temperature in °C, exp stands for the exponential 

function, and A^, A^, ... A^ are constants to be measured, and were, for 

the batch of reclaimed transformer oil (conforming to B.S. 148:1972) 

used in the experiments:

A 1 = 24.656,

A2 = -4.1323,

A^ = 889.0 kg/m3,

A, = -0.7 kg/m3 °C, (A8)4
A = 1.6 x 106 J/m3 °C,5
A = 1.8 x 103 J/m3 °C2,

A? = 0.117 W/m °C,

AQ = 0 W/m °C2.

Formula (A1) was obtained from Grubb, Hudis and Traut (1980), but

similar formulae are in common use. 8y taking the natural logarithm of

both sides of (A1) after some rearrangement, then doing so a second

time, one obtains an equation of the form y = mx *■ b. Special graph

paper is prepared on this basis so that v vs. t plots as a straight

line, and A^ and A^ may be read directly from the graph. In Figs. A1-A6,

v, g, p, c , a and Pr are plotted as a function of temperature.P
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Fig. A1 Kinematic Viscosity vs. Temperature
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f
Fig. A2 Density vs. Temperature
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Fig. A3 Dynamic Viscosity vs Temperature
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Fig. A4 Specific Heat vs. Temperature
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TE M P E R A TU R E . °C

Fig. A6 Prandtl Number vs. Temperature

The value for the thermal conductivity k^ of the oil-impregnated

kraft paper insulation was obtained from Finn (1971) who made

measurements on material supplied by the same manufacturer who built the

facsimile disc winding. The kraft paper has anisotropic thermal

conductivity, however, in the calculations in DUCT, only k through theP
laminations was needed. The value used was

k =0.172 W/m °C. (A9)P

Suitable values for the resistivity of copper and its temperature 
. . ocoefficient at 20 C were obtained from the CRC Handbook (1977), p.
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E-84 :

q = 1.72 x 10" 8 Q m, (A10)20

a = 3.93 x 10‘ 3 V \  (A1 1 )20

0

0
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APPENDIX 0

MATHEMATICAL DETAILS OF EQUATION (4.18)

* Equation (4.18) may be easily solved by introducing the 

dimensionless variables:

♦

and

W

x x
5x

Substituting (B1) and (B2) into (4.18) yields

*

Pe d$
dx

2 * d <fr
dx*2

= 0,

with b.c.'s 4> (0 ) = 0 , 4* (1 ) = 1 ,

%

the general solution of which is

t♦ + C.

Application of the b.c.'s require

%

B
B = -C
___1
Pee 1

following

(B1 )

(B2)

(B3 )

(B4 )

(B5 )
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hence

Pex
ji_L

Pe
-  1

(B6)

Reverting to dimensional and x
m

♦ = <*p
r
IL

Pex/6 x 
2______
Pee W ' (B7 )

+

and

d
dx

” 4*,,) r Pex/5x t P W _ . e--------- Pe ------5x Pe -  1 J
(B8 ) m

If x is set to 6x/2 in (B7) and (B8 ), K.19) and (  ̂.20) will result.

m

4

4
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APPENDIX C

EQUIPMENT DETAILS

Cl Oil Cooling Circuit Further details of the equipment mentioned

in Fig. 9.4 will be given in this section. The oil was pumped by an

Autometric gear pump, rated by the manufacturer to deliver a maximum of
- 3  350 g.p.m. (3.79 x 10 m /s) at 800 R.P.M., against heads of up to 20

p.s.i.g. (144.8 kPa). It is designed to handle transformer oil at
otemperatures up to 90 C. The pump shaft was fitted with a Fenner 72 L 

100 pulley, the pump motor (B 62) shaft with a 18 L 050 pulley. The 

distance between the shaft centers was 240 mm. A 367 L 050 timing belt 

was used to couple the two, effecting a four-fold reduction in speed 

from motor to pump.

The pump motor B 62 was a Crompton-Parkinson D.C. compound wound 

motor, rated to run continuously at 1000 R.P.M., 200 V and 60 A. It was 

controlled using a Ward-Leonard system, as shown in Fig. C1.1. Typical 

operating conditions were:

Pump R.P.M.: 101 .8 ,
B 62 R.P.M.: 407.2,
B 62 Armature Voltage: 62 V (V1c), (C1.1)
B 62 Armature Current: 2.8 A (A3),
B 62 Field Current: 0.7 A (A1),
C 2 Field Current: 0.5 A (A2).

The aluminium disc shown in Fig . 9.,5 had 60 teeth which

interrupted the infrared beam in the R.S. 304-560 Opto-Switch, the

circuit diagram of which is shown a s Fig. C1 .2.. The output at pin 5 was

a square wave whose frequency, in Hz, was numerically equal to the pump



R.P.M. The frequency counter used (Venner Digital Counter Type TSA

6636/2H, Ser. AA002498) was set to count for 10 s, affording a read out 

to the nearest 0.1 R.P.M.

m

• 200 Vo-

200 V O.C. SUPPLY FROM AO kW MOTOR GENERATOR SET "G2"

4

*

• 200 Vo A1: Ammeter MA A6
A2: Ammeter MA 92
A3: Ammeter MA A7
VI: Volt meter 578 MeRl: 262 XT, A-2A RheostatR2: 262 a .  A - 2A RheostatR3: 19H. 6.5A RheostatSI: Double-pole. Single-throw switch

Fig. C1.1 Control Circuit for Pump Motor

The R.P.M. vs. flow rate calibration was obtained using an Arkon 

Nutating Piston Positive Type flow meter (Fig. 9.4) and a digital stop 

watch. The calibration curve obtained is shown as Fig. C1.3. The 

characteristic is seen to be linear over the operating range of flow 

rates and oil temperatures.

4

4
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o 11 V D.C.

*

*

Fig. C1.2 Circuit Diagram of Opto-Switch

C2 Winding Heating and Temperature Measurement Equipment The D.C. 

supply to the winding was a Metropolitan Vickers motor-generator set. 

The induction motor had the following specifications:

♦

440 V,
1 475 R.P.M. ,
50 Hz,
35 H.P. (26.1 kW), 
3 Phase,

and for the compound wound D.C. generator:

( C 2 . 1 )

20 kW,
40 V, (C2.2 )
500 A,
1475 R.P.M.
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T

Fig. C1.3 Pump Flow Rate Calibration

A generator field current of 5A was typically required to supply 150 A 

to the winding.

4

The voltages from the winding taps, current shunt, and all t.c.'s 

were scanned by a Oatron 1200 Signal Scanner (Ser. 02254). The voltages
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were sent by the scanner to a Datron 1041 Multi-function DVM (Ser. 

02357), which was calibrated by the manufacturer just before the 

experimental work was carried out. It provided resolution down to 1 pV. 

The accuracy of the OVM was checked with a standard cell. The only 

difficulty encountered was that the manufacturer had wired the 2-4 wire 

switch (intended for resistance measurements) incorrectly. To measure 

voltage, it was necessary to put the switch in the 4 wire position. 

There was a certain amount of A.C. noise on the embedded t.c. voltage 

readings (presumably caused by fluctuations in the winding current). 

This was adequately removed using the built in A.C. filter. Each channel 

voltage was then printed on the Datron 1230 Printer (Ser. 02358). The 

equipment is shown in the photograph, Fig. C2.1. In the background, on 

the panel rack, are the Datron units. To the right, on the bench, is the 

patch box (Fig. 11.4). In the foreground are the four rheostats for 

control of the pump motor and D.C. winding supply. Immediately to the 

right is the A-Y starter switch (Fig. 9.6).

The t.c. wires were each numbered as follows

winding t.c.’s: 1-99 (see Table C2.1),
bottom oil t.c.'s: 100, 101 (see Fig. 11.7), (C2.3)
top oil t.c.’s: 104-108 (see Fig. 11.8).

t.c.'s 102 and 103 were fitted to the tank outlet pipe but were not 

used. t.c.’s 109-124 were fitted to the three heat exchangers but were 

not used. The t.c. wire (iron-constantan, 33 SWG) was supplied in two

batches by Saxonia Electrical Wire Co., Ltd.
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THERMOCOUPLE NUMBER

^Location: After After After
Turn No. Duct Turn No. Duct Turn No. Spacer
From Centre From Spacer From Centre

Oise No. \
I .D. Line . I. D Corner I.D. Line

1 1 2 4 1 7
4 1 0 2 9 5 1 0 8

19 3 18 6 19 9
1 1 0 2 13 1 16

5 1 0 11 9 14 1 0 17
19 1 2 18 15 19 18

1 19 2 2 2 1 25
6 1 0 2 0 9 23 1 0 26

19 2 1 18 24 19 27
1 28 2 31 1 34

7 1 0 29 9 32 1 0 35
19 30 18 33 19 36

1 37 2 40 1 43
8 1 0 38 9 41 1 0 44

19 39 18 42 19 45
1 46 2 49 1 52

9 1 0 47 9 50 1 0 53
19 48 18 51 19 54

1 55 2 58 1 61
1 0 1 0 56 9 59 1 0 62

19 57 18 60 19 63
1 64 2 67 1 70

1 2 1 0 65 9 6 8 1 0 71
19 6 6 18 69 19 72

1 73 2 76 1 79
13 1 0 74 9 77 1 0 80

19 75 18 78 19 81
1 82 2 85 1 8 8

15 1 0 83 9 8 6 1 0 89
19 84 18 87 19 90

1 91 2 94 1 97
16 1 0 92 9 95 1 0 98

19 93 18 96 19 99

Table C2.1 Master List of Winding Thermocouples

C3 Hot Film Probe and Calibration Apparatus The DISA 55M system 

used comprised the following equipment:

55M05 Power Pack 
55M01 Main Unit
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55M10 CTA Standard Bridge
5 m Cable Compensation Unit
55R11 Quartz-Insulated Hot Film Probe

(C3 . 1 )

As the velocity and temperature fields were steady, the gain control was 

set to 1 (lowest setting) see DISA (1977).
#

The calibration system shown in Fig. 10.3 and 10.4 used an 

Opto-Switch circuit identical to that shown in Fig. C1.2. The aluminium 

wheel had 100 teeth, and for a readout numerically enual to R.P.M. x 10, 

a Racal 9521 Computing Counter (Ser. 1330) was set to count for 6 s. The 

Racal Counter did not cope well with square waves; it was necessary to 

add a simple RC low-pass filter to the output at pin 5 (Fig. C1.2). A 

1kQ resistor and a 0.47 pF capacitor worked adequately (they are not 

shown in Fig. Cl.2).

The dimensioned drawings (reduced) for the calibration duct (Fig.

10.1) are shown as Figs. C3.1-C3.8.

♦

♦
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Fig. C3.1 Assembled Calibration Duct
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Fig. C3.2 Filter Window, Spillway Side and Vertical Duct Side Wall
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m

Fig. C3.3 Filter Chamber Side Cover
4T
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Fig. C3.4 Filter Chamber Rear Cover
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2  .0

Fig C3.5 Filter Chamber Top Cover
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Fig C3 . 6  Filter Chamber Bottom Cover
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Fig. C3.7 Spillway Bottom
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Fig C3 . 8  Vertical Duct Front and Rear Walls
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APPENDIX D

«

PROGRAM LISTINGS

D1 Simple Network The SN program, written in BASIC, was 

implemented on the Acorn BBC Model B Microcomputer. The program is a 

straightforward translation of the network equations in Chapter 3. A 

list of the BASIC variables, together with the program listing, follows. 

Interspersed comments (REM ...) outline the main points.

BASIC Variable Definition

A (J) t.d.m.a . coefficient

ALPHA a

A 1 At
A2 A 2

A3 A3
A 4 \
A5 A5
A6

A 6

8 ( J ) t.d.m.a . coefficient

C( J) t.d.m.a . coefficient

D( J) t.d.m.a . coefficient

DH (J) D. of hor duct J

DL °i
DR Dr
I ( J ) i. (j = J )

K k

N number of ducts

NM1 N - 1
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BAS IC Variable Definition

NU V

PR Pr

Q Q

Q2( J) Q2 in duct J

R( J) R . ( j = J) 3
RHO 6

RHOC bcp
TBULK( J ) Snh.j (j = J 1

TBULKR( J ) t  . (j = J) m, 3
THOT( J J hottest surface temperature in duct J

TIN tm , m
VISCOS M

WHFLUX
K i

X L

Y d

Basic Program
1OREAD Nj REM DISCNET PROGRAM FOR SIMPLE NETWORK MODEL
2 0 N M I-N -11REM CONSTANT PROPERTIES, NECLECTINC JUNCTION AND CORNER LOSSES
30DIM D H (N )» I(N M 1 )• R (N ) , Q 2(N ) i TH O T(N ), TBULK(N), TBULKR(N), A (N M I) , B IN M l) ,  C(NM1) , D tN M l)
SOFOR J - l  TO N 
9OREAD D H (J)

100NEXT J
11OREAD D L ,D R ,Y ,X ,Q,  T IN , WHFLUX 
120READ A1, A 2 ,A 3 ,A4, AS,A6, K 
130RHO-A3+A4«TIN«REM CALCULATE FLUID PROPERTIES AT INLET TEMP.
140N U »<E XP <E XP <A 1H K TIN *273.>*A 2 > - . 7 ) / 1 . E6
130VISCOS«NU*RHO 
160RHOC-A3+A6*TIN  
170ALPHA-K/RHOC 
180PR-NU/ALPHA
190R L-96 .*V IS C 0S »Y /D L *3 iR E M  CALCULATE FLOW RESISTANCES
200R R -96 . #VISCOS»Y/DR'‘3
220FOR J>1 TO N
230R <J>«96.*V ISC O S*X /D H < J ) A3
240NEXT J
230F0R J - l  TO NMljREM SET UP TDMA COEFFICIENTS
2SO D (J) -R < J ) + R R +R (J+ l) +RL 
2 7 0 A (J ) -R < J + l)
280NEXT J 
290A IN M 1J-0 .
3 0 0 B (1 ) - 0 .
310C 11 )« -Q » < R (1 )+RR, 
320FOR J - 2  TO NM1 
3 3 0 B (J ) =A( J - 1)
340C (J )* -Q *R R
330NEXT J
3 6 0 A (1 ) - A ( 1 ) / D (1 )
3 7 0 C (1 ) -C (1 ) /D (1 >



380FOR J - 2  TO NM1
3 9 0 T E R M - l . / ( D ( J ) - B ( J ) * A ( J - l ) )
4 0 0 A (J )-A (J )*T E R M  
4 1 0 C tJ ) - < C ( J ) * B < J ) * C ( J - l> >*TERM 
420NEXT J
4 3 0 1 (N M l> -C (N M l) sREM CALCULATE LOOP CURRENTS BY BACK SUBSTITUTION
440FOR J J -2  TO Nfll
4 3 0 J -N -J J
4 6 0 1 ( J ) - A ( J ) * I ( J * l ) * C ( J >
470NEXT JJ 

'4 8 0 Q 2 < 1 )-Q * I< 1 )
490FOR J -2  TO NMl 
3 0 0 Q 2 (J ) » I I J ) * I ( J * 1 )

+  310NEXT J
3 2 0 Q 2 (N )* - I (N M l)
340FOR J»1 TO NiREM CALCULATE BULK FLUID AND HOT SPOT TEMPERATURES 
330TBULK(J ) « T IN *2 . * W HFLUX*X/< RHOC »Q2(J ) )
3 6 0 R E -2 .*Q 2 (J )/N U
370PE-RE*PR
380X S -X /(D H <J)*P E >
39 0N U S -1 .49 *X S A( - l . / 3 .> : R E M  NUSSELT NUMBER EXPRESSIONS FROM SHAH AND LONDON 
6 0 0 IF  XS>• 0002 AND X S < -.0 0 1  THEN NUS-NUS+.4
6 1 0 IF  XS>.OOI THFn N U S -3 .2 3 3 * 8 .6 8 » (1 0 O O .•X S )a - .3 0 6 *E X P (-1 6 4 ,*X S >  
620H-K*NUS/DH(J>

*  630TH O T(J) -TBULK( J ) +WHFLUX/H
' 640NEXT J

630TBULKR(1 ) -TBULK( 1 ) iREM CALCULATE BULK TEMPERATURE IN  RICHT VERTICAL DUCTS 
6 6 0 Q I-Q 2 (1)
670FOR J - 2  TO N
680TBULKR ( J ) -  ( QI*TBULKR( J - 1 ) +Q2( J ) * TBULK(J ) ) / ( Q I*Q 2 ( J ) )
6 9 0 Q I-Q I*Q 2 (J )
700NEXT J
7 1 0 F L 0 S S -9 6 .*Q 2 (1 ) *V IS C O S *X /D H (1 ) A3+9 6 .*Q *V IS C 0S #Y /D R A3  
7 2 0 Q I-0 .
730F0R J - l  TO N

m  740Q I-Q I+Q 21J1 . - .
730FL0SS-FL0SS+96. #Q I*V ISC O S#Y/D R A3
750NEXT J
770FBUOY-0.
780FOR J»1 TO N
790FBUOY«FBUOY-A4#9.8 0 6 6 3 * ( . 3 *D H ( J )*Y )*<TB U LK R ( J ) - T IN )
800NEXT J 
8108%>Sc20207
820PRINT '  DUCT XFLOW THOT TBULKR TBULK’
830FOR J -N  TO l STEP -1
840PRINT J ,Q 2 (J )*1 0 0 ./Q # T H O T (J ) , TBULKRtJ), TBULK(J)

♦  830NEXT J 
86 08X -10
870PRINT ’ FL O S S --,F L O S S ,’  FBUOY-’ , FBUOY, ’  D IF F - ’ ,FLOSS-FBUOY 
980DATA 16
990DATA .0 0 3 8 4 ,.0 0 4 2 2 , .0 0 4 6 8 , .0 0 3 4 , .0 0 6 3 4 , .0 0 7 9 2 ,  .0 1 1 0 4 ,.0 2 0 3 6 , .0 2 0 3 6 .

.0 1 1 0 4 , .0 0 7 9 2 , .0 0 6 3 4 , .0 0 3 4 , .0 0 4 6 8 ,  .0 0 4 2 2 ,.0 0 3 8 4  
1000DATA . 0 0 8 , . 0 0 8 , . 0 1 6 , . 1 , 1 . 2 E - 3 ,4 0 . , 3 . E3 
1010DATA 2 4 .6 3 6 , -4 .1 2 3 2 ,  8 8 9 . , - . 7 , 1 .6 E 6 ,1 .8 E 3 , .1 1 7  
1020END

4

*
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D2 FORTRAN Variable Definitions In this section, a list of the 

FORTRAN variables used in TEACH-L, JUNCTION, CORNER, DUCT, and DISCNET 

is presented. Each variable is defined with a short physical 

description, in terms of a symbol from the List of Symbols, or in terms 

of other FORTRAN variables. Scratch or dummy variables used only for 

programming convenience are not included. Occasionally a FORTRAN 

variable used in more than one program has several meanings and this is

noted as necessary For greater ease in understanding the variables

related to geometry and grid-spacing, the reader is urged to consult

Figs. 4.6, 5.2, 6.2 and 7.1.

FORTRAN Variable Definition

A (J ) a .3
AE ( I , J ) a e (for U(I,J) in CALCU, etc. )

ALPHA
“ 2 0

AN( I,J) an (for U(I,J) in CALCU, etc. )

AP( I,J) AP (for U(I,J) in CALCU, etc. )

AS( I, J) As (for U(I,J ) in CALCU, etc. )

AW( I ,J) Aw (for U(I,J) in CALCU, etc. )

A1 A, in Appendix A

A2
* 2

in Appendix A

A3 A3 in Appendix A

A4 \ in Appendix A

A5 A5 in Appendix A

A6
A 6

in Appendix A

A7 \ in Appendix A

B ( J) 0 •3
C ( J ) C\3

%

#

*

0
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FORTRAN Variable Definition

CURENT 1 / 2

D( J) D . 3
DELTAY

♦
5

DELTPS Aps
DEN(I,J ) Q at X (I) , Y( J )

DENSIT g at t in DUCT e
♦ 0 (constant) in JUNCTION and CORNER

DIVIDE Logical variable: if .TRUE., JUNCTION assumes a
dividing junction 

if .FALSE., JUNCTION assumes a 
combining junction

* DL(I) D1 of duct I

DLEN L

DLTPCT Apct
m DLTPDT apdt

OR ( I) D of vertical duct I r
DU( I, J) D for PP(I,J) w
DV(I,J )

*
D for PP{I,J ) s

DXEPU( I) XU( I + 1 ) - XU( I)

DXPW(I) IMXli—•X

DXPWU( I) XU(I) - XU( I - 1 )

* DYNP(J) Y ( J+ 1 ) - Y(J)

DYNPV(J) YV(JH) - YV( J )

DYPS(J) Y(J) - Y(J- 1 )

^ DYPSV(J) YV(J) - YV(J-1)

ENDROP (1.5p/rJ )Q . L' .h.vert in entry
ENTFAC dimensionless factor by which L is modified 

for purposes of setting up the g n a y

ENTRLP ^entry
ENTRYL L . entry
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FORTRAN Variable Definition

ENTRYP '"entry
EXITL '"exit
EXTLP exit •*
FKC Kc
FKCS Kcs
FKCT K Ct

FKDS KdS
FKDT Kdt

FLOWIN mass flow rate (per unit depth) at inlet

GAMH(I.J) k/c at X(I), P Y(J) 0

GC Gc
GCF

G C.f
GCP k z/e P
GCPP k 0 /e P

m

GF kz/5

GL Gi
GLP V *

GREAT T

GR Gr
GRP h 0  r 0

HEDDEN as HEDU, for DEN(I.J)

HEDGAM as HEDU. for GAMH(I.J)

HEDP as HEDU. for P(I.J)

HEDT as HEDU. for T d  . J) #

HEDU array containing character string used as heading
for table of U ( I . J )

HEDV as HEDU. for v d . j)

HEDVIS as HEDU. for VIS( I .J)

HITCON 0
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FORTRAN Variable Definition

HLEFT hi
HODROP " • 5 lJQ2Lhori2 1/rh,horiZ
HORIZL l l .

4- honz
HORZLP Lhoriz

HORZP ^horiz

HRITE h
♦ r

IMON I index of monitoring location

INCALP as INCALU, for PP(I. J)

INCALT as INCALU. for T(I,J)
* INCALU Logical variable, if .TRUE., solve for U(I,J)

if .FALSE., don't

INCALV as INCALU, for V11,J)

*
INDPRI number of iterations after which variable fields 

are printed out if other solution termination 
criteria have not been satisfied

INPRO Logical variable, if .TRUE., variable properties
if .FALSE., constant properties

4
IPREF I index of reference pressure

ISTEP I index of north-south grid line just east of 
corner nearest entrance. (ISTEP = 8 , Fig. 6.2)

I ST 1 I index of north-south grid line just east of 
corner nearest entrance. (IST1 = 6 , Fig. 5.2)

% 1ST 1M1 IST1 - 1

1ST 1 M2 1ST 1 - 2

IST1P1 IST1 * 1

* IST2 I index of north-south grid line just west 
of corner nearest exit. (IST2 = 12, Fig. 5.2)

IST2M1 IST2 - 1

IST2P1 IST2 + 1

IST2P2 IST2 + 2

IT Dimension of I index in all arrays

JMON J index of monitoring location
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FORTRAN Variable Definition

JPREF J index of reference pressure

JSTEP (JUNCTION) J index of east-west grid line just south of 
horizontal duct branch (JSTEP = 7, Fig. 5.2)

JSTEP (CORNER) J index of east-west grid line just south of 
exit duct. (JSTEP = 8 , Fig. 6.2)

♦

JSTM1 JSTEP - 1

JSTP1 JSTEP + 1

JSTP2 JSTEP + 2 ♦

JT Dimension of J index in all arrays

K( I) K in horizontal duct I

KC(I,J ) Kc 0

KCS(I,J,K) Kcs
KCT(I,J,K) Kct
KDS(I,J,K) Kds
KDT(I,J,K) Kdt

P

KF ( I) K computed from X(2) to X(I)

KL (I) K in left vertical duct I

KR ( I) K in right vertical duct I

MAXIT maximum number of iterations in main loop

NDUCM1 NDUCT - 1

NDUCT number of ducts in pass
#

NI maximum value of I in solution domain

NIM1 NI - 1

NIM2 NI - 2

NITER current iteration number 4

NJ maximum value of J in solution domain

NJM1 NJ - 1

NJM2 NJ - 2

NSWPP number of sweeps for pressure correction
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FORTRAN Variable Definition

NSWPT Number of sweeps for temperature

NSWPU Number of sweeps for U velocity

NSWPV Number of sweeps for V velocity

NU (I) Nu^ computed from X(2 ) to X(I)

NUMIT Current iteration number

P(I,J) ) pressure stored at X(I), Y(J)

PAVIN pin
PAV1

P 1

PAV2
P 2

PCTDFF Apct
POIFF o

■CL<3

POTOFF apdt
PEIN Pe at t and u e m
PH I(I,J) Dummy array used by LISOLV and PRINT to pa 

U(I,J), as a subroutine argument.

PP(I,J) Pressure correction as X(I), Y(J)

PREF Reference pressure

PRIN Pr at te
PSOIFF Ap if DIVIDE = .TRUE.

Ap if DIVIDE = .FALSE, cs
QDOT Q 1

QDOTPP(I) Q’. (i = I)
l

QIN Q (in DISCNET)

QIN Q. (in JUNCTION and CORNER) in
QIN Q2 (in DUCT)

QLOOP( I) i . (j = I) J
QRATIO Q. /Q- in 2

Q2( I) Q2 in duct I

Q20LD(I) Q2(I) from previous iteration



FORTRAN Variable Definition

R ( I) R. (i = I)l
RC Rc
RCH Rch
RCL Rcl
RCS(I) Rcs
RCT( I) R Ct

RDS( I) RdS
ROT( I) Rdt
REIN Re. (in JUNCTION) in
REIN Re at t and u (in DUCT) e m
RESID residual overall variation in flow distribution 

from.one iteration to the next

RESMAX Maximum fraction of Q permitted as sum of absolute 
values of variations in . from one iteration 
to the next in converged sbiution.

RESORU Ru
RESORV RV
RESORM SMP
RESORT R t

RESTRT Logical variable: if .TRUE., initial fields to be
read from Unit 9

if .FALSE., initial fields to be 
set in program

RE 1 Re,
RE2 Re 2

RHORIZ rh, honz
RH020 0 2 0  (of copper)

RL ( I ) R, . (i = I)
1 . i

RR ( I) R . (i = I) r, i
RRATIO r / r h,vert h.honz
RVERT rh,vert



FORTRAN Variable Definition

SEW(I) east-west dimension of control volume for 
P (I. J) or T(I,J)

SEWU(I) east-west dimension of control volume for U( I,J)

* SMP SMP
SNORMM Reference value for normalisation of RESORM

SNORMT Reference value for normalisation of RESORT

SNORMU Reference value for normalisation of RESORU
#•

SNORMV Reference value for normalisation of RESORV

SNS(J) north-south dimension of control volume for 
P(I,J) or T(I,J)

SNSV(J)
%

north-south dimension of control volume for V(I,J )

SORCE maximum of RESORU, etc.

SORMAX maximum value of SORCE in converged solution

SP( I ,J) B for U(I,J ) , etc.

* SPHEAT cP
SU(I,J) C for U{I,J ) , etc.

TBULK(I) t at X(I) m
^  TCd) t . (i = I) c,i

T(I,J) temperature at X(I), Y(J)

THCOND k

THCPAP
¥

kP
THKCON a

TIN t (in DISCNET) m, m
TIN t (in DUCT) e

* TINSL e

TUI) t in left vertical duct m
TLEFT te
TOUT tm, r
TR ( I) t . (i = I) m, 1

297



FORTRAN Variable Definition

TRITE tm, r
TWALU J) t as X(I) wall
U (I. J ) u velocity at XU(I), Y(]J) m

URFP f . P
URFT

URFU

URFV

f
U 4

f
V

URFVIS underrelaxation for viscosity (not used)

V(I,J) v velocity at X(I), YV(J)

VIN u. * in
VIS( I,J) p at X(I), Y(J)

VISCOS p at t (in DUCT) e
VISCOS p, constant (in JUNCTION and CORNER) ^

V1 ui
WIDCON z

WHFLUX
K

XII) x coordinate of north-south grid line I

X0( I) L of duct I

XFRAC(I) relative spacing between X(I) and X(I+1)

XSTAR x* ?

XU( I) x coordinate of U(I,J)

Y( J) y coordinate of east-west grid line J

YD (I) d of vertical duct I

YFRAC(J) relative spacing between Y(J) and Y(J+1)

YV ( J ) y coordinate of V(I,J)
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D3 TEACH-L The overall structure of TEACH-L is shown in Fig. D3.1.

The main program (MAIN), in which the input data and initial $ fields 

are specified, and the subroutines MODU, MODV, MODP, MODT, in which the 

boundary conditions are set, are dependent for their content on the 

particular problem solved. Thus in the following sections, these 5 

modules are listed for JUNCTION, CORNER and OUCT. The remaining 8 

subroutines, which implement the basic solution procedure outlined in 

Chapter 4, are generally left unchanged by the user. A brief description 

of each is given, followed by listings.

In INIT, the x and y coordinates of the grid lines, which must be 

set by the user in MAIN, are used to compute all staggered variable 

locations (e.g. XU(I) and YV(J)) and all control volume dimensions (e.g. 

SEW(I), SNSV(J), see Fig. 4.6). All variable fields are set to zero and 

all fluid properties to a reference or initial value. INIT is only 

called once in the course of the calculation.

In CALCU and CALCV, the combined convection/diffusion coefficients 

AE(I,J), etc., sources SU(I,J) and SP(I,J) (including false sources), 

and DU(I,J) or DV(I,J) (for later use in CALCP) are computed using 

current variable fields. A call is made to MODU or MODV to alter the 

coefficients or sources at any point in the domain should boundary 

conditions so require. The sum of the absolute values of the residuals 

at each control volume is then computed (RESORU or RESORV) and finally, 

underrelaxation is implemented. LISOLV is then called to obtain the new 

U ( I, J ) or V(I,J) fields.

In CALCP, the SIMPLE algorithm is implemented (see Section 4.5).



AE(I,J)* etc. are computed using DU(I,J) and DV(I.J) from CALCU and

CALCV. SMP is determined at each control volume, the absol ute sum of

these over the whole domain yielding RESORM. MODP is called for

user-imposed modifications to the pressure field, whereupon LISOLV is

called to obtain the pressure correction field PP(I, J ) . The U(I,, J) ,

V(I,J) and P (I, J ) fields are then corrected.

CALCT is very similar to CALCU and CALCV , only the s

are not dependent on the pressure field P(I,J). The

AE(I,J), etc. and sources SU(I,J) and SP(I,J ) are assembled,

necessary by a call to MODT, used (together with prevailin

determine RESORT, and finally input to LISOLV to obtain the

field.

ource terms

coefficients

modif ied if

g T (I, J) ) to

new T(I. J)

%

♦

If INPRO 

which the' fluid 

supplied by the

has been set to .TRUE., a 

properties will be updated 

user.

call to PROPS will be made in 

in accordance with formulae

LISOLV

(line-by-line) 

4.4. PRINT is 

variables in th

is a straightforward implementation 

TOMA (tri-diagonal matrix algorithm) descr 

a clever subroutine which formats the 

e sample output provided in Section 04, 05

of

ibed in 

tables 

and 06

the LBL 

Section 

of field

♦

*

*

*
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STOP

Fig. D3.1 Flow Chart of TEACH-L
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SUBROUTINE INIT

1 : SUBROUTINE IMI7

4er
i

10 l i 12 12
14
15 
15 17 IS 12 20 
21

*5̂
.13-}-r2g
25
30
31 22 22 24 3 J 
35 2732 32
40
41
42 “3
44
45
46
47 
42 
42 
50

535̂

52
526 0

CHARTS." 0 0 0 0 0 0 0 0 PF.EL 17,1 MAP IES 0 0 0 0 0 0 0 0
C

COMMON
1 /UVZL/F.ESCRU, NSWFU,UFFU, DXZFU ' 22 ■ , DXFWU ( 22 ) , SEWU ■' 22 ?
1 /VVEL/FESORV, NSW?V»URFV, 2 YMFV ( 5 ; . DTFSV'.S) , SMSV < 9 )
1 /POOR/FEEGRM, MSWFF,URFF, DU (22, 3),DV(22,2 >, IrREF.  JFF.EF 
1 /TEMP/RESORT,NSWPT.URFT
1/VAR/U(22,2),v<22,5),F(22.2),7(22,2),? P :22,2)
1/ALL/IT,JT,MI,NJ,NIM1.NJMi ,GREAT
1/CEOn/X:22 >,Y (2),D X E ? (22),D X P W (22),D Y N P (3 >,O Y P E (91,
1 SIM5 (2 ) , SEW (22) , XU (22) , YV ( 2 )
1/FLUFH/UFFVIS,VIECCS,DENS IT,PR IN,D E M (22,2),V I S (22,2),
1 CAMH i 22,2),A 1,A 2 ,A3,A 4 ,A S ,A S .A 7 ,3FHEAT.TKCOMO
1 /COEF/Ar ( 22, 2 > , AM (22, 2 ), AS (22, 3 ) , AE C 22, 9 ), AW ( 22, 2 5,3U ( 22, 9 ),
1 E ? (2 2 , 2  5

C
CHAPTER 1 1 1 1 1 .  CALCULATE GEOMETRICAL QUANTITIES 1 1 1 1 1  
C

DX F W (1)=0.0 
DXE?(MI)=0.0 
DC 101 I = 1 , M I M 1 
DXE?' I- > =X ( I + 1 ) -X ( I )

101 DXPW' Ir! =DXE?( I >
D Y F S ■ 1 ) = 0 .0 
DYM?uNJ;=C. 0
DO 102 J=1,NJM1 
DY M P (J )= Y (J + 1;-Y (J )

102 DY?E(J+l)=DYNP(J)
S E W (1'=0.0 
SEW.NI)=0.0
DC 1C3 1=2,M I H 1

103 S E W (I)=0.5*(D X E ? (I )+DXPW<I))
S N E '1)=0.0
S M S (N J )=0.0 
DC 104 J*2,NJM1

1 04 EMS < J ) =0.5* ( DYMP < J ) -OYP3 (J ) )
XU' i > =0.0 
DC 105 I=2,Ml

105 X U (I> =0.5+(X (I>- X (I - 1 > >
DX?WU< 1 )=0.0
DXFWU\2)=0.0
DXEPU-: 1 ; =0.0
DXEPU'.MI )=0.0
DO 105 1=2,MINI
DXEPU(I <=XU(Ir 1 )-XU(I)

105 DXPWU(I + i V = DXEFU(I)
SE W U ( 1 )=0.0 
SE W U (2)=0•C 
SEWU(MI)=0.0 
DC 1C7 1=5, NI ,M 1

1 07 SEWU 0 = 0 . 5 *  ( DXEP'J < I ) +DXPWU < I ■ )
YV ( 1 ;■ = 0.0
DC 1 05 J = 2,NJ

1 02 YV ( J ) =0 , Z* •: Y < J ) * i' ( J - 1 ) i 
DYPSV(1 )= 0 . 0 
DYFEV(21=0,0 
DYNRVi11=0.0 
D": *i?7 (M-J > =0.0

51
5253 6~ 
55 
55 67 
5-3 = =
70
71

75

DC 102 JsS.MCMl 
DYMFV ( J > = YV ! J-, 1 , - YV ' J )

102 DYPSV(J+l’=DYNFV'J )
3 N E V ( 1 )=0 . 0  
S M S V (2)=0.0 
E M E V (N J )=0.0 
DC 110 J=3.NJM1

1 10 S M S V (J )=0.5*(D Y M P V (J )+DYF57(J )5
•CHAPTER 2 2 2 2 2 2 SET VARIABLES TO ZEROC

DO 200 1=1,MI 
DO 20 0 J =1,MJ 
U( I ,J )= 0 .0  
7( I,J )=C . 0 
? ( I.J)=0 . 0 
? F (I,J )=0 . 0

*

4k

*

♦

0

*

m

302



*

73; D E N :I.J 5=DENSIT
73: VI5 ( I,J)=VI3CD3
SC: GAMH ( I, J :■ =v I sees /PR IN
21 : DU (1,2 = -■, 0
52: D7( I, J = 0 . 0
33: S U (I,J 5=0.0
3-*: S R (I,J ) =0 • 0
23: 20 C T ( I < J ) = 0.0
25: RETURN
27: END

SUBROUTINE PROPS

t

♦

i*3
3
A
3
5
3c

10 1 1 
121314• S
15 ir 13 13 
20 
21 
22
23
24

SUBROUTINE PROPS

CHAPTER 0 0 0 0 0 0 0 0  PRELIMINARIES 0 0 0 0 0 0 0 0  
C

COMMON
1/V A R/U(22#9),7(22,9*,?(22,3),7(22,3),?P(22,3)
1 / ALL / IT,JT,NI,NJ,MIM1, NJM1, GREAT
i / f l u f f ;/ u r f  v is,visc os, d e n s  : 7 , ps 1 n  , d e n  (2 2 ,3 ). v : s c 2 2 ,3 ),
1 GAMH(22,5), A l r A2, A3, A*i, AS, AS, A7, SPHEA7, THCOND

C
CHAP7SR 1 1 DENSITY,VISCOSI7Y AND THERMAL EXCHANGE COEFFICIENT 1 1
C
C .....CALCULATE FLUID PROPERTIES FROM FORMULAE USING COEFFICIENTS
C .....A1.A2,...AT, READ IN FROM FILE DATIN.DAT (UNIT S)

EXRA1=EX?(A 1)
DO 100 1=2,NIKI 
DO 100 J=2,NJM1
ENU=(EXP (EXPAi * ( T iI, J )*273. >**A2>-.7)/1.E5 
DEN •' I,J)=A3+A4*T( I, J)
VIS <1,J )=EMU*DEN(I,J )
RH0C=A3->-A5*T<I,J)
SPHEAT=RHOO JD E N (I,J )

100 CAMH(I,J )=THCOND/SFHEAT 
RETURN 
END

SUBROUTINE CALCU

%

1*5
3
4

6
7
33

10 1 1 
1213
1415 IS 17 13 IS 
20 
21
“? 3,

24

25

3031

SUBROUTINE CALCU 
COMMONl/UVEL/RESOPU, NSLIFU, URFU, DXE?U(22? , DX?WU(22), SEWU(22)1/PCOR/RESORM,NSWPP,URF?,DU( 2 2 , 3 ) , DV(22,S), IPREF,JPREF 
1/TEMP/RESORT,NSWPT,URFT1/VAR/U( 2 2 , 3 ) , V(22,3 ) , P<22,9 ) , 7 ( 2 2 , 9 ) ,P P (2 2 ,3)1 /ALL/IT. JT, NI, NJ, NIM1,NJM1, GREAT1/GEOM/X( 2 2 ) , Y( 9 ) , DXEP(22),  DXFW(22 ), DYNP( 9 ) , DYPS(3) ,
1 S N S (3 >,SEW(22 >,X U (22),Y V (3)
1/FLUPR/URFVIS,VISCOS, DENS17, PR IN,DEN(22,3),V I S (22,3),
1 GAMHv 22,9 >,A 1 ,A2»A3, A4,A5,AS,A7,SPHEAT,THCOND1/COEF/ APi2 2 , 9 ) , AN(22,3) ,  AS( 2 2 , 3 ) , AE( 2 2 , 9 ) , AW(22, 9) , SU< 22, 9) . 1 SP!22,9)

C
CHAPTER
C
C
CHAPTER
C

0 0 0 0 0 0

1 1 1 1 1 1

0 0 PRELIMINARIES 0 0 0 0 0 0 0

ASSEMBLY OF COEFFICIENTS 1 1 1 1 1
DO 100 1=3,N I M 1 
DO 101 J=2,NJM1

C ..... COMPUTE AREAS AND VOLUME
AF.EAN=SEWU( I )AREAS=SEWU(I)AREAEW=SNS(J)VCL=3EWU( I ) ♦ SNS(J)C..........CALCULATE CONVECTION COEFFICIENTS
GN = 0 .3*(D E N (I,J + 1)-DEN(I,J ))+ V ( I,J+ 1 )
GNW = 0 .3* ( DEN ( I - 1, J ) -DEN ( I - 1, J-r 1 ) ) *V ( I - 1, J+ 1 } 
G3 = 0.3♦(D E N (I,J -i i-DEN(I,J ))♦ V (I,J )
G5W=0.3* (DEN ( I - 1, J )-D E N ( I - 1, J - 1 ) ) * V ( I - 1, U )
GE = 0 .3* < DEN ( I - 1 , -J ) -DEN < I. J ) ) +U ( I + 1, J )
C? = 0 .3* < DEN (I.o) -DEN ( I - 1 , J ) 5 -*U ( I, J /
CW = 0 .3*(D E N (I - 1,J}-DEN<I-2,J ))*U(I - 1.J )
CM=C , 3* ( ON-GNW) *4RE.-N

0

1 1
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35
37
ww394Q41
42
43-4
45434/
4-3
45
50
51
52
5354
55 
55 
57 
55 
5 9  

■30
51
52
53
54
55 
55 
67 
62 5 =7071
73
74

?p
73
SO
2122
2324Ctr
86c7
3288SO

CS = 0 « 5* ( GE+GSW) *AREAS 
CE = 0 .5*'C E -CF)*AFEAZW 
CW = 0 .5* ■: CF-GW :• +AF.ZAZWC....CALCULATE DIFFUSICN COEFFICIENTSv:sM=o.25*(7i2( j w v i s c , j+n +visi I-1,J)+VI = (I - 1,J +1> ) 
VIS 3 = 0.25 • V IS •' I» J ) +V13 i I, J - 1 ) - VIS ( I - 1, J ) ■‘■VIS J I - 1, J - l 5 ) 
DN = v I EM* AHE.4M/2YNP <J )
,D£ = V I =5*AEZAS / DYFS (J )
DE=V:S( :, J) ♦ AHEAEW/DXZr'Jf I )
DW=71E ( I - 1» J *■ *AREAEW/I-XRNU (!)C....CALCULATE COEFFICIENTS CF 20UFCE TERNS5MF=CN-CS+-CE-CW 
CF = AMAX1 JO.0,SMP)CFC,=CF

C....ASSEMBLE MAIN •COEFFICIENTS
A N (I,J)=ANAX1(ABE i 0. 5*CN 5,DN)-0.5*CN 
A S (I,J)=AMAX1!A E S (0.5 *CE),D S )+0.5*C3 
AE •! I, J ) =AMAX 1 ( ABE ( 0.5*CE) , DE >-0.5*CE 
A W ( I,J)=AMAX1 >• ABS(0.5*CW), DW)-0.5*CW 
DU ( I, J > =AREAEW
su , j ) =c p o *u  < i, j ) +d u  <:, j > * t p < i - i , j > - p (:, j nSPJI.J?=-CF 

1Cl CONTINUE 100 CONTINUE
CHAPTER 2 2 2 2 2 2 2  PROBLEM MODIFICATIONS 2 2 2 2 2 2 :  
C

CALL MODU 
C
CHAPTER 3 FINAL COEFr. ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3 3
C

RE50RU=0.0 
DO 300 I=3> NIM1 
DO 301 J=2» NUM1
AP ( I, J ) * AN ( I, J ) +AS ( I, J ) •‘■AE ( I, J ) +AW ( I, J ) -EP ( I, J )
D U (I, J )= D U (I» J )/A P (I,J)
RE50R=AN<I,J )+U<I,J+l)+AS(I,J )* U (I,J - 1)+AE(I,J )*U(1+1,J )
1 + A W (I,J > *U <I - 1,J >-A P (I,J > * U (I, J )+ S U ( I,J )
VOL=S E W <I )* S N S (J )
SORVOL=CREAT*VOL
IF(.-SP( I, J) . C T . 0.5+SCRVCL) RES0P = RE50R/S0EVQL 
P.E30P.U=F.E30P.U-!-AES (RE50R)

C .....UNDER- RELAXATI ON
A P (I,J > = A F (I» J )/UFFU
SU;I,J)= 2 U (I,J ) + <1.-URFU)*AF(I,J 5 *U<I,J3 
DU ( I. J)=DU( I, J M U R F U  

301 CONTINUE 
300 CONTINUE 

C
CHAPTER. 4 4 4 SOLUTION OF DIFFERENCE EQUATION 4 a 4 4 a 4n

DO 400 N= 11 NSWP'J
400 CALL LISOLV (3,2. M I,NJ, IT. JT.'J)

RETURN
END

*

*

♦

4

f t

SUBROUTINE CALCV

1: SUEFOUTINE CALCV
2 : COMMON
3: 1/VVEL/RE3CRV,NSWPV,URFV,DYNFV(6 ),DYFSVC3 >,SNEV(5 )
4: 1 /PC CR/RESOFM, N5WPF, UP.FF, DU (22, 5) , DV<22, 3) , IPREF, JPFEF
5: 1 /V A R / U (22,3),V (22,6 ) , ? (22, 3) , T (22. 8 ) , PP(22,3 >5: 1/ALL/IT,JT,NI,NJ,NIM1.NJM1, GREAT
7: 1/CEGM/X J22 >.Y ;5)»OXER(22).D X F W ■ 22) ,D Y N F ( = ),DYFS i d ) ,
3: 1 SUE(3) , SEW i 22 ) , XU ( 22 ) , YV •: S )3: 1 / FLUFF./URFV IE,71SCCS,DENSIT.PR IN.DEN(22,3),VIZ(22.S),
10: 1 OAMH (22,5),A1,A2,A3,A4, A5,A5, A7,SFHEAT,THCOND
1 1 : 1 /cOZF/AP(22, 3 ) , AN (22, 3 1 , AS '. 22, 9 ) , AE'22, Si , AW(22, 5 ) , SU(22, 3 : ,12: 1 = F <22, 5)13: r
1 4: CHAPTER 0 0 0 0 0 0 0 0  PRELIMINARIES 0 0 C 0 0 0 0 0
15:15: r
17: CHARTER 1 1 1 1 1 1 ASSEMBLY CF COEFFICIENTS 1 1 1 1 11Z: 2

30;
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SUBROUTINE CALCP

l

-iga 5

c

SUEFOUTI ME CALC?
COMMON
1 /PCDR/FESORM, NSWFR, URFR. DU (22. 9 ) , DV( 22. 5 ) , IPr.EF, JFREF 
1 /VAR/U ( 22, 5 ) , V ( 22. 9 } , F < 22, 5 » , T ' 22, 5 ) , r? <’ 22. 3 )
1/ALL/IT,J T ,N I ,MJ,NIMl,NJM1,GREAT
! /CEOM/X ( 22) , Y 3 ) , DXE? ( 22 ) , DXrW ( 22) , DYNF ( 5 ), DYFS i 3 ■ ,
i s m s  •: =), s e w  ; 2 2 ;, x u < 2 2  >, rv ■: 3 )
1 / FLUFF. / URFV15, V ISCOS, DEWS IT, PR IN, DEW ( 22. 9 ) , VIS (22, 9 ) ,
I GAMH( 22, 3 ) . A1, A2, A3, A-, A3, AS, AT*, SFHEAT, THCCND
1/CCEF/A?(22,9),AN(22,3),AS(22,3),AE(22,3),AW(22,3),SU(
1 S ? (22,9 )

3) ,

CHAPTER 0 0 0 0 0 0 0 0  PRELIMINARIES 0 0 0 0 0 0 0  
C

RE30RM=0.0 
C
CHAPTER I 1 1 1 1 1 ASSEMBLY OF COEFFICIENTS 1 1 1 1  1
C

DO 100 1=2,NIMl 
DO 101 J=2,NJM 1

C ..... "OMPUTE AREAS AND VOLUME
AP.EAN=SEW ( I )
AREAS=SEW(I )
AFEAEW=SNS(J )
V0L=SNS(J) *SEW( I )

C .....CALCULATE COEFFICIENTS
DENN=0.5*(D E N (I,J )+ D E N (I,J + 1))
DEN3 = 0 .3-* ( DEN ( I, J ) +DEN ( I, J - 1 ) )
DENE=0.3*(DEN iI,J )♦DEN( I +1, J ) )
DENW=0.3*(D E M (I,J )♦DEN(I - 1,J ))
A N (I,J )=DENN * A R EA N * D V (I,J + 1)
AS ( I, J ) = DENS •* ARE AS * D V < I, J )
A E (I,J )=DENE*AREAEW*DU(I + 1, • J )
AW ( I, J ) = DENW * AREAEW * DU ( I, J )

C .....CALCULATE SOURCE TERMS
CN=DENN*V(I,J + 1)*AREAN 
CS=DENE*V (I , .J ) ♦AREAS 
CE=DENE*U(I+1,J)*AFEAEW 
CW=DENW*U ( I, J ) ♦AREAEW 
SMF=CN-CS+CE-CW 
5?( I,J)=0 . 0  
S U ;I,J )=-5MP

C .....COMPUTE SUM OF ABSOLUTE MASS SOURCES
RES0RM=FE30RM-r AES ( S M P )

101 CONTINUE 
100 CONTINUE 

C
CHAPTER. 2 2 2 2 2 2 2 FROELEM MODIFICATIONS 2 2 2 2 2

~ 0 CALL MGDP
31 r
52 CHARTER 3 3 3 3 3 FINAL= 5 r
5-: DO 300 1=2 MIM1

DO 3'? 1 -J = 2, NJM 155 3 01 A? <1 t iJ ) — I,J)+AS(I, J)5” 300 C0‘TINUE
ea CHAFT 4 4-i -i 4 SCL'JT

C0EFFICIENT ASSEMBLY 3

-AE ( I, J ) -rAW ( I, J ) - SP ( I, J ) 

ION OF DIFFERENCE EGuATI50: 0 4 4-1-1
SI
62
53
54

DO 400 N = 1,NSWPP 
400 CALL LIS0LV(2,2,N I ,Mu 

C
CHAPTER 3 3 5 3  CQPFEC

IT,JT,?F)

VELOCITIES AND PRESSURE 5

♦

%

4

*

55 u • - • "-VELOCITIES
S7 DO 300 1=2, NIM1
5 5 DO 301 J=2, NJM 1
53 IF (I.NE.2) U( I,j )=u(i,j ;+d u (I,J)*(PP(I - 1,J )-=F
ro IF(J.NE.2 ) v ; i,J)=V( 1 ,J)t D V (I,J)*(PP(I,J-l)-?P7* « 301 CONTINUE
72 500 CONTINUE
7 3 c ---- -PRESSURES (WITH PROVISION FCR UNDER.- PELAXATI CM
7 a FPREF=PF'IPFEr rJPREF;

DO 302 1=2. MI Ml
7—. DC 503 J = 2,'M J M 1
7 — Pi I,J’=F(I, J ' *LF.rr* \ ?F ( I , J ' -F F F E F 1

w / }
J))

306
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-03 CONTINUE 
502 CONTINUE 

HZ 7'JEN END

SUBROUTINE CALCT

SUBROUTINE CALCT 
C
CHAPTER 0 0 0 0 0 0 0  PRELIMINARIES 0 0 0 0 0 0 0  
C

COMMON
I/TEMP/RESORT,NSWPT,URFT
1/VAR/U(22.9),V<22,9),P(22. 9 ) ,TC22,9),PP(22,3)
1/ALL/IT,JT,NI,NJ,NIM1,NJM1,GREAT
1/GEOM/X(22),Y (9),DXE?(22), DXPW(22), D Y N P ( 3) ,DYr5(9>,
1 S N S (9),S E W ( 22 5 , XU < 22) ,Y V (9)
1/FLUPR/UPFVIS,VISC03,0ENSIT, PRIN,DEN( 2 2 , , 7 1 5 ( 2 2 ,  9),
1 GAMH (22, 9 ), A 1, A2, A3, A4, AS, A S , A/ , SFHEAT, THCOND
1 /COEF/AP(22,9)» A N (22,9), A S (22,9),A E (22,9),A W (22,9),3 U (22,9) ,
1 S P (22,9)

C
CHAPTER 1 1 1 1 1 1  ASSEMBLY OF COEFFICIENTS 1 1 1 1 1 1  
C

DO 1 0 0  1 *2 ,N i m  
DO 101 J=2» NJM1

C ..... COMPUTE AREAS AND VOLUME
AREAN=5EW(I)
A?.EA5=SEW( I)
AREAEW=SNS(J )
V0L*SNS(J)*SEW(I)

C .....CALCULATE CONVECTION COEFFICIENTS
G N = 0 .5*(D E N <I,J )+DEN(I, J + 1))#V(I, J + l )
G S = 0 .5* < D E N (I,J )+DEN(I, J - 1)J * V (I, J )
GE=0.5*(DEN(I,J )+ BEN(I+1,J ))*U(I+1,J )
GW = Q .5+(D E N (I,J)+DEN(I-1, J))*U(I,J)
CN=GN*AREAN 
CS=G3*AREAS 
CE=GE*AREAEW 
CW=GW«AFEAEW

C .....CALCULATE DIFFUSION COEFFICIENTS
CAMN = 0.5-»<GAMH<I,J>+GAMH(I,J+l > )
GAMS=0.3 * (GAMH(I,J )+GAMH(I,J-l))
GAME=0.5 * «GAMH(I,J)+GAMH(I+1,J ))
GAMW=0.5*(GA M H (I,J )+GAMH(I - 1, J )>
DN=GAMN*AREAN/ DYNP ( J 
DS=GAM3*AREAS/DYP5(J )

. DE=CAME*AREAEW/DXEF(I)
DW=GAMW*AFEAEW/DXPW(I)

C .....SOURCE TERMS
SMP=CN-C3+CE-CW 
CP=AMAX1(0.0, SMP)
CP0=CP

C .....ASSEMBLE MAIN COEFFICIENTS
A N (I,J i =AMAX1(A E S (0.5*CN),DN)-0.5*CN 
A S ( I,J)=AMAX1(AES< 0,5*CS) . DS)+0.5*CS 
AE •: I, J ) =AMAX1 (AB3 ( 0.5*CE), D E ) - 0.5*CE 
A W (I,J )= 4MAX1<ABS(0.5*CW),DW> +Q.5*CW 
SU(I,J)=C?0*T(I, J)
S?(I.J )=-CP 

101 CONTINUE 
100 CONTINUE C

CHAPTER 2 2 2 2 2 2  PROBLEM MODIFICATIONS

CALL

CHAPTE
C

P 3 FINAL COEFFICI

DG 300 1=2,N I M 1 
DO 301 J = 2» NJM1 
AF < I, J ) =«N ( I, J } + AS 
RES0R=AN(I.J * T ! :,

NT :m e l y  a n d  r e s i d u a l  s o u r c e

I, J ) -r AE , I , J ) +AW ’ I, J ) - 3? ‘ I, J )
+ 1 ' +A3 (!,•_* ■ + 7 ( I, J ■ 1 ? +AE I, J ) *T

■I 3

307



63 5 = “0n
73

75

2031
32 
23 3-i

1 +AW ( I, j ) -»T ( I - i, J !--AF ( I, J 5 *T ( I, J ) +SU (I(u!
V0L=SZW ( I ) *SNS (J 5 
S0RV0L=GFEA7*V0L
r r . - =F ' I, J ) , G 7 .0.3*SCRV0L) REE0R=RE5CF/E0P.VQL 
FEEGF.7= REE0R7+AEE (HEECR)

C .....UNDER - HELAXA71 Q.M
AF ( : . J ) =4? I, J ) /URF7
E!J ( I, J > =EU ( I, J ) * ( 1 . -UF.F7) +AP i I, J > *7 ' I, J )

301 CONTINUE
= 0 0  c o n 7:n u e

C
CHAF7EF * i 4 - i - i -  S0LU7I0N CF DIFFERENCE EGUA7ICMS 
C

DC -CO N = 1» NSwrT
400 CALL LIS0L7;2,2,NI,NJ,17,07,7)

FET'JFN
END

4 4 4 f

SUBROUTINE LISOLV

1 : 
2 : 
3: 
4: 
3: 5: 7: 3: 9: 

1 0 : 1 1: 
1 2 : 
13: 
14: 
13: 
15: 
17: 
13: 
19: 
2 0 : 21 : 22: 
23: 
24: 
23:

33:

SUBROUTINE LI20LV(IS7AF7,JS7AFT.MI,N J , 17,JT,FHI>
C
CHAP7EF 0 0 0 0 0 0 0 0  PRELIMINARIES 0 0 0 0 0 0 0  
C

DI MENS ION PH I •! I T» J 7 ) , A ( 9 ) , E ( 9 ) » C (9 ) , D 9 )
COMMON

1 /CQEF/A? ( 22.9 >,AN < 22,9 >,A S (22.9 >,A E (22,9) , A W (22, 9 > , SU < 22, 9 >,
1 S P (2 2 ,9)NIM1=NI - 1 
NJM1=NJ- 1 
JS7M1 =-JS7ART- 1 
AiJS7M15=0.0

C ..... COMMENCE W-E SWEEP
DO 100 I = IS7ART» NIMl 
C i JS7M1)=FHIiI,JS7M1)

C .....COMMENCE S-N 7RAVEREE
DO 101 J=JS7ART.NJM1

C .....ASSEMBLE 7DMA COEFFICIEN73
A <J )=AN(I,J )
B (J )=ASiI,J >
C < J ) =AE ( I, J ) *FHI ( I -•■ 1, J ) +AW ( I, J ) *PH I • I - 1 , J ) + SU ( I, J )
D ( J =AP ( I, J )

0 .....CALCJLA7E COEFFICIEN73 OF RECURRENCE FORMULA
7ERM=l . /< D (J )-E (J )*A < U - 1 ))
A U  ) =A< J ) *7ERM

101 C :J ) = < C (J )+ 3 ( J ;* C (J - 1)1♦7ERM
C .....0B7AIN NEW PH I” 3

DO 102 JJ=JS7AR7,NJM 1

102 PHI ( I,J )= A (J )*PHI(I,J+l)+C(J)
100 C0N7INUE

RETURN
END

0
-%

*

*
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SUBROUTINE PRINT

4

45 
5

9 
10 1 1 
12 
13 1*1 
15 
IS 17 
IS 13 20

24

30
31
32
3334

SUBROUTINE PRINT; I START, JS7AR7 • .\'I. MJ, IT. JT, X, P H I , HE A D ) 
DI ME MS I CM ?H I ( • 7. J T ), X ; ! ? >, Y (J 7 5 , HEAD ! 5 i , STORE : 50 ;
2 1 MENS ION F!7) , F4! 1 1 >
d a t a  F / - H U H  , -H, AS, , 4HI3, , 1 1 1 ,-H10, ,4H7X, .

1 -iHAS ) /
DATA F4/4H II ,JH 21 ,-H 31 ,4H 41 ,4H 51 ,-H SI ,

1 -ih 71 ,4H SI ,JH 31 , 4H1CI ,4H11I /
DATA HI.HY/5H I = , SH Y = /
ISKIP= 1 
JSKIP = 1
WRITE (S, 1 l O H E A D  
IS7A=ISTART-12 

100 CONTINUE
IS7A=ISTA+12 
IEND»I3TA*11 
IEND=MIN0!NI,IEND)
IDIF=IEND-ISTA 
F(4)=F4(IDIF)
WRITERS,F) HI, <I,I*IS7A,IEND,I5KIF>, HY 
WRITE!5,112)
DO 101 JJ=JSTART,NJ,JSKIP 
J =JS7ART *NJ-J J 
DO 120 I= ISTA,IEND 
A=PHI< I, J)
IF(A3S!A).L7.i.E-20) A=C.O 

120 STOREi I ) =A
101 WFITE(S , 113) J, (STORE(I),I=I37A, IEND, ISKIF),Y(J>

WRITE!5,11^ ) (Xil),I=ISTA,IEND,ISKIF/

IF(IEND.LT.NI)CO TO 100 
RETURN

110 FORMAT(1H0,20(2H*-),7X,SA4, 7X,20(2 H - * ))
111 FORMAT(1H0,5H I = , 13, 11 I 10,7X, ' Y =
112 FORMAT(3H J)
113 FORMAT!1H ,13,1P12E10.2,0PF7.5)
1 1 4  FORMAT(SH0X= ,F 7 .5, 1 IF 10.5)

END

¥

*
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D4 JUNCTION In lines 1-90 of MAIN (see listings which follow), the

necessary data is read in from unit 8 and written to the VDU and the 

output file (unit 6) for verification. In lines 93-158, the X (I) and 

Y(J) arrays are set, using the input values of XFRAC(I) and YFRAC(J). 

The process is involved; ENTRYL, EXITL and HORIZL must be adjusted 

according to REIN, RE1 and RE2, and the grid refined near corners and 

solid boundaries (see Fig. 5.2). In lines 184-218, the initial fields 

U(I, J ) , V (I,J) and P(I, J ) are set * if not available as the output of a 

prior calculation). Lines 258-284 comprise the main iteration loop. The 

friction constants KDS, KDT, KCS and KCT are computed in lines 292-328, 

in accordance with Sec. 5.5.

In MODU, the boundary conditions on U are set. Within all solid 

areas, U (I,J) is forced to zero using the device desceribed in equations 

(5.1) and (5.2) (lines 16-23). When this is done, care must be taken to 

avoid generating large values of RESORU. This is avoided, in CALCU (see 

Sec. D3), in lines 75-76. The 'no-slip' wall boundary condition on U 

(Fig. 5.3), and the special corner condition (Fig. 5.4) are set in lines 

24-39. In MOOV, similar comments apply, and in MODP, only the PP(I,J) 

field within the solid areas has been forced to zero. Following the 

listings, sample output is provided.
m-

40
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PROGRAM MAIN 
SUBROUTINE CONTfiO

PROGRAM MAIN

*

%

♦

f

%

3C
4CHAPTER 0 0 0 0 0 0 0 0  PRELIMINARIES 0 0 0 0 0 0  
SC
5 DIMENSION H E D U (5),H E D V <5),HE D P (5),H E 3 T (5)
7 DI MENS ION XFR A C (17).Y F 3AC(13)
3 LOGICAL INCALU, INCALV
9 LOGICAL RESTRT,DIVIDE
:o COMMON
11 1/UVEL/HESORU, NSWPU,URFU,DXE?U(17)fDXPWUi17),SEWU (17)
12 1/VVEL/FE50F.V, NSWFV, URFV, DYNPV( 13), BYPSV ( 13) , SNSV( 13)
13 i/FCOH/RESORM,NSW??,URFP,DU(17,13),DV(17,13),IPHEF,JPREF
14 1/VAR / U (17, 13),V < 17, 12),P ( 17, 13), P ? (17, 13)
15 1/ALL/N1,N J ,N I M 1,NJ M 1,GREAT
IS 1/CEOM/X(175,Y (13 >,D X E P (17), DX P W (17), DY N P (13), DY P S (13).
17 1 SN S ( 13),SE W ( 17),X U ( 17),Y V(13)
13 1 /FLUFR/VISCQ5,DENS IT
19 1/JUN/IST1.I3T2,JSTEP,IST 1M 1 ,IST2 M 1 ,IST1M2,IST2P1,NIM2.
20 1 JSTP1.NJM2,I572P2,JSTP2,JSTM1,IS71P1
21 CALL OP E N (6 , 'RESULT DAT',2)
2 2  CALL OFENta,'DATIN DAT', 2 )
23 CALL O P E N (9,'INTERMEDDAT',2)
24 GREAT®1.0E30
25 PI=4,*ATAN< 1 ,)
25 NITER-0
27 P E A D (3,011) VISCOS,DENS IT,QIN, S E A T 10, ENTFAC
23 WRITE*J,025) VI5C0S,DENSIT,QIN, QRATIC,ENTFAC
29 READ(3,0 1 2 ) EVERT,RSATIO,I3TI,IS72,NI,NJ,JSTEP
30 WRITE i 4,025) RVERT.RFATIO, IST1, IST2,NI,NJ,JSTEF
31 N I M 1=NI - 1
32 N J M 1=NJ- 1
33 READiS, 024) (XFRAC(I), I = 1,NIM1)
3-1 WRITE(4, 027) (XFRAC < I ) , I = 1, MIM1 )
35 RE A D (3,024) (YFRAC(J ),J = 1,N JM1)
35 W R ITE(4,027) (Y F R A C (J ),J =1,N JM1)
37 READ(3,013) NSWPU,N3WPV,NSWFP,MAXIT,INDPRI
33 WRITE(4,023) NSWPU. rtlSWPV, NSWPP, MAXIT, INDFRI
39 READ ( S, 014) URFU, URFV, URFP, SCRMAX
40 WRITE(4,029) URFU, URFV. URFP, SOF.MAX
41 R E A D (3,015) RESTRT,DIVIDE
42 W R ITE(4,030) RESTS?,DIVIDE
43 RE A D (3,010) HEDU,HED7,HEDP
44 WRITE(4,031) HEDU,HEDV,HEDP
45C.....WRITE OUT SOLUTION CONTROL PARAMETERS
43 W R ITE(5,2000)
47 WR17E ( 5, 017 > NSWF'J, MSWPV. NSWP?, MAX IT,
43 1URFU,URFV,URFP.SORMAX
49 IF(RESTRT) WRI7E(6.013?
50 IF(,NCT.RESTRT; W R I T E (5,019?
51 WRITE(5,2000)
52 WRITE(5,0 2 0 ) ENTFAC,I5T1,IST2,JSTE?
53 WRITE(5,021)
54 WRITE(5,022) ■X F RAC(I ),I= 1 .N I M 1)
55 WRITE £ 5,025)
55 W R ITE(5.022) (YFRAC(J),J = 1 ,NJ M 1 )
57 01C FORMAT(5A4 >
53 031 FORMAT(IX,5A4)

0

59 Oil FORMATC5E12,3)
50 025 FORMAT'IX,5E12.3)
51 012 FORMAT(2F5.4,515)
52 025 FORMAT(IX.2F5.4f513)
55 013 FORMAT(513)
54 023 FORMAT(IX,513)
55 014 F0RMAT(4F5.4>
55 029 FORMAT.'IX, 4F5.4)
57 015 FORMAT(2L5)
52 020 FORMAT(IX,2L5)
52 017 FORMAT('0',5X,'SOLUTION CONTROL PARAMETERS'/ro 1 /5X, 'NSWPU..... -- - ' , 13
T * 1/5X, ' NSWPV..... .  «

72 1/5X, 'NSWPP.....7 5 1/5X, 'MAXIT.....-- = ' , 14
74 1 /5X, 'UFFU......-- =',F5.2
-5 1/5X. 'URFV..... -- =■ , F5.2

1 / 5X.'URFP......-- =',F5.Z
77 1 / 5X. 'SORMAX....

0
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7c 01S F O R M A T J ' O ' I N I T I A L  FIELDS HAVE SEEN READ IN FROM UNIT 9') 
79 019 FORMAT('0','INITIAL FIELDS HAVE BEEN SET IN MAIN PROGRAM') 
SO 020 FORMAT'. 'O' . 5X, 'GEOMETRICAL PARAMETERS' / •
5 1 1 / 5 X , ' ENTF A C ........... =',F 5 .2
32 1 / 5X, ' IST1 .............= ' » 13
S3 1/5X.'IS72............... ' . 13
34 1/5X, -JSTEP............ =',I3)
35 021 FORMAT ( O ' , "  XFP.AC (!) = ')
39 022 FORMAT' ! OX,5F7.3)
•37 023 FORMAT ! ' C ' . ' YFRAC ( J i = ' )
S3 02*1 FORMAT' 17F7.3 )
39 027 FORMAT(1X .10F 7 .3)90C-
91 CHAPTER 1 1 1 1 1  PARAMETERS AND CONTROL INDICES 1 1 1
S2C
33 •32=QIN/QRATI0
94 IF (DIVIEE) 31 =GIN-02
55 IF(.NOT.DIVIDE)Q1=QIN+G2
95 REIN=QIN*2.+DENSIT/VISCCS
97 RE1=Q1*2.+DENSIT/VISCCS
92 RE2=G2*2.+DENSIT/VISC05
9 9C.....COMPUTE DUCT LENGTHS EASED ON HYDRODYNAMIC ENTRY LENGTH
100 RHORIZ=RVERT/RRATI0
101 ENTRYL=-. *RVER.T*E"JTFAC* ( . 3125+ . 0 11 *REIN)
102 EXITL=4.* r v ERT*ENTFAC*(.3125*.0!1*RE1)
103 HC. UZL=4. *RHOPIZ*ENTFAC*( .3125+.01l*RE2)
104C.....COMPUTE ALL INDICES
105 NIM2=NI-2
105 NJM2=NJ-2
107 IST1M1 = 15T1- 1
103 IST1M2=1571-2
109 IST2M1=IST2-1
110 I STIP 1 = I ST 1 1
1 1 1 I 572?1 = IS72+1
112 IST2P2=I5T2+2
113 JS T ? 1=JSTEP+1
114 JSTP2=JSTEP+2
115 JSTM1 =JSTEP- 1
llrC..... COMPUTE SMALLEST DX IN HORIZONTAL BRANCH REGION
1 17 XSUM=XFRACI I ST 1M 1)/2.
11= DO 100 I = I ST 1, IST2M1
'119 100 XSUM=X3UM+XFHAC i I )
120 XSUM=XS'JM+XFRAC( IST2)/2.
121 DXSM2=2. *RHORIZ/XS’JM
122C..... COMPUTE SMALLEST DX IN VERTICAL DUCT ENTRANCE REGION
123 X5UM=XFRAC( 1 )/ 2 .
124 DO 105 1=2, I ST 1M2
125 105 XSUM=X3UM+XFRAC(I )
125 D X S M 1 = (ENTP.YL- . 5+XFPAC ( I ST 1 Ml ) +DXSM2) /XSUM
127C..... COMPUTE SMALLEST DX IN VERTICAL DUCT EXIT REGION
122 XSUM=0,
123 DO 110 I= IST2P1,NIM2
130 110 XSUM=X.SUM+XFRAC ( I )
131 XSUM=XSUM+XFRAC(NIM 1 )/2.
132 DXSM3= ( EXITL- . 5+XFRAC IST2 > *DXSM2) /XSUM
1330..... COMPUTE SMALLEST DY IN VERTICAL DUCT REGION
134 YSUM=YFRAC(1)/ 2 .
135 DG 115 J=2,JSTM1
135 115 YSUM=YSUM+YFRAC(J>
137 YSUM=Y3UM+YFF.AC < JSTE? ) /2.
133 DYSM1=2.+RVER7/YSUM
133C .....COMPUTE SMALLEST DY IN HORIZONTAL BRANCH REGION
140 YSUM=0.
141 DO 120 J=JST?1,NJM2 
M 2  120 YSUM=YEUM+YFRAC<J)
143 YSUM=YSUM+YFRAC(NJM1)/2.
1-- D YSM2='HOP IZL-.5*YFRAC(J S TEP)+DYSM 1 )/YSUM
145C..... SET UP X-ARRAY
145 X! 1 > = -XFRAC(1)*DXSMl/2.
147 DO 125 1=2, IS71M1
142 125 X (I)= X (I - 1)+XFFAC(I - 1)+ DX3M1
149 DO 130 I = I ST 1 , IST2P 1
150 130 X iI)= X (I - 1)+XFRAC(I - 1)*DXSM2
151 DO 135 I= IST2F2,NI
152 135 X <I )= X (I - 1'+XFRAC(I - 1)+DXSM3
I53C..... SET UP Y-ARRAY
154 Y (1 )=-Y FRAC! 1 !»DYSM1/2.
155 DO 140 J = 2» J S T P 1
155 140 Y ( J ) = Y ( J - 1 :> + YFRAC ( J - 1 ) + DYSM1
157 DO 145 J=JS7F2,NJ
153 14« Y(J) = : < • J - 1 ;t YFF*C«J-1>+DYSM2
1551----- DEPENDENT VARIABLE SELECTION

*

0

4
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#>

%

«

*

%

♦

150 INCALU=,TFUE.
15 i IMCALV= , TRUE.
152 INCALF3 » TRUE.
153C..... BOUNDARY VALUES
15-iC..... PRESSURE CALCULATION
153 PRZF =1.0
155 IrREF=2
157 J?REF=2
153C..... PROGRAM CONTROL AND MONITOR
155 INON=I=T1
170 JMON=JSTE?
171 NUMFF.1 = 1

173CHAFTZR 2 2 2 2 2 2 INITIAL OPERATIONS 2 2 2 2 2 2 2
174C
1730..... CALCULATE GEOMETRICAL QUANTITIES AND SET VARIABLES TO ZERO
175 CALL I NIT
17“C ..... INITIALISE VARIABLE FIELDS
17SC..... READ IN INITIAL- FIELDS IF AVAILABLE FROM PREVIOUS RUN
179
130 
1S1 122 
133 
1S-*C 
1330 
135 
137 133 
139 
190
131
132
193
194 
193 
135 
197 
138C
199
200 201 202
203
204 
203
205 
207 
203 20 9 
2 1 0  211 212
213
214 
213
215 217 
213 
215

229
230

254

VIN=QIN/!RVERT*2.)
V1=Q1/ (RVERT*2.)
IF(.N O T .RE5TRT) GO TO 199 
CALL REST 
GO TO 235

..... ASSUME PARABOLIC INLET AMD OUTLET PROFILES

..... ASSUME PARABOLIC INITIAL DISTRIBUTIONS
193 DO 200 1=2,IST1 

DO 200 J = 2 r JSTEF
200 U < I»-J ) =3. *V I N * (Y (J ) /RVEF.T- .5*(Y(J) /RVEP.T ) ♦■♦2 >

DO 2C3 I= IS71P 1 , NI 
DO 203 J=2,JSTE?

205 U(I.J)=3.*V1*(Y (J )/RVERT-.5 * (Y<J)/RVERT)**2)
IF(DIVIDE)V2=Q2/(RH0RIZ*2.)
IF(.NOT.DIVIDE?V2=-3 2 / (RHORIZ+2./
DO 210 I= IST1, I3T2 
XP=X(I)-XU<IST1)
DO 210 J=JS7P l, NJ

210 V (I,J )=3.*V2*(XP/RHQRIZ-.3♦(XP/RHORIZ)**2)
..... ASSUME PRESSURE DISTRIBUTIONS FOR FULLY DEVELOPED FLOW

DO 215 J = 2 .JSTEP 
215 P (2,J )=RREF

FACTOR 3 1 . 3-*VISC05*QIN/RVER7#-*3 
DO 220 1=3,IST1 
XDIST=X(I)-X(2)
DO 220 J=2,JSTEP 

220 P<I, J)=PREF-XDIST*FACTOR
FACTOR 3 1.5♦VI SC OS * Q i/RVEPT * * 3 
DO 225 I = I S T 1F 1,N I M 1 
XBIST=X!I)-XII ST 1)
DO 225 J=2,JSTE?

223 P(I,J>=?<IST1,J )-XDIS7*FACTG?
DO 230 I= IS71P1, IST2 

230 P(I,JSTZR)=P(IS71,JSTE?)
FACTOR 3 1.5*VI SC0S*Q2/F.H0RIZ**3 
DO 235 J=-JS7P1, NJM1 
YDIST=Y(J )-Y(JSTEP)
DO 235 I = I ST 1, IST2
IF!DIVIDE 5 P !I,J)=F(IST1,J S TE?)-FAC70P*YDI ST 
IF <.NOT.DIVIDE) F< I,J)=P(I ST 1,JS T E ? ■+rAC7CP*YD137 

233 CONTINUE
..... CALCULATE SOURCE-NORMALISATION FACTORS

IF(DIVIDE)SNORMM=ZENS IT*QIN 
IF(.N O T .DIVIDE >SNORMM=DENS IT *Q i 
IF : DIVI B E ) S N C R M U 3 S N 0 F. M M * VIN- 
IFv.MOT.DIVIDE)SNORMU=SNOFMM * V 1 
SN0RMV=3NQFMU

..... INITIAL OUTPUT
WRITEiS,2000/
IF(DIVIDE)WRITE'S.2010)
IF< .NOT. DIVIDE)WRITE-:5,2020 )
WR ITE •: 5.2030 ? G I N , Q 1 , Q 2 , QRAT10. VISCOS, DENS IT, RE IM. RE 1, R E2, 
IF.VERT. RHORIZ, PRATIC, ENTRYL, EXITL, HORIZL 
WRITERS. 2 0 0 0 )
IF(INCALU) CALL PRINT'S,2,N I ,MJ, 17, 13,XU,Y,U,HEDU)
IF ( INCALV ) CALL PR INTI 2, 2, N I , MJ, 17, 13. X. :'V, V,-'EDV >
IF > INCALP) CALL P R INT(2,2.N I •NJ, 17, 13,X.Y,?,H E B P )

200 0 FORMAT ( / / / 'O', 120" ' * ' ) / / / )
2010 FORMAT 1 '0',3X, 'JUNCTION PPESSUPE DROP. DIVIDING FLOW"/) 
2-020 FORMAT! '0 ' ,3X, ■ JUNCTION PRESSURE CROP, COMBINING F L C w ' / -

313



235 2030 FORMA'
240 1/5X. '
2 -i 1 1 /5X, ' 1
242 1/5X, 'I
243 1/5X, ']-a .2.4 1/5X, ''
2-15 i/5X, •:
245 1/5X, '
247 1/5X, '!
",4S 1/5X, 'I
249 1/5X, ''
250 1/5X, '1
251 1/5X, '!acr 1/5X, ''
253 1/5X,
254-?e;cr - 1/5X, '1
-jcr - r
257C

HAPTEF 3

WRITE

' FLOW PARAMETERS ' / /
/EFT I CAL DLiC INLET FLOW FATEa t c ---------- =

\L DLCT EXIT FLOW FATE..... .
JTAL DUCT FLOW RATE......... .

EXIT REYNOLDS NO................ .
HORIZONTAL DUCT REYNOLDS NO.--- 
VERTICAL DUCT HYDRAULIC RADIUS-
RATIO, VERT. TO HOR. DUCT RADII---------
VEPTICAL DUCT INLET LENGTH...............

Z
2SQC ■

252
253 ■sp.-ic ■

2S~ 
26 3 
25 3
270
271

2~3
- i

HORIZONTAL DUCT LENGTH.............
3 3 3 3 5 3  ITERATION LOOP

(6,310) IMON,JMON 
1 NITER=NITER+1
•-UPDATE MAIN DEPENDENT VARIABLES 
IF(INCALU) CALL CALCU 
IF(INCALV) CALL CALCV 
IF (INOALP) CALL CALCP 

• - INTERMEDI ATE OUTPUT 
RE30F:U=RES0RU/SN0FMU 
RESQRV=RESGRV/SNORMV 
RESCEM=RESORM/SNQF.MM

lari': _
1 PE 12. 
1FE12. 
1PE12. 
1FE12. 
1PE12. 
1PE12.
1 P E 12. 
1PE12. 
1PE12. 
1PE12. 
1PE12. 
1PE12. 1PE12.

WRITER, 310) 
WRITE(6 , 311 )L
WRITE(4,311)

275 301
273 C ----
250

25-1-a C cr 302 

iAFTER

I MOM,JMON
NITER,RESORU,RESORV,RESORM, U(IMON, JMON), 
V(IMON,JMON), P (IMON, JMON)
NITER,RESORU,RESORV,RESORM, U(IMON, JMON) , 

1 V(IMON,JMON),P(IMON, JMON)
IF(NOD < NITER, INDFRI).N E .0) GO TO 301
IF(INCALU) CALL P R INT(2, 2, N I , NJ , 17. 13,XU,Y.U.HEDU)
IF(INCALV) CALL PHINTI 2,2,N I ,N J , 17, 13,X,YV,V,HEDV)
IF(INCALP) CALL FRINT(2,2.N I ,N J , 17,13,X,Y,P,HEDP>
WRITE(5,310) I M ON,JMON 
CONTINUE

-TERMINATION TESTS 
SORCE=AMAX 1 (RESORU, F.ESORV, RESOF.M 5 
IF< NITER, EQ.MAXIT) C-0 TO 302
IF ■' NI TER . E G . 20 . A N D . S O RCE. G T . 1 . OE4*SORMAX ) GO TO 302
IF!SOFCE.GT.SOFMAX) CO TO SCO
CONTINUE

M*-
M*-
M*<
K.C,KG/M*S' /M**3‘

M' 
M'

M'
M'
M'

3 3 3

-l 4

29022: c ■

IF(INC-LU) CALL PS INTI 2,2,N I ,NJ , 17 
IF f INCALV ) CALL PF INT 2, 2, N I , NJ , :7 
IF(INCALF > CALL PR I NT t2,2,N I .N J , 17

--- DUMP ALL VARIABLE AF.fiA ;'S TO TAFE20
--- CONFUTE AVERAGE JUNCTION INLET PF.E

253 FAVIN=FREr
254 I=NIM1
235 P AV1=0.
235 0 .....COMPUTE AVERAGE JUNCTION EXIT PRES
297 DO -103 J = Z. JSTE?
233 *105 FAV 1 =FAV 1 -P ( I. J )

- FINAL OPERATIONS AND OUTPUT 4 

3, XU,t *
, 1 , 1 FOn uA 
SSURE

•, i
3,X, Y

Y, U V, V , P, 
TER

,H E D U ) 
,HEDVi 
HEDP '

♦

3H

in
 in

 i
n



#■

*

n

25= P A V 1=FAV1/FLOAT(JSTMii
300C .... COMPUTE AVERAGE JUNCTION 3PANCH PRESSURE
30! J=NJMi
202 PAV2=0.
302 DO 4 i0 I = 15T1,IST2
304 410 PAV2=PAV2+P<I,J)
305 ITENP=IST2-IET1+1
305 PAV2=PAV2/FLOAT!ITEMP)
307C..... COMPUTE TURNING AMD STRAIGHT PRESSURE DROPS DUE TO FRICTION ALGN
303 ENTRLP=ENTRYL-X(2)
303 EXTLP=EXITL- (XU!NI ) - X ( N I M 1 ) )
310 H0RZLP=H0RI2L-(YV < N J )-Y !N J M 1 ))
311 DELTFS=<1,5*VISC0S/RVERT**3)*!QIN*ENTRL?+Q1*EXTLP)
312 PSDIFF=(PAVIN-PAV1)-DELTPS
313C.... COMFUTE TURNING AMD STRAIGHT PRESSURE DROPS
214 IF!.NOT.DIVIDE) GO TO 415
315 DLTPDT=1.5*71SCOS+ (-3 IN*ENTRLP/RVEHT**3+G2*K0RZL?/RH0R IZ**3 )
315 PDTDFF=(PAVIM-FAV2)-DLTPDT
217 FACT0R=3. *P.7E?.T**2/<VISC3S*QIN)
313 FKDT=PDTDFF*FACTQR
313 FKD5=P3DIFF*FACT0R
320 GO TO 420
321 415 DLT?CT= 1,5*71 SC OS* ! Q2*H0RZLP/RH0R I Z**3+Q 1 *EX?L? /R7EP.T**3 >
322 FCTDFF= < PAV2-PAV1)-DLTPCT
323 FACT0R=3.*R7ERT**2/(7ISC0S*Q1)
324 FKCT=PCTDFF*FACTOR
325 f :<c s =p s d i f f *f a c t o r
325C.....WRITE CUT THE APPARENT FRICTION CONSTANTS
327 420 IF(DIVIDE)WRITE!5,4 Q 0 0 )FXDT,FKDS
323 IF(.NOT.DIVIDE)W R I T E (5,4003)FKCT.FKCS
329 CALL DUMP
330 STOP
331C-----FORMAT STATEMENTS
322 4000 FORMAT!'O',SX,'FRICTION CONSTANTS FOR DIVIDING FLOW:'/
333 1/SX,'KDT='»1FE12.3
3 3 4  1/5X, 'KDS=\ 1PE12.2)
335 4005 FORMAT! 'O',5X, FRICTION CONSTANTS FOR COMBINING FLOW:'/
325 1/5X,'KCT=',1PE12.2
237 1/5X.'KC3=',1FE12.3)
333 310 FORMAT! 0','ITER ','1..... ABSOLUTE FESIDUAL SCUPCE SUM',
353 l'S----- I I-FIELD VALUES AT MONITORING LOCATION', IX,
340 1 '(',12,',',12.')', - I '/2X,'NO.',5X,'UMOM',S X . 'VMOM',SX,
341 . 1 'M A S S •,,12X, U '.3 X , '7',3 X , 'P ',S X / )
242 311 FORMAT'1H , 13,3 X , 1P 3 E 10.5.3 X . 1P 2 E 10.3)
243 END

4

♦
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SUBROUTINE MODU

1 SUBROUTINE MODU
2 COMMON
3 1/UVEL/RE50RU, NSWP'J, URFU, DXE?U( I D ,  DXPWU( 17) , SEWU( 17)
-i 1 /VVEL/REEORV, NSWPV. URFV, DYNPV( 13) , DYPSVt 13) , SN5V( 13)
5 1 /PCOR/REEQRM, N S WPF, UF.FR, DU( 17, 13) , DV( 17, 13) , IFREF, JFREF
5 l/VAP./lM 17, 13) , V( 17, 13) , P( 17, 13) , PP( 17, 13)
7 1 /ALL/N I ,N J ,N I M 1,N J M 1,GREAT
3 1/GECM/X(17!,V (13),DX E P (17),CXPW<17), D Y N P (13),DY P S (13),
c  • CM C { 1 -5 \ C C !.: . Y IU  I 7 1  . Y 'J  '  1 C l3  . i  Sl'JC \ 1 3 1 ,  S L W  < 1 /  l >  X ' J  11 / I ,  W i l O l
10 1/FLUPR/VISCOS,DENSIT
11 1/C0EF/AP<17, 13),A N(17,13 i,AS(17, 13),A E (17, 13),AW(17, 13),SU(17, 13),
12 1 SP(17,13)
13 1/JUN/I3T1,IST2,JSTEP,IST1M1,IST2M1,IST1M2,IST2P1,NIM2,
14 1JSTP1,NJM2,IST2P2,JSTP2,JSTM1,IST1?1
ISC.....SET U-VELOCITIES IN SOLID AREAS TO ZERO
15 DO 200 1=3,IST1
17 DO 200 JsJSTPl.NJMl
IS SU(I,J)=0.
19 200 SP(I,J )=-GREAT
20 DO 20S I= IST2P1,NIM1
21 DO 205 J=JSTF1,NJM1
22 SU(I,J)=0.
23 205 SP(I,J )=-GREAT
Z^C.....MO SLIP WALL BOUNDARY CONDITIONS ON U
25 J=JSTE?
25 YDELT=YV(JSTP1)-Y (J )
27 DO 210 1=3,IST1M1
23 AN(I,J )=0.
29 210 SF( I, J)=3P( I, J)-V!SCCS*SEWU< I ) ,'YDELT
30C.... ALLOW FOR CORNERS
31 I=IST1
32 A N (I, J ) = •5*A N (I,J )
33 S?(I,J )=SP(I,J )-VI3C0S*.5+SEWU(I)/YDELT
34 I = I STEP 1
35 AN(I,J)=.5*AN(I,J)
35 SP(I,J)=SF(I,J)-VISC0S*.5*=EWU(I)/YDELT
37 DO 215 I=IST2P2,NIM1 .
33 AN(I,J )=0.
39 215 SP(I,J)=SP(I, J)-VISC0S*SEWU<I)/YDELT
40C.... EOTTOM WALL
41 J = 2
42 YDELT=Y(J )-YV(J )
43 DO 220 1=3,NIM1
44 A S (I,J )=0.
45 220 SP(I,J)=SP<I, J>-VISCOS*SEWU(I)/YDELT
*6 RETURN
47 END

%

#

0

4

4

316



SUBROUTINE MODV

1 SUBROUTINE XGDV
2 COMMON
3 1/UVEL/PE30RU,NSWPU,URFU,DXEPU(17),DX?WU(17),SEWU(17)
4 1/VVEL/RE3GRV, NSWPV» URFV, DYNFV(13), DYPSV<13),SNSV(13)
5 1/FC0R/RE3CRM, NSWPP, URFP, DU(17, 13),DV(17, 13), IPREF,JPREF
5 1 /VAP./U (17, 13), V < 17, 13),P (17, 13), PP ( 17, 13)
7 1/ALL/NI,NJ,NIM1, NJMl,GREAT
S 1/GEON/X(17>, Y (13), DXEP(17),DXPW(17),DYNP(13),DYPS(13),
9 1 SIMS (13), SEW (17), XU (17), YV (13)
10 1/FLUPR/VISCOS, DEiMSIT
1 1 1 /COEF/AP ( 17, 13), AIM( 17, 13), AS( 17, 13), AE( 17, 13) , AW ( 17, 13 ), SU ( 17, 13),
12 1 SP(17,13)
13 1/JUN/IST1, IST2, J3TEP, IST1MI, IST2ril, I5T1M2, IST2P1, IMIN2,
1-4 1JSTF1,NJM2, IST2P2,JSTP2,JSTM1, ISTIP1
15C.....SET V-VELOCITIES IN SOLID AREAS TO ZERO
16 DO 300 1=2,IST1Ml
17 DO 300 J=JSTP1,NJMl
13 SU(I,J)=0.
1= 300 S P (I,J )=-GREAT
2C DO 305 I=IST2P1,NIM1
21 DO 305 J=JST?1,NJMl
22 SU(I,J)=0. '
23 305 SP(I,J )=-GREAT
2 • -NO SLIP BOUNDARY CONDITIONS ON V2==“ I=IST1
250- -ALLOW FOR CORNERS

XDELT=X(I)-XU(I)
23 J=JSTP1
29 AW(I,J)=.5*AW(I, J)
30 SP(I,J )=SP(I,J ) - VISC05*.5*SNSV < J )/XDELT
31 DO 310 J=JST?2,NJMl
32 AW(I,J )=0.
33 310 S P (I,J )=SP(I, J )-VI3COS#SNSV(J )/XDELT
34 I= IST2
w Zf XDELT=XU(IST2P1)-X(I)
■—S J=JSTP1
3 T AE(I,J)=.5*AE(I, J)
33 SPlI,J )=SP(I, J)-VISCCS*.5*SNSV(J)/XDELT
39 DO 315 J=JSTP2? NJMl
40 AE(I.J)=0.
41 315 SP(I,J)=S?(I, J)-VISCOS*SNSV(J)/XDELT
*i2 RETURN .
T Z END

3 1 7



SUBROUTINE MODP

1C
2CKAP7ZR 4 4 4 4 4 4  PRESSURE CORRECTION 4 4 4 4 4 4 ^ 4  
3C
4 SUBROUTINE MODP
5 COMMON
S 1 r UVEL / P.ES CPU, NSWF'J, URF'J. DXEPUt 17). DXFWU( 17) , SEWU ( 17)
7 1/VVEL/RESORV, NSWFV,UPFV,DTNPV(IB),DY?SV<IS),SNSV(13)
5 1/PCOR/RESGFM,NSWPF,UPFF,DU<17, 13),DV(17, 13), I FREE,JFREF
S 1 /VAF./U ( 17, 13) , V< 17, 13) , P( 17, 13) , PP ( 17, 13)
10 1/ALL/NI, NJ, NIM1,MUM1,GREAT
11 1 /GEOM/X(17),Yt13),DXEP <17),DXPW<17),DYNP(13),DYFS(13),
12 1 SNS(13),SEW(17),XU(17),YV(13) »
13 1/FLUPP/VISCOS, DENSIT
14 1/CCEF/AP(17, 13),AN <17, 13),AS(17, 13),AE(17, 13),AW(17, 13),SU(17, 13),
15 1 SP(17,13)
IS 1/JUN/IS71.IST2,JSTEP,IST1M1,IS72M1,IST1M2,IS72P1,NIM2,
17__ 1JSTP1,NJM2, IST2P2. J5TP2, JSTM1, IST1P1
ISC----- SET PRESSURE CORRECTIONS IN SOLID AREAS TO 0
19 DO 400 1=2, IST1M1
20 DO 400 J«JSTP1,NJM1
21 SU(I,J)=0.
22 400 SP<I,J)=-GPEAT
23 DO 405 I= IST2P1,NIMl
24 DO 405 JsJSTPl.NJMl
25 5U(I,J )=0.
26 405 SP(I,J )=-GREAT
27 RETURN
23 END

Input File DATIN.DAT

*. 73E-3, 3.5iE-t-2, 3.73E-5, 4. OOE-m'j, 1.50E-0 
0.006,3.000,6 .12,17,13,7
5. 0, 2.5, X . 25, 1.0. 1.0, 2. '■>, 2. 5, 5. 0, 5. O, 2. 5, 2. 0, 1.0. 1.0, 1.25, 2. 5, 5. 0 
1.25, 1.25,2.5, 2. 5, 1.25, 1.0, 1.0, 2.0. 2. 5, 2. 5, 5.0, 10.0 
,2, 2, 10, '59, 50 
0. -3, 0. 5.1.000, 0.010 
FAL PAL

VELOCITY 
V VELOCITY 
PRESSURE

Output File RESULT.OAT follows on next pages.
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320

‘•c Vr *«■ V* ** *»? >c' '; W ft j«r * >jPrf

•Jl IHCTION PRESSURE DROP. COMBINING FLOW

I-1 .ON PARAMETERS

'■'PR'!" f CAL DUCT INLET FLOW RATE-------- —
VERTICAL DUCT EXIT FLOW RATE--------- -
HORIZONTAL DUET FLOW RATE------------ -
r a ti o q i n /;<2--------------------------- -
VI SO OP I TV-----------------------------=
dens n v-------------------------- =INI. LI REYNOLDS MO.--------------------^
EXIT F«EYNOLDS NO.-------------------- -
HORIZONTAL DUCT REYNOLDS MO.----------=
VERTICAL DUCT HYDRAULIC RADIUS--------=
HORIZONTAL DUCT HYDRAULIC RADIUS----- -
lAilO, VERT. TU NOR. DUCT RADII------ -
VERT I CAL iJl.li :T INLET LENGTH----------- =
VCR I I CAL DUCT EXIT LENGTH-------------=
....HIZoNIaL DUCT LENGTH----------------=

7,. 730E-05 M*k2/S
A.. 3 E—05 M»«2/Sy a, 325E-06 11**2/S
A.. OOOE+ 00
6- 7 BOH-03 LO/MftSc». 51OE+02 KG/M**3*7 m364E i 00
1., 17017+•01
2- 34 IE +00
c«, OOOE-o:? M
OOOE-03 11

y%OOOE+00
1 .496E-•02 II
1 -53817-02 M
4.053E-03 n

- v. — — -v. - —M. — X — — A- —v —•*: —x—x — —X — V “ —
1.1 VELOCITY — — ir — 5-7 -

I 2 *7 4 S 6 7 y to 1 1 12 13 Y
1 ■ j. O''i|;+00 0.OOE+OO 0-OOil+OO 0. OOLI+OO O.OOE+OO 0.•10E+ OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO .01707
1 2 (’). (*)0i"+»')0 0. OOE +00 0. 00II+00 0.0OE H'K'I O.OOL'OO 0. •iOE+OO < >. 00E +00 0- OOF+00 0.OOE 00 0.0011+00 0. OOE+ OO 0. . 'OE+OO .01705
11 II. OOE +00 0. OOE+OO 0.OOE+OO 0. O' 'fC' +'O 0.OOE+OO 0.»•GE+OO 0.00E + 00 0. OOE+OO 0. OOE. + 00 0. OOE-rOO 0.OOE+O0 0. OOF.  ̂00 . 0 1 *T J
10 O.OOE+OO 0. 0GE+O0 0.OOE+OO 0. OOE+OO 0.OOE+OO 0, *>0E+00 0.OOE+00 0.00E+oo n . 001’£ * OO 0 .OOt+00 0.OOE+OO 0. OOE i- oo .01357> 0.0-. E + mO 0. OOE ' i.ii) < >. 1 X-\T. vOO 0. ; <; 'E +' »0 0.ONEi00 0.1lOF+OO 0.OOE+OO 0.OOE+OO 0. 0OE--00 0.OOE +00 0.OOE+OO 0. OOE-i 00 .01307

0. * rljO 0. './VLi-K>n 0. i.-' iL +00 0, OOE-rOO 0.OOE+OO 0- *>0E+ o' i 0.OOE +00 0.OOE+OO 0.002+00 0.OOE +00 0.0OE+-O0 0. 007 i-O') . 0 1 26::7 9. 1 5-K-04 V.19E-04 v. rr-s-04 y.ivE-04 9. IvE - o-i 1. 5E-03 1.1 PE-03 1.15C-03 1.15E-03 1.1 EE-03 1.15E-G3 i . 1 EE-03 .012 30.6 2.. •+'>.'■- 03 2.45E-03 2. 4511-03 2.4511-03 2.45E-03 3 • t":7E-03 3.07E-03 3. 0.7'- •• >3 3. O/'E■■•03 3.07E-03 3.075-03 3. O ’E- •+?, . -MOi 33 .;'■  L — 3.31E-03 3.3 IE-03 3.31F--3 3.31E-03 4.76E-03 4.76E-03 4.76E-03 4.76E-03 4.7,:E-07 4.74F-03 4.7 . • 0037'"
4 4. •■ •ki: -0 7 4 . •,.2 4.6-2— 3 4.623-03 4.623-03 3- *’GE—:»3 5. 76E--03 5.79E-03 5.73E•03 5. 7C-G— VJ E*. 7 ':xE—'’*3 5. "-IE- 00 r5 - ‘'

* *  4 +  4r *



321

4* 4 - 4

3 ■.-j. 97E-«>3 2. 93E-G3 2.92E--03 2.02E-O3 2.V3E-03 3.c6E-03 3.OC.E-03 3.66E-03 3.66E-03 3.66E-03 3.66E-03 -r 002? 4
2 i. ioe-ck i. 13E-03 1.13E-03 1.13E-03 1.13E-03 1.42E-03 l. 42E--03 l.42E-03 1.42C-03 l.42E-03 l.42E-03 1• 000 78

> ~:r 0 • OOOOO . i ”6 9 .'Oi i‘33 .01333 .01496 .01526 .01571 .01646 .01746 .01821 .0l866 011 14 1 . 1 c. 17 Y =
1 •' 0 . ljUE M >G O. 001: +00 0.OOE+OO 0.OOE+OO 1.71E-02
i 0. Oi >£ 0.OOK+OO 0.OOE+OO 0.00E-+0O 1.50E--02
i i O. 1 l> li; -i t ll • 0. 1 )>if.->( )0 O. OOF: +00 0.OOE+OO 1.4OE--02
i ■> • i. OOE h "> u. OOE ■» 00 0. 0< >£ +00 0.OOE+00 1.33E-02

9 i».ooriin i 0. i.iuL- t-i >0 O. oOE + uO 0. OuE+ OO 1.30E-02> i. 0(>E i O.i 0.OOE+OO <i. Out. +0O 0. c>i.iE +(.)+) 1.26E-02
7 1. 1 3 1. 15E-03 1. 151=-03 1.15E-03 1.14E-02

3. o 7fE -03 3.G7E-03 3.07E-03 3.07E-03 1.01E-024. T'c i-.-i 14 4.76E-G3 4.76E-03 4.76E-03 8.57E-034 ,.i 5. 78E-03 5.7SE-03 5.78E-03 5. 45E--03
3. ■ '3 3. 6c £-03 3.661:-03 3.6oE-03 2.34E-031 . 4J'.E"0? 1.42E-03 1.42E--03 l. 42E--03 7.79E-04

X = . U2015 . U22&0 .02663 .03484
* “ ■• "

V VELOCITY  ̂ *- & -
I •f 4 5 6 7 8 y 10 11 12 13 Y

17 > uO£-i i n'i O. OOE+< >0 o.OOE+OO O.OOE+OO -3.41E-04 -1.53E-03 -2.62E-03 -3.50E-03 -2.62E-03 -1.53E-03 -3. 4 IE->4 (*). E + OO .oi 6
i . ■ M-' +oo 0. »> )[’ t-t.io 0.OOE+OO 0.00E+00 -3.41E-04 -1.53E--03 -2.6.V:E—03 -3.50E-03 -2.62E-03 -1.53E-03 -3.41H-04 0. or»-->oo .•M 4 341 : • )„ i'';|=>1lO O.OOE+OO 0.OOE+uO 0.00E+OO -3.41E-04 -1.53E-03 -2.62E-03 -3.50E-03 -2.32E-03 -1.53E-03 -3.4ir:-.i4 r». -oi7~-i *.* * - OoL' l-V • o. o* >l-;+oo 0.OOE+OO 0.OOE+00 -3. 41 E -04 -1.53E-03 -2.62E-03 -3.50E-03 -2.62E-03 -1.53E-03 -3. 4IE— :»4 0 . I l0;" n'K'l .4U • 78. .. n.-(■•( m . 0. uOE+oO O.OOE+OO 0.OOE+OO -3.41E-04 -1.53F-0.3 -2.62E-03 -3.50E-03 -2..-2E-03 -1.53F-03 -3.4JE-U4 0 0126 7-• i. ■ jf ;E i > io 0.OOE+UO 0. 00E-+00 0.OOE+OO -3.41E-04 -1.53E-03 -2.62E--03 -3. 5uE— !>3 —2.62E-03 -l.53E-03 -3.41E-U4 0 i.)(i .01 70 T
7 0. ';0E + ' lO 0. iX'E+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.0< F: +O0 0. OOE+OO 0.OOE+OO O.OOE+OO 0. OOE+O*) n . (*l . .01 0?5• • OOl+00 0.OoE+uO 0.OOE+OO 0.OOE +00 0.OOE+OO 0.OOE+OO 0.OOE+00 0.OuE+00 0.0(>E+00 0.OOE+OO 0. OOE +0<» O vi'6- i no ,00 ••••”. 5f;, U. OC i). OoE+00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+Ort 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+00 0. OOE+O ) 0. OOE-+0<5 .007 J0. • uC i 00 0.OOE+OO 0. OGE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0. 00E-+00 0. '.n)E+<>0 0. OOf: +00 0.OOE+OO 0 . 00E-+0<i O .9 -o : . ■X.;: - •"»l '. ( 1 GO ii..)i>E+00 0. OOE +OO O.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO O.OOE+OO 0.OOE+OO 0. OOF’+OO 0. 00E+O<1 • OO.'i . ; •• .if;.r-100 O. Go£+00 0. OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+uO 0.OOE +00 0.OOE+OO 0.OOE+00 0.OOE+OO 0. G0E+O( OOE -0* to.Xi'X),'

• i.uVti 1 "Ji . 0102-5 .01231 .01486 .01506 . .01546 .01596 .01696 . 01796 . 01846 . 01836 01906
I 1 . 13 16 17 Y =

‘ »„ ]}■ 1 •. i-.'i 0.00E+ O0 0.OOE+OO 0.OOE+uO 1.61 E--02O . -OOE+Gi > 0. OOE+oO 0. OOE +00 0.OOE+00 1.45E-02
j ; i>. ii.tir t-i'i 0.OOE+OO 0. OOE+Oo «). OOE+OO 1.3SE-02

* 1 . > >. IJ. vi li l 0. uOE+uo u. O0!7 ) 0.OOE+OO 1.33E-02i i.) i.J . i luE +OO O.OOE+uO 0 . OOE'+uO 1. 28E-0?
D . OuE+OO 0. - +00 0. ( iOE vUO 0. OOE+-UO 1. 20E-020. iVlfc" 1 I.M) 0. iGt'i-i OO O X  t-'V;* 0  . 1. 08E-02

:Oii*> »*. i i . Oi i • »0 0. * *0 o. '..'. 'Ei+' i',. 9.35E--03I'l . . 1 ; •OE-oO * i*1 \ l r*V.i o . u.; + i.’! 7.0JE-03



A 0. OOlr +t io 0.OOE+OO O.OOE+OO 0.OOE+OO 3.9OE-03
0 . > ' ) ( ' ) 0.OOE+OO 0.OOE+OO 0.OOE+OO i. s<:E-o
0. U( )E. <-i it) 0.OOE+OO o.OOE+OO 0.OOE+OO (). OoE+00

X = . 021.24 .02796 .02940 .04029
** ^

PRESSURE  ̂— _;1):_ — jP: — >* — — fr —
I 2 .3 4 S 7 8 y 10 1 1 12 13 Y

is O. < iOf +< )<’» U.OOE+OO 0.OOE+OO 0.OOE+OO < l.OOE + OO O.OOE+OO O.OOE+OO 0.OOE+OO O.OOE+OO 0.OOE+OO 0.OOE+OO 0. 0<"»E .01707
12 0. OoE+OO 0.OOE+OO 0. OOE+OO 0 .OOE+00 1.03E+00 1.03E +00 1.03E+00 1.03000 1.03E+00 1.03E+00 1.03E+00 0. OOE i-OO .01505
1 1 (i. OOE+oO 0. tioE+tiO 0.OOE+OO 0.OOE+OO 1 .0 1E+00 1 .0 1E+00 1 .0 1E+00 1 .0 1E+00 1 . 0 1 E+00 1.01 E'+OO 1 .0 1E+00 0.OOE+OO .014 04
io 0 .OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 1 .0 1E+00 1 .0 1E+00 1 .0 1E+00 1 .0 1E+00 1 .01£+00 1 .0 1E+00 l .01 E l 00 o. oorr-* oo . 01353y u. OOL+oO O. OOE+OO 0. OOE+OO 0.OOE+OO 1.OOE+OO 1.OOE+Oo 1.OOE+OO 1. OOEh-OO 1.OOE+OO 1.OOE+OO 1.OOE+OO 0.OOFiOo .O1303

0.OuE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 9.97E-01 9.97E-01 9.97E-01 9.97E-01 9.97E-01 9.97E-01 9 .97E—0 1 O. OOE + OO .01702•' 1 . < iOE+OO 9.9 ] £ - 0 1 9.87E-01 9.83E-01 9.83E-01 9.33E-01 9.S3E-01 9■S3E-U1 9.33E-01 9 . 33E-01 9 .S3E—0 1 9. 74E-O1 . <3 1 1 73
1.OOE+Oo 9 .9 IE-0 1 9.S7E-01 9.83E-01 9. SSL--0 1 9.32E-01 9.31E-01 9.73E-01 9.76E-01 9.75E-01 9.74E-0l 9. 7 4E-O1 . 0101 7

5 1.OOE+OO 9 . 91E-01 9.S7E-01 9.33E-01 9.33E—0 1 9.32E-01 9.S1E-01 9.78E-01 9.76E-01 9.75E-01 9.74E-01 9.74E-O1 . OO:1;1:.-'
A 1 . OoE + cji<) 9.9lE- 0 1 9.S7E-01 9.83E-01 9.33E- 0 1 9.32E-01 9.31£-01 9.70E-01 9.7 6 C -0 1 9.75E-01 9.74E- 0 1 9.74E-01 . 0054.5*7 1.0OE+ 00 9.91E—O1 9.87E-01 9.33E-01 9.33E-01 9.32E-01 9.3IE—01 9.78E-01 9 . 76E-01 9.75E-01 9.74E-01 9.74E-01 .0027c
2 1.OOE+OO 9.91t-01 9.G7E-01 9.33E-01 9.S3E-01 9.82E-01 9.31E—01 9.7SE-01 9.76E--91 9.7SE-01 9.74E-01 9.74E-0 l . 0007:“*!

X = . 005 1 2 .01025 .01231 .01436 .01S06 .01546 .01596 .01696 .01796 .01346 .01336 . 0 1
I 14 IS 16 17 V =

17. t.». OOE+OO 0. OOE+OO 0.OOE+OO 0.OOE+OO 1.71E-02
12 0. OOEh < >< i o. oOE+OO <1. OOE+OO 0.OOE+OO 1.50E-02
1 1 <i. t.iOE+oo O. J< l£+00 0.OOE+OO 0.OOE+OO 1.4OE-02
10 o. OOE'+< »i • O.OOE+O0 0.OOE+OO 0.OOE+OO 1 .35E-02

0. t iOE+t »o 0. • ioE+OO 0.00E+O0 0.ooE+oO 1.30E-02
O. OOE+t to 0. OOE+oO O. 00E+dO 0.OOE+OO 1.26E—02

7 9. C . I ] 9.o3E-01 9.S1E-01 0.OOE+OO 1. 14E-02v. oVlr--ol 9. 6313-01 9.51E—O1 0.OOE+OO 1 .0 1E- 0 23 9. 69E—o 1 9. 6-3E-i.il 9.51E-01 0.OOE+OO 8.57E--03
A 9.o9E-ol 9.63E-01 9.51E-01 0.oOE+OO 5.45E-03

9.69E-0I 9.63E-0l 9.S1E-01 0.OOE+OO 2.34E 03
9.o9E-ol 9. o-r’E-0 1 9.51E-01 0.OOE+OO 7. 791:—04

X = .02124 .02396 .02940 .04029
ITER I----- ABSOLUTE RESIDUAL. SOURCE SUMS------1 l-FIELD VALUES AT MONITORING LOCATION ( 6 , 7)-I
10. uriuM VMOM MASS U V P

1 3.531E+O0 •y #191E-01 4. SOAL^-Ol 3.103E-O4-1.422E-04 1.O56E+00
t.090E+01 y.667E+00 7.855E-01 - 1.601 E-«)4-4.296E-04 1.059E+00
6.784E+00 L.V 805E-I-0O 5.026E-01 -1.702E-« )4-5. 592E-04 9.824E-01

4 3.247E+00 7. 95 7E+00 2.632E-01 - 1.735E-OA-6.335E-04 1.007Ei00
5 1.693E+0O 1.6S3E+O0 1.572E-01 -3.477E-05—6.945E-04 9.770E-01

1.996E +()0 1.335E+00 6.722E-02 1.71OE-04-6.949E-04 9.708E-01

* #
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cjro

1.-.' 11. (1011+00 O.OOE+00 0.OOE+OO 0.OOE+OO 0.OOE+oO -2. • I6E-06 -7.48E-06 -1.60E-05 -1.38E-05 -4.65E-06 2.47E-07 0. 0< ‘E•* • )0 .01505
11 (i. 0>OiE+0>0i 0. 00f£+OO 0.OoE+OO 0.OOE+OO 0.OoE+OO -1.58E-06 -6.65E-06 -5.65E-06 4.96l£—:*6 -3.92E-06 -2.04E-06 0. O* mT h:Vi . 01 4
lo 0.0>0>E+0»0) 0.OOE+00 0.OOE+OO 0.OOE+OO 0.OOE+OO -2. -• 1E-06 -1.82E-06 2.97E-05 6.55E-05 1.S7E-05 -1.17E-06 0. OOE4 O'-'I .01353

9 O. OOE+OO 0.OOE+00 0.OOE+OO 0.OOE+OO O'. OoE+ OO -5.55E-06 1.46E-05 1 . 1 IE-04 2 .05E-04 1.03E-04 1.8411-05 0.0<iE* oO .01303o. iXiE-h >0 0.00E+O0 0.OOE+OO 0.OOE+oO 0.OOE+OO -1.45E-05 4.80E-05 2. 3IE—04 4.16E-04 2.88E-04 1.05E-O4 <>. OOf; + O0 .01262
7 9 . 19E-04 9.47E-04 9.60E-04 9.65E-04 6.24E-04 5.31E-04 7.07E-04 1. 13E-03 l.83E-03 2.23E-03 2.33E-03 2.21E-03 .01178
t-. 2. 45E-U3 2.45E-03 2.42E-03 2.29E-03 2.14E-03 2.13E-03 2.19E-03 2.47E-03 3.07E-03 3.4 2E-03 3.53E-03 3.33E-03 . 01 o 13

3.:::IE-03 3.78E-03 3.72E-03 3.64E-03 3.68E-03 3.70E-03 3.76E--03 3.922-03 4.25E-03 4.47E-03 4.58E-03 4...-'E~0 3 .00857
4 4 - .v2E-03 4. oOE—< *3 4.61E—03 4.65E-03 4.75E-03 4.77E-03 4.82E-03 4.92E-03 5.O0E-O3 5.21E-03 5.29E-03 5.33E-< )3 .00545
*r 2 .93E-03 2.O4E-03 2.99E-03 3.07E-03 3.14E-03 3.17E-03 3.20E-03 3.26E-03 3.36E-03 3.43E-03 3.43E-03 3.50E-01 . 00 :’34
- 1.1 3E-o3 1.18S-03 1.2IE—03 1.25E-03 1.28E-03 1.29E-03 1.3 IE—03 1.34E-03 1.38E-03 1.4IE-03 1.43E-03 1.44E-03 . 00075;

X = O.OOoOO .00769 .01153 .01383 .01496 .01526 .01571 .01646 .01746 .01821 .01866 .01896
I 14 15 16 17 Y =

13 0.OOE+oO 0.OOE+OO O.OOE+OO 0.OOE+OO 1.71E—02
12 >>. OoE+Om 0. OOlrO-OO 0.OOE+OO 0.OoE+OO 1.50E--02
1 1 O. O0E+■«■>(.! O. OOE+nO 0.OOE+OO 0.OOE+OO 1.40E-02
10 O. 0>OE+00) 0.OOE+OO 0.OOE+OO 0.OOE+OO 1.35E-02

•7 O.OnE+nn O.OOE+OO 0.OOE+OO 0.OOE+OO 1.3OE-02
0. OOE H>0 o. OOiE+oO 0.OOE+OO 0.OOE+OO 1.26E--027 1.38E-« *3 1.13E-03 1.15E-03 1.15E-03 1.. 14E-02
3.3SE-03 3.03E-03 3.00E-03 3.07E-03 1.01E-02!-, 4.8OE-03 4.73E-03 4.68E-03 4.76E-03 8.57E-03

4 5. 52E--03 5. 70L-.-O3 5.75E-03 5.78E-03 5.45E--03
3. 1 E—03 3.74E-o3 3.74E-03 3.66E-U3 2.34E-03

•- 1.4yE—C>3 1.5 3E~0>3 1.S2E-03 l.42E-03 7.79E-04
X- . 0201!:« .02260 .02668 .03484

V VELOCITY .6 i.. ii. ii ..C i- JL -w .

1 2 4 5 6 7 8 9 10 11 12 1 3 Y
1 ; (I. o< )|£ + oO 0.OOE+OO 0.OOE+OO 0.OOE+OO -3.4 IE-04 -1.53E-03 -2.62E-03 -3.50E-03 -2.62E-03 -1.53E-03 -3.41E-04 0. OOE+O>0 .03c 06
12 0. i m >|£+o< i 0.OOE+OO 0.OOE+OO O.OOE+OO -3.53E-04 -1.55E-03 -2.64E-03 -3.49E-03 —2.6 1E-03 -1.5IE-03 -3.42E-04 0.OOE+oO .01454
1 1 0.Out+00 0.OOE+OO 0.OOE+OO 0.OOE+OO -3.58E-04 -1.5cE-03 -2.64E-03 -3.49E-03 -2.6lf£-03 -1.5IE -03 —3.37E-04 0. I'lul- lOO . OH 779in O. OOE+« 10 0. OOl-'+wO 0.OOE+OO 0.OOE+OO -3.63E-04 -1.56E-03 -2.62E-03 -3.47E-03 -2.65E-03 -1.53E-03 -3.35E-04 o. oor * < >o .01728

0.OOEi00 0. ooE-t < in 0. 0< >E+ 00 0.OOE+OO -3.71£-04 -1.54E-03 -2.56E-03 -3.43E-03 -2.71E-03 -1.62E-03 -3.63E-04 ’ O. OOE-i Oi l .01253
0. <1013 -t 00 O.OOE400 0.OOE+OO 0.OOE+oO -4.12E-04 -1.42E-03 -2.36E-03 -3.27E-03 -2.85E-03 -1.96E-03 -6.53E-04 0.00>E + * >0 . o 1 200)7 4.c.3E-Oc. 4.15E-06 2.10E-06 -3.78E-04 -5.9 IE-04 -1.08E-03 -1.66E--03 -2. 4OE-0>3 -2.18E-03 -l.69E-03 -1.15E-03 -8.652-04 . Oil 075
3.39E—06 -5.95E-06 -7.94E—05 -5.64E-04 -6.60E-04 -8.73E-04 -1.15E-03 -1.56E-03 -1.52E-03 -1.35E-03 -1.17E-03 -1.08E-O3 . O)0'r'35
-4.9 7E-06 -4.04E-05 -1.68E-04 -4.67E-04 -5. 01E--04 -•5.69E-04 -6.53E-04 -7.92E-04 -8.19E-04 -7.95E-04 -7.63E-04 -7.472-04 .00701

4 --1.48E-05 -3.77E-05 -1.05E-04 -2.08E—04 -2.17E-04 -2.25E-04 -2.55E-04 -2.86E—04 —2.90E—04 —2 .82E-04 -2. 73E--04 -2.69E-04 .0 0 7 9 0
-1.03E-05 - 9 . 90E-06 -2.52E-05 —4.92E--05 -5.10E-05 -5.48E-0S -5.90E-05 -6. 49E— .’>5 - 6. 4 5 E—»' ’> 5 — 6 .2 2 E - 0 5 -5.98E-05 -5.88E-05 . OiO 1 Co
O. oOE+OO 0.OoE+OO 0.OOE+OO 0.OOE+oO 0.OOE+OO 0.OOE *00 0.OOE+OO 0.OOE * 00 0.OOE+OO 0.OOE+OO 0.OOE+OO o. <;>oi;: i-ooo.OOOOO

X' = .00512 .01025 .01281 .01486 .01506 .01546 .01596 . < ) 1696 .01796 .01846 .01886 .0190 6I 14 15 16 17 Y =.1

* ♦ *
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* *  *

1 "3 O. 0012m 10 0. 001- +< iO 0.OOE+OO 0.OOE+OO 1.61E-02
12 O. i.>0£+00 0. OOE +O0 0.OOE+OO 0.OOE+OO 1.45E--02
1 1 o. UdE+> *0 O. OOII+OC) Ci. OOE +00 O.OOE+oO 1.3312-02
M O. OOE i i »( » o. Ck )E+O0 0.OOE +00 0,OOE+OO 1.3312-02

-t O. (»(»l: hOO o.0012+00 0. O0l: < 00 0-OOE+OO 1.28E-020. ( jt.ilE too 0.00E+O0 0.OOE+OO 0.0012+00 1.20E-02
7 -1.2817—04 4.87E-06 -8.47E-08 0. 0012+00 1. Ci 8 E—02
t\ -3. 1 IE 04 -5.17E-06 1.08E--05 0.OOE+OO 9.35E-035 -3.8312-04 •••3.43E-05 3.37E-05 0.OOE+OO 7.OlE-03
4 -1.5011-04 5. 0312-06 4.34E—05 0.OOE+OO 3.90E-03
J. -8. 02I2--U5 o. 2412-06 1.97E-05 0.OOE+OO 1.56E-03
2 o.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO o. ooE+oci

.02124 .02396 .02940 - 04029

PRESSUREI 2 yt 4 5 6 7
1 3 O. 001:+Cl 0 0 . OOE+OO 0.OOE+OO 0.OOE+OO 0.ooe+oo 0.OOE+OO
1 J 1. 12E-02 1.12E-02 1.12E-02 1.12E-02 1.03E+0O l.03G+00
1 1 l. 12E-< i2 1. 12E-02 1.12E-02 1.12E-02 1.02E+O0 1.02E+00
10 1. 12E-02 1.12E-02 1. 12E- 02 l. 12E-02 1.01 E+00 1.01E+00

9 1.12E-02 1.12E-02 1.12E-02 1.12E-02 1. OOE+CiO 1.OOE+OO
J J 1. 12E -02 1.12E-02 1.12E-02 1. 12E-02 9.93E-01 9 . 96E-01
7 1. OOE+oO 9 . 9OE-01 9.84E-01 9.77E-01 9.80E-01 9.S4E-01

1.oOE+OO 9 . 9OG-01 9.85E-01 9 . 83E-01 9.82E-01 9.03E-015 l . o0l:.+O0 9.9OE-01 9.85E-01 9.83E-<il 9.82E-01 9.81E-01
4 1. < ioE H It ) 9.9017-01 9.85E-01 9.82E-01 9.80E-01 9.80E-013 1 . dO|2+«to 9. 9< iE-01 9 . 8512-01 9.32E-01 9.80E-01 9.79E-01
2 1 -OOE +00 9.9uE—0 1 9.85E-01 9.S2E-01 9 . 80E-01 9.80E-01

- .00512 . 0102:5 .01281 .01486 .01506 .01546I 14 15 16 17 Y -
13 0.OOE+OO 0.OoE+OO 0.OOE+OO 0.OOE+OO 1.7112-0212 1. 12E-02 1.12E-02 1.12E-02 0.OOE+00 1.50E-02
11 l.12E-02 1. 1212-02 1.12E-02 0.OOE+OO 1.40E-02
lo 1. 12E--02 1.12E-02 1.12E-02 0.OOE +00 1.35E--02*;/ 1 . 121::-02 1.12E-02 1.12E-02 0.OOE+OO 1.30E-023 1.12E-02 1.12E-02 1.12E-02 0.OOE+OO 1.26E-02

7 9 . oOl: — 01 9.56E-01 9.44E-01 0.OOE+OO 1.14E-02
6 9 . 62E-01 9.56E-01 9.4412-01 0.OOE +0O 1.01E-02*;, V. 6412—0 1 9.57E-01 9.44E-01 (). 0012+00 8.57E-03
4 9 . 658-01 9 .58E-01 9.44E-01 0.OOE+OO 5. 45E--03
3 2. 6-:IE-01 9.53E-01 9. 4 412—Ci 1 0. OCiE mki 2.3412-03
2 9 . ooE-01 9.5812-01 9.44E-01 0.OOE+oO 7.79E-04
= .02124 .02396 .02940 .04029

— ior — :«*— m — ** — ** —x — **—*$ —jur—*Mf — **—*a» — *>•— i* — ?* — •*
8 9 10 11 12 13 Y

0.OOE+OO 0•OoE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OQ .01707
1.03E+00 1.03E+00 1.03E+00 l.03E+00 1.03E+00 1. 12E-02 . Ci 1 5 Ci 5
1.02E+00 1.02E+00 1.02E+00 1.02E+00 1.02E+00 1 .12E-02 .01404
1.01E+00 1.01 E +00 1.01E+00 l.01E+00 1.01E+00 1. 12E-02 .01353
1.01E+00 1.01E+00 1.01E+0O 1.01E+00 1.01E+O0 1. 1212-0? . Ci 1303
9.98E-01 1.OOE+OO 9.99£—01 1.OOE+OO 1.01£+00 1. 12E--02 .01262
9.87E-01 9.88E-01 9.83E-01 9.77E-01 9.71E—O 1 9.63E-01 .01138
9.33E-01 9.81E-01 9.77E-01 9.73E-01 9.70E-01 9.6SG-CU .01013
9.80E-01 9.78E-01 9.75E-01 9.73E-01 9.7IE—01 9.69E-CU .00857
9.78E-01 9.76E-01 9.74E--01 9.73E-01 9.72E-01 9.70E-Ol .00545
9.78E-01 9.76E-01 9.74E-01 9.73E-01 9.72E-01 9. 7*"'E—01 . 002:3 4
9.78E-01 9.77E-01 9.75E-01 9.73E-01 9.72E-01 71E-01 .00078
.01596 .01696 .01796 .01846 .01886 .01906

~sj 
l-J



fro-56/.’L £0-3Str * 1 £0-3?S * T £0-3*«,,I iiO3':-L 
£0'51 fc'i. ’ C £'• ’-.rlV':-'" E £t.l—lilt’/ “£ £.'( >—.-.II// . “£ l*.l” :l l £0--3st’ 'a xio-aoz co-3!»z *s eo-soz. -a io--3ja £<—3Z.'3 *8 £0-39/. * £0-5189 EO-AILE’F £o-5IT0
cO-3 TO' I £0-3/.0 ’ £ £0-30U * £ £0-310 ' £ £ 0- 39£
50-HlfrI *T C0-3SI *1 £u-3QI ' I £0-3£I*1 £0--:IC£

BZ
Z

fc
 

C
" 

C
- 

V
i 

w
 

•••
C 

-•
 —

 
..

J

cr-
 
*
 •:-
j -

 -
• 
c 

c-
 r

 r
- 

z

x 
r 

x' 
x 

r'
 

r
x f
t x
 ft: 
m x

± 
i
z
 
t 
z
t

X
 

X
 

X
' 

X
 X

 
X

~ 
O 

Z 
E 
C 
C

ft
 —

 
— 

X; 
—

X.
 

x 
x. 

x 
x'

 x

z
 

z
 o

 o
 o

 z

x 
r' 
x X

 x
 x

ft
 X

X
X

X
 f

t:
t 

z 
± 
± 

± 
±

5
5

=
0

0
0

r*t
 f~
- r
-.

= 
s x

 ;=
 X
 X,

x
 

—
 x

 rr
- 

x
 ft

-

Z 
i 

± 
1 

i 
i

x 
x;

 x
 x

. 
x

 x
,

ro
 c

j 
tj

 f
c 
;.n

 v
i 

m^
xH
ii
ii
x

AA
-A

A-
AA

ro
 r

o 
ro

 f
o.

:o
 r

o

ii 
- 

---
-
 

i
ro

 •.
. 

*
 cn

 c
 

cc-
 o

 c
 

-
 r

o 
c;

 
v:

z 
—

 r-
v 

x
 u

 v
j 

i 
- 

- 
r

o
c

 
'i

I
k
 
b
b
a

h 
ft.
b 
A

i
’= 
i 
i 
k 

., 
]

z 
x,

 n
 x

 -
 ,

-i 
x

 r
r, 

x
,x

 x
 ft
, 

~ 
'i

x ’ 
w

 y
 w

 u
 u

 I
 

■:■
 c

 c
 

o 
5

 
*. i

—
 r

-j 
-t-

 c
j 

ro
 • ;

• o
 O

' c
 
z 
z 
z

 
i

■- 
* 

L 
1 

£ 
£ 
■_ 

*
CH

 O
' 

C-
 fc

 
0 

:V:
 C

r 
X:

 ~
 

”,
 

-■
 

f:
 

*
VI

 
IT;

 —
 

X
 X

; 
xi

 
X

 X
, X

 X
i 

ft.
 f

t 
ft-

y, 
i.
il
iJ
LJ
L±
 +
 +
 ±
 +
 i

" 
u

w
5

u
-

5
o

:5
o

5
5

—
 f

v 
-fc-

 C
J 

iv
 '•

£ 
o

 o
 o

 o
 c

- 
0

•—
 c

 
ro

 O
' 

o>
 v

i 
fc

 •'
 

c 
c 

c-
 

c 
o

 o
0- 

— 
— 

iV. 
0- 

to 
CJ 

f'j 
O 

0 
C 

O 
Z

 0
 

J*
•—

 
n

 —
 

x
 n

 n
 

X;
 x

 x
 x

 
xi

 x
 x

y 
l 
,i, 

i x
. i
 i

. i
 i.

 
± 

z. 
+

co
 ft
 
ft
 ft
 f
t 
Z
 z

 5
 5

 
5

 5
 5

—
 c

i 
-t-

 o
r 

ro
 

C 
o

 c
 O

 
c

 O
 C

-

<y.
 

rn
 X

 
rr,

 X
: 

X
 

X
 X

 X
 X

 
X

X
X

R 
JL

ii
^i

li
+i

+i
 +
 i

^ 
w

w
w

w
w

Z
o

o
o

o
o

o

*-
 c

j 
-fc

 c
-i 

ro
 o

 c
- 

c-
 o

 
c 

c 
c-

o
 

rv
 -

v
o

-
 

f.j
 o

 c
 o

 
c 

o
- 

rn 
_t_- 

-fc 
-v. 

r.n 
— 

c 
Z

 Z
 

Z
 Z

 Z
 

C-
<

 -
fc 

Xi
 X

 
X

 x
 n

i x
 X

 X
i X

 
X

 X
i X

,, 
'£

 
A 
A 
A A

 A
 i. 
A 

A
 A

 
i. 
A i

f
t
f
t
f
t
f
t
f
t
f
t
z
z
z
z
z
z
'

I 
i 

I i 
I

—
 c

j 
*

 c
j 

ro
 c

n 
►-

 c
n 

to
 —

 i
o 

o
o

 
ro

 -
 

vi
 v

 -
 

co
 -f

c 
*

 c
 - 

c[i
 p

 
o

cr
 

x
 x

 
x

 x
 x

i 
rn

 m
 x

i x
 x

 x
i x

i 
^

 x
y 

i, 
-

ft 
ft
uC
i 
ft 

ft f
t ft
-6
 

<
i 

i i
—

 C
J 

-fc.
 C

J 
to

 V
i 

Ji
 —

 —
 0

, 
Vl

 O
c-

 
cj

 —
 

cc
 v

j r
.< 

—
 -o

 c
.r 

o-.
 o

. c
n 

o
-

 
o

 o
 

ro
 v

i o
 

c.n
 r 

f 
ro

 v
 c

n o
 

co
cr

 
p

i 
rn

 
rri

 in
 rn

 
rn

 m
 m

 rn
 m

 s
ri 

rn
- 

i 
i 
A 
A 
A 
A A

 A
 A
 A
 A 

A
w

 c
j 

cj
 c

j 
ft

 Z
 c

n 
o’

 o
- 
o-

 a
- 

o
 

i 
i

—
 c

j 
-fc-

 c
j 

to
 —

 r
o 

—
 c

j 
cn

 —
 o

o
 

cj
 r

o 
c 

o
-f

c
-c

j 
—

 o
c

fc
c

^
o

 
i

*-
 

CJ
 V

 
—

 C
J C

C1 
-fc

 
:0

 C
J 

—
 —

 
O

 
*

0 
Xi

 X
 

X
 X

 X
 

X
 X

 X
 X

 X
 X

 
X

 
I

£ 
A 
A 

A A
 A
 o

 A 
A A

 A
 A
 A

 
?

■ft
 f
t 
ft
 f
t 
fti

 j
Z

fc
 A

n 
.A

 A
r- 

o
 

i
; 

J:
—

 c
j 

cn
 -

u 
c

j 
—

 -
fc 

?o
 ■

>• 
&

 —
 o

 
i

o
 

c-i
 c

-j 
c-

 ro
. o

 cc
> 

—
 O

' 
—

 
cj

 o
 

—
 t

-
 

CC
: -1

3 
Vj

 0
- 

?5
 *

 
0 

0--
 ro

 -f
c 

•<:
 o

 
o

 A
v|

 
X;

 X
 

X
 X

 X
 X

 X
X

X
 

X
 X

 X
 

i
£ 

A 
A. 

i i
 1
 A
 i
 A
 A

 A
 A
 A
 

f
Ar

 A
 A

 f
t 

Ar
 A

A
A

 A
 f
t 

An
 c

- 
t.

i 
i 

*
—

 c
j 
<j\

 4
> 

cj
 r

o 
ro

 »
- 

—
 »

>j 
^

 o
 

i

- 
*■
 f
t™

 ±
 t

 f’-
' 

R
 p

 
cc

 a
 ’

 j 
c-

 
-

 
i

CC
' 

X
 X

 
X;

 X
 X

 X
 x

l 
X

 
X

 X
 X

 X
 

*”
 

t
- 

0 
0
0
0
-
0
0
0
0
0
0
0
0
 

f
A

 A
* 

A
 A

 A
 A

 A
 A

 A
 ft
-- 

A
 5

i
I 

I 
1C:

*-
 c

j 
o’

 -
fc 

cj
 r

o 
—

 —
 —

 f
-.i 

>.j
 o

 
|

o
 

j*
 

ro
 cn

 c
n c

j 
o

 
-

 o
 

cj
 o

 
-

 t
-

 
c-r

 v
 

co
 -0

 c
n -

fc 
o-

 c
n c

--. 
v

 o
 

ro
 #

cu
 

x
 x

 
x

 ,x
 X

 x
 X

 n
 

x
 x

 x
 x

 
i

*; 
i 
i 

; J
L, 

X A
 .K
 A
 i
. A
 1.
 ‘
 

A
A

 A
 A

 A
 A

 A
 A

 A
 A

 f
t. 

c-
 

A :
—

 c
j 

cn
 -

fc 
iv

 o
 o

 o
 

o
 o

 o
 

V
. 

■
■
•
•
•
•
'
•
•
•
■
 

4
c-

 
cn

 
-.j

 c-
 

cn
 ro

 
c-

 o
 o

 o
 

o
 o

 
—

»-* 
‘ ̂ 
-i- 
~ 
i ‘ 

: C
 C
‘ 

■'
x

 x
 x

 x
 x

 x
 x

 x
 x

 x
 x

 x
/' 

: 
i. 
J. 
i 
1 
i 
• 
: 
: 
i 
: 
:

A
 

A
 

A
 

A
 A

 
A

 
o

 A 
3

 5
 o

 o

o
 

§
 

A
 

x
 o:

 
i

 p;
 

o
 o!

 5
 —

r 
<o

 
c"

 
A

 o
 

-*
 cj

 
:j

 j-
 ' c

 j
'-j

 
-.o

 
—

 »j
 ..
.. 
c-
 >0

 
c-

 c<
•:o

 4
* 

cn
 v

 v
j 

ro
 > 

< (
.-i 

-fc
 c

n 
j 

<

.v
o 
o 
o

O
. 

-_n
 c

n 
f n

 c
n 

cn
 c

n 
cn

 c
n 

- 
:c

- 
0

- 
cn

 
-f

c 
C

J 
!-

. 
—

v
 

--
 o

 —
 —

 r
o 

cj
 fc

 -fc
 

cn
 c

; v
j 

c; 
••£=

o»
 

ro
 c

c 
or

 -
o 

c»-
 r

*.. 
o

 v
 

cn
 C

j 
—

 -
o 

o
vj

 
?o

 
-c-

 
-C

 
••£

. 
-

 f
c 

-
 

-
 

cn
 c

n 
c

X
i 

X
 X

i 
X

 X
 X

 
X

i X
 X

 
X

 X
 X

 X
 

X
A

 
i 

i.
 

i 
i 

i.
 ,

i. 
.1 

A
 ,

i i
.i

 
i

A
 

to
 f
t 

ro
 r

e 
ft
 f
t f
t f
t 

ro
 r

o r
o 

ro
 

io

0-
 
—
 C>
i 
O
 O

 —
 —

 ro
 Cj
 
CJ
 f
c c
n 
0 

vi
cj
 
o
 -
o 
-
 o
- 
ro
 v
j c

j c
 
cc
 O
' c
n 
cn
 
cn

•>
 
*-
 r
o 
-
 f
c 
o
 0

- ••
£. c
n 

- 
-
 t.-
i -

 
v

X
 

X
 X

i 
X

 X
 X

 
X

 X
 X

; 
X

 X
; X

 X
 

X

o 
O 
o 
A 
o 
o 
o C
. o
 A

 6
 A. 
A 
A

A
 

A
 A

 r
o 

ro
 r

o 
ro

 ro
 ro

 
ro

 r
o f
t 

to
 r

o
ro

 
ro

 ro
 r

o 
ro

 t
o 

ro
 ro

 ro
 

ro
 r

o r
o 

no
 

ro
—

 f
c

f
c

f
c

f
c

f
c

f
c

f
c

f
c

f
c

 
fc

 
fc

 f
c 

fc
—

 —
 —

 t
o 

ro
 r

o 
ro

 -
 —

 
—

 r
o r

o 
ro

 
ro

m
 

x
 x

! 
x

 X
 X

 
X

 X
 X

 
X

 X
 X

 X
i 

X

•A 
A 
A 
A 
A 
A 
A 
I A
 
A 
A A

 A-
 O

cj
 

a
 a

 a
 a

 a
 a

 a
 a

 
a

 A
 A

 A
 
ft

0-
 f

fc 
C--

 v
 - 
0-

 
'?•

 
0 
0 

0 
0 
0-

ro
 r

o 
ro

 r
o 

ro
 r

-j 
vi

 v
i 

o 
cr-

 c
n

y
 c

j 
c-j

 ro
 ro
 to
 ro
 to

i i
. i 

i.. i
 x 

A
fc
fc
Zf
cf
cf
cf
cf
c

! 1 
! 1 

j I 
I I

cn 
cn 
cn 
cn 
cn 
cr, 
cn 
cn

x
 m

 x
 x

 x
 x

A 
A
A
A
 A
 A

A 
a 

a ̂
 x
 i

! 
I 

1 
I 

i 
I

cn 
cn 
cn 
cn 
cn 
</,

i 
i, 

I 
i,

 i
 X
. 

i 
i.

fc
fc
fc
if
cf
cf
cf
c

R 
R 
R 

•£ 
'$

•o 
-o 
'O 

Z 
Z
 Z
> 

X
 X

 
X

 X
 X

 x

A 
A 
A 
A 
A. 
A

A 
fc 
A 
A 
fc 
fc

V' -
C- -C
' <i
 -%C> 
’ 0 -
0 -0
 O 
'0 '
•£' 0

 •'£• 
-<i

X
 X

 X
i 

X
 X

 X
 m

 X

AA
A
 i
 A
 A
 A
 A

w
 

s_
‘ 
v 

W
 
O 

' 
s-

/

§
f

X
X
 X
 X
 X
 x

a
a
a
a
a
a

II

IT£k I-----ADS0LU7E RESIDUAL SOURCE SUI1S----- 1 I-FI ELD VALUES AT MONITORING LOCATION
NO. UMOM VMUM MASS I.J V P



%**%*

•0 
1* 

<5- 
3? 

F? C
 LO 

If 
-* 

C
 0 o

o u-) 
F- 

oi 
o? ■"• O' 

r ‘ 
c 

•:• u • c
t

 ro ro «
 

>:•: c
 o

. r- 
-

 c

2 c 
coco c 

9 O
M

P
-rP

 to '*! 
n

 
o

 O
 'f> O

 
f* —

N
 in «r • 

ro o • ~
 c

i*
 

O

•:oi 
i

'+ 7 x 
x i 7 7 

t I 
7 ‘T =

x 
x 

x
 

x 
x

. x L- 
i

 
77 

’-C 
x

c
 c

 
c

 o
 c

Q
 —

> N
. 0-i <

! C
 

i 
: 

i 
: 

i

>r 11 t c
t
 p p <r t p c

c o c c c o c o c o c c
i i i i i ; i i i i i -

:U
 

^
i —

■ 
x- x- f:> ro • ■:• 

it.' —
 —

 N
 .;o to o

 
c

i1

ro ro o? to f-' '0
 —

 -* 
oi '0

 c
I 

I 
! 

t 
i 

i 
i 

i 
i 

i 
i

ro f; ro to 
oi ro m t ̂ ic o

? ? 
? 7 ? 7 ? ? 7 7 ? 7

in m
 

in in 
o p

. 
n

 c
 p. h- o

I—I *—I 
i—• 

I —* CO f*i *o o
! 

I 
I 

! 
I 

I 
! 

! 
I 

! 
I

ro ro ro ro ro ro F; ro «r x- w c
? ? 

9 7 7 ? ? ? ? ? ? 7

'0
 '0

 
'0

 V
) fs. 

CO -< 
»

 0
i p

. '0
 O

e
o

i-
o

c
t 

I 
I 

! 
! 

I 
I 

I 
I

01 P
i

01 oi O
i O

i 0) 
! 

I

-i N
 0 ! '0

 O
 

i 
I 

i 
I

2 ? S 2 9
Y 7 T 7 ¥
LLl Ui Llj tii lU
z
r
&
u

Pi Oi Oi O
i 01 O

i ^
 

! 
I 

I 
i 

! 
I 

I

ro ro 
ro ro to ro

? ? ? T 7 ? 'T

If; if; if; ifi u; rr

'0 O
i li* 

C
I 

! 
I 

I
-r 'T

 -t !f: O

'? ? 7 ? ?
c c o=:Sc

I 
i 

! 
i 

I 
I 

I 
?r if 

«r ’?
 

*r *r ^r
c

 
o

 
o

 c
 c

 c
 c

UJ tjj 
Ijj :_ij tli LLi LU

^
 0; 

CO- o; 
—

 —
i O

'
rr ti'; 

iiO y >" —
 CO

CO liO Orl U* 
O

 
i 

I 
i 

I
!

;
:

!
 'i' 2

7 r 7 T ¥

c-.. —
 -1 o

ro 0
; 0*’ p

i W
 “

 ii*; 
I 

I 
I 

i 
I 

I 
!

'=' 
=

 x
 

-
 

=
 

- ?
+ 

7 ¥ ¥ 7 7 T
u

 
u

 iu
 U1 *

 iM
 LJ

O 
3 o o 5 c

c 
o c c c

0 <r oi u* c
1 
! 
I I

7 7' r 7 7
ij* in c o- o

r-i

9. 
9 9 2 9

 9
 '2

7 
7 + ¥ 7 7 '7

Li.' 
LU LU Lii UJ ;ii LU

- 
- - 2 9 9.

li* 
T

 
1 

i
Oi 

c
 

i 
i

h2 t
t
;2
9

y r Y r 7
ili LU LU !U LU

•3 
0

 C
 

fo O

c
 c

 c
 o

 c
 c

 ro
O

' —
 -H

 0!
t

i
l

l

9
9
9
9
9
9
2
2
^
^
2
9 

z
 7

 
¥

 7
 x

 
i

 7
 Y

 7
 7 7

 7
LU LU 

LU LLi ‘li 
Lii LU 'ii LU Lii LU LU

2
 

~
 

- ~
 

x
 

x' 7
! J7. i.'1 9

 ^
 x

_■ ■—
 

■- - 
_■ 

_
 

li; Lii O
' u

i 
’1

X
X

X
¥ 7

-
 

—
- f-.-. r.-; 

•>..
1

1
1

1

2
9
9
2
2
2
2
2
9

- 7 i 7 7 7 7 7 7
L

U
L

U
lx

lL
U

L
U

iiiU
iliiiU

L
U

U
iL

U
x; 

§
 X

 
§

 
x

 
§

 7
 7

 7
 7

 7
 5

O
 C- C

 
O

 O
 C

 
-T -t -T -1 —

 o
! 

I 
I

;•'■ 
—• C 0 CO O 0O»i-'o

I 
I 

I 
I

to .r- 
ro ro r.: n

 
fo n

 n- x- in c

? '7 
? 7 '7 

7 ? 7 ? ? Y ? 
7

U
 tu 

LU LU LU LU LU LU LU LU LU LU 
O

FO FO ro 0-1 n
 to O

J 
! 

i 
I 

I 
I 

i 
I

ro ro fo ro ro ro f?
? ? ? ? ?

 ? ?
1U LU LU U

i LU U
i LU

0-i =T T
 O i 

O
 

O
 '*

 
'0

 0 '0
 0

 if; F
; '0c

 
o 2

 ro «f c
 

o3
"

uo >-

I
O

.

?3-• 
0

■J7
. Li*

o
j f i 

o-i o
: 

o
j o

; o
i r: to rc f:> 

o
o o o o o -c o c- c o c o
! 

! 
I 

; 
! 

! 
! 

1 
! 

! 
! 

?

-0 9 
h p; oi c H c 7 in c

—
* «-« :?• 

r>< r-“;

r
 

x
 

x
 

x
 

=: 
r

 
x

 
x

 
s

’ 
x

 
-x

7 7 7
i

i
i

x
7

x
7

7 7
lUIUUiUl̂'UlUlULuUiUliJi 

X
 

X
 

X

O
 0-J O

i O
i 01 O

i -
 —

 
r\ 

~ 
.—

+
 7

 7
 7

 7
 7 7 

7

—
 

c
 

u7
 uo ii?i in

 ini 'o
 :o 

o
 

«-• ^
 

V-.

I
 

~

iI:«IT
 

^

LU!x§

2
 :=; 2

 2
 

-
 

¥
7 7

X
7

7LU
U

J U
J lU

 U
i U

 U
i LU LU

-< 
c

 
c

 c
 o

 o
 o

 r^ r7
C

 
** —

 
«

 —
i ij. i>.

g
 

2
 2

 2
. 2

 2
 

r
 c

¥ 
7 7 7 

7 7 
r 

T

O
 

O
 O

 C
 

C
 C

 
N

 F
'

O
 

^
 

O
 

. O-.

2 2 2 x -x c r r
7

 
7

 7
 7

 7
 7

 Y 7
C

 
C

 O
 O

 
C

 
CO F

'

Q
 H

 H
 H

i>. lY. r>.

2 ;2 2 2 2 2 2 2
7

 
7

 7
 7

 
7

 ¥
 '7 Y

‘

C
 

O
 C

 C
 

O
 C

 CO CO

J
 I>. 0

-.

2 § '9- 9 9 7 7 7
7

 
+

 7
7

7
 7

 77

C
 

’-i 
0

-. 
p

.

X
 

X
 X

' 
x

 
X

 
C

C
 c1

x 7 7 X 7 7 Y T
C

 
C

 C- 
C

 
C

 
=? • CO CO

c
-

i
 

—
 2

 ,j' .>
 .?[

X
 

x
 x

 2
 2

 
2

 2
 2

7 
7 7 x 

7 
r 7 Y

c
 

o
 c

 
c

 o
 

o
 

:o co

C
 

-H 
0

-. ■>

C
 

O
! O

i O
i 

O
i P

: 
-

 -I

7 ? ? 7 ? 7 7 ?
Lu 

LU LU ili LU :jJ 
LU U

!

S
 

-n S
 

S
o

.
 S

C
—

' 
-I 

p
.

x
 

x
 

x
 

x
 

x
 

x
x

x
 

-x' -ii -x 
x

 
_

7
 

7
 

7
 7

 7
 7

 
7 

Y
 7

 
Y

 7
 7

 
2

^
•U

lU
'U

iU
'U

L
U

'U
iU

lU
IU

U
J 

;>

o
i

c
o

o
o

^
x

t
l

o
 

c

TI

2
 2

 2
 2

 2
 L'; 2

 ** 
7

 
Y

 Y
 

T
 

T
 7 

T
 7

.
 

!U
 

^
 LU LU LU LU iU

 U
i 

c
in

in
-n

in
in

c
o

c
o

C
 C

 C
 

C
 C

 
C

 T
 -

 FC X- 
C

1
„

 o- 
p

.

x; 
x

 
x

 
x

 
;-

x
;2

^
^

S
7 + 7

7
7

7
7

7
7

7
7

7
•U

L
U

iU
'U

L
U

L
U

L
U

L
U

L
U

lU
L

U
L

U

c i % 5 S -5 9 'o io co ?! 5
C C C C- C v 

!i* r*'» >i’; v c-
:

 
r

 7
 x

 
7

 
7

 
I

 - 
7

 
;

 
¥

' 7
x x 

7 x 
1 x r 

; r 
7 7

U
! 

LU u_: U
i 

LU LU 1U
 L'J Lu LU 

U
 U

2 2
x

2
2

 .7; 2
 

C
 

il1 9.
• — 

:*'■ —1

x- 
1

O
J 

X
X

7
 7

 
?

rj 
i.

LU
U

J LU LU

C
 

i
X

•n
T

T
rifi

1

c
 
a
 r.$ r.j 

oi 
—

7
 

T
 7

 7
 Y

 
?

 9
 7

Lu 
LU LU LU LU 

Ui LU Lli
2 

in if: UO bO 
to &

 c.

-f 
X X

327



. OOE+OO v. 'X iE-Ol 9. 85E—01 9.83E-01 9.82E-01 9.81E-01 9.80E-0I 9.78Et01 9.75E-01 9.73E-01 9.71E-01 9. .>oE-01 .00857

. OOE o OO 9.9OE-01 9.85E-01 9 . 8 2E-01 9 . 8 0 E - 0 1 9.80E-01 9 . 7 8 E - 0 1  9 . 7 6 E - 0 1 9.74E-01 9 .7 3 E --0 1 9.72E-01 9. 7O i l - 0 i .00345.OOli H iO 9.9«MK-01 9.85E-01 9.82E-01 9.80E-01 9.79E-01 9.78E-01 9.76E-01 9.74E-01 9.73E-01 9.72E-01 9.71E-01 .0023 4

.OOEoOO 9.90E-01 9.85E-01 9.82E-01 9.80E-01 9.80E-01 9.78E-0I 9. 77E-01 9. 75E--01 9.73E-01 9.73E-01 ‘ 9. 7IE-01 .00078

3? 11 
in >

w
 cj 

ci c-j «
 co cl co n

 ro n **
? T ? ? ? ? ? ? ? ? ? ?
U

l LU 
U

l LU U
i LU Ll: 

U
! 

IjJ LU 
U

J til

n in «r r.i >'} co 
c m 

?■; n
_ „ _ _1 „ J _ 

(V
~ = 'S' = X £ X - S 2 X 5
7 

+ + X + X 
+ X '+' + 7 7

£
 

^
 U

 U
 U

i U! 
.Jj :jj 

UJ UJ UJ UJ

cocooc5c5c5c
coco

o c
5 

u

C
 CO C

| 
C

i CJ ClI X
 H

 ^
 H

 H
 H

53 
7 ? ? 7 T I T ? 7 '? ? ?

CO 
U! U

l Ui U
i Ul LU U

l UJ Ul LU U
i UJ

—
 

'0
 

c
 e

 
c

 c
 

:■ 
c

 t
 t

 1
1

 
^

 t
C — 

O un u" in !i> b; t T T <f o- T
•O' —

< 
' -̂1 —

■ 
—

 l?-. :?•- i>. 
i>. t>.

C
 CJ CJ CJ CJ 

^
 r

 "
 3

 t
7 7 7

co 
X T i 7 T 7 T T T r T I

§2 
I

l
s

p
p

l
f

i
l

p
C

 
—

 
—

I 
C-. 

|>.. •}.. 
■>,

c
 c

j c
j co co c; _

 
~

 
_

- 
7 7 T 7 ? 7 ? 7 ? 7 ? 7

■Sj 
‘-JJ 'JJ JJJ iu u> Li! U

l LU U
l U! Ui Ul

~ 0̂" 
■— — 

 ̂
-- '-0 

L
i
' -J

—
 

—
< 

_
 ill' in

 a*j m
 ii’i 

0 ' 0
 

0
 

v 
0 

0
—

i 
_

 
—

 
i>

. 
,>

 
•>.. 

ij..

11 0
^2

c; co — c ■>.
c '-o m 

ci cj

328



D5 CORNER The procedure in CORNER is analogous to that in JUNCTION 

in every way, only, of course, it is simpler. Listings and sample output 

follow.

PROGRAM MAIN

1 PROGRAM MAIN
2C SUBROUTINE CONTRO
3C
4CHAPTER 0 0 0 0 0 0 0 0  PRELIMINARIES 0 0 0 0 0 0 0 0

#•

*

5 DIMENSION HEDU (6)» h'EDV (5 ) , HEDP (e » HEDT (5 )
7 DIMENSION XFRAC(13),YFRAC(13)
3 REAL HODP.OP
S LOGICAL INCALU,INCALV
10 LOCICAL RE3TRT
11 COMMON
12 l/UVEL/RESOF.U, NSWF'J, URFU, DXEP'J( 15) , DXFWU( 15) , SEWU(15)
15 I/VVEL/RE30F.V, NSWPV, URFV, DYNFV( 15) , DYPSV< 15) , SNSV(15)
14 1 /PC0F./RE50RM, NSWFP, URFP, DU( 15, 15) , DV( 15, 15) , IFREF, JPP.EF
15 1/VAR/U(15,15),V(15,15),P(15,15),PP<15,15)
IS 1/ALL/NI, NJ,NIM1,NJM1,GREAT
17 1/GEQM/X(15),Y ( 15),DXEP<15),DXPW(15),DYNP(15),DYPS(15),
13 1 SNS(15),SEW(15),XU(15), YV(15)
19 1/FLUFR/VISC03,DENSIT
20 t/JUN/I STEP,JSTEP, ISTFM1, ISTPM2,NIM2,
21 1 JSTP1, NJM2,JSTP2,J3TM1, ISTPP1

CALL OPEN(6, 'RESULT DAT',2)
22 CALL OPEN(3, 'CCRNDAT DAT',2)
2* CALL OPE.NO, 'INTERMEDDAT',2)

GREAT*1.0E30
26 PI=4.*A7AN<1, )
27 NITER=0
23 READ(3,011) VI SC OS, DENS IT, *21N, ENTFAC23 WRITE(4,025) VISCOS,DENSIT,QIN,ENTFAC
30 READ(3,012) RVERT,RRATIO.ISTEP,NI,NJ,JSTEP
31 WRITE*4,026) RVEF.T, RRATIO, ISTEP, NI, NJ, JSTE?
32 NIM.1 =N I - 1
33 NJM1=NJ- 1
34 READ(3,024) (XFF.AC ( I ) , 1 = 1, NIM1 )
35 WRITE'-,027) (XFRAC(I),I=1,NIM1)
3b READ(3,024) (YFRAC(J ),J = 1,NJM1)
37 WF.ITE i -, 027) (YFRAC(J )*J=1,NJM1)
33 READ'S,013) NSWrU,NSWPV,NSWPP,MAXIT,INDPRI
35 WRI7EM, 023) NSWPU,MSWFV,NSWPP,MAXI7,INDPRI
40 READ (3,014) URFU, URFV, URFP, SOF.MAX
41 WRITE( 4, 02S i UF.FU, URFV, URFP, SOFMAX
42 READ(3,015) RE3TRT
-3 WRI7E(4,030) RESTRT

READ(3,CIO) HEDU,HEDV,HEDP 
45 WRITE(4,021) HEDU,HEDV,HED?
-SC.... WRITE OUT SOLUTION CONTROL PARAMETERS
•*7 WRITE *5,2000)
4-3 WR I TE ( 5,0 17 - NSWPU. NSWPV, NSWFP, MAX IT,
45 IUFFU, UF.FV, UPFP, SORMAX
50 IF(FESTFT) WRITE!5,013)
51 IFi.NOT.PESTRT) WRITEiS,019)
=2 WRI f ?000 *
32 WF. I ' 6 * 020 ENTFAC,ISTEP,JSTEP
3- w r :TZ ( z t 021)

WRI 7Z (51 022) ■XFRAC(I;,!=1,N IM 1)
33 WRI 7^ (I— t Q2"n )
3“ w r :7 Z ■!5t C22) (YFFAC(J),J=1,NJM1)e - 010 FORMAT(cA4 )
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53 031 FORMAT!IX, 5A4)
ED Oil FOFMAT!-E12.3)
5 • 025 FORMAT!IX,4E12.3)
62 012 FORMAT(2F5.-,413)
5: 026 FORMAT!IX,2F5.4,JI3)

013 FORMAT!513)
65 022 FORMAT!IX,513)
66 014 FOFMAT(4F5.4)
6 "* 029 FORMAT!IX,4F5.4)
63 015 FORMAT!L5)
£5 030 FORMAT!IX,L5)
70 017 FORMAT ( ' 0 ' , 5X, ' SOL'JT
71 1/5X,'NSWPU-----------
72
f -7-4
75
7S

50515253 5 4
,c =

35

>N CONTROL PARAMETERS'/
* 13 
, 13 
, 13 
, 14 
» F5.2 
,F5.2 
, FT. 2 
,F5.3)

INITIAL FIELDS HAVE BEEN READ IN FROM UNIT 5') 
INITIAL FIELDS HAVE BEEN SET IN MAIN PROGRAM') 

020 FORMAT!'0 ,5X,'GEOMETRICAL PARAMETERS'/
1/5X, ' ENTFAC...........=',F5.2

I/5X,'NSWPV-- 
1/5X,'NSWPP-■ 
1/5X,'MAXIT-■ 
1/5X, 'URFU--- 
1/5X, 'UP.FV---
1/5X,'UF.FP--
1 /5X, ' 5CF.MAX- 

CIS FORMAT!'O',' 
CIS FORMAT!'O',

1/5X, 'ISTER...........
1/5X, ' JSTEP..........

021 FORMAT!'C', 'XFRAC!I) 
FORMAT!1 OX,5F7.3) 
FORMAT('0', 'YFFAC(J ) 
FORMAT!17R7.3) 
FORMAT!IX,10F7.3)

13
13)

023
02-

027
1 PARAMETERS AND CONTROL INDICES 1 1 1

c>/
5 a ss soc
31 CHAPTER 1 1 152C
33 G2=3IN
9- REIN=QIN*2.♦DENSIT/VISCOS
35 FE2=G2+2.+ DENSIT/VI SOOS
350.....COMPUTE DUCT LENGTHS BASED ON HYDRODYNAMIC ENTRY LENGTH
97 RHORI Z=RVERT/P.RAT 10
SS ENTFYL=4. *FVERT*-ENTFAC * ( . 3125+. 0 1 1 *R.EIN)
35 HCRIZL=-i. *RHORIZ*EMTFAC»( .3125+. 01 1+RE2)
100C..... COMPUTE ALL INDICES101 NIM2=NI-2
1C2 NJM2=NJ- 2
103 ISTPM1 = ISTER-1
1Q*a , I STFN2= I STEP -2 
105 ISTPP1=!STEP*1
105 JSTR1=JSTEP*1
107 JE7?2=U3TER *2
10 5 J STM 1=-J STEP -1
1030.....COMPUTE SMALLEST DX IN HORIZONTAL BRANCH REGION
110 XSUM=XFRAC!IETRM1;i2.
111 DO 100 1 = 1 STEP.NIM2
1 12 ICC XSUM=XSUM+XFRAC:I,
1 13 XS*JM=X5UM+XFRAC ( N IM1 ) /-2.
1 14 DXSM2=2. ♦RHCFIZ/'XSUM
: 150- -CONFUTE SMALLEST DX IN VERTICAL DUG
1 16 XSUM=XFFAC ( I ‘ .'2.
1 17 DO 105 1=2.ISTPM2
1 1 3 105 XSUM=XSUM+XFRAC!I)

ENTRANCE REGION
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113 DXSM1 = f ZNTR i'L . 5*XI-EAC ( I STrM1 ) *DX3MZ) / XSUM
120C.... COMPUTE SMALLEST DY IN VERTICAL DUCT REGION
121 YSUM=YF?AC(1)/2.
122 DO 115 J = 2,JSTM1
123 115 YSUM=YSUM+YPRAC(J )
12*i YSUM=YSUM+YFSAC<JSTEP) /2.
125 DYSM1=2. *P.VERT/YSUM
1 ESC...COMPUTE SMALLEST DY IN HORIZONTAL BRANCH REGION
127 YSUM=0.
123 DO 120 J=JSTP1,NJM2
123 120 Y5UM=YSUM+YFRAC(J)
130 YSUM=YSUM-!-YFRAC(NJMl ) /2.
131 DYSM2=(H0RIZL-.5*YFRAC(JSTEP)*DYSM1j/y s u m
132C.... SET UP X-ARRAY
133 X(l)=-XFRAC(l)*DXSm/2.
134 DO 125 1 = 2, ISTPM1
1=5 125 X (I)=X iI - 15+XFPAC(I - 1)*DXSM1
13c DO 130 I= ISTEP,NI
137 130 X (I)=X(I - 1)+XFRAC(I- 1)+DXSM2
13SC.... SET UP Y-ARRAY
133 Y (1) = -YFRAC Cl)*DYSM1/2.
140 DO 140 J=2,JSTF1
1-il 140 Y < J ) =Y (J - 1 • + YFRAC ( J - 1 ) *DYSM1
W E  DO 145 J=vJ3T?2, MJ
143 145 Y (J ) = Y (J - l ) +YFF.AC (J - 1 ) *DYSM2
144C.....DEPENDENT VARIABLE SELECTION
145 INCALU=,TRUE *
14A INCALV=.TRUE.
147 INCALS=.TRUE.
143C.....BOUNDARY VALUES
14SC.... PRESSURE CALCULATION
15C PREF =1.0
151 IPREF=2
152 JPPEF=2
15SC.... PROGRAM CONTROL AND MONITOR
154 IMCN=ISTEP
155 JMCN=.J3TEP
155 NUMFRI=1
157C
153CHAPTER 2 2 2 2 2 2  INITIAL OPERATIONS 2 2 2 2 2 2  
159C
150C.....CALCULATE GEOMETRICAL QUANTITIES AND SET VARIABLES TO ZERO
151 CALL INIT
1520.....INITIALISE VARIABLE FIELDS
153C.....READ IN INITIAL FIELDS IF AVAILABLE FROM PREVIOUS RUN
154 , V I N = Q 1N / (R V E S T  * 2 . )
155 IF I.NOT.RESTST5 GO TO 133
135 CALL REST
157 GO TO 235
1S3C.....ASSUME PARABOLIC INLET AND CUTLET PROFILES
ISSC.....ASSUME PARABOLIC INITIAL DISTRIBUTIONS
170 133 DO 200 1=2,ISTER
171 DO 200 J=2,JETER
172 200 J • I, J ) = 3. *V IM* < Y (J ) /F.VERT- . 5* ( Y ( J ) /F.VERT ) **2)
173 V2=-22/ (RHQRIZ+2. )
17J DO 210 I = I STEP,MIM1
175 X? = X(I)-XUfI STEP)
175 DO 210 J=.JST?1,NJ
177 210 V(I,J ;=3.*V2* XP/RuORIZ“.5*(XP/RHCRIZ)**2)
173C .....ASSUME PRESSURE DISTRIBUTIONS FOR FULLY DEVELOPED FLOW



DO 215 J = 2» JS7EP 
215 ?!2iJ)= ?REF

FACTOR 3 1.5*VISC05*QIN/RVERT**3 
DO 220 1=3. I STEP
x d is t =:<::i) - x (2 )
BO 220 J=2,JETE?

220 P< I, J)=PP.EF-XDI5T*FACT0R 
DO 230 I3 I5TPP1,NIM1 
DO 230 J=2,JSTEF 

230 P ( I, J ) 3 P ! ISTEP,J S T E P )
FACTOR 3 1.5*VISC0S*Q2/RH0RIZ**3 
DO 235 J=JSTP 11 NJM1 
YDIST=Y(J )- Y (J S TEP)
DO 235 1 = I STEP.NIM1 
P( I, J )= P (I STEP,JSTEP >-FACTOR*YD 1ST 

235 CONTINUE
19 5C..... CALCULATE SOURCE-NORMALISATION FACTORS
1S5 5NORMM 3 DENSIT*QIN
137 SMOH MU 3 £ NORM M * VIN
1SS SNOFMV=SNORMU
1'3SC.....INITIAL OUTPUT
200 W R ITE(6 , 2000)
201 WRITE!5,2010)
202 WRITE'S,2 0 3 0 )QIN,02,VI SCOS,DEMSIT,REIN,RE2,
203 1RVERT, P.HORIZ* RRAT 10, ENTP.YL, HORIZL
204 WRITEiS,2000)
205 IF(INCALU) CALL P R INT(2,2,N I , NJ, 15, 15,XU,Y,U,HEDU)
206 IF(INCALV) CALL P R I N T (2,2,N I ,N J , 15, 15,X,YV,V,HEDV>
207 IF ( INC ALP) CALL PRINT(2, 2, N-I, NJ, 15, 15, X, Y, P, HEDP)
203 2000 FORMAT!///'O',1 2 0 ! ) / / / )
203 2010 FORMAT!'0',5X, 'JUNCTION PRESSURE DROP, CORNER FLOW'/) 
210 2030 FORMAT!'0',5X,'FLOW PARAMETERS'//
21 1 1/5X, 'VERTICAL DUCT INLET FLOW RATE...... • • - s 1PE12.3, ' M**2/S'
212 1/5X, 'HORIZONTAL DUCT FLOW RATE.......... - IPE12.3, ' M**2/S'
213 1/5X, 'VISCOSITY............................... . • • s 1PE12.3, ' K G/M*S'
214 1/5X, 'DENSITY.................................. ---= • 1P E 12.3, ' KG/M**3
215 1/5X, 'INLET REYNOLDS NO........... - ....... - • - - s 1FE12.3
2 1 5 1/5X, 'HORIZONTAL DUCT REYNOLDS NO......... ---= • 1FE12.3
217 1/5X, 'VERTICAL DUCT HYDRAULIC RADIUS----- ---= - 1FE12.3, ' M'
213 1/5X, 'HORIZONTAL DUCT HYDRAULIC RADIUS--- * • 1PE12.3, ' M'
213 1/5X, 'RATIO, VERT. TO HOP. DUCT RADII---- - - - s 1PE12.3
220 1/5X, 'VERTICAL DUCT INLET LENGTH.......... 1PE12.3, ' M '

1/5X, 'HORIZONTAL DUCT LENGTH.............. - — — s 1PE12.3, ' M' )

HAPTEP 3 3 3 3 3 3 3  ITERATION LOOP 3 3 3 3 3 ■ 3 3 5

WRIT El 5,310) IMON,JMON
2Z5 300 NITER=N I7EP.+ l
2ZZC TE MAIN DEPENDENT VARIABLES
222 IF*'INC ALU) CALL CALCU
223 IF! INCALV) CALL CALCV
230 IF! INCALP 5 CALL CALwP
231C - ---- INTE RMEDIATE OUTPUT
252 RES0RU=F.E30 RU/SNORMU
223 RE50RV=RE30 RV/SNORMV
2 2 *i RESORM=RESORM.5NORMM
23-5 WRITE!-:, 310 i IMCN.JMCN
235 WRITE v 6,311 ) MITER.RESORU,RESORV,RESORM,U(IMON,JMON)
23 T 1 V!I MOM,JMON),? ! IMON,JMON)
233 WRITE!4,31 1 5 MITER,RESORU.RESORV, RE5QFN,U(IMON,JMCN)

17S
130
1311 w”'
133
134
1351 °n
137133
139
190
191
192
193
194

♦
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4

*

4

233 1 V(IMCN,JMON),?<IMCN,JMON)
2-0 I F ( NOD (N I TEH, INBFF I).M E .0) GO 70 301
2 - 1  IF(IMCALU) CALL ??. I NT < 2, 2, N 1 1 NJ, 15, 15, XU, Y, U . HE D U )
2J2 IF(IMCALV) CALL P R I N T (2,2,NI ,N J , 15,15,X,YV,V,HEDV)
243 IF(INCAL?) CALL F R I N T (2,2,N I ,N J ,15,15,X,Y,F,HEDP)
2-4-1 WRITE(5,310) IMON.JMCN

301-CONTINUE 
----TERMINATION TESTS

S0RCE=AMAX1 (RESORU, F.ESORV, RESORM)
IF(NITER.EQ.MAXITI CO TO 302
IF(NITER.E3» 20.A N D .SORCE.G T .1•OE4*SORMAX) GO TO 302 
IF (SORCE. G T . SGP.MAX ) CO TO 300

302 CONTINUE

245 
245C
247 2*13
249
250
251 
252C
253CHAPTEP.
254C

4 4 FINAL OPERATIONS AND OUTPUT 4

255 IF(INCALU) CALL F R INT(2,2,N I ,N J , 1 5,15,XU,Y,U.HEDU)
255 IF(INCALV) CALL PRI N T (2,2,N I ,N J , 15,15,X,YV,V,HEDV)
257 IF(INCALP) CALL PR I N T (2,2,N I ,N J , 15, 15,X,Y,P,HEDP)
253C..... COMPUTE AVERAGE CORNER INLET PRESSURE
253 EN7RYP=EN7RYL-X<2)
250 HORIZP=HORIIL-(YV'NI)-Y<NIM1))
25 1 EfJDP.OP* ( 1 .5*VISCCS/EVERT**3 ) *Q IM*ENTRY?
252 HODRO?=< 1.5*VISC0S‘/RH0RIZ«*3 ) *Q2*H0EIZ?
253 PAVIN=0.
254 1=2
255 DO 400 J=2» JSTE?
255 400 PAVIN=PAVIN+P(I, J)
257 PAVIN=FAVIN/FLOAT<JSTM1)
25S C .....COMPUTE AVERAGE CORNER BRANCH PRESSURE
253 J=NJM1
270 PAV2=0.
271 DO 4io I = I STEP,NIMl
272 410 PAV2=PAV2+?(I,J)
273 ITEMP=NIM1 - ISTEP +1
274 PAV2=?AV2/FLOAT(ITEMP)
275 PDIFF=FAVIN-?AV2- < ENDFC-F+HODFOP)
275 FKC=S.♦PDIFF*FVEHT**2/(VISCOS*QIN 5
2770.....WRITE OUT THE APPARENT FRICTION CONSTANT
273 WRITE(5 ,4000/FKC
2790 ..... DUMP AL L VARIABLE
230 CALL DUMP
22 i STOP
2320 ..... FORMAT STATEMENTS
233 4000 FORMAT('0',5X,'FR
224 . 1/5X,'KC 1FE12.3
235 310 FORMAT ;• 0', 'ITER
235 1 '3..... I I -FI]
2 :=.r 1 '<',1 2 , , ' , 1 2 . ' ) ':

1 'MASS’,, 12X. 'U' , 91
2  2 2 3ii f o r m a t ;1H , I3.3X,
290 END

.'I..... ABSOLUTE RESIDUAL SOURCE SUM',
I-FIELD VALUES AT MONITORING LOCATION', IX,

- I '/2X.'N O . ',S X , 'U M G M '.5 X , 'V M O M ',5X.
V' ,3 X , ,5 X / )

13,3X,1P3E10.3,5X,IP3E10.3)

4
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SUBROUTINE MODU

1 SUBROUTINE MODU
2 COMMON
B 1 /'JVEL/RESORU, NSWF’J, URFU, DXEPU'. 15) , DXFWU< 15) , SEWU ( 15)
4 1/VVEL/F.SSOFV, NSWPV, URFV, DYNPV< 15) . BYPSVt 15) , SN2V( 15)
5 1/PCQR/RE3GKM, NSWPP, UP.FF, DU< 15, 15),DV(15, 15), IPSEF,JFEEF
S 1/VAR/U(15,15),V < 15,15),P ( 15,15),F P (15,15)
7 1/ALL/NI,NJ,NIMl,NJM1,GREAT
3 l/CEOM/X<15),Y ( 15),DXEF <15),DX F W (15).D Y N P (15) , DT P S (15),
9 1 £NS(15),SEw<15),X U ( 15),Y V < 15)
10 1/FLUPR/VISCOS,DENS IT
11 l/COEF/AP'15,15),A N (15,15),A S (15, 15),AE <15, 15),A W (15, 15),S U (15, 15),
12 1 S P(15,15)
13 1/JUN/ISTEP,JSTEP,ISTPM1,ISTPM2,NIM2,
14 1JSTP1,NJM2,JSTF2,JSTM1,ISTPP1
15C..... SET U-VELOCITIES IN SOLID AREAS TO ZERO
15 DO 200 1=3,ISTEP
17 DO 200 J=JSTF1,NJM1
IS SU <I,J )=0.
13 200 S P (I,J )=-GREAT
20C.....NO SLIP WALL BOUNDARY CONDITIONS ON U
21 J=JSTE?
22 YDELT=YV(JSTP1)-Y<J)
23 DO 210 1=3,I5TFM1
24 A N (I,J )=0.
25 2 1 0  SP<I,J)=SP<I,J)-VISCOS*SEWU(I)/YDELT
2 SC.....ALLOW FOR CORNERS
27 I= ISTEP
23 AN vI,J ) = .5*A N (I, J )
23 SP(I,J)=SP(I,J)-VISC05*.5*SEWU<I)/YDELT
3 0 C .....BOTTOM WALL
31 J = 2
32 YDELT=Y(J)-YV(J)
33 DO 220 I=3,NIMl
3*i AS ( I, J ) = 0 .
55 220 S P (I,J ) = S P <I.J )-VISCOS*SEWU(I)/YDELT
36 RETURN
37 END

*

♦

#
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SUBROUTINE MODV

♦

1 SUBROUTINE MODV
2 COMMON
3 l/UVEL/RESGRU. NSWPU. URFU, DXEFU < 15) . DXFWU ( 15) , SEWU( 15)
4 1/VVEL/RE3GRV,NSWPV,URFV,DYNPV > 15),D Y F 5 V :’5).SNSV (15)
5 l/FCOR/RESORM, NSWFF, UP.."?, DU( 15, 15>,DV(15, 15). IFFEF. JFPEF
5 1/VAH/U!15,15),V < 15,15),?(15,15),?F(15,15)
7 l /ALL/NI, N J , NINI, ?JJM 1» GREAT
3 1/GEOM/XJ15),Y < 15),DX E P (15),DXPW(15),DYNP(15) , D Y PSt15),
9 1 E N S (15).S E W ( 15)» X U (15)»Y V (15)
10 1 /FL'JPR/VISCCS, OEMS IT
11 l/COEF/AP?15,15),A N (15,15),A S (15,15>,AE(15,15),A W (15,15)
1 2 1 SP(15,15)
13 1/JUN/ISTEF,JSTEF,ISTPM1,IS7PM2,NIM2,
14 1JSTP1,NJM2,JSTF2,JS7M1, ISTPP1
150..... SET V-VELOCITIES IN SOLID AREAS TO ZERO
lr DO 300 1=2,ISTFNi
17 DO 300 J=JSTF1,NJP!1
15 SU(I,J)=0.
19 300 S P (I,J )=-GREAT
2CC.....NO SLIP BOUNDARY CONDITIONS ON V
21 I = I STEF
220.....ALLOW FOR CORNERS
23 XDEL7=X(I )- X U (I )
24 J=JSTP1
25 AW(I,J)=.5*AW<I,J)
25 SP(I,J)=SF(I,J 5-VISCOS*.5 * SNSV(J )/XDELT
27 DO 310 J=JSTF2,NJM 1
23 A W (I,J )=0 »
29 310 SP(I,J)=SP(I,J)-VISCOS*SNSV(J )/XDELT
30 I=NIMi
31 XDELT=XU(N I )-X(I )
32 DO 315 J=3,NJM1
33 A E (I,J )=0.
34 315 SP(I,J)=SP<I,J)-VISCOS*SNSV(J)/XDELT
35 RETURN
35 END

*

4
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SUBROUTINE MODP

:c
DCriArTEFSC

- PRESSURE CORRECTI ON 4 -i

S
910 
11 
1213
14 13 
16 ir 13C
19
20

23
24

SUBROUTINE MOD?
COMMON

1 '' ’JVEL / RESGRU , ME WPU , UF.FU, DXEFU ( 13; , DXFLLM 15) , SZwLM 15)
1 /VVE1/RESCR7, NSWFV, LHF7, DYNFV< 15) . DYPSV! 13) , SfJSV 1 13'
1 / PC OP. / RESOP.M, NSWPP. UP..-?, DU( 13, 13) , DV ( 13. 13) , IPREF, JFREF 
i/VAR/U' 13, 13), V( 13, 13) , ? U 3 ,  13) , P?( 13, 13)
i / a l l  /m i , m j . rj: m 1 , n j m  1 , g r e a t
1 /GEOM/X( 13),Y ( 13), DXEPi 15), DXPW( 13), DYIMP(13), DYFS 15) ,
1 SMS( 13) , SEW( 13) , XU« 13), YV( 15)
1 /FL'JPR/VISCCS, DENS IT
1/CGEr/APC13,15),A N ( 15.13),A S (15.15),A E ( 13,15).A W < 15,15),S U < 13,135, 
1 HP <13, 13)
1 / JUN/ISTEP.JS7EF,ISTPM1,ISTPM2.NIM2.
1JET? 1,NJK2,JSTP2,JSTM 1 , ISTPP1

-----SET PRESSURE CORRECTI QMS IN SOLID AREAS TO 0
DO 40C 1=2,ISTPMl 
DO 400 J=JST? 1 ,M J M 1 
ELM I, J ) = 0 .

-100 S R C  , J ) = - GREAT 
RETURN 
END

SUBROUTINE DUMP

1 SUBROUTINE DUMP
2 COMMON
3 1/ALL/NI,NJ,NIM1, NJM1, GREAT
4 1/VAR/LM13,13),7 < 13,13) ,P ( 15,15),P P ( 13,C IT= 15
6 JT= 15- REWIND 9
,£ WRITE i 9,100) IT,JT,N I ,NJ
9 W R I T E (9,200) ((U (I,J ), 1 = 1 ,NI ),J = 1 ,NJ)
10 WP.ITE(9,200 ) ((V(I,J) , 1 = 1 , NI ) , J = 1, NJ !
11 W R I T E (9, 200) ((Pil.J) , 1  = 1 , ,NI ) , J=1, NJ)
1 ̂ 100 FORMAT(IX,413)
13 200 FORMAT'lX,3EiS,3)
14 RETURN
15 END

SUBROUTINE REST

10 11 
12

SUBROUTINE REST 
COMMON
1/ALL/NI,NJ,NIMl,NJM1,GREAT 
1 /V A R / U ( 13, 15) , V< 13, 13) , P( 13, 15) , FP ( 1’ 
R E A D (9, 100)I MAX,UMAX, I LAST,JLAET 
R E A D '9,200) (<U <I,J ),I= 1 ,M I ),J = 1,N J ) 
R E A D (9,200) ((V (I,J ),I= 1 ,N I ),J = 1 ,N J )
R E A D (9,200) <(Pi I,J), I = 1 ,NI ),J = 1,N J ) 

100 FORMAT(412)200 FGFMAT(3E16.S 5 
RETURN 
END

15)
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Input File CORNDAT.DAT

• . • 2- f£-3. 3.51E+2,3 .73E-3,1.30E+0
0.006 3. 000,3, 13, 15, 3
^.,2. 5, 2.0, 1.5, 1.23, 1., 1., 2. 0, 2
1. . 2. 2. 3, 3., 3., 2 . 5, 2. , t. , 1., 1._ ,:>r * O®. 50

- AL
:j VELOCITY
V VELOCITY
PRESSURE

Output file RESULT.OAT follows on next pages.
*

%

*

4
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SOLUTION LONITiOL PARAMETERS
I'ISUPU------------ •= 2
r i s u p v -------------------------- •= 2
NSI-JPP----------- - 10
MAX I T---------- = 99
URI-I.I------------- ^ . 50
I IRE- V------------- = .50
URF-'P-------------- 1.00
SORNAX---------- - .010

INITIAL FIELDS HAVE DEEM SET IN MAIN PROGRAM

CJU)
°° GEuMETR I CAL PARAMETER'S

T.N IT'r-.C----------- = 1.50
IS I FF --------------------------------=  S
US IE-----------= 8

XFR'AC ( I ) =
5.. 0 0 0 2 .. 500 2 . 0 0 0 1 .. 500 1.250
1 ., DUO 1 ., 0 0 0 2 . 0 0 0 2 ., 500 5 . 0 0 0
5.. < 100 2 .. 500 2 . 0 0 0 1 .. 0 0 0

YFRAC<J)=
1,. OuO 2. O00 2.. 500 5.. OOO 5.000
2.. 500 2. OOO 1., OOO 1., OOO 1.250
1.. 500 2. OOO 2.. 50 0 3., OOO

y<:A< iifvjii, >:*;■****»'■ *«««««* «»«« WKSSt#*? fc-fcif «»»*»■■#«?>■■ jf i'*« * V

* H # % * * #
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D6 DUCT In DUCT, variable fluid properties are allowed for in

*

*

PROPS, which is called after the temperature field T(I,J) ha 

updated. The input, grid specification and field initialisation ro 

are similar to JUNCTION and CORNER. In lines 170-200, the v 

conductances between the disc conductors and surrounding duct 

computed in accordance with Sec. 7.3 (see Fig. 7.1). After all 

initial output and the main iteration loop, the friction factor 

and local Nusselt number NU( I) are computed in lines 387-415.

s been 

utines 

arious 

s are 

of the 

KF(I),

In subroutine MODU, the no-slip conditions are specified (lines 

21-28). In lines 29-38, the velocity profile at the exit is adjusted 

from an overall continuity condition. The procedure appears to cause 

some minor convergence problems at the lowest flow rates. MODV and MODP 

introduce no additional boundary contitions and merely act as dummy 

subroutines. In MOOT, the heat fluxes for each conductor QDOTPP(I) are 

determined in accordance with equations (7.14). These become the thermal 

boundary conditions as explained by equation (7.15) and (7.16). Listings 

and sample output follow.

*
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PROGRAM MAIN

0

1

5-

2=
-  c  ,

5 0:

PROGRAM MAIN 
C SUBROUTINE CONTP.O
C
CHAPTER 0 0 0 0 0 0 0 0  PRELIMINARIES 0 0 0 0 0 0 0 0  
C

DI MENS I ON HEI'U (5 ) , HEDV ( 6 ), HEI3F < 5 >, HEDT (5 ) , HEDVIS ( S ), HEDC AM < 5 ) 
DIMENSION HEDDEN(S)
DIMENSION X F R A C (22),YFRAC(9)
REAL K F (22),N U (22),TEULK(22),T W A L L (22)
LOGICAL INCALU,INCAL7,INCALP,INCALT,INPRO 
COMMON

1 /UVEL/RESOPU, NSWPU, UP.FU, I XER'J (22) , DXFWU (22) , SEWU ( 22)
1 /VVEL/'RE50R V f NSWPV, URFV, DYNPV ( 9 ) , DTPSV t S ) , SNSV ! 9 )
1/FC0R/RE50RM, NSWPP, UF.FP, DU (22, 9) , DV(22,9), IPREF, JFREF 
1/TEMP/RESORT,NSWPT,URFT
1/VAR/U(22,9),V (22,9),P (22,9),T (22,3),P P (22» 9)
1/ALL/IT,U7,NI,NJ,NIM1,NUM1, GREAT
1 /GEOM/X( 22 ) , Y ( 9 ) , DXEP<22) , DXPW(22 5 , D Y N F O )  , DYPS(S) ,
1 S N S (9),S E W (22),XU < 22),Y V (9)
1 / FLUPP. /UPFVIS,VISC0S, DENS 17, PR I !\l, DEN ( 22. = ) , VIS (22, 9 ) ,
1 G A M H (22,9),A 1,A2,A3,A4,A=,Ab,A7,SFHEAT, THCOND
i/DUCT/DLEN, RHORIZ, TIN. QIN, TOUT, WHFLUX, NIM2, NUN2, FLOWIN 
1/DI5C/THCPAP,WIDCON,TINSL,HITCON,HLEFT,HRITE,TLEFT,
1 TRITE, P.H020, ALPHA, CURENT, THKCON, GC, GCP, GF, G C F ,
1 G L P , GCPP,GL,GRP,GR,RC.QDQT,T C (22),QDOTPP ( 22),
1 DELTAYDATA HEDU /' U',' VEL', OCIT', 'Y 9 ' /DATA HEDV / ' ' V',' VEL', 0CIT', 'Y 9 /DATA HEDP /' ','PRES', SURE',' 9 /DATA HEDT /' ',' TE','MFER', ATUR','E 9 /DATA HEDVIS /' ' , DYNA', 'MIC , 'VISC' , 0SI7' 'Y ' /DATA HEDGAM /' T'. 'HERM', 'AL E ,'XCH.', COE' F. ' /DATA HEDDEN/' ' , ' ', 'DENS' 'ITY ' , ' 9 ' /

C .....RML 3S0Z FILE HANDLING STATEMENTS
CALL 0FEN(5, RESULT DAT',0)
CALL 0PEN(8,'DATIN DAT',0)
GREAT =1.0E30

C ..... INITIALIZE ITERATION COUNTER
NI7E?=0

C .....READ IN GRID INFORMATION DATA
RE A D (3,010)IT,JT.NI.NJ 
WRITER, 011 ) IT, JT.NI.NJ 
NIM1=NI- 1 
NUM1=NU- 1
RE A D (3,020) (X F R A C ( I ) , I = 1,N I M 1)
WRITE'4,021) (XFRAC?I),1=1,N I M 1 )
READ(3,020) (Y F R A C (J ),J = 1 ,N J M 1)
W R ITE’4,021) (Y F RAC(J ),J =1,M U M 1)
READ(3,030) DLEN.RHORIZ 
WRITE:4,031) DLEN,RHORIZ

C ----- READ IN SOLUTION CONTROL PARAMETERS
READ?3,040) NSWPU,NSWFV,NSWFP,NSWPT,MAX IT, IFREF,UPPER 
WRITE(4,041) NSWFU,NSWPV,NSWFP,NSWPT.MAXIT,IPREF,UPPER 
READ(S,020 > UEFU,UFFV,UFFF,UFFT,PREF,S0FMAX 
WRITE(4, C51 ) UP.FU. UFFV, URFP, URFT, PREF, 50P.MAX 
READ ; 3, :• E ) INCALU. INCALV. IMCALF 
WRITE:4.051) INCALU,INCALV,INCALP 
READ'3,050) INCALT,INPRO 
WRITE'4. 051 ) INCALT. INFF.O 

C ..... READ IN FLUID PROPERTY DATA

*

♦

0
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Si: H E A D (£.07 0 ) Al,A2,A3.A4,A3,AS.A7
52: WRITE*! 4, 071) A1»A2,A3>A4,A3,A5»A7
S3: C .... READ IN OPERATING CONDITIONS
S ~ : READ(2,030) TIN,TOUT.01N
S3: WRITE(4,031) TIN,TOUT,QIN
55: C .... READ IN OUTPUT CONTROL PARAMETERS
57: READ(3,090) IMON,JMCN,INDFRI
S3: WRITE!4,091) IMCN,JMON,INDPRI
55: C ..... READ IN DISC PARAMETERS
7 0: R E A D (3,095)THCPAP,WIDC ON,TINSL,HITC ON ,SLEFT,QRITE, TLEFT .TRITE,
71: 1 RH020,ALFHA,CURENT,THKCCN,DLEFT,DRITE
72: W R ITE(4, 096)THCPA?,WIDCON,TINSL,HITCON,SLEFT,QRITE,TLEFT,TRITE,
73: 1 RH020,ALPHA,CURENT.THKCON,DLEFT,DRITE
74: C -FORMAT STATEMENTS FOR CHAPTER
73: 0 1 0 FOPMAT(416)
75: 0 2 0 FORMAT(10F9.3)
77: 030 FORMAT(2 F 9 .5)
75: 040 FORMAT(716)
79: 050 FORMAT(6 F 9 .6 )
30: 050 FORMAT(3L3)
31 : 070 FORMAT(7 E 13.4)
£2 : 0 2 0 FORMAT(4 E 13,4)
•23: 090 FORMAT(315)
34; 095 FORMAT(7E13.4)
S3: Oil FORMAT(IX,415)
35: 0 2 1 FORMAT(IX,10F5,3)
37: 031 FOPMAT(IX.2F9.5)
S3: 041 FORMAT(IX,716)
S3: 031 FORMAT(IX,5F9.5)
90: 061 FORMAT(IX,3L3)
91: 071 FORMAT(IX,7E13.4)
92: C S 1 FORMAT(IX,4E13.4)
93: 091 FORMAT(IX,315 *
94: 096 FORMAT(IX,7E13.4)
S3: c
36: CHAFTER 1 1 1 1 1  SET UP GRID
97: C
33: NIM2 =NIM 1 - 1
99: MJM2=NJM1 - 1

1 0 0 : C- ■COMPUTE SMALLEST DX
1 0 1 : XSUM=XFRAC(1)/2.
1 0 2 : DO 100 1=2,NIM2
103: 1 0 0 X3UM=XSUM+XFFAC!I1
104; x s u m =x s u m +x f r a c ,'n :mi > / 2 .

1

103: D X S M =D L E N / X SUM
105: C ....COMPUTE SMALLEST DY
107: YSUM=VFRAC ( i ) / 2.
103: DO 105 J=2,NJM2
109: 103 Y S U M=Y 3 U M +Y F R A C !J )
110: YSUM=i'SUM* YFRAC (NJM1 > / 2.
Ill: DYEM=RHCR12/YSUM
112: C .... SET UP X-ARRAY
113: X : 1 )=-XFRAC!1)*DX5M/2.
li-i: DC.110 1=2, NX
113: 110 X(I)=X( I - D+XFRAC! I-1 > *DX3M
115: C .... SET UP Y-ARRAY
117: Y'1)=-Y F R A C (1)*DYSM/2.
112: DO 113 J = 2,N J
119: 113 Y ( J ) =Y f J - 1 ) •‘■YFRAC ! J DYSM
1 2 0 : C
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121122
1 2 ?
124125 125
1*23
129
130 
121
132
134
135136137
133
139
140
141
142
143
145
145
147143
149
150
151
152
153
154
155 
155
153
159
150
I S !
162
153
154
155 
155 
167 
153 
155
170
171
172 
17?
174
175 
175

173 179 
ISO

CHAPTER 2 2 2 2 2 2 INITIAL OPERATIONS 2 2 2 2 2 2
C
C -----CALCULATE INLET PROPERTY VALUES

EN'JIN* ( EXP ( EM? (Al)* (TIN+272 . ) **A25 - . 7) / 1 . E5
DENSIT=A3+A4+7IN
VISCC5 = DENE IT* EMU IN
PHCC:.N=A5*A5*7IN
THC0ND=A7
SFHEAT=RHOCIN/DENSIT
PRIN=VISC05*SPHEAT/THC0ND

C ..... CALCULATE GEOMETRICAL QUANTITIES AND SET VARIABLES TO ZERO
CALL INIT

C .....INITIALISE VARIABLE FIELDS
C .....ASSUME PARABOLIC VELOCITY PROFILE

VIN=QIN/(RH0RIZ*2.)
DO 200 I=2,NI 
DO 200 J = 2 *NJM 1

200 U (I,J ) = 1.5*V I N * (1 -(Y (J )/RHORIZ ) **2)
C ..... DETERMINE MASS FLOW RATE FROM ASSUMED INLET VELOCITY
C ..... PROFILE -- THIS WILL BE USED FOR ESTABLISHING
C .....AN OVERALL CONTINUITY CONDITION AT THE EXIT

FL0WIN=0.
DO 201 J = 2, NJM1

201 FLOW IN = FLOWIN+SNS(J )*DENSIT*U(2,J )
C-----ASSUME PRESSURE FIELD IN ACCORDANCE WITH PARABOLIC 
C ..... U-VELOCITY PROFILE
C ..... SET INLET PRESSURE UNIFORM AND EQUAL TO PREF

1 = 2
DO 202 J = 2 , N J M 1

202 P<I,J)=FREF
C .....CALCULATE PRESSURE DROP FROM THE STANDARD FRICTION
C ..... FACTOR FORMULA (F=24/RE)

FACTOR*1.5*VISC0S*QIN/RH0RIZ**3 
DO 204 1=3,N I M 1 
XDIST=X(I 5 -X (2)
DO 204 J=2,NJM1 

204 ? ( I. .J ) = PREF-XDI ST*FACTOR
C .....ASSUME UNIFORM TEMPERATURES

DO 210 1= 1 ,NIM1 
DO 210 J = 2 ,N J M 1 

210 T (I,J )=TIN
C ..... EXIT TEMPERATURE

I =NI
DO 220 J =2,NJM 1 

220 T (I,J)=TOUT
C .....INITIALIZE CONDUCTOR TEMPERATURES AND HEAT FLUXES TO ZERO

DO 230 1=1,NI 
TCC I ;=0 .

230 QDCTFF I ) = 0 .
C ..... SET UP LEFT AND RIGHT EDGE CONVECTION CONDUCTANCES

YD=2*(7HKC0N-HI T O O N !
C ..... GLEFT CP GRI7Z EQUAL TO ZERO TO BE TAKEN AS
C .....AN INDICATION THAT HLEFT OP. WRITE ARE TO BE SET TO
C .....ZERO.(FOR CONSTANT WALL HEAT FLUX RUNS)

. HLEFT=0.
HRITE=0.
IF(QLEFT ,CT. 0. )XLEFT=YD/(DLEFT*PE•SLEPT, 7LEFT)i 
IF'GRITE ,GT. 0, ) XRITE* ;'D/(DRITE*PEi QPITE, TRITE) )
IF fQLEFT .GT. 0. >HLEFT*HCOErfDLEFT,XLEFT)
IF ( GRITE .GT. 0 . ) HR ITE=HCOEr (DP. ITE, XP. ITE ?

*
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131 
1 £ 2
123
124 123 1S5 
137 
1SS 129
190
191
192
193
194 
193
195 
197
192193 
200 201 
202 
203
20- i 
203 
205 
207 
202
209
210 
2 1 1  
2 1 2  212
2 1 - 
215 
215
7)  1 ~

213
219
220

223
22J
225

230

232
233

235

233

2-:

C ..... CALCULATE CONDUCTANCES BETWEEN NODES WITHIN THE DISC
C ..... FROM GEOMETRICAL AND THERMAL DATA

DEL7AY=TV(N J ;- Y 'N J M 1)
GC=7HC?AF*HITCON/ i 2. ♦TINSL)
WRITE -5,2030 )GC 
GCF=THCFAP<WIDCON/TINSL 
GF=THCCND * WI DC ON/DELTAY
GCF=GC?*GF/(C C P+GF)
WRITE(5*2100)GCF 
GLP=HL£FT*HITCON 
GCPP^THCPAP+HITCON/TINSL 
GL=GL?«GC?P/ (CLP+GCPP)
WRITEtS,2110)GL 
GPP=HRITE*HITCON 
CR*CPP*GC?P/(GPP+CCPP)
WF. I7E!S, 2120 )GP
PC = PH020 * A LP H A * C UP.ENT * * 2 / (THK C ON * HITC O N )
WRITE(S» 2130)PC
QDC7=RH020*(1.-20.*AL?HA)*CURENT**2/(THKCOM+HITCON) 
WRI7E<6,2 1 4 0 )QD07

C .....CALCULATE REYNOLDS►PRANDTL AND PECLET NUMBERS
REIN=SIN*2*»DEN5IT/VISCCS 
PPIN=VISCOS *SFHEAT/THCOND 
r e :n =r e i n *p r i n

C .....INITIAL OUTPUT
WRITE(5.2000)
WRITE-5,2001)

C .....GRID INFORMATION DATA
WRITE-5,2005) IT,JT.NI,NJ,DLEN,PHORIZ 
WRITE(5,2010)
WRITE'S,2020) (XFRAC(I),I=1,NIM1)
WRITE!S» 2030)
WRITE{5,2020) !Y F PAC(J > , J = 1,N J M 1)

C .....SOLUTION CONTROL PARAMETERS
WRI7E(5,2000)
W R ITE(5,2040) NSWPU,NSWPV,NSWFP,NSWPT.MAXIT,IFREF,JPREF,
1UKFU, UPFV, IJRFP, URFT, PREF, SOHMAX, INCALU, INCALV, INCALP,
1INCALT,INFRO

C .....FLUID PROPERTY DATA
WRITE'S,2000)
WRITE (5, 2030 ) Al, A2, A3, A4, A3, A5, A 7, VI SCOS, DENS IT, SPHEAT," THCOND

C .....OPERATING CONDITIONS
WRITEfS, 2050 ) TIN, TOUT, SIN, REIN, PRI.N, PEIN

C .....0U7FUT CONTROL PARAMETERS
WRITE(6 ,2000) • '
WPITE-5,2070) IMON,JMON,INDFRI 
WRITE!5,2000)
WRITE!5,2030)7HC?4P,WIDCCN.TIMSL,HITCON,THKCCM,RH020,ALPHA,

1 CURENT,HLEFT,HRITE,TLEFT.TRITE,
1 SLEPT, SPITE,DLEFT,DR ITE
WRI7E(5,2000)
IF-! INCALU) CALL P R INT(2, 2, N I , NJ, IT, JT, XU, Y, ’J, HEDU)
IF ( INCALV> CALL PP.INT'2, 2, N I , NJ, IT.JT.X. Y V , V , HEDV )
IF ■’ INCALP ' CALL PRINT!2,2,NI,NJ, IT,JT,X,Y,P,HEDP>

« IF!INCALT) CALL PRINT!2,2.N i ,NJ,IT,JT,X,Y,T,HEDT)
IF i INRP.O ; CALL PRINT ! 2, 2, N I , NJ, IT, JT. X, Y, VIS, HEDV IS )
IF < INFF.O ) CALL PRINT (2, 2, N I . NJ. IT, JT, X, Y, GAMH, HEDCAM)
IF!INFRO) CALL PRI N T (2,2,N I ,NJ, IT,JT,X,Y,DEN,HEDDEM)

C ..... FORMAT STATEMENTS FOR CHAPTER 2
2000 FORMAT•///'0', 120! '* " ?/// ;

t

353



241
2-2241244

2001 FORMATr'O',5X,'PARALLEL PLANE DUCT HEAT TRANSFER 
1 AND PRESSURE D R O P ')

2005 FORMAT*'O',5 a ,'GRID INFORMATION DATA'//
1/5X, ' IT............................................. ' . IS245

245
24-2
249
250

2/5

273 
275 
220 22 ’ 
— O '?

22̂  
234 
225 
22S 
-? = -20 e 
-roc
220 
23 1 
292

1/5X. ' J T ...................... .
1/5X, ' N I ...................... .
1/5X, 'NJ...................... .
1/5X, 'DUCT LENGTH........... .
1/5X,'DUCT HYDRAULIC RADIUS- 

2010 FORMAT('O','X F R A C (I)=')
2020 FORMAT(10X,5F7.3)
2030 FORMAT('O','YFR A C (J )=')

' , 15 M S  ', 16
',1FE12. 
',1PE12.

253:254: 2040 FORMAT''0',5X,'SOLUTION CONTROL PARAMETERS'//
-22 * 1 / WA»1/5X,1/5X,1/5X,

! 4 w VV 1 *
1 IrtA 4 4

25 0: 251 : 252: 253:254;

I / « A f1/5X,1/5X, ........-______ #
i / -A t ur.r r-- -- -- -- -- -- -- -- -- --
1/5X.

2 S B : I / w A f
1 / SX* i/SX, * J ------ -- ...-- - > L I

ii'JwnL « • —
270: 4 / w A t1/5X,1/5X,

41 l>4'w fiL 1'IN FRO................ ............. . ',LI)
2050 FORMAT('0',5X,'FLUID PROPERTY DATA'//

1 / 5 X , ' A 1, VISCOSITY COEFFICIENT.........
VISCOSITY COEFFICIENT--------
DENS ITY C OEFFIC I ENT.........t ■
DENSITY COEFFICIENT.......... .
RHO+C? COEFFICIENT........... .
RHO*CP COEFFICIENT........... .

’ A2, 
A3,
A 4 ,
A5, 
’ A5,

1 /5X, 
1/5X, 
1/5X, 
1/5X, 
1/5X.
1 -M* *3' 
1/5X,'A 7 , 
1/5X, 
1/5X,1 /5X, 
1/5X.

2050 FORMAT( 
1/5X, 
1/5X, 
1/5X, 
1/5X, 
1/5X, 
1/5X,

2070 FORMAT( 0' , 5

THERMAL CONDUCTIVITY COEFFICIENT--
INLET DYNAMIC VISCOSITY.................

DENSITY..............................
SPECIFIC HEAT......................
THERMAL CONDUCTIVITY..............

,S X , 'OPERATING CONDITIONS'//
INLET TEMFERATURE.........................
OUTLET TEMPERATURE..........-............
INLET FLOW RATE............. -............

REYNOLDS NUMBER....................
PRANDTL NUMBER.....................
PECLET NUMBER......................
X,'OUTPUT CONTROL PARAMETERS'//

INLET 
INLET 
INLET 0

INLET 
I NLET 
INLET

293: 1 /5X. 'IMCN--
254: 1/5X. 'JMON--
255: 1/5X. ' INDPPI
255: 2030 FORMAT('O',
25” : 1 5 X , 'THERMA
23 3: 1/5X, 'WIDTH
253: 1/5X, 'INSULA
300: 1/5X, 'HALR-H

5X,'DISC PARAMETERS'//
L CONDUCTIVITY, INSULATION-
OF INSULATED CONDUCTOR-----
TI CM THICLNESS...............
EIGHT OF COPPER CONDUCTOR--

, 1PEI 2 1 
, 1PE12 1

M' 
M' )

FA

IRE 12,3, ' KG/M*+3'
1FE12.3, KG/K-M**3
1RE12.3,' ■J/K-M**3'
1RE12.3,' J/K * + 2

1PE12.3,' W/M-X'
1 R E 12.3. ' FA - 3 '
1PE12.3,' KG/M*+3'
1PE12.3,' J/KC-K'
1 PEI 2.3, ' W / M-X')

1PE12.3,' DEG. C'
1PEI2.3,- DEG. C'
1 PEI2> 3, ' M*-*2/3EC '
1PE12.3
1FE12,3
IRE 12.3)

15
15
15 )

1PE12.3. ' W/M-K '
1PE12.3. ' M'
1 PE 12.3, ' M '
1PE12.3,' M '

*

0

♦

■0-

4

354



301 1 /'3X, 'WIDTH OF COPPER CONDUCTOR............... . ', 1 P E 12.3. ' M'
302 1/5X, RESISTIVITY OF COPPER AT 20 DEO. C ----=' ,1RE12.3, ' OHM-M'
30 r 1/5X, TEMPE RATURE RESISTIVITY COEFFICIENT---=' , 1 P E 12.3. K * * - 1
30-i 1/3X. W 1 !*D INO CURRENT........................... = ' , 1PE12.3, ' A M P S '
305 1 /3X, LEFT DISC EDGE CONVECTION CONDUCTANCE-=' ,1PEI2.3, W / M * * 2
306 1 - '
307 1/5X,'RIGHT DISC EDGE CONVECTION CONDUCTANCE*' , 1  P E 1 2 .3, ' W/M**2
303 1 -K'
302 1/5X,'LEFT VERTICAL DUCT BULK FLUID TEMP.---*' , 1PE12.3, ' DEG. C'
31 C 1/3X,'RIGHT VERTICAL DUCT BULK FLUID TEMP---*' , 1PE12.3, ' DEG. C'
31 1 1/5X.'LEFT VERTICAL DUCT FLOW RATE........... = ' ,1FE12.3, ' M++2/SE0
312 1/5X,'RIGHT VERTICAL DUCT FLCW RATE.......... = ' ,1PE12.3, ' M*-*2/SEC
313 1/5X,'LEFT VERTICAL DUCT HYDRAULIC DIA...... = ' ,1PE12.3, ' M'
314 1/5X,'RIGHT VERTICAL DUCT HYDRAULIC DIA.----= ' , 1P E 1 2 .3, ' M ' )
315 2090 FORMAT(IX, 'G C = ', 1PE12.3)
316 2100 FORMA i ( 1X 1 'GCFS ',IPE12.3)
317 2110 FORMAT(IX, 'G L = ',1FE12.3)
313 2120 FORMAT(IX, 'G R = ',1PE12.3)
319 2130 FORMA 7( IX, 'R C = ',1PE12.3)

2140 FORMA T( IX, '3DOT*',1FE12.3)

322 CHAPTER 3 3 3 3 3 3 3  ITERATION LOOP 3 3 3 3 3 3 3 3
WRITE (6,310) IMON,JMCN
WRITE(4,310) IMON,JMON

325 C ..... INCREMENT ITERATION COUNTER
32 7 300 NITER =NITE R+l
323
322
330
331
332 
332 33~323 
233
■̂50
332
340
3 4 1
342
343 3̂ u
343
345
3-iS
330"=■ i

35-i0*=|

253360

C-

---UPDATE MAIN DEPENDENT VARIABLES
IF(INCALU) CALL CALCU 
IF(INCALV) CALL CALCV 
IF(INCAL?) CALL CALCP 
IF(INCALT) CALL CALCT---UPDATE FLUID PROPERITIES 'IF(INFRO) CALL PROPS---CALCULATE SOURCE-NORMALIZATION FACTORS5N0EMM=DENSIT+QIN/2.SNCRMU=SMORMM*VIN 
SNQRMV=5NCPMU---CALCULATE NORMALIZED SOURCESIF( INCALU) RE20RU*RE=0RU/SN0FMU IF(.NOT.INCALU) RESCRU=0.
IF- INCALV) RESORVaRESOF.V/SNORMV IF(.NOT.INCALV* RE30RV=0.IF(INCAL?) RESORM=RESOFM/SNORMM IF(.NOT.INCALP) RESGRM=0.---ADJUST SNORMT FOR CHANGES IN TOTAL WALL HEAT FLUXWHFLUX=Q.DO 313 I = 2» NIM1 315 WHFLUX=WHFLUX+3fiOTF?( I?WHFLUX=WHFLUX/FLOAT(NIM2)S N 0 F. M T * W H F L U X * D L E N / 3 P H E A TIF(INCALT) RE50RT=SES0RT/SNCRMTIF'.NOT.INCAL?) RE30RT=0.---INTERMEDI ATE OUTPUTWR17E(5♦ 311) NITER, RESOPU, RESOF.V, RESCRM. RESORT, SNORMT,

U(INON,JNON),V(INON,JNON),P (IMON,JNON), T(INON, JNCN), 
TC iINON)311) NITEP,RESORU.RESORV,RESCRM.RESORT,SNORMT,U<IMON,JMCN),V(IMON,JMON),? { IMON,JMCN) , 7<INON,JMON), TC-IMON)

1
WRITE(4,
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351: IFiMOD<NITER,INDPR!).NE.C) GO TO 301
352: IF ( INC ALU) CALL FF. I NT (2, 2. N I , N J . 17. JT, XU, Y, U, HEDU )
252: IF* INCALV) CALL F R I N K  2, 2, NI , NJ, IT, JT, X, YV, V, H E Z V )
35“ : IF(INO ALP ) CALL ?RI N T (2,2,NI,NJ, IT,JT,X,Y ,P ,H E O F !
355: IF(INCALT) CALL PRINT(2,2,NI,NJ,IT,JT,X.Y,T,HZ2T5
255; IF ( INFF.C ) CALL PR IMT ' 2, 2, N I , NJ, IT, JT, X, Y, 7 1S, HEDV13 )
35” : IFiINPRO) CALL P R I N K 2 ,  2, MI . NJ, IT, JT, X, GAMH, HEDGAM)
355: IFiINPRO) CALL P R INT(2,2,N I ,NJ,IT,JT,X,Y.DEN,HEDDEN)
359: WHITE(5,310) IMCN.JMON
3” Q : 301 CONTINUE
371: C ..... TERMINATION TEETS
372: 5GRCE=AMAX1 (RESORU, FESOF.V, RESORM, RESORT)
373: IF(NITER.E G .MAXIT) GO TO 302
374: IF(NITER.EQ.20.AND,30RCE,GT.1.OE4*SORMAX) GO TO 302
275: IF(S O RCE,G T .SORMAX) GO TO 300
375: 302 CONTINUE
377: C
373: CHAPTER 4 4 4 4 4 4 FINAL OPERATIONS AND OUTPUT 4 4 4 ^ 4
372: C
320: IF i INCALU) CALL PRINT!2,2,M I ,N J , IT,JT,XU,Y,U,HEDU)
331: IF( INCALV) CALL PRIN K 2 ,  2. N I , NJ, IT, JT, X. fV, V, HEDV 5
322: IFtINCAL?) CALL PR I NT ( 2, 2. N I , N J , IT, JT, X, P, HEDP )
233: IF!INCALT) CALL PRINT(2,2,N I ,NJ,IT,JT,X.Y.T,HEDT)
354: IF(INPRO) CALL PRINT(2,2,N I ,NJ,IT,JT,X,Y,VIS,HEDVIS)
355: IF ( INPRO) CALL PR I NT (2, 2, N I , NJ, IT, JT, X, Y, C-AMH, HEDGAM}
325: IF(INPRO ) CALL PRINT(2,2.N I , N J , 17,J T ,X ,Y ,DEN,HEDDEN)
337: C ..... CALCULATE PRESSURE DPOF NORMALIZATION FACTOR

. 352: PFAC=<4.*RH0RIZ)**2/(2.*VIN*VISCOS)
322: C CALCULATE AVERAGE PRESSURE DROP AND FRICTION CONSTANT
350: DO 400 I=3,NIM1
291: XDIS7=X(I )- X (2)
392: PAVI=0.
393: DO 405 J=2,NJM1

. 324: 40S FAVI=PAVI+P<I,J)
395: PAVI=PAVI/FLOAT(N J M 2 )
325: 400 K F (I)=<PREF-PAVI)#PFAC/XDIST
397: C ..... CALCULATE WALL TEMPERATURE ASSUMING A LINEAR TEMPERATURE
392: C .....FFOFILE NEAR THE WALL
S 2 S : DO 410 I=2.NIM1
■*00: DEL7AT=QDQTPP•I)*DELTAY/THCOND
-*01: 410 TWALLI I ) = K  I» NJM1 ) +DELTAT
**02: C ..... CALCULATE BULK FLUID TEMPERATURE BY NUMERICAL INTEGRATION
403; C ..... OF THE VELOCITY TEMPERATURE FRODUCT
404: DO 420 I=2,NIM1
-*05: 79UM=0.
405: VMEAN=0.
-07: DO 425 J=2.NJM1
402: UAV = 0 .5*(U (I,J >+U ?I + 1,J )>
-109: 73UM=TSUM+5N3< J ; * U A V * K  I, J)
410: 425 VMEA:N = VMEAN + SMS ( J ) *UAV/P.HORIZ
-11: 420 T B ULK(I )=T3UM/(VMEAN«RHCRIZ )
412: C .....CALCULATE NUSSELT NUMBER
413: DO 430 I=2,NIM1
■114: H=GDOTF? ( I ) / ( TWALL ( I ) - TBULK < I ) )
415: 450 N U (I)=H*4.*FHOF12/THCOND
-115: 0 .....FINAL OUTPUT
-il7: WRITEi 5,200 0 )
-113: WRITE'S, -*000 »
413: KF(2>=0.
-120: DO -i-iO 1=2, MINI

I

0
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*

-21 a-?'?

422 
425 -12."
423 
425
430
431
432
433
434
432
435 
437 
43S
433
440
441 
-*42
443444
442

C .....CALCULATE THERMAL ENTRY LENGTH DIMENSIONLESS DISTANCE
XSTAR=X( I ) / (-*. +p.h c ?.i z *f e :n )

■*40 WRITE ( S , 40 1 0 ) X i I ) , XSTAR, TWALL ( I ), T3ULK ( I ? , NU ( I ) , KF • I )
C .....URITE OUT CONDUCTOR TEMPERATURES

WRITE'S, 4012)'
DO 450 1=2,MIMl

450 WRITE(S,402Q)X(I),T C (I ),QDOTPP(I)
STOP

C .....FORMAT STATEMENTS
310 F ORMAT( 1 HO, ' ITER ','1........ -........ ABSOLUTE RESIDUAL SOURCE SUM

IS..................I I........ FIELD VALUES AT MONITORING LOCATION' '
2 ( ',12. ', ', 12, ')', '.........I* / 2X, 'NO. ',5X, 'UMOM'.SX, 'VMOM'.SX, 'MA
3 S S ',6 X, 'ENER'.SX, 'SN0RMT',4X, ' ', 1 OX, 'U',9X, 'V ' ,9X, 'P',9X,
4'T',9X,'TC'.SX,' '/)

311 F ORMAT(1H ,13,3X,1P5E10.3,15X,1P5E10.3)
4000 FORMATC23X,'HEAT TRANSFER AND PRESSURE DROP SUMMARY'

l/'O'.SX,'X'.SX,'X*',7X,'WALL TEMPERATURE',4 X , 'EULK FLUID
I TEMPERATURE',4X,'NUSSELT NUMBER',4 X , 'FRICTION CONSTANT'//)

4010 FORMAT( IX, F7.5, ' M ', 3X, F9 . ,  4X, F7. 2, ' DEG C ' , 1 OX, F 7 .2, ' DEG C',
II OX,F3.3, 11X.F3.3)

4012 FORMAT(23X,'WINDING TEMPERATUPE3 AND HEAT FLUXES'
1/'0'> 2 X , 'X ',2X, 'CONDUCTOR T E M P E R A T U R E 4 X ,  'CONDUCTOR 
1 HEAT FLUX'//)

■*020 FORMAT ( IX, F7.2, M ' , 1 IX, 7 7 . 2, ' DEG. C ' , 4X, 1PE12.3, ' W/M**2')
END

%

4
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SUBROUTINE HODU

SUBROUTINE MODU COMMON1 / UVEL/ RE3CHU, M3WFU, URFU, DXEPU < 22),DXFWU(22) , SEWU ( 22) 1/PC0R./RESGRM, NSWPR, URFR, DU(22,9), DV (22,9), IFFEF, JFSEr
1 / TEMP •’RESORT , NSWPT,URFT
1/VAR/Us 22,9) , V(22,3),P(22, 3) , T ( 2 2 ,.9),FP<22 , 3)
1/ALL/IT.JT,N I,NJ,NIM 1 ,N J M 1 ,GREAT
1/GECM/X(22), Y (9),D X E ? (22), DXFWi 22:i ,DYNF < 9) ,D Y P S (9)
1 S N S (9 ),S E W (22),X U (22:),Y V (9)
1 / FLUFF. / URF V13. VI5C0S, DENS IT, PRIM, DEN (22, 9) , VI 5(22, 9) ,
1 GAMH(22,9),A I ,A2,A3,A4,AE,AS, AF, SPHEAT,THC0ND
1/DUCT/DLEN,RHCRII,TIN,QIN,TOUT,WHFLUX, NIM2,NJM2,FLOWIN 
1 /COEF/AP (22, 9 ) , AN< 22, 3 ), AS (22, 9 ) , AE i 22, 9 ) , AW ( 22, 9 ) , SU( 22, 9 ), 
1 S P (22,9)
-SYMMETRY CONDITION AT DUCT CENTRE-LINE
-SET SOUTH COMBINED CONVECTION/DIFFUSION COEFFICIENT
J=2
DO 100 1=3,NIM1 

ICO A S (I,J )=0.
..... NO SLIP CONDITION CN U-VELOCITIES AT DUCT WALL
..... CALCULATE DISTANCE FROM U U . N J M l )  TO WALL

J=NJM1
YDELT=YV(NJ)-Y(NJM1)

----- INSERT WALL INFLUENCE AS A MOMENTUM SINK
DO 110 1=3,NIM1 
A N (I,J )=0.

110 SP ( I, J ) =5? ( I, J)-VIS< I, J)*SEWU( D / Y D E L T
..... DETERMINE OUTLET VELOCITIES FROM OVER ALL CONTINUITY CONDITION

AEDEN=0.
FLCW=0.
DO 120 J=2,NJM1
DENAR=0.5*(D E N (N I M 1,J )+D E N (NIM2,J ))* SNS(J )
AP.DEN=ARDEN+DENAR 

120 FLQW=FL0W+DENAR*U(NI M 1 ,J)
UINC= <FLOW IN-FLOW)/ARDEN 
DO 130 J=2,NJM1 

130 U(NI,J )=U< NIM1,J )+UINC 
RETURN 
END

m

s

SUBROUTINE HODV

SUBROUTINE M0DV 
COMMON
1/VVEL/RESORV.NSWPV,URFV,DYNPV<9),D Y PSV(3),S N S 7 (3)
1/TEMP/RESORT,NSWPT, URFT
l/VAR/'J(22, 9) , V(22, 9) , ?(22, 9 ) ,T(22, 9) , PP(22, 9)
1/ALL/IT,JT,NI,NJ,NIM1,NJM1,GREAT ^
1/GEOM/X (22),Y (9),DX E ? (22),D X P W (22),D Y M P (9),DY P S (9),
1 S N S (9),SEW C 22),X U (22 >,Y V (9)
1 / FL'JPR / L'RFV IS, 7ISC0S, DEMSIT, PRIN. DEN( 22, 9 ) . VIS(22, 9) ,
1 GAMH(22,9),A 1 ,A2,Ac,A4,A5,AS,A7,SPHEAT,THCOND
1/DUCT/DLEN,RH0RI2,TIN.3 IN,TCUT,WHFLUX, NIM2,NJM2,FLOWIN 
1/CCEF/AP(22,9),A N (22,9),A S (22,9),A E (22,9),A W (22,9),S U (22,9),
1 SF(22,9)

--NO MODIFICATIONS FOR THIS PROBLEM 
RETURN
END *4
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SUBROUTINE MODP

4

*

1 SUBROUTINE MODP
2 COMMON
3 1 / FCOP / P.E3QPM, NSWFP, URFP, D U (22,9 >,D V (22,3), IPREF, JFREr
4 1 /VAR/U •: 22, 3 ) , 7 < 22, 9 ) . P ' 22, 3 ) , T ( 22, 5 ) , rP < 22, 9 )
3 1 / ALL / IT, JT, N I , NJ, N I M 1 , NJ.M1, GREAT
5 1 /GECM/X< 22),Y (5 ) ,DX E ? (22) ,D X P W (22),DY N ? (5),D T P S (3 >,
7 1 SNS C 9 > . SEW < 22 >, XU (22), YV ( 5 )
3 1 /' FLUPR/ URFVIS. VISCOS, DENS IT, ?RIN,DEN C 22,9),V I S (22,9),
S 1 GAMH(22i9),A 1 ,A2,AS,A4,AS,AS,A7 ,3PKEAT,THCCND
10 1/DUCT/DLEN,RHORIZ,TIN,QIN,TOUT,WHFLUX,NINE,NJM2, FLCWIN
1 I 1/CCEF/AP< 22,9 >,AN <22,9 >,AS i 22,9),A E (22,9),AW < 22,9),S U (
12 1 S P (22,9)
13C..... NO MODIFICATIONS FOP. THIS PROBLEM
14 RETURN
15 END

*

*

*

♦
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SUBROUTINE HODT

SUBROUTINE MOOT
2 DIMENSION A (22),B (22),C (22 ?,D (22)
3 COMMON
4 1 / UVEL /RESCRU, NSWPU, UF.FU, DXERU ( 2 2 ,  DXFWU (22) , 3EWU (22)
5 1 / V VEL / F.E3GR V , NSWPV, UF.FV, DYNPV <«i, DYFSV( S ) , SNSV (S )
5 1 / POOR / F.ESOF.M, NSWPP, UEF?,D U (22,5 >, DV (22,2), I FREE, JFHEF
7 1 /TEMP/RESORT,NSWPT,URFT
2 1/V A R / U (22,9 >, V (22, 9 ), ? ! 22» 9 ), T ( 22, 9 ),P P (22,9)
9 1/ALL/IT,J T ,NI ,NJ ,N IM 1 ,N JM 1 , GREAT
10 1 /GEOM/Xi2 2 ),Y (9 ),DX Z P (22) , D X P W (22),D Y N P (2),DYPS!2),
11 1 S N S (2) , S E W (22),X U (22),Y V (2)
12 1 / FLUFF./URFV IS, VISCOS, DENS IT, PRIN, DEN (22, 9 ) , VIS (22, 2) ,
13 1 CAMH<22, 2 ). A 1 , A2, A3, A4, AS, AS, A7, SPHEAT, THCOND
14 1 /DUCT/DLEN,RHORIZ,TIN.3 IN, TOUT. WHFLUX,NIM2,NJM2, FLOW IN
15 1/COEF/AP'22,9) , A N (22,9), A S (22, 2),A E (22,2),A W (22,2),S U (22,2),
15 1 S F (22,9)
17 1 / DISC/THCPAF, WI DC ON, TINSL, HITCOM, HLEFT, HRITE, TLEFT,
13 1 TRITE, RH020, ALPHA, CUF.ENT, THKCON, G C , CCP, OF, GCF,
12 1 GLF,GCPP,GL,GRP,CP,RC,QDOT,TC(22),QD0TFP(22),
20 1 DELTAY
21*.....SET NORTH COMBINED CONVECTION/DIFFUSION
22C -----COEFFICIENT TO ZERO
23 J=NJM1
24 DO ICO 1=2,NIMl
2S 100 A N (I,J )=0,
25C .....SYMMETRY CONDITION AT DUCT CENTRE-LINE
27 J = 2
23 DO 105 1=2,NIM1
29 105 A S (I,J ) = 0.
3 0C.....DETERMINE WALL HEAT FLUXES FROM
31C.....SOLVING THE CONDUCTION IN THE
3 2 C .....DISC, USING EACH CONDUCTOR AS
3 2C.....NODE. THE TDMA WILL BE USED TO ■
3 AC.....SOLVE FOR THE CONDUCTOR TEMPERATURES.
35 A (1)=0.
36 A (2)=GC
37 B (1)=0.
33 E< 2)=0.
29 C(1)=0.
40 C (2)=QDOT+GL*TLEFT+GCF*T(2,NJM1)41 D(1)=0.42 D(2)=GC+GCF+GL-RC43 DO 110 I=3,NIM244 D(I)=2+GC +CCF-RC
45 A (I)=GC45 B(I)=CC47 110 C ( I )=«3DOT+GCF*T( I, NJM1 )
43 A (N I M 1)= 0.49 A(NI)=0.50 E(NIM1)=GC51 B(NI)=0.52 C (NIMl ) =3D0T+GR+TRITEi-GCF-*T(NIM1, NJM1 )
53 C(NI)=0.
54 D (NIMl)=GC+CCF+GR-RC
55 D (N I )=0.
55 DO 120 1=2,NIMl
57 TE?.M= 1 . / (D( I )-3( I ) *A( I - 1 ) )
32 A (I)= A (I)+TERM
55 120 C( I ) = < C <I)+E(I)*C(I-1))*TEHM
60 DO 130 11=2,NIMl
51 I=NI-t-II
52 130 TC(I)=A<I)*TC'If 1)+C(I)
53 DO M O  1 = 2,NIMl
54 140 QDOTPPfI)=CCF*(TC(I )-T(I,N J M 1 ))/WIDCON
65 J =NJM1
65 DO 150 1=2,NIMi
57 VEP.M=CAMH ( I, J ) *SEW ( I ) /THCOND
53 150 SU( I, J)=5Ua,.J)*TERM*GDOTFR( I )
59 -RETURN
70 END

f

*

*

%

*

Output file RESULT.OAT follows. Since, in OUCT, all input data is 

printed in RESULT.DAT, DATIN.DAT has not been included here.
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361

# ^ I 4*- -* %

GC= 5 . 160E-01
GCF— 8 .2 S 2 E -0 1
G L - 7 . 905E-01
GR = 6 .1 8 1 E- 01
R C - 3 .5 7 0 E -0 2
QDOr= 3 . 370E+00

PARALLEL PLANE DUCT HEAT TRANSFER AND PRESSU RE DROP 

G R ID  INFORM ATION DATA

IT-
J T -NI--
DLICT LENGTH-------------------
DUCT H YDRAULIC  R A D IU S

22
9

22
9

l.O O O E -O l M 
2 . 2 7 0 E -0 3  M

XFRAC( I )=

Y F R A C IJ )=

1.000 1.000 1.000 1.000 1.0001.000 1.000 1.000 1.000 1.0001.000 1.000 1.000 1.000 1.0001.000 1.000 1.000 1.000 1.000 1.000

16 .0 0 0 1 2 .000 8 .0 0 0  6 .0 0 0  4 .0 0 0
3 .0 0 0 2. 000 1 .0 0 0

SOLUTIO N  CONTROL PARAMETERS

NSUPU 5



362

NSWPV------- ■ - 2
20

MAXIT------- — — — ■ -
£

200

JF'REF------- — — — 2
5.OOOE-Ol 
5.OOOE-Ol 
1.OOOE+OO 
1.OOOE+OO 
1.OOOE+OO PA 
1.000E-02

URFV--------— — ■ =
URFT---------
1 1 \L 1
SORMAX-— -.. —

INPRO------- — =T

FLUID PROPERTY DATA

Alr VISCOSITY COEFFICIENT------------- =
A2, VISCOSITY COEFFICIENT------------- =
A3, DENSITY COEFFICIENT--------------- -
A4, DENSITY COEFFICIENT--------------- -
AS, RHOHCP COEFFICIENT---------------- =
AC, RHOKCP COEFFICIENT---------------- =
A7, THERMAL. CONDUCTIVITY COEFFICIENT— =
INLET DYNAMIC VISCOSITY--------------- -
INLET DENSITY-------------------------- =
INLET SPECIFIC HEAT-------------------- =
INLET THERMAL CONDUCTIVITY— ---------- =

2.4C6E+01 
-4.123E+00
8.890E+02 
■7. OOOE-Ol 
1.COOE+OC 
1.800E+03 
1.170E-01 
6.042E-03 
8.478E+02 
2.012EKL3 
1.170E-01

KG/M**3
KG/K-M«#3
J/K-M*#3
J / K * k'2 -M **3
W/M-K
PA-S
KG/M#*3
J/KG-K
U/M-K

OPERATINO CONDITION3

INLET TEMPERATURE---------------------- - 5.890E+01 DEG. C
OUTLET TEMPERATURE----------------------= 6.050E+01 DEG. C
INLET FLOW RATE------------------------ - 1.524E-04 M**2/SEC
INLET REYNOLDS NUMBER------------------ ~ 4.277E+01
I Ml .El PRANDTL NUMBER--------------------= 1.039E+02
INIEI PELLET NUMBER---------------------» 4.444E+03

* ♦ *



OUTPUT CONTROL PARAMETERS

I MOM------------------------------------------ = 21
JMON------------------------------------------ = 8
INDPRI--------------------------------------- = 100

DISC PARAMETERS

THERMAL CONDUCTIVITY, INSULATION-------=
WIDTH OF INSULATED CONDUCTOR------------=
INSUL AT I ON THICKNESS--------------------- =
HALF-HEIGHT OF COPPER CONDUCTOR-------- =
WIDTH OF COPPER CONDUCTOR--------------- =
RESISTIVITY OF COPPER AT 20 DEG. C---- =
TEMPERATURE RESISTIVITY COEFFICIENT--- =
WINDI NO CURRENT—  --------------- -------=
LEFT DISC EDGE CONVECTION CONDUCTANCE-^ 
RIGHT DISC EDGE CONVECTION CONDUCTANCE^
LEFT VERTICAL DUCT BULK FLUID TEMP.----
RIGHT VERTICAL DUCT BULK FLUID TEMP--- =
LEFT VERTICAL DUCT FLOW RATE------------=
RIGHT VERTICAL DUCT FLOW RATE-----------=
LEFT VERTICAL DUCT HYDRAULIC DIA.------=
RIGHT VERTICAL DUCT HYDRAULIC DIA.-..--=

1.720E-01 
5.000E-03 
1.000E-03 
6.000E-03 
3.000E-03 
1.720E-08 
3.930E-03 
9 . 750E+01 
5.631E+02 
2.569E+02 
5.890E+01 
6.050E *01 
3.940E-04 
1.520E-04 
8.000E-03 
1.614E-02

W/M-K
M
M
Mh
OHM-M
K»*-l
AMPS
W/M*«2-K
W/M«k2 -K
DEG. C
DEG. C
N*e*2/SEC
MKK2/SEC
M
M



LJcn

-«—K—S —)f—)t —W — X — fc — itf — -K-W-W-fc-*- U VELOCITY £ — *>: •...
I 2 3 4 6 7 8 9 1 0 1 1 1 2 13 Y

9 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE +00 0.OOE+OO .00230
e 1.15E-03 1.15E-03 1.15E-03 1.15E-03 1.15E-03 1.15E-03 1.15E-03 , 1.15E-03 1.15E-03 1.15E-03 1.15E-03 1.15E 03 .00224
7 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E- 03 5.621". 03 . 0 0 2 1 1/j, 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E 02 1.19E 02 .00193
5 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E--02 .00177
4 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E--02 2. 95E--02 2.95E-02 .0014 6
3 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3. 97E-02 3. 97E--02 3.97E--02 3.97E- 02 .0010 4
2 4.86E 02 4.8 6E- 0 2 4.86E-02 4.86E-02 4.86E-02 4.86E-02 4.86E-02 4.8 6E - 0 2 4.86E02 4.8 6E - 0 2 4.86E-02 4.86E 02 .00042

X = 0 . 0 0 0 0 0 .00500 . 0 1 0 0 0 .01500 . 0 2 0 0 0 .02500 .03000 .03500 .04000 .04500 .05000 .05500
I 14 15 16 17 18 19 20 2 1 2 2 y ==

9 0.00E+00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 2.30E-03
8 1.15E-03 1.15E-03 1. 15E--03 1.15E-03 1.15E-03 1. 15E--03 1.15E-03 1.15E-03 1. .*.r:E-03 2.24E--03
7 5.62E-03. 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 5.62E-03 2.14E-03
6 1.1?E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.19E-02 1.98E- 03
5 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.96E-02 1.77E-03
4 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 2.95E-02 1.46E-03
3 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 3.97E-02 1.04E-03
2 4.86E-02 4.86E-02 4.86E-02 4.boE-02 4.86E-02 4.86E-02 4.86E-02 4.86E--02 4.P6E—02 4.17E-04

X = .06000 .06500 .07000 .07500 .08000 .08500 .09000 .09500 . 1 0 0 0 0

)>:-«- >■:—X — K— K-•K-K-K-M-fc- V VELOCITY : — -K-}> — )<- {D;
I 2 3 4 5 6 7 8 9 1 0 1 1 1 2 13 Y

9 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+00 0.00E+ 00 0.OOE +00 .00227
8 OwOOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0 .OOE+00 0.00E+00 0 .0 0E+00 .00219
7 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0 .OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0 .0 0E+00 0.OOEi00 .00206
6 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE♦00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+00 0.OOE+OO 0.OOE«00 .00188

0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0. OOF": + 00 0.OOE(00 .00162
4 0.OOE+00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0 . 001:.+ 00 0 . 0 0t'+ 00 .00125
3 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOEi00 0.00E+00 .00073
2 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE +000 ,ooooo

X = .00250 .00750 .01250 .01750 .02250 .02750 .03250 .03750 .04250 .04750 . (>5250 .05750
J 1 14 15 ' 16 17 18 19 20 2 1 po Y »
9 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 2.27E-03
y 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOEl00 0.OOE+OO 0.00E+00 0.OOE+OO 2. 19E-03
7 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+00 0.OOE+OO 0. OOE+ OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 2.06E-03
6 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE <00 0.OOE+OO 0.OOE +00 0.OOE+OO 0.OOE+OO 0.OOE+OO 1.8SE-03ct 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 1.62E-03
4 0.OOEi00 O.OOE»00 0. OOE+OO 0.OOE +00 0.OOEi00 0 .0 0E+00 0.OOE+OO 0.OOE +00 0.OOE+OO 1.25E-037. 0.OOEiOO 0.OOE * 00 0.OOE+OO 0.00E + 00 0.OOE+OO 0.OOE+OO 0. OOE+OO 0 . OOE+OO 0.OOE +O0 7.. 31E -04

%■ * * 44



t * * ♦ ♦ * %

0.OOE+OO 0.00E+00 0 . OOE+OO 0.00E+00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE«00 0. OOE+OO 0.OOE+OO

x= .06230 .06750 .07250 .07750 .03250 .08750 .09250 .09750 .10250
-W-M-K-X-W--X —X—X—X—X--x-x-x- PRESSURE -x-x-s-X-X-X-X-X -x-x-x-x-x-X-X-X-X-i" ~ x -

I 2 3 4 5 6 7 8 9 1 0 1 1 1 2 13 Y

9 0.00E+0G 0.00E+00 0.OOE+OO 0 .0 0E+00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOEI 00 0.OOE*00 0.OOE * 00 .00230
8 1.00E+00 4.10E-01 - 1 .8 lt- 0 1 -7.71E-01 -1.36E+00 -1.95E+00 -2.54E+00 -3.13E+00 -3.72E+00 -4.31E+00 -4.90E+00 -5.49E+00 .00224
7 1.00E+00 4.10E-01 -1.81E-01 -7.71E-01 -1.36E+00 -1.95E+00 -2.54E+00 -3.13E+00 --3.72E+00 -4.31E+00 -4.90E+-00 -5.49E+00 .00214
6 1. 00E+00 4.10E-01 -1.81E-01 -7.7IE- 0 1 -1.36E+00 -1.95E+00 -2.54E+00 -3.13E+00 -3.72E+00 -4.31E+00 -4.90E+00 .5 . 49E * Of) . 001 98
5 1.00E+00 4.10E-01 -1.81E-01 -7.71E-01 -1.36E+00 -1.95E+00 -2.54E+00 -3.13E+00 -3.72E+00 -4.31E+00 -4.90E+00 - 5749E * 00 . f>f > 177
4 1.00E+00 4.10E-01 -1.81E-01 -7.71E-01 -1.36E+00 -1.95E+00 -2.54E+00 -3.13E+00 -3.72E+O0 -4.31E+00 -4.90E+00 - 5.49E*00 .00146
3 1.00E+00 4. 10E--01 -1.81E-01 -7.71E-01 -1.36E+00 -1.95E+00 -2.54E+00 -3.13E+00 -3.72E+00 -4.31E+OQ -4.90E+00 5. 491:. i 00 . 00104
2 1 .0 0E+00 4.10E-01 -1.81E-01 -7.71E-01 -1.36E+00 -1.95E+00 -2.54E+00 -3.13E+00 -3.72E+00 -4.31E+00 -4.90E+00 --5.4 9F * 00 . 00012

X = .00250 .00750 .01250 .01750 .02250 .02750 .03250 .03750 .04250 .04750 .05250 .05750
I 14 15 16 17 18 19 2 0 2 1 2 2 Y =

9 0.OOE+OO 0.00E+00 0 .0 0E+00 0.00E+00 0.OOE+OO ' 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 2.30E-03
8 -6.08E+00 -6.67E+00 -7.27E+00 -7.86E+00 -3.45E+00 -9.04E+00 -9.63E+00 - 1 .0 2E+ 0 1 0.OOE+OO 2.24E-03
7 -6.08E+00 -6.67E+00 -7.27E+00 -7.86E+00 -3.45E+00 -9.04E+00 -9.63E+00 -1.02E+01 0.OOE+OO 2.14E-03
6 -6.08E+00 - 6 .67E+00 -7.27E+00 -7.86E+00 -8 .45E+00 -9.04E+00 -9.63E+00 - 1 .0 2E+ 0 1 0.OOE+OO 1.98E-03s -6.08E+-00 —6.67E+00 -7.27E+00 -7.86E+00 -8.45E+00 -9.04E+00 -9.63E+00 -1.02E+01 0 .OOE+OO 1.77E-03
4 -6.08E* 00 —6.67E* 00 -7.27E+00 -7.86E+00 -8 .45E+00 -9.04E+00 -9.63E+00 -1.02E * 01 0.OOE+OO 1.46E- 037, -6 . 08E+00 -6.67E+00 -7.27E+00 -7.S6E+00 -8.45E+00 -9.04E+00 -9.63E+00 —1.02E+01 0.OOE+OO 1.04E-03
2 - 6.08E+00 -6.67E+00 -7.27E+00 -7.86E+00 -8 .45E+00 --9.04E+00 -9.63E+00 -1.02E+01 0.OOE+OO 4. 17E--04

X = .06250 .06750 .07250 .07750 .08250 .08750 .09250 .09750 .10250
*»■ — }Je -ii— ti— a— ii— a--rt-W — W — A — to:--X-X-X-X-X--x-x~x- TEMPERATURE -x-x~x-X-X-X--X-X-x-x-x-x-x-K--X-X-X--* ■ w--x

I 2 3 4 5 6 7 8 9 1 0 1 1 1 2 13 Y
9 0.00E+00 0.OOE+OO 0.00E+00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE * 00 .00230oo 5.89E+ 01 5.89E+01 5.89E+01 5.89E+-01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+-01 5.39E+01 5.89E+-01 .00224
7 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.S9E+01 5.89E+01 5.89E+01 5.89E+01 5.89EKH .00214
6 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+M 5.89E+01 5.89E+01 5. 89II * 0 1 .00198
Cl 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 .00177
4 5.89E+-01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5. 89E+-01 5.89E+01 .00146
3 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+0I . 0 0 1 0  +

5.89E+01 5. 89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.S9E+01 5.89Pi01 . 0 0 0 1 2

X = .00250 .00750 .01250 .01750 .02250 .02750 .03250 .03750 .04250 .04750 .05250 .05750
I 14 15 16 17 18 19 20 2 1 Y =

9 0.00E+00 0.OOE+OO 0.00E+00 0. OOE *00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+00 0.OOE+OO 2.30E-03
y 5.89E *01 5.39E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 6.05E+01 2.24E 03
7 5.89E+01 5.89E+01 5.69E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 6.05E»01 2.14E-03
o 5. 89E+ 01 5.39E+01 5.89E+01 S.89E+01 5.89E+01 5.89E+01 5.89E+01 5.89E+01 6 . 05E if ' I.98E-03
5 5. 8‘?E * 01 3.89E+01 5.89E+01 5.89E * 01 5.89E+01 5.854::» 01 5. 89E+ 01 5.89E+01 6.05E+01 1.77E-03
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6 2.84E-05 1.47E-05 9.96E-06 7.08E-06 5.27E-06 4. 10E--06 3.31E-06 2.75E-06 2. 34E-06 2.02E-06 1.76E-06 1.55E- 06 .00188
5 4.76E-05 2.85E-05 2.06E-05 1.54E05 1.20E-05 9.59E-06 7. 92E--06 6.69E•06 S. 76E- 06 5.02E-06 4.43E-06 3.93E 06 .00162
4 5.69E-0S 3.83E-05 2.92E-05 2.29E-05 1.85E-05 1.53E-05 1.30E-05 1.12E-05 9. 84E 06 8.72E-06 7.80E-O6 7.01E-06 .00|25
3 4.43E-05 3.29E-05 2.60E-05 2.09E-05 1.73E-05 1.47E-05 1.2811-05 1.12E-05 1.00E-05 9.05E-06 8.2IE-06 7.. 501! • 06 .00073
2 0.OOEt 00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE 100 0.OOE+OO 0. OOE i CIO 0, OOll i CiOO„ Cm moo

X = .00250 .00750 .01250 .01750 .02250 .02750 .03250 .03750 .04250 .04750 .05250 .05750

J
9

I 14 15 16 17 18 19 20 21 22 Y =

0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOEfOO 0.OOE+OO 0.OOE+OO 2.27E-03
8 3. 52E--03 2.78E-08 1.57E-0S -1.16E-08 -8.04E-08 -2.65E-07 -7.69E-07 -2.21E-07 0.OOE+OO 2.19E-03
7 3. 671107 3.10E-07 2.28E-07 6.76E-08 -3.15E-07 -1.32E-06 -4.00E-06 4.96E-08 0.OOE+OO 2.06E-03
6 1.37E-06 1.18E-06 9.44E-07 5.25E-07 -4.26E-07 -2.37E-06 -9.25E-06 1.18E-06 0.OOE+OO 1.88E--03
5 3. 49E--06 3.08E-06 2.60E-06 1.83E-06 1.95E-07 -3.88E-06 -1.42E-05 2.97E-06 0.OOE+00 1.62E -03
4 6. 3311-06 5.68E-06 4.97E-06 3.94E-06 1.90E-06 -2.99E-06 -1.50E-05 3. 97E--06 o.-ooeroe-- 1.25E 03
3 6.8711-06 6.27E-06 5.63E—06 4.75E—06 3.09E-06 -7.81E -07 -9.86E-06 2.84E-06 0.OOE+OO 7.31E-04
2 0.00E»00 0.OOE+OO 0. OOE+00 0. i.*OE+00 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0. 0QE+-00

X= .06250 .06750 .07250 .07750 .08250 .08750 .09250 .09750 .10250

X-X--X — X—X—X—X- X-X--X-X-X--X-X--X-X-X~X-X~X- PRESSURE -X -X-M-X-X-X-x-x-x-x —x—x—X--X--X- >:• •- X
I 2 3 4 5 6 7 8 9 10 11 12 13 Y

9 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOEtOO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE t 00 0. ClOE • 00 .00230
s 9.99E-01 4.35E-01 -1.22E-01 -6.72E-01 -1.21E+00 -1.75E+00 -2.28E+00 -2.81E+00 -3.33EI00 -3.85E+00 -4.36E+00 4.87E+00 .00224
7 9.99E-01 4.35E-01 -1.22E-01 -6.72E-01 -1.21E+00 -1.75E+00 -2.28E+00 -2.81E+00 —3.33E+00 -3.85E+00 -4.36E+00 -4.87E+00 .00214
6 9.99E-01 4.34E-01 -I.23E-01 -6.72E--01 -1.22E+00 --1.75E+00 -2.28E+00 -2.81E+00 -3.33E+00 -3.85E+00 -4.36E+00 -4.87E+00 .00198
5 9. 99E--01 4.34E-01 -1.23E-01 -6.72E-01 -1.22E+00 -1.75E+00 -2.28E+00 -2.81E+00 -3.33E+00 -3.85E+00 -4.36E+-00 -4.87E+00 .00177
4 9.99E-01 4.35E-01 -1.23E-01 -6.72E-01 -1.22E+-00 -1.75E+00 -2.28E+00 -2.81E+00 -3. 33E+-00 -3.85E+-00 -4.36E+00 -4.87E tOO .00146
3 1.OOEt 00 4.35E-01 -1.22E-01 -6.72E-01 -1.21E+00 -1.75E+00 -2.28E+00 -2.81E+00 -3.33E+00 -3.85E+00 -4.36E+-00 -4.8711-t 00 .00104
2 1.OOE+OO 4.35E-01 -1.22E-01 - 6.72E-01 -1.21E+00 --1.75E+00 -2.28E+00 —2.81E+00 -3.33E t 00 -3.85E+00 -4.36Et DO -4.87E 100 .. 0004 2

X- .00250 .00750 .01250 .01750 .02250 .02750 .03250 .03750 .04250 .04750 .05250 .05750
I 14 15 16 17 18 19 20 21 22 Y =

9 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0.OOE+OO 0. OOE tOO 2. 30E--03
8 ~5.37E+00 ytc »00 —6. 37E+-0G —6.87E+00 -7.36E+00 --7.85E+00 -8.34E+00 -8.83E+00 0.OOEtOO 2.24E-03
7 -5.37E+00 -5.88E+0G -6.37E+00 -6.87E+00 —7.36E+O0 -7.85E+00 -8.34E+00 -8.83E+00 0.OOE+OO 2. 1411- 03
6 •5.37E+00 -5. 38E+00 —6. 37E+OQ —6.87E+-00 -7.36E+00 -7.85E+00 -8.34E+00 -3. 83E+-00 0.OOE+OO 1.98E-03
5 -5. 371-: + (JO -5.88E+00 -6.37E+00 -6.87E+00 -7.36E+00 -7.85E+00 -8.34E+00 -8.83E+00 0.OOEt00 1.77E-03
4 -5.37E+-00 - 5. 88E+00 - 6. 37E+-00 -6.87E+-00 -7. 36E +.00 -7.85E+00 -8.34E+00 -8.83EtOO 0.OOE t 00 1.46E 03
“7 -5.37E+-00 -5.88E+00 -6.37E+-00 -6. 87E+00 -7.36E+00 -7.85E+00 -8.34E+00 -8.83E+00 0. 00E+00 1.04E-03
2 -5.37E+00 -5.88E+-00 —6.37E+00 —6.87E+-00 -7.36E+00 -7.85E+00 -8.34E+00 —8.33E+00 0. OOE+OO 4.17E-04

X = .06250 .06750 .07250 .07750 .08250 .08750 .09250 .09750 .10250

x - x - •X~ X -X --X --X - X™ X ~  X ~ X — X - -X —X — X --X —X ~ X —X—X— TEMPERATURE - X - X - X —X—X—X —X—X — X — X—X —X — -X - X - X  - X • X - ><: - x
I 2 3 4 5 6 7 8 9 10 11 12 13 \

9 o. ooii i oo 0. 00E+-00 0.OOE+OO 0.OOE t 00 0. OOE+-00 0.OOEtOO 0.OOE+OO 0.OOE 100 0.OOE+00 0.OOEtOO 0.OOEt Cm 0.. 001:1-1 Oil .OO230
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J
9 5.81 E-OS 5.8IE-05 5.81E-05 5.81E-05 5.81E-05 5.81E-05
8 5.79E-05 5.76E-05 5.74E-05 5.73E-05 5.72E-05 5.71E-05
7 5.80E-05 5.78E-05 5.76E-05 5.75E-05 5.74E-05 5.74E-05
6 5.81E-OS 5.80E-05 5.79E-05 5.78E-05 5.77E-05 5.76E-05
s 3.81E-05 5.81E-05 5.81E-05 5.80E-0S 5.80E-05 5.79E-05
4 5.81E -05 5.81E-05 5.81E-05 5.81E-05 5.81E-05 5.8IE-05
3 5.8IE-05 5.81E-OS 5.81E-05 5.8IE-05 5.8IE-05 5.81E-05
2 5.81E-05 5.81E-05 5.81E-05 5.81E-03 5.8IE-05 5.81E-05

X = .00250 .00730 .01250 .01750 .02250 .02750
I 14 15 16 17 18 19

9 5.81E-05 5.81E-05 5.8IE-05 5.81E-05 5.81E-05 5.81E-05
8 5.68E-05 S.67E-05 5.67E-05 5.67E-05 5. 66E--05 5.66E-05
7 5.70E—05 5.69E-05 5.69E-05 5.69E-05 5.68E-05 5.68E-05
6 5.73E-05 5.72E-0S 5.72E-05 5.72E-05 5.7 IE-05 5.7IE-05
5 5.76E-05 5.76E-05 5.76E-05 5.75E-05 5.7SE-05 5.75E-05
4 5.00E-05 5.79E-03 5.79E-05 5.79E-05 5.79E-05 5.79E-05
3 5.81E-05 5.81E-05 5.81E -05 5.8IE-05 5.8IE-05 5.81E 05
2 5.81E-OS 5.81E-05 5.81E-05 5.81E-05 5. 8 IE -05 5.81E -05

X = .06250 .06750 .07250 .07750 .08250 .08750

K-X-W-K- #-k -x ~k-k—k-*-k~ DENSITY

1
1 2 3 4 5 6 7

9 8.46E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02
8 8.46E* 02 8.44E+02 8.43E+02 8.42E+02 8.42E+02 8.41E+02
7 8.47E+02 8.45E+02 8.45E+02 8.44E+02 8.43E+02 8.43E+02
6 8.47E+02 8.47E+02 8.46E+02 8.46E+02 8. 45E-I-02 8.4SE+02
5 8.48E+02 8.48E+02 8.47E+02 8.47E+02 8.47EI02 8.46E+02
4 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.47E+02
3 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02

8.48E+02 8.4BE+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02

x= .00250 .00750 .01250 .01750 .02250 .02750

j
9

I 14 13 16 17 18 19

8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8. 48E+02
8 8.39E* 02 8.39E+02 8.38E+02 8.38E+-02 8.38E+02 8.38E+02
7 8.40E+02 8.40E+02 8.40E+02 8. 40E+02 8.39E+02 8.39E+02
6 8.42E+02 8.42E+02 8.42E+02 8.42E<02 8.4 IE<02 8.4 IE<02
5 8.45E+02 8.44E+02 8.44E+02 8.44E+02 8.44E+02 8.43E+02
4 8.47E+02 8.46E+02 8.46E+02 8.46E+02 8.46E< 02 8.46E+02
3 8.48E+02 8.48E+02 8.48E+02 8.47E+02 8.47E <02 8.47E+02
2 8. 48E4-02 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02

X- .06250 .06750 .07250 .07750 .08250 .08750

* M

5.8IE-05 5.81E-05 5.8IE-05 5.81E-05 5.81E-05 5.8IF 05 .00230
5.71E-05 5.70E-05 5. 70E--05 5.69E-05 5.69E-05 5.68E-05 .00224
5.73E-05 5.72E-05 5.72E-05 5.71E-03 5.71E-05 S.70E--05 .00211
5.76E-05 5.75E-05 5.75E-05 5. 74E- -05 5.74E-05 5.73E-03 .oo198
5.79E-05 5.78E-05 5.76E-05 5.77E-05 5.77E-05 5. 77E--05 .00177
5.81E-05 5.81E-05 5.80E-05 5.80E-05 5.80E-05 5.oOF -05 .00146
5.81E-05 3.81E-05 5.81E -05 5. 81E -05 5. 8 IE'-05 5. 81E -05 .00104
5.81E-05 5.81E-05 5.81E-05 5.8IE-05 5.8IE-05 5.81E-03 .00049

.03250 .03750 .04250 .04750 .05250 .05750
20 21 22 Y =

5.81E-05 3.81E-05 5.81E-05 2.30E-03
5.67E-05 5.69E-05 5.8IE-05 2.24E-03
5.68E-05 5.69E-05 5.81E-05 2.14E-03
5.71E-05 5.71E-05 5.81E -05 1.98F. - 03
5.74E-05 5.74E-05 5.81E-05 1.77E-03
5. 78E--05 5.78E-05 5.81E~05 1.46E--03
5.8IE-05 5.81E-05 5.8IE-05 1.04E-03
5.81E-05 5.81E-05 5.81E-05 4.17E-04

.09250 .09750 .10250

-i<—a-a — k—
8 9 10 11 12 13 Y

8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02 8.48E+02 .00230
8.41E+02 8.40E+02 8. 40E+-02 8.40E+02 8.39E+02 8.39i::V02 .00224
8.42E+02 8.42E+02 8.41E+02 8.41E+02 8.4 IE <02 8. 4IE+02 .00211
8.44E+02 8.44E+02 8.43E+02 8.43E+02 8.43E+02 8. 43E-I02 .00J 98
8.46E+02 8.46E+02 8.45E* 02 8.4 5E < 02 8.45E *02 8.45F+02 .00177
8.47E+02 8.47E < 02 8.47E+02 8.47E+02 8.47E+02 8.47E<02 .00116
8.48E+02 8.48E+02 8.48E+02 8.48E< 02 8.48F <02 8.48EI02 .00l01
8.48E+02 8.48E+02 8. 48E+02 8.48E+02 8.48E+02 8.48F+02 .00012

.03250 .03750 .04250 .04750 .05250 .05750
20 21 22 Y =

8.48E <02 8.48E+02 8.48E <02 2.30E-03
8.38E+02 8.39E+02 8.48E+02 2.24E- 03
8.39E+02 8.40E+02 8.48E <02 2.14E-03
8.41E+02 8.41E+02 8.48E+02 1.98E-03
8.43E+02 8.43E+02 8.48E <02 1.77E-03
8.46E+02 8.46E+02 8.48E+02 1.461." -03
8.47E+02 8.47E«>2 8.48E+02 1.04E-03
8.40E+02 8.48E+02 8.48E < 02 4. 17E--04

.09250 .09750 .10250



XKKXXttKKXKKKXXXKXXXKXXXXKttKXXXX-XKXKKXXXXKXttXXXXKXXXXKKXKKKXKXKXKKKXKXXXXKXXXttKttXXXXKKXKKXKXKXKKKK-XXXKXXKKXKKKKXKXKXXXKS

HEAT TRANSFER AND PRESSURE DROP SUMMARY

X X* WALL. TEMPERATURE BULK FLUID TEMPERATURE NUSSELT NUMBER FRICTION CONSTANT

00250 M .0000619 61.77 DEG C 53.95 DEG C 33.673 0.00000750 M .0001853 64. 18 DEG C 59.02 DEG C 28.186 22.93201250 M .0003097 65.79 DEG C 59. 10 DEG C 24.359 22.81501750 M .0004336 66.95 DEG C 59. 18 DEG C 21.841 22.657022530 M .0005575 67.86 DEG C 59.27 DEG C 20.085 22.51J02750 M .0006814 68.62 DEG C 59.36 DEG C 18.791 22.37403250 M .0008053 69.27 DEG C 59.44 DEG C 17.793 22.24503750 M .0009292 69.85 DEG C 59.53 DEG C 16.995 22.12304250 M .0010531 70.38 DEG C 59.62 DEG C 16.338 22.00704750 M .0011770 70.87 DEG C 59.70 DEG C 15.785 21.89705250 M .0013009 71.32 DEG C 59.79 DEG C 15.310 21.79205750 M .0014248 71.74 DEG C 59.88 DEG C 14.897 21.69106250 M .0015487 72. 14 DEG C 59.96 DEG C 14.531 21.59406750 M .0016726 72.52 DEG C 60.05 DEG C 14.201 21.50007250 M .0017965 72.87 DEG c 60. 14 DEG C 13.891 21.41007750 M .0019204 73. 18 DEG c 60.23 DEG C 13.576 21.32308250 M .0020443 73.41 DEG c 60.31 DEG C 13.191 21.23908750 n .0021682 73.44 DEG c 60.39 DEG C 12.561 21.16109250 M .0022921 72.97 DEG 0 60.46 DEG r; 11.155 21.03909750 M .0024160 71.04 DEG C WINDING TEMPERATURES 60.49 DEG AND HEAT FLUXES c 6.972 21.033

X CONDUCTOR TEMPERATURE CONDUCTOR HEAT FLUX

00250 M 68.89 DEG. C 1.225E+03 W/M**200750 M 75.07 DEG. C 1.874E+03 U/MKK2
01250 M 78.00 DEG. C 2.100E*03 W/M«*201750 M 79.67 DEG. C 2.187E+03 W/M**202250 M 80.79 DEG. C 2.224E+03 W/M»*202750 M 81.65 DEG. C 2.242E+03 W/M**203250 M 82.37 DEG. C 2.253E *03 W/M**203750 M 82.99 DEG. c 2.260E+03 W/MKX204250 M 83.55 DEG. c 2.266E+03 W/M»*204 750 M 84.07 DEG. c 2.270E *03 W/M*x205250 M 84.54 DEG. c 2.274E♦03 W/M><*205750 M 84.99 DEG. c 2.278E+03 W/MKX206250 M 85.40 DEG. c 2.280E*03 W/M**2



3
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.06750 M 85.78 DEG. C 2.281E+03 W/MK*2

.07250 M 86. 12 DEG. C 2.279E+03 U/MKH2

.07750 M 86.35 DEG. C 2.266E+03 W/M**2

.08250 M 86.35 DEG. C 2.226E»03 U/M»K2

.08750 11 85.73 DEG. C. 2.113E+03 U/Mx m2

.09250 M 83.42 DEG. C 1,798E+03 W/Mw*2

.09750 M 76.54 DEG. C 9.47IE*02 W/M«*2

I BV



D7 DISCNET The structure of DISCNET is highly modular, consisting

of 10 subroutines and 4 functions, each of which are relatively short. 

An overall flow chart for DISCNET is shown as Fig. D7.1. The brief 

descriptions of the subroutines in each box require little elaboration. 

Subroutine HDUCT is just a 6x6 grid version of DUCT, configured so as to 

be called as a subroutine. The listings for HDUCT and the TEACH-L 

subroutines are not duplicated here.

Four functions are provided to perform frequently needed tasks. 

FUNCTION H(DH0R, XSTAR) computes a duct-averaged convective heat 

transfer coefficient using equations (7.7). FUNCTIONS PE (FLORAT,TEMP), 

and RE(FLORAT,TEMP) compute local Peclet and Reynolds numbers. FUNCTION 

VISC(TEMP) computes the local fluid viscosity. Listings and sample 

output follow.

%

♦
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START CALCK HOUCT
Set up parameters

« -
Calculate horizontal

to call HOUCT duct variable 
viscosity K

Update TR

CA LDRS

CALFLO

PRNFLO

PRNFLO

CALJRS SELCO
Calculate ROT, Select KDT, KOS.
ROS.RCT.RCS 4— KCT. KCS from

tables

CALCRS - ► SELCOR
Calculate RCl Select KC from
and RCH tables

►  STOP
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PROGRAM MAIN

1: PROGRAM MAIN
2: 21 MENS ION S20LE<15)
3: REAL KDT(6,5,4>,KDSI 5,5,4),KCT(6,5,4),KC3<5,5.4),
4: IKC!5*4),K(16) ,KL(15),KR<15)
3: COMMON
6: 1/FCON/KDT, KDS, KCT.KCS, FC,K, KL, KR
7: 1 /PASDAT/XD ( 15) , YD<15), DL( 15) , DF.t 15) , DH( 15) , QIN, TIN, NDUC7, NDUCM1
3:
3: 1/FLOW/QZ(16),RDT!16),HDS(15),RCT(16) ,RCS(15),POL,RCH,
10: 1F.' 16 ) , RL ( 15 ) , RP. ( 15), TL ( 16 ) , TR ( 15 )
11: 1/FLUPR/URFV15,VISCOS.DENS IT,PR IN,DEN(5,5),VIS<6,S>,
12: 1GAMH(5,6),A1,A2,AS,A4,A3,A5,A/,SPHEAT,THCOND
; 3: l/DISC/THCPAP,WIDCON,TINSL,HITCON,HLEFT,WRITE,TLEF7,
14; 1 TRITE,RH020,ALPHA,CURENT,7HKC0N,GC.GCP,GF.GCF,
13: 1 CLP, GCPP,CL,GPP,CP,PC,3D0T,TC(5), 3DOTFP! 6) ,
15: 1 DELTAY17: 
1 8 : 13: 20: 21 :
23:24:23:25:
23: 23: 30: 31: 32:33: 34: 
35: 
35: 37: 
33: 33: 40: 41 : 
42: 
4 3 ;44;
43:

DATA K.KL.KP /46*24./DATA RDT, PDS, PCT, RCS, P.CL, RCH /£3*0.0,' CALL OPEN(6,'RESULT DAT',0)CALL QPEMCS,'DATIN DAT',0)
CALL INPA55C....INITIALIZE TEMPERATURESDO 10 1=1,NDUC7 TL!I)=TIN 10 TR < I)=TIN 
MAX IT*10 NUMIT=0 REEMAX=.01 
CALL CALDRS CALL CALFLO WRITE(4,1000)WPITE!5,1000)
CALL PRNFLO 100 NUMIT=NUMIT+1IF(CURENT ,NE. 0.) CALL CALCK 
CALL CALJR5 CALL CALCESIF! CURENT .NE. 0.) CALL CALDP.S DO 200 1=1,NDUCT 200 Q20LD(I)=Q2 iI)CALL CALFLO RES 12=0.DO 210 1=1,NDUCTTEMF = ABS!C20LD!I ) -02!I))210 RE5ID=RESID+TEMP45 : 47:

-8: 43: 50: 31 : 300
32: 33: 54: 33: 55: 100037: 101032: 1020
33:

RESID=RE5ID/QINWRITE!6, 1010) NUMIT.RES IDWPITE(4, 1010) NUMIT,RES ID
IF-'NUMIT.GT.MAXIT' GC TO 300IF!RESID.CT.FEEMAX) GO TO 100CONTINUEWRITE!4,1020) NUMIT WRITE.5.1020) NUMIT CALL PRNFLO STOPFC RMAT(IX, 'INITIAL DISTP13UTI ON')FORMAT'IX. 'FESI DUAL AFTER', U, ' ITERATIONS IS 1FE12 FORMAT!1X,'FINAL DISTRIBUTION AFTER',14,' ITERATIONS: END

3 )// ■

#

•4*

*■
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SUBROUTINE INPASS

1: SUBROUTINE IN?ASS2: REAL KDT(5,5,4),KDS'S, 5, 4;,KCT(6,5,4),KC3<6,5,4),3: 1KC(5,4),K( le),KL(15),KR(15)4: COMMON5: 1/FCON/KDT,KDS,KC7,KCS,KC» X,KL,XRS: 1/PASDAT/XD(15),YD<15;,DL(15),DRi15),DH<IS), QIN,TIN,NDUCT,NDUCM7: 1/FUJPR/URFVIS, VISC05,DENSIT, FFIN, DEN<5,5). VI5(S,5), ̂ 3: 1CAMH(5,6),A1,A2,A3,A4,AS,AS,A7,SFHEAT,THCOND* 5: 1/DISC/THCFAP,WIDCON,TINSL,HI TOON,HLEFT,HRITE,TLEFT,10: 1 TRITE,RH020,ALFHA,CUPENT,THKCCN,CC,OOP,OF,CCF,11: 1 GL?,GCP?,GL,GHP,CR,RC,QD07,TC(5),QD07FP'S),
12: 1 DEL7AY13: READ(5,900) NDUC714: NDUCM1 =ND'JCT- 115: READ(S.1000) (XD( I >,1=1,NDUCM1)15: READ(2,1OQO) (YD(I),1=1,NDUCM1)

4

17: READ(3,1000) (DL!IJ, 1 = 1,NDUCM1)
IS: READ(£,1000; (DR(I),I=1,NDUCM1)IS: READ (3,. 1000) 'DH(I), 1 = 1,NDUCT)20: READ(3,1005) QIN,TIN, A1,A2,A3,A4,A5,AS,t21: READ(3,1005) THCFAP,WIDCON,71NSL,HITCON22: 1 ALPHA, CURENT,7HKC0N23: READ i 3, 1002) XCS
2*i READ(3,1002) KCT
25: READ(3,1002) KDS25: READ'S,1002) KBT
27: DO 200 1=1,523: 200 READ'S,1007) i KC ( I, J), J=l,4)
23: WEITEl5,1010) QIN.TIN.CURENT, NDUCT
20: c--- -FORMAT STATEMENTS31 : 300 FORMAT(13)32: 1000 FORMAT iSFS.5)53: 1002 FORMAT(5F3.3)34: 1005 FORMA7(9E13.4)35: 1007 FORMAT(4F9.3)
35: 1010 FORMAT(' QIN S ',1PE12.3,' m*42/SEC',37: 1 'TIN s ',1FE12.3,' DEC. C'/3S: 1 ' CURRENT= ', 1FE12.3, ' AMF3'/39: 1 ' MDUCT = ',13)40: RETURN41 : END

4
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SUBROUTINE CALDRS

f
SUBROUTINE CALDES
REAL KDT (5, 5, J ) , KDS(5, 3,4), KCT(6, 3, 4) , KCS(6, 3, 4),
1KB(5,4),K(IS),KL(13) , KR(15)
COMMON
1/FCCN/KDT,KDS,KCT, KC3, KC, K , EL, KR
1 /FASDAT/XD ( 15) , YD(15) , DL(15),DR<15),DH< 16),QIN,TIN,NDUCT, NDUCM1

10 1 1

1 / FLOW/02 (IS), ROT (IS), EDS (15), RCT (16), RCS (16), ECL, P.CH,1S<15),FL(15),RE(15 ),TL(15),TR(lS)C....CALCULATE RESISTANCES IN HORIZONTAL DUCTSR <1)=4,*K(1)*VI SC(TL(1))*XD(1)/DH<1)**3 DO 10 1=2,NDUCM1
10 F( I )=-i. *K< I ) *VI3C(~LU ) )*.3*(XD< 1-1 ) +XD< I ) ) /DH ( I ) **3F(NEUCT)=4.* K-NDUCT)*VISC(TL(NDUCT))*XD(NDUCM1)/DH(NDUCT)* *3C....CALCULATE RESISTANCES IN LEFT AND RIC-HT DUCTSDO 20 1=1,NDUCM1

RLlI)=4.*RL(I)*VI SC(TL(I)>*YB!I)/DL(1)**S 20 RF< I ) =4. *KF: ( I - *V I SC (TP. ( I ) > * YD < I ) /DR 0 * * 3  WRITE(6,1000) R 
WSITEiS,1010) RL WRITE! 6, 1020) SF.RETURN

1000 FORMAT(/IX, ’ R= '/4E13.4/4E1S.*/,1010 FORMAT (■7 IX, ' t3t_ = ' /JE13» 4/4E12,4/)1020 FORMAT(/IX, END * RR= ' /4E13.4/4E13.4/)

4

*
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SUBROUTINE CALFLO

l: SUBROUTINE CALFLO
DIMENSION QLOOP(15),A(13),B<13),C(15),D<13)
COMMON
1 / FLOW/02 (IS), RDT (16), RDS (13), ROT (15), RC3 (IS), P.CL, RCH,
1R<16),RLC15),RR(15),TL(IS),TR<IS)
1/PASDAT/XD(15),YD(15),DLl15),DR(15), DH(13 ) ,QIN,TIN,NDUCT,NDUCM1

C....SET UP COEFFICIENTS
RCT(1)=RCL 
RDT(NDUCT)=RCH 
DO 10 I = 1 i NDUCfll 
RPL=RDT(I)+R(I)+RCT(I)
RP.P=RR( I )+RCSi 1 + 1 )
RPH=RCT(I*1)*R«1+1)+RDT(I + i)
RLP=RL(I)+RDS(I)
D« 13 =RFLtRRP+P.PH+RLP 

10 A(I)=RPH 
A(NDUCM1)=0.
3(1)»0.
C( 1 )»-aiN*(SDT( 1 i +R( 1 J+P.CL+RR! 1 )+?.CS(2) )
DO 20 I=2,NDUCM1 
B(I)=A(I -l)

20 C( I )»-QIN*(RRC I ) +RCS ( I +1 ),)
C....BEGIN RECURRENCE PROCEDURE

A<1)=A(1)/D(1)
C(1)=C(1)/D(1i 
DO 30 I=2, NDUCM1 
TERM=1./(D(I)-3(I)*A(I- 1))
A(I)=A(I)*TERM

30 C(I) = (C(I)+B(I)*C(I - 15)*TEPM
C....OBTAIN LOOP FLOW RATES BY BACK SUBSTITUTION

QLOOP (NDL'CMl ; =C C NDUCM1 )
DO “0 11=2,NDUCM1 
I=NDUCT-11

40 QLOOF(I)=A(I)*QLQOP(I+1)+C(I)
C....NOW CALCULATE FLOW RATE IN EACH DUCT

02(1)=OIN+OLOO?(1)
DO 30 1=2,NDUCM1 

30 02(I)=OLOOP(I)-OLOOP(I - 1)02(NDUCT)=-OLGOP(NDUCM1)
*10: RETURN
41: END

379



SUBROUTINE PRNFLO

1

E

10

14
15

SUBROUTINE PP.NFLO COMMON1/?ASDAT/XD(15),YD!15),DL(15),DR <15),DH(1S),31N* 71N,NDUCT.MDUCM1 1 / FLOW/02 ( IS) , RDT ( IS), PDS ( 15) , P.CTC IS ) , R.CSi 15), RCL, P.CH,1R( IS), RLi 15) , ?R( 15) , TLiIS) , TRi IS)DO 10 1=1,NDUCT PFLGW=32(I)* I 00./QIN WRITE(4,1000) I.FFLOW 
10 WRITEiS,1000) I,PFLOW DO 20 1=1,NDUCT 20 WRITEiS, 1010 ) 1,02(1)RETURN1000 FORMAT< IX. 'PERCENT FLOW IN DUCT NO. ',12,' IS '.-F5.2)1010 FORMAT ( IX, .'FLOW RATE IN DUCT NO. ',12,' IS *,i:E12.3, ' r**2/SEC END

*

*

+

*

'M.

%•
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SUBROUTINE CALCK

#

t

*

4

-W

*

1 : SUBROUTINE CALCK2: SEAL KD7 (5,5,4), KDS < 5,5, 4) , KC7 (5,5,4), KC3 (5,5,4),
3: 1KC(5,4),K!15 >,KL(15),KR(15)
4: COMMON
5: t/FCON/KDT.KDS.KC7,KCS, KC,K,KL,KR
5: 1 /FASDA7/XD ( 15; , YD ( 15; ,DL( 15), DR ( 15) , DH ( 15) , SIN, TIN, ND'JCT, NDUC
5: 1 / FLOW/22( 15 ) , P.DT i 15) , RD=( 15) , RCT( IS i. RCSi 15) , FCL, RCH,5: 1P(15),RL(15),HE(15),TL(15),TR115)10s 1/DISC/THCFAP,WIDCON.TINSL,HITCON,HLEFT,HRITE,TLEFT,
11: 1 TRITE.RH020,ALPHA, CURENT,THKCCN,GC,GC?,GF,GCF,12: 1 GLP, GCP? > CL, CP.P, GR» P.C, QDOT, TC (6 ), SDOTPP (6 ) ,13: 1 DELTAYl-»: C....START AT BOTTOM OF PASS15: DLEN=XD<1)IS: RHORIZ=DH(1)/4.IT: . WRITE(5,1005)
IS: C....CALCULATE CONVECTION COEFFICIENTS HLEFT AND HRITE USINGIS: C... MEAN NUSEELT NUMBER FROM SHAH20: C... CALCULATE FLOW RATE ON LEFT AND RIGHT EDGES
21

23
. i  _
25

SO: 31: 
32: 
33: 
34: 
35: 
35: 
37: 
35: 
3S: 4C: 
4 1  : 
4 2 :  
43: 
* 1 4 :  

45: *15 : 
* 1 7 :  

4 3 :  •1= : 50* 51 :

5-1

QL=2IN-32! 1 )2R=32(1)XLZF7 = . 5*YD( 1 ) / ( DL( 1 ) *PE(3L, TL ( 1 ) ) )XRITE=,5*YD(1)/(DR(1)*?E(QR,TR(1)))HLEFT=H(DL(1),XLEFT)HP.I7E=H( DR ( 1 ) , XRITE)C....USE EXISTING TL'S AND TP'S BUT UPDATE THEM AFTERC....CALLING HDUCTNDUC = 1WRITE(4, 1000) NDUC
WR17E(S. 103 0) NDUC,XLEFT,HLEFT,XRITE,HRITE,QL,QR CALL HDUCT(DLEN,RHORIZ,TL(1),TR(1),32!1),K(1),TBGUT) TF. ( 1 ) =TBGUT 21=22(1)DO 10 I=2,NDUCMl 
DLEN=0.5*!XD(I)+XD(I -1))RHGRIZ=DH(Ii/4.
QL=3L-32<I)QR=2R+22(I)XLEFT=.5*YD(I)/(DLCI)*PE(QL,TL(I)))XEITE=.5*YD(I)/C DR Cl)*FE(QR,TR(I ) ) )HLEFT=H(DL(I>,XLEFT)HRITE*H(DR(I),XRITE)NDUC*IWRITE(4,1030) NDUCWRITE'S, 1030) NDUC,XLEFT,HLEFT,XRITE,HR ITE,2L,3P CALL HDUCT (DLEN, RHORIZ, TL < I ) , 7= < I ) , 2 2 I ) , K ( I > , TEOUT) 21 =22( I ) -rQI
TR!I)*(TBQUT*Q2(I;*7R(I-I)*QI)/Q1 10 21=21DLEM=XD(NDUCMl)RHCRIZ=DH(NDUCT)/4,QP=3 IN XLEFT=0.HLEF7=0,XRITE=. 5*YD! NDUCMl > / ( DR ( NDUCMl ) *PE(2R, TH'.S) ) )HP.!TE = H(DP! 7) , XRITE)
NDUC*NDUCTWRITE( 4 , 1000) NDUC50 

5 15253
5 4

55 S o 57

WRITE(5,1030; NDUC,XLEFT,HLEFT.XFITE,HRITE,3L.SR CALL HDUCT ( DLEN, RHOR IZ, TL ( NDUCT J , TF. ( NDUCT. ,132 C NDUCT ■ ,K(NDUCT),7BQUT)Q1=22!NDUCT)*21TR (INDUCT ; = (TEOUT*22 (NDUCT) *7R(NDUCMl 5 *21 • /Q1 WPITE(5,1010) TR WRITE!5,1020) K RETURN
55: i000 FORMAT!IX, 'CALCULATION PROCEED ING
5 5: 1005 FORMAT •. ' 0 -, IX, 'DUCT NO. ' , 5X. X"_IF
70: 17X,'HRITE' ,7X. '2LEFT',“X, 'OR ITE' )7 • ; 1 0 10 FORMAT(IX. ' T?. = ' -it i 3. -i/ -i£ 13.4 )
~ 2 : 1120 FORMAT!IX, '!< = ' / 4S13.4/4E13.4)
73: 74: 1030 FORMAT■~X, 

END 12.2X,1RSE12.3)

IN DUCT NO.'.7X,'HLEFT
1 4 )
X,'XRITE',
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SUBROUTINE CALJRS

1: SUBROUTINE CALJRSREAL KDT<6,5,4), KDS(5,3,4),KCT<5,5,4),KCS<5,5,4).1K C (5, 4 ) , K ( 15 ) , K L ( 15) , K R ( 15)COMMON
1/FCON/KDT,KDS,KCT,KCS,KC,K,KL,KR1/PASEAT/XD(15),YD<15),DL<15),DR(15),DH(16),QIN,TIN,NDUCT,NDUCM1
t/FL0W/G2(16),RDT(16),RDS(15),RCT(16),RCSC16),RCL,RCH,1R ( 16), RL ( 15) , RR(15), TL(16),TR(15)1/FLUPS/URFVIS, VI SCOS,DENS IT,PRIM.DEN(6,6),VIS(6,6),1CAMH(6,6),A1,A2,A3,A4,A5,A6,A7,SFHEAT,THCGNDC----CALCULATE DIVIDING JUNCTION RESISTANCESQI=QIN
WRITE ( 5, 1040 DO 10 1=1,NDUCM1 QRATIO=GI/G2(I)RRATIC=DL(I)/DH(I)
CALL SELCO(KDT,QRATIQ,RRATIO,EE(QI,TL(I)),FKDT)CALL SELCO(KDS.2RAT10,RRATIC,RE i QI,TL{I)),FKDS)EEYN=RE(QI,TL(I))
WRITE(5,1C50) I,QRATIQ,RRATIO,REYN,FKDT,FKDS RDT \ I )=2. *FKDT*QRATIO*VISC (TL i I ) ) /DLi I ) ♦ *2 RDS <I)=2.*FKDS*(1./(1.-1./QHATIO))*VISCiTL(I))/DL(I)**2 10 31=QI-Q2(I)C....CALCULATE COMBINING JUNCTION RESISTANCES31=Q2(1)WRITE(5,1060)
DO 20 I=2,NDUCT G-EATI0=QI/Q2(I)RRATI0=DR(I-1i/DH(I)CALL SELCOi KCT,QRATIO,RRATIC,RE i QI,TR(I) ),FKCT)CALL SELCO(KCS. QRATIO,RRATIO,EZ(QI,TR(I)),FKCS)REYN=RE(QI,TR(I) )WRITE < 5, 1050) I,QRATIO,RRATIO,REYN,FKCT,FKCS RCT(I)=2.*FKCT*(QRATI0+1.)*VISC(TR(I))/DR(I-1)**2 SCS(I)=2.*rKCS*(1. + 1./QRATIO)*VISC(TR(I))/DR(I - 1)**2 20 QI=QI+Q2<I)WRITE(6,1000) RET WRITE(5, 1010 ) RDS WRITE-o,1020) RCT WRITE(6,1030) PCS RETUPN1000 FORMAT(IX, ' EDT = */4E13.4/4Zl3.<*/)1010 FORMAT(IX, ' cntT = '/4E13.4/4E13.4/)

1020 FORMAT(IX, ' RCT= ' /4E13.4/^E13. *t/ )1030 F0EMAT(IX, ' ECS = '/4E13.4/4EI3.4/)
1040 FORMAT(IX, 'DIVIDING JUNCTIONS'/

1' DUCT NO. ',2X. 'QRATIO',3X.'RRATIO' , 2X, 'RE15X,'KDT'.5X, 'KDS )
1050 FORMAT(3X, 12,4X, 5FS.2)1060 FORMAT(IX, 'COME INING JUNCT10NS' i1' DUCT NO. ' » 2X» QRATIO ,3X,'RRATIO' ,2X,'RE1 S'Xt ’ KCT' , 5X, ' KCS ' ) END

*

4

*

*

m

4
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SUBRQUTTNF CALCRS

1: SUBROUTINE CALCRS2: REAL KDT(6,3,4>,KDS;S»5,4),RC7iS»5,4),KCS(5,3.4),
3: 1KC»'3, 4>, K( IS >, KL( 15) , KR( 15)4: COMMON5: 1/FCCN/KDT,KDS.KCT,KC3,KC,K,KL,KR
G: 1/PASSAT,'XD( 15), YD ( 15), DL (15), DR ( 15), DH ( 16 ), GLN, 7 IN,NBUCT,NDUCM17;3: 1/FLOW/Q2(1S),RDT(16), PCS(15),RCT(IS),RCS( 16 ) ,RCL,RCH,9: 1R(15),RL(15),RR<15)»7L<15>, TR(16)10: C... CALCULATE BOTTOM CORNER RESISTANCE11: REATIO=DH( 1 ) /DR( 1 )
12: CALL SELCORtKC,RRATIO,RE(Q2(1),TR<1)),FKCL)13: RC L=2.*FKCL*VISC(7R(1)>/DH(1)**214? REYN=RE'G2(1),TRi1))15: WRITE(S, 1010) RRAT10,REYN,FKCLIS: C... CALCULATE TOP CORNER RESISTANCE17: RRA7I0=DL(NDUCMi)/DH(NEUCT)13: CALL SELCOR(KC.RRAT10,RE(02(NDUCT),TL!NDUCT)) , FKCH)IS: RCH=2. *FKCH*VISC(TL(NBUC7) )/DL(NDUCMl )**220: REYN=RE(32(NDUCT),TL(NDUCT))21: WRITE(S. 1020) RRAT10.REYN,FKCH22: vJRITEi S, 1000) RCL, RCH23: RETURN24; 1000 FORMAT(IX,'RCL= ',E13.4,' RCH= ',El3.4/>25: 1010 FORMAT(IX,'BOTTOM CORNER'/
25: 1' RRATI0',5X,'PE',SX,'KCL'/1X,3F3.2)27: 1020 FORMAT(IX,'TOP CORNER'/23: 1' RRAT10',SX> 'RE',SX, 'KCH'/IX,3F3* 2)
29: END

3 8 3



SUBROUTINE SELCOR

10
11
12

141516 1"
IV

•? —

SUBROUTINE SELCOR { KFAC. RFATIO, RE, F )
DIMENSION REYN<5),RRAT(4), F2(2)
REAL KFAC(3,4)DATA REYN/9.364,17.37.31.9 6 ,93.64,173.7/
DATA RRAT/.5,1.,2.f3./
■JL=1
DO 20 J=1,5

20 IF'RE.GE.REYN C J)) JL=J 
IF(.JL.EQ.S) JL=4i
KL- 1DO 30 0=1,4

30 IF •: RRA710. GE. RRAT (K) > KL=K 
1F< KL. SO. 4 > ;<l =3 
KH=KL-1 nn 1 p ?
Ul.sKLHl-i40 F2 • K; =1- FAC < .JL, X K ) + < (RE-REYN «JL) >/( REYN (JH) -REYN (JL ) ) ) 
1 - • ,,FAC ( LK ■ -KFAC ( JL. KK) '>
F=^2( 1 ) + ' (RF^“IO-RRAT'KL.» > / I RRAT (KH) -RFAT (KL) > )! • “2 \ 2 .• 2 : 11 <
RETURN 
EO D

*

*
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SUBROUTINE SELCO

*

#-

3310 1 1 12 13 l-i 
15 15
A /'IS1320
21

2-1
25
252 T
23
233021"2
3334
32
232540
41  —243

SUBROUTINE SELCOiKFAC,QPATIO, RRATIC, RE, Fi 
Z1 MENS I ON QRAT! 6 >, REYN (5) , RR AT f 4 ) , F1 < 2, 2), F2 ( 2)
REAL KFAC i 5, 3* 4)DATA SEAT.' 1.5, 2. 14, 4, , 5 , , 3 . , 1 0 . /
DATA PEYN/S.3S4, 17.57.51.35, 23.64, 175.7/
DA7A RRAT/.5,1.,2.,3./

C....DETERMINE INDICES OF ADJACENT TABLE VALUES FOR
C....INTERPOLATION ROUTINE
C.... INITIALLY ASSUME THAT VALUE IS IN LOWER EXTRAPOLATIONC....RANGE

IL=l
DO 10 1=1,510 17 (QRAT10 • GE, 3RA7(I)>:L=I

C....CHECK FOR UPPER EXTRAPOLATION RANGE
IF(IL .EQ. 5)IL=5 
IH=IL+1 
JL = 1
DO 20 J=1,5

20 IF(RE .GE. REYN(J))JL=J 
IF(JL •EQ. 5)JL=4 
JH-JL+l 
KL= 1
DO 30 K = 1,4

30 IFiRRATIC .GE. RRAT(K)) KL=K 
IF(KL .EQ. 4) KL=3 
KH=KL+1

C.... COMMENCE FIRST INTERPOLATION
DO 40 K=1,2 
KK=KL+K-1 
DO 45 J=1,2 
JJ-JL+J-1'
FI (J, K)=KFAC( IL, JJ,KK) + ( (QRATI0-3RAT ( IL) / / (GRAT ( IH)-3RATf ID!) 1 «■(KFACCIH, JJ,KK)-KFAC(IL,JJ,KK))

45 CONTINUE 
40 CONTINUE

C.... COMMENCE SECOND INTERPOLATION
DO 50 K =!,2

50 F2(K)=F1(1,K )+(CRE-REYN(JL))/(REYN(JH)-REYN( JL;> >
1*(F1(2,K)-FI!1,K))

C.... DO FINAL INTERPOLATION FOR DESIRED FRICTION CONSTANT
F=F2(1!+<(RRATI0-RRAT(KL))/(RRAT(KH)-RRAT(KL)))*
1(F2(2)-F2(1))RETURN

385



FUNCTION H
1 : FUNCTION H (DHOP,X5TAP)
2: REAL Nl!3: COMMON
4: 1 /FLUFF/UPF71S. VI EC 03, DENS IT, PRI M, DEN ( 5» e ■ . VIE i 5, 5 ) ,
5: 1 GAMH(5,E ■ ,A1,A2,A3,A^,AS,AS,47,SFHEAT, THCCND
5: MU = 2 • 2 S5 * XSTAR+ * i ■ 1 . / 3 • '
7: IF (XSTAF . GT. 0.001 . AND. XSTAR . LT. 0 . 0 1 NU=NU* . 3
3: IF (XETAR. GE. 0.01 ) NU=2.23Et . 0254/XSTAR
S: H=(A7/DHCS)♦MU
10: RETURN
11: END

FUNCTION PE

1: FUNCTION PE(FLOPAT,TEMP)2: COMMON
3 s 1 /FLUFF? /UP.FV IS, VISCOS, DENS IT,PE IN,DEN(5,5),VIS i S, 5 > ,

1 GAMH<5,5),A1,A2,A3.A4,AS,AS,A7,SPHEAT, THCCND5: DENS=A3+A4*TEMF
5: RH0C?=fi5+A6*TEMP
7: CF=RHGCP/DENS *3: FR=VI SC iTEMP'*C?/A7
3 s PE = PE (FLORATi TEMP ) *PP.10: RETURN
1 1 : END

FUNCTION RE.

1 : FUNCTI ON RE ■: FLOP AT, TEMP ;2: COMMON3s 1/PLUPR/URFVIE,VISCCS,DENSIT,FEIN.DEN!5, :>,VI5(S,G)i4: 1GAMH(S.S),A1,A2iA3t A4f AS, A6.A7,SPHEAT,THCOND5: DEMS-A3-cA4*TEMP5: PE=FLGRAT*2.*DEM5/VI EC(TEMPi7: RETURN5: END *

FUNCTION VISC

1: FIJMCTI ON VI SC C TEMP )
2: COMMON3: 1 / FLUFF: / URF VIS, UI SCOS. DENSIT. PS IN. DEN ( 6. VISic. 6)
4: 1OAMH(o.o),Al.A2,A3.A4.A5,A6,A7,SPHEAT.THCOND
S: 0ENS=A3+A4«rEMP
: ENUI N= < EXP < E.XP < A1 ) * ( TEHP+273. ) ***A2) -. 7) / 1. E3

7: VISC=D£MS«ENUIN
3: RETURN
P: END

*
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Input File DATIN.DAT

-V

A

J*

. 1 0 2 4 , . 1 0 2 4 , . 1 0 2 4 , . 1 0 2 4 , . 1 0 2 4 , . 1 0 2 4 , . 1 0 2 4 ,

. 0 1 3 7 4 ,  . 0 1 3 7 4 ,  . 0 1 2 7 - 1 ,  . 0 1 3 7 4 ,  . 0 1 3 7 4 ,  . 0 1 3 7 4 ,  . 0 1 3 7 4  

, 0 0 3 , . 0 0 3 , , 0 0 3 , . 0 0 3 , . 0 0 3 , . 0 0 3 , , 0 0 3  

. 0 1 6 1 4 , . 0 1 5 1 4 , . 0 1 5 1 4 , , 0 1 6 1 4 , . 0 1 6 1 4 , . 0 1 6 1 4 , . 0 1 6 1 4  

. 0 0 3 0 3 ,  . 0 0 7 3 3 ,  . C 0 S 0 4 ,  . 0 0 7 6 - i .  .  0 0 8 6 4 ,  .  0 0 8 2 ,  .  0 0 9 3 6 ,  . 0 0 7 1 5  

5 , 4 5 E - 4 ,  3 3 . 9 ,  2 4 . 5 5 5 ,  - 4 .  1 2 3 2 , 3 3 3 . ,  - . 7 ,  1 . 6 E 5 ,  1 . 3 E 3 ,  . 1 1 7 .

. 172, .025, .001,.006, 1.72E-3,3.93E-9, 603.5,.023 
32.55,31.34,30.29,30.01,29.9,29.39
42.85.39.28.35.31.34.36.33.64.33.24 
39.72,75.24, 58.99,52,71,49.78, 47.42 
151.35,121.32,37.74,74.2,56.99,63.3 
226.7,223.4,148.2,117.9, 102.37,93.7
26.7.25.. 23.33.22.7, 22.37, 22. 19
35.32,32.47,28.05,26.25,25.34,24.75 
31.17, 56.49, 48.74, 41.77, 38.26, 36.- 
142.S3, 111.08,75.98,61.5,53.39, 49.34 
273.3,212.75,135.2,104.4,33.44,73.85 
21.4.19.34,16.76,15.97,15.26,15.25 
32.29,25.94,21.68, 19.40, 18.3, 17.58
76.. 50.7.42.02.34.5, 30.47, 28.26 
137.31, 105.9,69.28,54.2,’45.44,41.55 
232.4,211.1, 129.4,97.65,30.8,70.44 
19.27,17.42,14.39,13.39,12.84,12.68 
29.53,24.99,19.41,16.97,15.69,14.53 
74.74,59. 15,40.01,32. 15, 28. 67, 25.57
137.43.105.1.57.31.51.3.43.85.39.02
290.2.213.3.129.2.95.07.73.6.58.2 
25.37,24.54,22.56,21.73,21.4,21.15 
37.37,33.52,29.52,27.3,25.39,25.45 
34.51,70.21,53.76,47.62, 44.51,42. 16
146.5.116.33.31.99.68.28.61.02.57.24
220.1.217.. 141.2.110.2.94.25.35.6 
22.33,20.79,18.07,16.33,16.19,15.31
32.34.28.25.23.43.21.4, 20.21, 19.5
75.45.62.09.44.34.38.04, 34.43, 32. 14 
138.03,108,13,73.26,53.4,50.36,45.41 
274.3,203.77,133.7,101.7,84.92,74.90 
28.35,23.93,18.19,16.4,14.29,13.59 
33.93,29.13,22.57,19.36,IS.3,16.05 
58.91,57.0 V, 41.39,34.84, 30,53,27,61 
123. 1, 102. ,*51.13,53.54,46.34,40.53 
255,3,202.3,127,6,98.02,81.6,70.65 
39.32,37.24,27.51,22.09,18.83,16.21
43.04.37.23.27.85.24.. 18.73.18.4 
63.15, 58.92. -14.52, 36.43, 32.23, 28,57 
121.17,93.6,70.3,55.6,47,4,41.56
253.2.198.. 125.6.95.25.81.7.71.5

2 . 3 5 ,  1 7 , 0 9 ,  2 2 . - 1 2 ,  2 4 . 7 ! 2 ,  2 5 . 9 1 , 2 5 .  5 8

( . 0 8 ,  1 3 , 2 1 .  0 2 ,  2 4 . : 3 4 , 2 5 . 0 5 , 2 7 . 1 3

■ 1 0 . 6 2 , *  1 *5 4 , 1 3 . 8 4 , 2 1 . 6 3 , 2 5 . 6 5 , 2 8 . 1 3

• 3 1 . , - 2 0 . 0 4 , 3 . 3 5 6 , 1 5 . 7 1 , 2 2 . 6 1 , 2 7 . 5 5

■ 6 4 . 0 2 , - 5 2 . 0 3 , - 1 9 . 3 8 ,  1 . 6 9 5 , 1 3 . 4 6 M CD CO

5 . 5 3 ,  1 0 , 0 9 , 1 4 . 3 1 , 1 6 . S 3 , 1 7 . 9 5 , 1 3 . 5 9

6 3 3 , 5 . 3 9 , 1 2 . 3 3 , 1 5 . 3 8 , 1 7 , 1 , 1 8 . 1 4
• 2 0 . I S , - 1 3 . 0 7 , 1 . 2 , 3 . 7 3 , 1 2 . 3 2 , 1 5 . 5 2
• 9 9 . 1 4 , - 3 1 . 5 7 , - 1 1 , 4 7 t ♦ 4 7 7 , 7 . 3 8 , 1 1 . 3 2

■ 7 0 . 1 1 , - 6 1 . 7 3 , - 3 3 . 1 2 t • 1 5 . 4 , - 3 . 6 2 , 4 . 0 9 8

. 1 2 , 3 . 9 , 7 . 9 4 , 9 . 5 3 , 1 0 . 5 2 ,  1 1 , 5 8

■ 5 . 3 8 ,  - 1 , 9 , 5 . 0 7 , 8 . 0 1 , 9 . 4 5 , 1 0 . 5 6

• 2 5 . 9 4 , - 2 0 . 3 4 , - 7 . 0 2 , . 2 3 ,  4 , 3 6 1 , 6 , . 9 9
■ 4 3 . 7 ,  - 3 3 . 0 8 , - 2 0 . 0 8 , - 8 . 6 4 , - 1 . 7 5 , 2 . 8 2

• 7 9 . 5 3 , - 5 5 . 9 , - 4 1 . 4 , - 2 4 . 6 7 , - 1 3 . 5 1 , - 6 . 0 6

. 033, 1 , 5 . 2 3 , 6 . 7 4 , 3 . 0 5 , 3 , 6 1
• 7 . 4 3 ,  - 4, o;t t *1 . 3 0 3 , 4 . 7 3 , 6 . 4 9 , 7 . 5 3

• 2 3 . 1 7 , - 2 3 , 0 5 , - 1 0 . 2 6 t ~ 2 , 7 5 , 1 . 1 5 , 3 . 6 9

4 5 , 7 2 , - 4 0 . 7 3 , - 2 3 . 1 1 t * 1 2 , , - 5 . 2 3 , - . 8

• 7 5 . 2 3 , - 6 9 » /' t - 4 5 . 2 , - 2 7 . 5 3 , - 1 7 , 0 4 , - Q , 3 3

0 . 2 6 , 9 . 9 6 , 9 . i 6 5 , 9 . 5 2 ? 9 . 5 3 , 9 . 5 5
’ . 5 , 7 . 2 ,  /  » l i , ; 7 .  1 2 , 7 . 1 9 , 7 ,  1 6
- . 9 5 1 ,  3 . 4 4 , 4 . 0 7 ,  - i .  4 3 , 4 . 5 9 , 4 . 8 3
i . 2 4 , 3 . 9 2 , 4 . 3 , 5 . 1 , 5 . 4 2 , 5 . 5 9
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15.22, 19.09,7.73,7.55,3.03, 8.27 
14,34,11.91,9.43,8,7,3.29,3.22 
14.29, 10.3,7.53, 6.31,5.53,5.3-3 
20.25,10.49,5.53,4.47,4.14,4.03 
37.37, 19.02,7.32,5.55,4.97,4,79 
36.15,42.14,16.47,11.3.9.64,9,24 
45.05,30.IS,17.01.12.69,10.5,9.35 
54.57,33.76,16.32,12.15,10.,3.64 
106.5,55.41,21.03,12,3,9.32,3.30
189.9.94.55.32.91.13.4.13.55.11.52
334.4, 197.7,62.92.35. 1,24.62, 19.59 "*
100,5,64.38,33.53,23.06, 17.39, 14,54
125.35.76.27.35.48.23.42.13.04.14.52
259.13.133.54.51.09.29.47.20.53.15.5 
446.24,229.2,76.3,40,77, 27.65, 21,59 
361.42,443.3,141,6,74.53,43.53,36.74 
11.23,22.32,36.1,205.0
3.53.23.94.109.3.266.5
5.612.44.46.235.6.573.5
9.23,73.25,403•3,^9 0 « 6 ♦
23.42. 167,5,305.5, 1902.

Output file RESULT.DAT follows on next pages
*
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QIM = 5.4G0E-04 M**2/SEC
TIN = 5.390E+01 DEC. C
CURRENT® 5.03 
NDUCT = 3

5E + 02 AMFS

€-
R=

.7934E+05 

.9209E+05
.1214E+06 • 
.1077E+06

.1143E+0S 

.7243E+05
.1332E+0G 
.1613E+06

R=
.0000E+01 
.0000E+01

.OOOOE+O1 

.OOOOE+O1
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 

.OOOOE+O1

+-
FL=

.155GE+05 

.1556E+05
.-1556E + 05 
.1556E+05

.155GE+05 

.1556E+05
.155GE+05 
,OOOOE+O1

RL=
.OOOOE+O1 
.0000E+01

.OOOOE+O1 

.OOOOE+O1
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1

PR=
. 1895E+04 
.1895E+04

.IS95E+04 

.1335E+04
.1895E+04 
.I395E+04

.1S95E+04 

. OOOOE + O1

RR=
. OOOOE + O1 .OOOOE+O1 .OOOOE+O1 .0000E+01
.OOOOE+O1 .OOOOE+O1 .OOOOE+Ol

INITIAL DISTRIBUTION
* PERCENT FLOW IN DUCT NO. 1 IS 37.06

PERCENT FLOW IN DUCT NO. 2 IS 16.73
PERCENT FLOW IN DUCT NO. 3 IS 12.37
PERCENT FLOW IN DUCT NO. 4 IS 7. GO
PERCENT FLOW IN DUCT NO. 5 IS 3.07
PERCENT FLOW IN DUCT NO. s IS 5.72
PERCENT FLOW IN DUCT NO. IS 3. 12
PERCENT FLOW IN DUCT NO. q IS 4,34
FLOW RATE IN DUCT NO. 1 IS 2.023E-04 M#+2/5EC

4 FLOW RATE IN DUCT MO. 2 IS 9.13SE-05 N++2/5EC
FLOW RATE IN DUCT NO. 3 IS G.753E-05 M**2/SEC
FLOW RATE IN DUCT NO. 4 IS 4,149E-05 N++2/SEC
FLOW RATE IN DUCT NO. 5 IS 4.40SE-05 •M++2/SEC
FLOW RATE IN DUCT NO. 6 IS 3.121E-05 M**2/SEC
FLOW RATE IN DUCT MO. 7 IS 4.432E-05 M**2/SEC
FLOW PATE IN DUCT NO. 3 IS 2,3G3E-05 M* *2/SEC

Jit
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DUCT NO. XLEFT HLEFT XRITE HRITE QLEFT QRITE
1 8.569E-05 7 .413E+02 7.213E-05 3.394E+02 3•437E-04 2.023E-04
2 1.167E-04 S.S92E+02 4.970E-03 4.409E+02 2.523E-04 2.937E-043 1.S94E-04 6.032E+02 4.04 IE-05 4.724E+02 1.348E-04 3.512E-04
4 2.055E-04 5.541E+02 3.524E-05 4.89SE+Q2 1.433E-04 4.027E-04
5 2.958E-04 4.302E+02 3i2G7E-05 5.070E+02 3.320E-05 4 i46BE-04
6 4.33 IE-04 4.322E-02 3.053E-05 5.1S6E+02 5.799E-05 4.730E-04
Y 1.244E-03 3.173E+02 2.794E-05 5.341E+02 2.36BE-05 5.223E-04g 0.000E+Q0 0.000E+00 2i673E-05 5.421E+02 2.35BE-05 5.46CE-04

TR=
.6011E + 02 .5036E+02 .6091E+02 .6130E+02
.6159E+02 .6191E+02 .6211E+02 .6244E+02

TP =
.OOOOE+O1 ,OOOOE+O1 . OOOOE + O1 .OOOOE+O1
.OOOOE+O1

V — .OOOOE+O1 .OOOOE+O1 .OOOOE+O1
Z\ —

.2122E+02 .201SE+02 .1938E+02 .1352E+02

.1S52E+02V s .1775E+02 .1S34E+02 . 166SE+02

.2400E+02 .2400E+02 .2400E+02 .2400E+02

.2400E+02 .2400E+02 .2400E+02 .2400E+02
DIVIDING JUNCTI ONE
DUCT NO. ORATIO RRATIO RE KDT KDS

1 2.70 .SB 153.23 25.26 -42.92
2 3.75 1.02 96.44 9.69 -14.96
3 3.74 1.00 70.31 7.44 -6.30
4 4.45 1.05 51.36 5.35 2.55
5 3.25 .93 40.21 7.47 1.38
6 3. 1S . 98 27.34 3.33 5.44
7 1.53 .35 19.08 12.32 2.22

COMBINING JUNCTIONS 
DUCT NO. QRATIO PRAT10 RE KCT KCS

2 2.22 2.05 59.46 54.27 67.38
3 4.35 2.01 37.15 49.33 52.60
4 S.71 2. 11 10S.31 50.41 50.23
5 9.14 1.37 121.73 54.77 55.41
5 1 * 32 1.97 135.22 33.34 40.13-
7 10.79 1.72 146.53 57. SB 59.25
S 22.06 2.25 151.3d 6.03 3.05

PDT =
.12S7E+05 .5BS4E*04 .5243Ex04 .5002E+04
.45S6E+04 .5001E+04 .356SE-04 .OOOOE+Ol

RDT=
. OOOOE + Ol . OOOOE + Ol . OOOOE + Ol .OOOOE+O1
. OOOOE + Ol .OOOOE+Ol . 0000E + 01 . OOC'OE-01

RDS =
-.12S7E+05 .3345E+04 -.1752E + 04 .5202E+03
. 3125E-*-Q3 .1499E+04 . 1202E*04 • OOOC'Ê -01 *
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.OOOQE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1

.OOOOE+O1 .OOOOE+O1 .OOOOE+O1
RCT=

.OOOOE+O1 .3142E+04 .1170E+05 .2120E+05

.2386E+05 .2501E+05 .2S89E+05 .5S80E+04
RCT=

. OOOOE + O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1

. OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1
PCS =

* OOOOE + O1 .4359E+04 .3372E+04 .2426E+04
»2542E+04 .1S31E+04 .2742E+04 .3536E+03

RCS=
.OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+Ol
.OOOOE+O1 .O O O Q E + O l .OOOOE+O1 .OOOOE+O1

BOTTOM CORNER
RRATIO RE

.56 53.73
KCL
11.68

TOP CORNER
RRATIO RE

1.12 6.64 
RCL= .1653E+

KCH 
28. 41 

04 RCH= .5363E+04

R =
• 70ME+05 . 1020E + 06 .9323E 05 .1033E+06
.7107E+05 .7968E+05 .5536E+05 .1124E+06

R=
.OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1
.OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1

RL =
.1555E+05 .1556E+05 .1555E+05 .1555E+05
.1556E+05 .1556E+05 .1555E+05 .OOOOE^O1

RL =
.OOOOE+O1 .OOOOE+O1 . OOOQE + O1 . OOOOE + O1
.OOOQE+Ol .OOOOE+O1 .OOOOE+O1

RR =
.1S31E+04 .1808E+04 . 17902 + 0** .1770E+04

*
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. 1756E+04 , 1740E + 04 .1731E+04 .0000E+01

RR=
. OOOOE+O 1 . OOOOE+01 .0000E+01 .OOOOE+O1
.OOQOE+O1 .QOOOE+Q1 .0000E+01

RES I DUAL AFTER 1 ITERATIONS IS 2.477E-01
DUCT NO. XLEFT HLEFT XRITE HRITE QLEFT QRITE

1 7.1G0E-05 7.375E+02 1,0S2E-04 3.401E+02 4.113E-04 1.347E-042 9.289E-05 7.221E+C2 S.3G2E-05 4.QG0E+02 3.170E-04 2.290E-043 1.233E-04 S.571E+02 4.743E-05 4i47SE+02 2.3S9E-04 3.07IE-04
4 1.567E-04 6.Q56E+Q2 4.066E-05 4.714E+02 1.830E-04 3.580E-045 2.160E-04 5.451E+Q2 3.553E-05 4.931E+02 1.364E-04 4.096E-04
6 3.063E-04 4.S51E+02 3.234E-05 5.0S7E+02 9.613E-05 4.499E-04
T 7.031E-04 3.569E+02 2.334E-05 5i2SSE+02 4.159E-05 5.044E-04

rR=
Q 0.OOOE+OO 0.000E+00 2.563E-05 5.42SE+02 4.159E-05 5»4G0E-04

.5071E+02 .6103E+02 .5123E+02 .6161E+02

.5135E+02 .6213E+02 .6226E+02 .6248E+02
TR=

.OOOOE+O1 .0000E+01 .0000E+01 .OOOOE+O1

.0000E+01 .0000E+01
V  —

.0000E+01 .OOOOE+O1
i\ —

.2053E+02 .2022E+02 .19S5E+02 . 1907E+02

.13S7E+02 .1S3SE+02 . 1382E+02 .1326E+02

.2400E+02 . .2400E+02 .2400E+02 » 2400E + 02

. 2400E + 02 .24Q0E+02 .2400E+02 ,2400E+02
DIVIDING JUNCTIONS
DUCT NC. QRATIO RRATIO RE KDT KDS

1 4.05 .38 153.23 12. IS -23.41
2 4.35 1.02 115.42 9.72 -14.91
3 4.06 1.00 * S3.95 7. 04 -9.55
4 4.69 1.05 67.05 6.48 -.64
5 3.54 .93 52,75 5. 16 , 04
6 3.39 .93 38,27 7,55 2.43
7 1.75 .35 26.98 11.54 - . 37

COMBINING JUNCTIONS
DUCT NO. QPATIO RRATIO RE KCT KCS

2 1,43 2.05 4C . 10 53,02 52. 17
3 2.93 2.01 63.64 52. 38 57.75
4 5.03 2.11 92.38 53,33 53.45
5 5,34 1.37 109.01 53.25 55.37
6 10.13 1.97 125.53 51.32 52.44
7 3.25 1.72 1 33.4 5 55.53 55,33
3 12.13 2,25 155.15 53.55 53.33

?DT=
.9321E*-04 .3005E*04 . 5397E+04 . 57362^-0^
, *i235E*04 .-329E + 04 .3841E+04 .5253E*04

*

*
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FDT =.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 

.OOOOE+O1
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 

.OOOOE+O1

.58S7E+04 

.1005E+02
-.3632E+04 
.6512E+03

-.2395E+04 
-.1613E+03

-.1537E+03 .OOOOE+O1

o
 o

 
* +

U
l UJ 

o
 o

 
o

 o
 

o
 o

 
o

 o
II • - 

1

.OOOOE+O1 

.OOOOE+O1
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1

. 1653E + 04 

.1372E+05
.6152E+04 
.2453E+05

.1063E+05 

.2558E+05
.1609E+05 .2948E+05

.OOOOE + O * 

.OOOOE+O1
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 
,OOOOE+O1

.OOOOE+O1 

.OOOOE+O1

.OOOOE+O1 

.2873E+04
.4513E+04 
.243SE + 0^

.3938E+04 

.3137E+04
.2677E+04 
.2420E+04

.OOOOE+O1 

.OOOOE+O1
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 
,OOOOE+O1

.OOOOE+O1 

.OOOOE+O1
BOTTOM CORNER 
RPATIO RE KCL

.55 39.75 10.48
TOP CORNER
PRAT10 RE KCH

1.12 11.67 30.99
RCL= ,1459E+04 RCH= .5850E+04

.S321E+G5 

.72a1E*05
.1023E+06 
.S25CE+05

.9453E+05 

.5579E+05
.105SE+0S 
. 1231EJ-06

.OOOOE+Q1 

.OOOOE+O1
0 0 0 0 E + 0 1 
OOOOE+O1

.QOOOE+O1 

.OOOOE+O1
. o o o o e +oi
.OOOOE+O1

RL =
.1555E+05 
. 1555E + 05

1355E+05
1556E+05

.1553E+05 

.1556E+05
.1555E+05 
.OOOOE+O1
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'*•

PL=
.OOQOE+O1 
.OOOOE+O1

.OOOOE+O1 

.OOOOE+O1
,OOOOE+O1 
.OOOOE+O1

.OOOOE+O1

RH= ,1S00E+04 .1784E+04 .1771E+04 ,1755E+04.1743E+G4 .1730E+04 .1724E+04 .OOOOE+O1

RR=
.OOOOE+O1 .OOOOE+O1 . OOOOE + O1 ,OOOOE+O1
. OOOOE + O1 •OOOOE+O1 OOOOE+O1

RESIDUAL AFTER 2 ITERATIONS IS 1 .002E-01
NO, XLEFT HLEFT XRITE HRITE QLEFT QRITE1 7.614E-05 7.715E+02. 9.147E-05 3.597E+02 3,867E-04 1.593E-042 9.746E-05 7.10GE+02 5.972E-05 4.147E+02 3.021E-04 2,439E-043 1.254E-04 5.515E-; 02 4.S51E-Q5 4.507E+02 2.330E-04 • 3.130E-044 1.532E-04 6.047E+02 4.045E-05 4.722E+02 1.8G2E-04 3.598E-045 2.154E-04 5.455E+02 3.555E-05 4.930E+02 1.367E-04 4.093E-045 3.010E-04 4.880E+02 3.245E-05 5.081E+02 9.733E-05 4.482E-04"7 7.274E-04 3.636E+02 2,877E-05 5.290E+02 4.048E-05 5.055E-04
3 0.OOOE+OO 0.OOOE+OO 2.563E-05 5.428E+02 4,048E-05 5.460E-04TF =

. 5Q44E+02 .6090E+02

.8136E+02 .6214E+02
TR =

.OOOOE+O1 .OOOOE+O1

.0000E+01 ,OOOOE+O1
t: —

.20S8E+02 ,2003E+02

.1378E+02 .1830E+02

.2400E+02 .2400E+02
,2400E+02 .2^00E+02DIVIDING JUNCTIONS

DUCT NO. QPATIO RRATIO
1 3,43 .38
2 4,57 1.02
3 4,37 1.00a 4,98 1,05
5 . 93
6 , 987* 1.71 .35

COMBINING JUNCTIONS
DUCT NO, QPATIO RRATIO

2 1.38 2,05B 3,53 2.01

.5123E+02 .6160E+02

.6225E+02 .6248E+02

.OOOOE+O1 .OOOOE+O1

.OOOOE+O1 .OOOOE+O1

. 1962E + 02 . 1388E + 02

. 1S93E + 02 .1820E+02
,2400E+02 ,2400E+02
,2400E+02 .2400E+02

RE KDT KDS
153.23 17.97 -32.23
108.53 8.71 -11.3234.79 6.62 -6,51
65.38 6. 15 1 . 10
52,25 5.35 1 . 1538.37 7 • 2-B 3. 17
27.45 11,33 -1,14
RE KCT KC34.“" 'tc 5~ • SB 61,61
7 3 , 00 5^.91 62.84

♦

t

3 9 ;



r

5.59

5 10.39
7 7.32
3 12.49

RDT =
.11S3E+95 
,4160E+04

RDT=
.0Q00E+01 
.0000E+01

RDS =-.S590E+04 
.2943E+03

PD5=
.Q00QE+01 
.OOOQE+01 RCT =
.1439E+04 
.2911E+05

P.CT =
.0000E+01 
.0000E+01

PC 5 =
.OOOOE+O1 
.2791E+04

RCS =
.OOOOE+O1 
.OOOOE+O1

BOTTOM CORNER 
PPATIO RE

.35 J5.63
TOP CORNER 
PRAT10 PE1.12 11.35
FCL= .1459E+

p=
. 590JE + 03 
.7Z05E+03

l 2.11 
1.37 

! 1.97 
! 1.72 
i 2.25

94.64 51,75 
109.35 35.99 
125.55 30.43 
137.90 57.50 
155.51 51.95

51.74
57.54
31.21
53.21 
51.30

.751SE+04 

.4S32E+04
.3450E+04 
.3S42E+04

.57S3E+04 
,5850E+04

.OOOOE+O1 

.OOOOE+Ol
.OOOOE+Ol 
.OOOOE+Ol

.OOOOE+Ol 

.OOOOE+Ol

.2S57E+04 

.S357E+03
-.1S19E+04 
-.5205E+03

.2505E+03 

.OOOOE+Ol

.OOOOE+Ol 

.OOOOE+Ol
.OOOOE+Ol 
.OOOOE+Ol

.OOOOE+Ol

.72S3E+04 

.2453E+05
.1079E+05 
,2510E+05

.1710E+05 

.2937E+05

.OOOOE+Ol 

.OOOOE+Ol
.0000EX01 
.OOOOE+Ol

.OOOOE+Ol 

.OOOOE+Ol

.4132E+04 

.2373E+04
»3501E + 04 
.3245E+04

.2555E+04 
,2345E+04

.OOOOE+Ol 

.OOOOE+Ol
, OOOOE+Ol 
,OOOOE+Ol

.OOOOE+Ol 

.OOOOE+Ol

KCL
10.43
KCH 
30. S3 

04 RCH= ,5S20E+04

.1019E+05 

.3213E+03
.9341E+05 
»5713E + 05

.104SE+05 

.1227E+06

V
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R=
.OOCOE+O1 
,OOOOE+O1

,OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 

.OOOOE+O1
OOOOE+O1 
OOOOE+O1

RL =
.1555E+Q5 
.155SE+05

,155GE+05 
.155GE+05

.1555E+05 

.1555E+05
.1555E+05 
.OOOOE+O1

RL =
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 

.OOOOE+O1
,OOOOE+O1 
.OOOOE+O1

.OOOOE+O1

RR =
.1S14E+04 
.1T43E+04

.1790E+04 

.1729E+04
.1774E+04 
.1724E+04

.1755E+04 

.OOOOE+O1

RP-
.OOOOE+O1 . OOOOE + O1 ,OOOOE+01 ,OOOOE+O1
.OOOOE+O1 .OOOOE+O1 .OOOOE+O1

RESIDUAL AFTER 3 ITERATIONS IS 3.516E-02
DUCT NO. XLEFT HLEFT XRITE HRITE QLEFT QRITE1 7.-449E-05 7. 772E+02 9.SG9E-05 3.532E+02 3.953E-04 1.507E-049.5G4E-05 7. 12GE+02 6.03S-E-05 4. 132E+02 3.047E-04 2.413E-043 1.267E-04 6.511E+02 4.643E-05 4.510E+02 2.324E-04 3.135E-044 1.591E-04 5. 035E+02 4.033E-05 4.725E+02 1.S51E-04 3.609E-04

5 2.16SE-04 5. 444E+02 3.547E-05 4.933E+02 1.35SE-04 4.102E-045 3.022E-04 4. S73E+02 3.243E-05 5♦0S3E+02 9.745E-05 4.4S5E-047.30 IE-04 3. 632E+02 2.S76E-05 5.290E+02 4.033E-05 5.057E-04
3 0.QOOE+OO 0. OOOE+OO 2.6B3E-05 5.423E+02 4.033E-05 5.4G0E-04TR=

.G053E+02 .5092E+02 ,5123E+02 ,6159E+02

.6185E+02 .6214E+02 .6225E+02 ,624SE+02
TR =

.OOOOE+O1 .OOQQE-O1 .OOOOE+01 .0000E-01

. OOOOE + O1 .OOOOE+O1 .OOOOE+O1 ,OOOOE+O1
t\ =

.2090E+02 .2015E+02 . 1370E+02 . 1S90E+02
, 1S77E + 02

V* =
.1S27E+02 .1S92E+02 , 1319E+02

. 2400E+02 . 2400E+02 . 2400E+02 . 2400E+02

. 2400E+02 . 2400E+02 . 2400E-02 . 2400E-02
DIVIDING JUNCTIONS
DUCT NO. QEATIO RRATIO RE 1KDT KDS

1 3,92 .33 153.23 15.03 -23.33



4 4.31 1.05 65.23 6.20 .85
5 3.75 .33 51.36 5.36 1.17
6 3.54 .38 33. 12 7.24 3.40

COMBINING
1.71

JUNCTIONS
.35 27.35 11.32 -1.08

DUCT NO. ORAT10 RRATIO RE KCT KCS
2 1.66 2. 05 44.74 53.39 63.37
3 3.34 2.01 72.23 57.32 54.99
4 6.63 2. 1 1 34.73 52.05 52.05
5 7.32 1.37 103.36 56.33 57.45
6 10.53 1.37 125.32 43.35 50.74

7.35 1.72 133.01 67.31 63.02
8

RDT=
12.54 2.25 156.55 51.72 51.58

.1095E+Q5 .7506E+04 .5390E+04 .5755E+04

.4153E+04 .J839E+04 ,3840E *M .5320E+04

RDT=
.OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1
.0000E+01 .OOOOE+O1 .OOOOE+O1 .QOOOE+O1

RDS=
-.756IE+04 -.3374E+04 -.1S94E+04 .2005E+03
.3014E+03 .3952E+03 -.4920E+03 .OOOOE+O1

RDS =
.0000E+01 .OOOOE+O1 ,OOOOE+O1 .OOOOE+O1
.0000E+01 .OOOOE+O1 .OOOOE+O1

PCT=
.1453E+04 .5S79E+04 . 10S9E+05 .1706E+05
.2020E+05 .2471E+05 ,2514E+05 .2935E+05

RCT=
.0000E+01 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1
.OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE+O1

RC3 =
.OOOOE+O1 .4442E+04 .3566E+04 .2574E+04
.27S6E+04 .234SE+04 .3235E+04 .2335E+04

ninua:

.OOQOE+O1 .0000E+01 .OOOOE+O1 .OOOOE+O1

.OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .0000E+01
BOTTOM CORNER 
RPATIO RE KCL

,55 44.25 10.48
TOP CORNER
RPATIO RE KCH

1.12 11.32 30.31
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V
RCL = .1455E+04 RCH= ?S 16E+04

R =
.S577E+05 
.7202E+05

,1019E+06 
.S 199E+05

93S1E+05 
5711E+05

, 1 0 4 9 E + 0 E  

.122SE+06

R=
.OOOOE+Ol 
.OOOOE+O1

OOOOE+O1 
OOOOE+O1

OOOOE+O1 
OOOOE+O1

.OOOOE+O1 
,OOOOE+O1

RL =
.155SE+05 
. 1555E+05

155GE+05 
155SE+05

155SE+05 
1555E+05

.155SE+05 

.OOOOE+O1

RL =
.OOOOE+O1 
.OOOOE+O1

.OOOOE+O1 

.OOOOE+O1
OOOOE+O1 
OOOOE+O1

.OOOOE+O1

RR=
.1309E+04 
, 1743E+04

.1789E+04 
,1729E+04

1774E+U4
1724E+04

,1756E+04 
.OOOOE+O1

RR=
.DOOOE+Ol 
.OOOOE+Ol 

RESIDUAL AFTER

.OOOOE+Ol 
,OOOOE+Ol

.OOOOE+Ol 

.OOOOE+Ol
.OOOOE+Ol

4 ITERATIONS IS 1.0S3E-02

NO. XLEFT HLEFT XRITE HRITE QLEFT QRITE
1 7.494E-05 7.755E+02 3.513E-05 3.550E+02 3.329E-04 1 .531E-04
2 9.358E-05 7 . 125E+02 S.033E-05 4 . 133E+02 3.04SE-04 2.41*iE-04o 1.254E-04 5.516E+02 4.S51E-05 4.507E+02 2.330E-04 3 . 130E-04
4 1.5S7E-04 5.040E+02 4.037E-05 4.725E+02 1.S55E-04 3, S05E-0-J
5 2. 155E-04 5.445E+02 3.54SE-05 933E+02 1.350E-04 4. 100E-0<*
5 3.022E-04 4.S73E*02 3.243E-05 5.0S3E+02 9.745E-05 4,485E-04

7.302E-04 3•S31E + 02 2.S7EE-05 5.290E+02 4.033E-05 5.057E-04Q 0.OOOE+OO 0.OOOE+OO 2.SS3E-05 5.42SE+02 4.033E-05 5.40OE-Q4
TR =

TR=

K =

5050E+02 
518SE+02
.OOOOE+Ol 
.OOOOE+Ol

.20E3E-02 

. 1878E + 02

5092E+02
S214E+02
OOOOE+Ol
OOOOE+Ol

2 0 l1E+02 
1323E+C2

5123E
5225E

OOOOE
OOOOE

1959E 
1 892E

02 
+ 02
+ 01 
+ 01

+ 02 
t02

51S0E+02 
S248E+02

OOOOE+Ol
OOOOE+Ol

1331E+02 
1319E + 02
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.2400E+02 ,2400E+02 .2400E+02 .2400E+02

.240QE+02 .2400E+02 .2400E+02 .2400E+02
DIVIDING JUNCTIONS
DUCT NO. QRATIQ RRATIO RE KDT KDS

1 3.37 • S3 153.23 16.59 -30.20
2 4.43 1.02 110.27 9.05 -13.05
3 4.25 1.00 35.48 6.74 -7.45
4 4.91 1.05 63.33 5.21 .73
5 3.74 .93 52.06 5.39 1.06
5 3.53 .93 33. 15 7.26 3.34
7 1.71 .35 27.35 11.92 -1.08

COMBINING JUNCTIONS
DUCT NO. QRATIO RRATIO PE KCT KCS

2 1.73 2. 05 45. 44 53. 52 62.75
3 3.37 2,01 72.27 57.30 64,57
4 6.59 2, 1 1 94.53 52. 10 52. 11
5 7.2S 1.37 109.73 57. 07 57.61
6 10.65 1,97 125.73 50.09 50.36
7 7.S5 1,72 133.01 57,32 63. 03
S 12.54 2,23 136.56 51.71 51.57

PDT=
.1l17E+05 .7601E+04 .5412 E+04 ,5759E+04

* .4162E+04 .4338E+04 .3S40E+04 ,5S16E+04

RDT=
. Q00QE-*-Q 1 .Q000E+01 , OOOOE + 0 1 ,OOOOE+O1
.QQOQE+O1 ,0000E+Q1 .0000E+01 .0000E+01

RDS=
-.7323E+04 .3178E+04 - .1S3SE + 04 .1850E+03
.2722E+03 .3734E+03 -.4932 E+03 ,0000E+01

RDS =
. 00Q0E+Q1 .0000E+01 ,OOOQE+Q1 ,0000E+01
. OOOOE-^O 1 ,00Q0E+01 . 0000E + 0 1

PCT =
t 1-AG5S + 04 .7003E+04 , 1037 E*05 .1700E+03
.2013E + 03 .2459E+05 ,2314E+05 .2935E+03

V
?CT =

.OOOOE^Ol .0000E+01 .0000E+01 . u OOOEj-O 1

. 0Q00E+01 .0000E+01 .00Q0E+01 .0000E+0!
PCS =

,0000E+01 . -1333E*04 ,3534E+04 .25~3E*04
. 2795E-?-04 . 2335EJ-C,4 * 3235 E-f-04 .2334E+04

PC3 = +111ooo ,0000E+01 , 0000■E + 01 . OOOOE-i-O l
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,QOOQE+Q1 ,COOOE+O1 .OOOOE+O1 .OOOOE+O1
BOTTOM CORNER 
RRATIO RE KCL

. -5 44 , 92 10.48
TOP CORNER 
RRATIO RE KCH

1,12 11 . 32 30.80
RCL= , 146:7E+04 P.CH= .5316E+04

R =
.58B5E+05 .1017E+0S ,9373E+05 .1049E+06
,72Q5E+05 .8202E+05 .5711E+05 .1225E+06

P =
.OOOOE+O1 .OOOOE+O1 .OOOOE+O1 .OOOOE^O1
.OOOOE+O1 .OOOOE+O1 .OOOQE+o1 .OOOOE+O1

RL =
.1555E+05 .1555E+05 .1556E+05 .1555E+05
. 1555E+05 .155SE+05 .1556E+05 .OOOOE+O1

PL =
.OOOOE+O1 ,OOOOE+O1 .OOOOE+O1 .OOOOE+O1
,OOOOE+O1 .OOOOE+O1 .OOOOE+O1

RR =
.1811E+04 .1789E+04 .1773E+04 .1755E+04
. 1743E + 04 .1729E+04 .1724E+04 .OOOOE+O1

RR=
.OOOOEfOl .OOOOE+O1 .OOOOE+O1 .OOOOE+O1
,OOOOE+O1 .OOOOE+O1 .OOOOE+O1

REE-1 DUAL AFTER 5 ITERATIONS IS 2,81 2E-03
FINAL DISTRIEUTI ON AFTER eJ ITERATIONS:

PERCENT FLOW IN DUCT NO. l IS 27.92
PERCENT FLOW IN DUCT NO. 2 IS 15.30
"p e r c e n t  f l o w IN DUCT NO. 3 IS 13.13
PERCENT FLOW IN DUCT NO. 4 IS 8.58
PERCENT FLOW IN DUCT NO. c; IS 9.OP
PEPCENT FLOW IN DUCT NO. 5 IS 7.05 '
PERCENT FLOW IN DUCT NO. IS 10.47
FEP.CENT FLOW IN DUCT NO. ou/ IS 7 . 3S

4 0 G



■*<

FLOW RATE IN DUCT NO. 1 IS 1.524E-04 M**2/SEC
FLOW RATE IN DUCT NO. 2 IS S.899E-05 M**2/SEC
FLOW RATE IN DUCT NO. 3 IS 7 . 1S8E-05 N**2/5EC
FLOW RATE IN DUCT NO, 4 IS 4.739E-Q5 M**2/5EC
FLOW RATE IN DUCT NO. 5 IS 4.950E-05 M**2/SEC
FLOW RATE IN DUCT NO. 5 IS 3,S51E-05 M**2/SEC
FLOW RATE IN DUCT NO. IS 5.715E-05 M**2/SEC
FLOW RATE IN DUCT NO. 3 IS 4.034E-05 M**2/5EC

4

♦
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