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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 1is
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 1lower ‘'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 93
thermocouples and designed so éhat the o0il flow distribution can be
measured directly in each duct of an 8 duct pass, using a quartz
insulated hot-film constant-temperature velocity probe. DISCNET
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 OISCNET. Low Reynolds number flow in the winding permits

essentially linear analysis of the flow distribution, but mostly weak



non-linearities due to Jjunctions 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 wused throughout, although Imperial Units are
occasionally referred to in manufacturer's specifications. In Chapters

3 . .
10-12, c¢cm /s have been used for flow rates for numerical convenience.

1st Used
Symbol Physical Meaning in Sec. Units

a left vertical duct thickness 2.1 m
AC flow cross-sectional area 2.2 m2
AP,N,S,E.w combined convection/diffusion 4.3

coefficlients. For ¢ = u,v,t kg/m s

For ¢ = p’ §

Aé ‘ AP - B b.4 as AP
Ap surface area of probe 10.1 m2
A1 King's Law constant 10.¢4 V2
A2 King's Law constant 10.4 Vzl(m/s)'5
A1, e A9 Fluid property constants A see App. A
b right vertical duct thickness 2.1 m
B coefficient in source term 4.3 as Ap
8 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 OC

20



Symbol

app
n,s,e,w

1c'#.U.v,p'.t

Physical Meaning in Sec.

constant of integration

coefficient in source term 4.
for ¢ = u, v

for ¢ = p’

for ¢ = t

= C + Aw¢w + AE¢E 4,
see (&4.47) 4.
coefficient for false source 4,
height of disc 2.
d/(D1 or rPel or r) 7.
diameter of hot film probe 10.
pressure correction coefficient 4,
hydraulic diameter of flow passage 2.

hydraulic diameter of horizontal ducts 3.
diagonal element in t.d.m.a. matrix 4.
hydraulic diameter of left vert. ducts 3.
hydraulic diameter of r. vert. ducts 3.

mean winding diameter 13.

exponential function 4.

coefficient in King's Law correlation 10.

Fanning friction factor 3.
apparent Fanning'friction factor 3.
factor used in control vol. equations 4.

underrelaxation factor b.

21

N/m

kg/m s

kg 0C/m S
as C

as ¢

as C

m
dim'less
m

2
m  s/kg

dim'less

dim'less

dim’'less
dim’'less
dim'less

dim'less



Symbol

1st

Physical Meaning in

coefficient in King's Law correlation 10.1

gravitational acceleration

*
correction to guessed G
conductances between conductor nodes
conductance betﬁeen conductor and
contiguous horizontal duct fluid
temperature node
mass fluxes due to guessed pressure
conductances between disc-edge
conductors and left and right
vertical ducts
mass flux in x-direction

mass flux in y-direction

convective heat transfer coefficient
mean value of h at left disc edge

mean value of h at right disc edge

current source in network model
mesh currents in network model
conductor current

rms high voltage winding current
rms low voltage winding current

probe current

fluid thermal conductivity

22

u

Sec.

10.

Units

dim'less

m/s
kg/ m2 s

W/m K

W/im K

2
kg/m s

W/m K
kg/m2 s

kg/m2 s
w/m2 K
W/m K

w/m2 K

m /s

W/m K



Symbol

K
cs ¢t

K
ds dt

Lentry
Lexit
Lhoriz
Lhy

th

Lentry
exit

horiz

Physical Meaning in

oil-impregnated kraft paper
insulation thermal conductivity
thermal conductivity in x-direction
thermal conductivity in y-direction
cubic duct thickness ratios
friEtion constant

corner flow friction constant
combining flow friction constants
dividing flow friction constants
Jamison and Villemonte notation
Jamison and Villemonte notation
Jamison and Villemonte notation
Jamison and Villemonte notation
modified Kcs' K

ct
modified K K

ds' dt
length of horizontal duct
entrance length in JUNCTION
exit length in JUNCTION
horizontal branch length in JUNCTION
hydrodynamic entrance length
thermal entrance length
modified L for pressure drop

maodified Le for pressure draop

ntry

modified Le for pressure drop

xit

modified L

. for pressure dro
horiz P P

23

w/m kK

W/m K

W/m K

dim’'less
dim’'less
dim'less
dim’less
dim’less
dim’less
dim’less
dim'less.
dim'less
dim'less

dim'less



Symbol

Xx,n,s,e,w

Nu

T

Physical Meaning

exponent in King's Law correlation

momentum flux across c.v. boundaries

exponent in King's Law correlation

Nusselt number

Nu averaged over probe surface

duct-averaged Nu with constant wall

heat flux boundary condition
{parallel plate duct)

local Nu with constant wall heat
flux boundary condition

(parallel plate duct)

fluid static pressure

buoyant pressure regain

pressure required by external agent

to cause flow

average pressure at tee-junction
entrance

average pressure at tee-junction
exit

average pressure at tee-junction
horizontal branch entrance/exit
total pressure

pressure correction

guessed pressure

p defined mechanically

24

Units

dim'less

N/m

dim’'less

dim'less

dim'less

dim‘less

dim'less

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa



Symbol

Pe
in

out

Pr

Th

r .
h,horiz

T
h,vert

R

Physical Meaning in
wetted perimeter of duct

Peclet number

apparent input power

apparent output power

Prandtl number

heat {(per unit depth) from jth
conductor to fluid

heat generation/volume

surface heat flux

average surface heat flux from probe
pass inlet area flow rate

junction inlet area flow rate

left vertical duct area flow rate
right vertical duct area flow rate
junction exit area flow rate
junction branch area flow rate
total winding dissipation

see (7.12)

heat source per unit depth in j

conductor

distance from winding central axis
hydraulic radius of duct
horizontal duct hydraulic radius
vertical duct hydraulic radius

mean winding radius

25

10.

12.

14,

dim'less

VA

VA

dim'less

W/m

w

W/m
W/m

Wm2

m/s
m/s
m/s
m/s
m/s
kW

W/m



Symbol

avg

Physical Meaning in Sec.
mean winding resistance 11,
temperature-dependent dissipation 7.
cable resistance . 10.
upper corner resistance 8.
lower corner resistance 8.
combining junction resistance 8.
combining junction resistance 8
dividing junction resistance 8.
dividing Jjunction resistance 8.
Reynolds number 2.
junction entrance Re 5.
junction exit Re 5.
junction branch Re 5.
left vertical duct resistance 3.
mean winding resistance at tO 11.

probe resistance in ‘6perating' mode 10.
right vertical duct resistance 3.
residual for t 7.

top resistance of DISA CTA

Standard Bridge 10.
residual for u 4.
residual for v 4,
residual for ¢ 4.
resistance in duct 1, etc. 3.

probe resistance in 'resistance’ mode
at amblent temperature of 20 oC 10.

probe resistance in ‘resistance’ mode 10,

26

Units
Q
W/m K
Q
Pa s/m2
Pa s/m2
Pa s/m2
Pa s/m2
Pa s/m2
Pa s/m2
dim'less
dim‘less
dim’'less
dim‘less
Pa s/m2
Q
Q
Pa s/m2
kg kK /m s
Q
N/m
N/m

Pa s/m2



Symbol

Physical Meaning

u

e

in Sec.

slope of density vs. temperature curve 3.1

false source

mass source

mass residual

source associated with u
source associated with v
source associated with t

source associated with ¢

local fluid temperature
cooling air or water temperature
arithmetic mean fluid temperature
over a duct cross-section
bottom o0il temperature
cooler top oil temperature
.th

temperature of 3J conductor
duct entrance temperature
film temperature
hottest-spot temperature

. .th
hot-spot temperature in j duct
bulk mean fluid temperature
over a duct cross-section

. .th .

t at exit of 3 horizontal duct

m

tm at pass entrance
t at pass exit

t in right vertical duct

. .th . .
t in jJ right vertical duct

27

4.

6

Units

kg/m3 k

as C

kg/m3 s



Physical Meaning in

datum or reference temperature

mean winding temperature by resistance 1.

mean temperature by resistance of
disc-pair 1-2, etc.

tank top o0il temperature

winding top oil temperature

duct wall tempecrature

mean probe surface temperature

undisturbed fluid temperature

fluid x-direction velocity component
mean velocity at junction entrance
fluid mean axial velocity

mean velocity at junction exit

x
correction to u

guessed u derived from p*

free stream or duct centre-line
velocity

fluid y-direction velocity component
mean vertical duct velocity

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

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

output voltage from DISA bridge

voltage across the probe

horizontal duct width

axial (flow direction) component

28

10.

10.

10.

ro

m/s

m/s

m/s

m/s

m/s

m/s

m/s

m/s



i1st U
Symbol Physical Meaning in Sec. Units
x
X dimensionless x for thermal entrance
region 3. dim’less
* - -
X dimensionless x dim'less
y coordinate normal to flow direction . 2. m
z overall width of insulated conductor 7. m
z cartesian coordinate in
circumferential direction 14. m
. . .. 2
o fluid thermal diffusivity m/s
Q. A, . in t.d.m.a. matrix 4. kg/m s
J N.J
e o K -1
QZO resistivity-temperature at 20 C 7.
as see equation (4.46) 4. dim'less
.. . K-1
B coefficlent of thermal expansion 3.
. A. . in t.d.m.a. matrix 4. kg/m s
B S, 3 S
f‘0 transport property associated with ¢ b kg/m s
30 .
Y a large constant (10 ) 5. dim’'less
) distance from disc surface to nearest
temperature node 7. m
O grid spacing 5, m
6y grid spacing 4. m

29



Symbol Physical Meaning in Sec. Units
A prefix denoting a difference 3.1 dim'less
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) 5.8 Pa
ApS see equation (5.7) 5.5 Pa
Aﬁc see equation (6.2) 6.3 Pa
Aﬁcs see equation (5.10) 5.5 Pa
Aﬁct see equation (5.11) 5.5 Pa
Aﬁds see equation (5.12) 5.5 Pa
Aﬁdt see equation (5.13) 5.5 Pa
a8 B -8 . 1.3 ¢
€ thickness of insulation 7.3 m
n thickness of conductor 7.3 m
8, bottom 0il rise 1.3 °¢c
BC cooler top oil rise 1.3 oC
8, hottest spot rise 1.3 %
emc mean cooler oil rise 1.3 oC
Bmw mean winding oil rise 1.3 0C
Br mean winding rise by resistance 1.3 0C
B, tank top oil rise 1.3 ¢
Bw winding top oil rise 1.3 oC
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N,S,E.W

th - tb
tr - tb
tw - tb

coefficient of bulk viscosity
fluid dynamic viscosity
fluid kinematic viscosity

fluid density
g at to

resistivity at 20 oC
half-height of conductor
wall shear stress

solved-for variable in generalised
field equation

value of ¢ stored at neighbouring
nodes of ¢P to the north, south
east and west

value of ¢ at node being considered
value of ¢P from previous iteration
new value of ¢P using relaxation

new value of ¢P without relaxation

KR

Pa

Pa

kg/m3

kg/m3

Pa

as

as

as

as

as

as



CHAPTER 1

INTRODUCTION

1.1 Power IJIransformers 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 1line 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 indqstrial plant, or is

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

The essential elements of the transformer are shown in Fig. 1.1,
The 1low and high voltage windings are wound from insulated conductors
(copper or aluminium) onto a magnetic core, made of laminated sheet
steel, which -enhances the flux linkage. The assembly is enclosed in a

steel tank, generally filled with transformer oil.

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

power P. = 1 (where I and V are the rms values of current and

in LVL'

voltage) is transmitted as useful apparent output power Pout = IHVH. The
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efficiency, Pout/Pin' of most transformers is typically 895 - 1007. The

power loss, however, though a small percentage of Pin' 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

due to IZR losses from main and eddy currents induced by leakage fluxes.

Hy

BUSHING S
Ly - e
BUSHINGS. H \
il il
\ L"{ }“"
4
Ly
| —]
LV JCOREP —4 HV
q-_ —
ey’ (114 4 WINDING.
4 ]
I —
CORE YOKE.
TANK
I, = LOW VOLTAGE CURRENT. Iy = HIGH VOLTAGE CURRENT.
Ve = LOW VOLTAGE (LV) Vi = HIGH VOLTAGE (H.v)

APPROXIMATELY, I, Vy = I, V, = 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 facter F > 1,
whilst maintaining the flux density in the core and the current density
in the conductors approximately che same, both flux and current will
increase by F2. leading to an increase in the VA rating of F‘ {Stein and
Hunt (1973), p. 73). The power losses, however, only increase by F3.

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 F2. 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. (197%) have shown that at temperatures
above t40 0C, 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 1life of the
transformer is determined by the 1life of thé conductor insulation.
Insulation aging rate 1s primarily governed by temperature, in
accordance with Arrhenius' Law (Allen and Tustin (1972)), and
investigators generally concur that in the range 80 ° to 140 0C, the
rate of wusing 1life 1s doubled for -every temperature 1increase of

o

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 1location and value of the hot-sp.t 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
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with so many different winding designs and cooling configurations that,
as B8.S. 171 states, "The hot-spot temperature cannot normally be

measured directly”.

MAGNETIC ELECTRIC
CIRCUIT. . ~CIRCUIT.

peceecmmanfe

MAGNETIC
CIRCUIT.

ELECTRIC
CIRCUIT,

CORE - TYPE SHELL - TYPE.

Fig. 1.2 Different Arrangements of Electric and Magnetic Circuits
(Allen (13860)}) -

1.2 MWinding Designs and Cooling Configurations The electric and
magnetic circuits in large power transformers may be arranged in two
different ways, illustrated schematically in Fig. 1.2. The shell-type
construction is used in the U.S. for the largest units rated up to 1,300
MVA. The electrical circuilt consists of flat 'pancake’' coils. Only the
core-type arrangement is used in the U.K. Fig. 1.1 shows a simple
core-type transformer in which the 1l.v. and h.v. windings are arranged
on different legs of the core; however, it is far more common to install
the h.v. and 1l.v, windings concentrically on the same leg as shown in

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

The coils may be wound axially, in concentric cylindrical shells
(the layer winding) or radially, in parallel discs (the disc winding).
The two are illustrated at the bottom of Fig. 1.3. Disc windings have
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largely supplanted the 1layer-type in the U.K., and are widely used in
the U.S. for medium power applications. Some disc-type windings are
air-cooled, with or without a protective enclosure which may or may not
be ventilated. This thesis, however, will be concerned only with

oil-immersed disc windings.
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Fig. 1.3 Disc vs. Layer Winding (Allen (1960))

Considerable variation in the cooling arrangements of oil-immersed
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LETTER SYMBOLS

Kind of Cooling Medium Symbol
Mineral oil or equivalent flammable synthetic
insulating liquid 0
Non-flammable synthetic insulating liquaid L
Gas G
Water W
Air A

Kind of Circulation
Natural ’ N
Forced (o0il not directed) F
Forced-directed oil )

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

Kind of Kind of Kind of Kind of
cooling medium circulation coocling medium circulation

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

windings is possible and these are systematically classified (B8.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 o0oil in the lower portion of the
tank 1s ‘'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 o0il circuit would convert the arrangement to
OFAN. If, in addition, baffles were fitted at the bottom of the tank to

direct the o1l either through the windings or the core, the
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classification would be ODAN. Other variations are shown in Fig. 1.5.
Dual classifications are common, e.g. ONAN/ONAF, to give a double

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

The o0il 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 0D class. Each group

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

F

qjl

PLAIN TANK

)

TUBED TaNK

FINNED TANK

TANK wiTH RADIATORS.

ARRANGEMENTS CLASSIFIED AS ‘ONAN’

S==———=i WATER
S7TusES
——
WATER COOLED TANK EXTERNAL OIL COCLER - | -FQRCED OIL,
=== |exTERNAL OIL COOLER
ONWF OFWF

ARRANGEMENTS USING WATER COOLING

lme$:J
| il
: ! PUMP.
3 e z
FORCED _AIR_COOLED RADIATORS —O—R'% .
- LQRCED AIR COCLID
ONAF QFAF

OTHER ARRANGEMENTS

Fig. 1.5 Various Cooling Arrangements and Their Classification

(Allen (1960))

1.3 Conventional Temperature Specifications and Attempts tao

Improve Them The transformer manufacturer is usually required to specify
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Fig. 1.6 Section of Disc Winding with and without Flow-Diverting Washers

temperature as a difference, or ‘rise' above the ambient temperafure ta.
The hottest spot temperature in the winding th would thus be reported as
8, =t - ta' The nominal value of ta in the U.K. is considered to be
20 "C. No attempt 1in fact 1is made to specify Gh 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
th {see Allen (1975), Pratt (1872), Allen and Havlicek (1974), Yannucci
and Thompson (1979) and EPRI (1379)). These devices, however, are of

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

B.S. 171 instead requires the specification of Br' the temperature
rise of the winding determined by resistance measurements and BC or Bt,
the rise in the top of the cooler or the tank (see Fig. 1.4). 8.S. 171
regards QC and Bt as equivalent, designating either simply as the

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

temperature rise of the ‘bottom oil’, Bb' from which the mean oil

temperature rise in the cooler is presumed to be

] = 0.5(8_ + 0,_). (1.1}
mc c b

CP 1010 then asserts that Gh may be found from

8 =8 + 1,148 . (1.2)
h c wo

where ABWO, the difference between the mean winding temperature rise and

the mean oil temperature rise (in the coolers} 1is

A8 =6, -9 . {1.3)
WO r mc

The thinking behind equations (1.1) - (1.3} is shown schematically
in Fig. 1.7. Bc or Bt are assumed equal to Bw, the temperature rise of
the o0il as it emerges from the windings (all windings are assumed to
have equal Bw). The‘winding and 01l temperature rises are assumed to

increase linearly with height, the difference between them being
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constant and equal to Aewo' The top coil is always assumed to have the

maxlmum average temperature, the hottest spot in it being greater by 107

of A8 .
wo
Top of winding . +— 8By —> "I
AN g e

| I
! !
By assumed = B 1 1
! [
By, assumed - §, = §, i |
I !
| !
| I
- | |
a8, o= |

g I/
' Iy |
! 1/ I |
! /o |
' [ !
I /1! |
Ly !
I / | |
l { i I |
Bottom of winding 4 } 1 T ! .

) 8w % 8 Bh

TEMPERATURE RISE

Fig. 1.7 Thermal Assumptions 1in CP1010:1975

It is not surprising that many of these assumptions have been
challenged. Examination of Fig. 1.4 should suggest that, e.g., Bw may
differ substantially from Bc and Bt. Carruthers and Norris (1969) «cite
evidence that only 25 - 507 of the oil flow in the coolers can be
expected to go through the windings under forced conditions. Gw will

thus be considerably greater than Bc or 8 because of the mixing of the

L
winding oil with the stagnant layer of o0il in the top o0¢ the tank. Their

proposed remedy is to obtain Bw from what they believe to be a direct

measurement of the mean 01l temperature rise in the winding, Bmw' When a
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transformer is tested under full load, Br 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). Thelr assertion is that as the mean winding temperature
falls, it will, if ‘'corrected’ for the concomitant fall in amc‘ approach
a constant value, namely Bmw' In later papers (Norris (1971) and Norris
{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 (13972, 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 Gw be measured directly, using a teflon hose inserted into
the top of each winding, and connected ocutside the tank to a pressure
sensing instrument. The volumetric expansion of the o0il in the hose
would, after calibration, yield accurate values of Bw. Determination of
Bh, however, would still depend on (1.2) being correct (which is open to
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 8.S5. 171 are
bound to underrate some designs and overrate others. To predict Bh
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 JTreatments 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 correlations of test data. These
have been extensively reviewed by Allen (1960). A more recent example of
this kind of approach is Eastgate (1965). An early exception is the work
of Steckler (1928, 1929), in which he analyses the temperature
distribution in a single disc of a winding without flow~-diverting

washers (see Fig. 1.6).

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 o0il flow rate in 'naturally cooled
transformers (Muur (1962) and Yamaguchi, et al., (1380)). 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 1is equal to the
calculated natural convective pressure gain. The final result, however,

consists only of a prediction of the mean winding temperature.

It appears that Allen was the first to apply the field equations
of fluid mechanics and heat transfer to transformer winding analysis. In
Allen and Allan (1963) the laver-type winding is analysed (see Fig.
1.3), 1in which the o0il flows up long vertical ducts. The individual
duct, together with its immediately surrounding conductors, insulation
and spacing material, 1is treated as the elemental thermal system. The
velocity and temperature profiles are assumed fully developed, but full
account 1s made of variable fluid properties and anisotropic thermal

conductivity in the surrounding insulation. 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, 1859). In later work
(Allen and Finn {1969)) thermal entrance effects were 1included 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 1is theoretically no
established flow direction in the horizontal ducts, therefore Imre
assumed that the o0il 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 o0il 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 temperafure distribution on the half-disc
surface in contact with the static oil (Imre and Dankd (1976)). In
later work, (Imre (1976), Imre et al. {1978), Imre and Bitai (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 fhrough the static horizontal duct oil to a
single node in the nearest vertical duct. Mass and Heat flow networks
for the o0il in the vertical ducts of each winding were then formulated,
and interconnected at their 1inlets 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 o0il as a function of time and 1load.
Important to his analysis 1s 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 o0il
flow distribution in disc-type windings, his experimental system more
closely resembles a 1ayer—£ype winding, comprising 2 windings and 3
vertical ducts. He assumed fully-developed, but time-dependent velocity

profiles.

Haggblad and Mattsson (1983} wused the finite element computer
program NACHOS, designed for incompressible flow problems, to solve the
flow at the Jjunctions in disc windings between the vertical and
horizontal ducts. Isothermal conditions were assumed, and it was not

stated whether or wot 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
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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 eacﬁ duct and the bulk o0il 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 wused 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 wused, modified, as with the friction
factor, by a variable viscosity correction factor. The 1local wall and

local conductor hot spot temperature is assumed to be highest at the
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exit of every horizontal duct. The 1is 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

{(1-81).

1.5 Overview of the Thesis The purpose of the present work 1is

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, 1is
used, however the formulation is quite different. Extensive use 1s 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. Direct experimental
confirmation 1is provided from measurements of o1l 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 1s 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 bhe

discussed.
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CHAPTER 2

THE PROBLEM DESCRIBED

2.1 Disc Winding Gegometry 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.
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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
presshoard 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 1inner 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 base cylinder off from

the winding.
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Fig. 2.2 Elevation of Sector A-A

In this example there are 16 geometrically equivalent sectors, and
it is usually assumed that the o0il 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. & disc§ and 3 ducts of thickness ¢
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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) tao 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 0il 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. (1381)) is pictured in Fig. 3.1.) In the U.K., a pass may contain as
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many as 36 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, 1ts bulk fluid temperature tm in
and all dimensions and relevant thermophysical properties are known. In

general, the bulk fluid temperature tm of a fluid flowing at mean

velocity um 1n a duct of cross-sectional area Ac is defined as

t = | ut dA_, (2.1)
C

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 wunits of
m2/s). Each conductor 1is 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 1is

negligible.

Given the above knowledge it 1s desired to calculate the average
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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 = ¢ = & 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 1is based on the hydraulic diameter D of the

h

duct, defined as

A
D'P

h = 4r (2.2)

h i
where Ac is the cross-sectional area, P the wetted perimeter and r the

hydraulic radius of the duct. In the case of, e.g., a horizontal duct

D = 2c. ' (2.3)

Low Pfeynolds numbers and long thin ducts ensure laminar flow and
small hydrodynamic entrance effects. The hydrodynamic entrance length
Lhy‘ defined as “"the duct 1length required to achieve a duct section

maximum velocity of 8997 of the corresponding fully developed magnitude
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when the entering flow is uniform” {(Shah and London (1878}, p. 41), 1is

given by Atkinson et al. {1369), for the parallel plate geometry, as

L. /D, = 0.3125 + 0.011Re, (2.4}
hy h

which will give Lhy << L in the horizontal ducts. The highest Re in fact
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 1in
mind that L >> d, 1t 1is reasonable to assume that most of the heat
transfer will occur by conduction and copvection 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 1in 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 Lhy 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 consideged in
detail. Their influence on the pass flow distribution is discussed in

Chapter 8.
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Fig 2.4 Combined Heat Flow in Disc and Duct
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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:
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Pe = RePr, - (2.5)
where Pr is the Prandtl number
uec
Pr = _;D. (2.6)

where u, cp and k are the dynamic viscosify, specific heat at constant
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 1s standard, the Nusselt number

hD
_h
Nu = < (2.7}

where the convective heat transfer coefficient h is given by

h e ———— , (2.8)

where t and t are the 1local {disc)} surface and bulk fluid
wall m

temperatures and d; is the local surface heat flux.

The thermal entrance length Lth' defined as "the duct length
required to achieve a value of 1local 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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Lth = 0.011543BDhPe. (2.9)

Except for the very lowest values of Pe {low flow rates combined with
high o0il temperatures, hence low Pr}), this will give Lth > L.

The second observation i1s 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
(1823) derived the momentum equations for incompressible flow using
molecular arguments. Stokes (1845) rederived them wusing concepts of
continuum mechanicﬁ more common 1in today's textbooks, incorporating
compressible flows.) Derivations of these equations are available in
many standard fluid mechanics texts, e.g. Batchelor (1967), and will not

be réproduced here.

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

{conservation of mass) equation is:

9
BX(QU) + ay(gv) = 0. {(2.10)
Local fluid velocities u and v are in the x and y directions
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respectively. g 1s the local fluid density. Although transformer oil 1is
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:

du ., du _ 3, 3,3 3  Bu, dv
QuUy * QVay z 3w * ax(zuax + ay(u[ay + ax]). (2.11)

and for the y direction

v v _ _ 9p _ 9, 9v du 9 ., 2V
Quax + gvay = dy pg + ax(u[ax + ay]) + ay(2uay , (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 1is 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. 710, the difference between the
thermodynamic pressure p and thg.mean mechanical pressure 5 is

5 - 2.,y , v
p =p - (A + 3u)(ax + ay) (2-13)

where A 1s the coefficient of bulk viscosity. Stokes's (1845) hypothesis

was to set
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A+ fu = 0. (2.14)

This assumption has <caused controversy, but chiefly in dealing with

compressible flows. In the case of transformer oil, as

5; + L= 0, {2.15)
i

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.

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

3t At _ 3 3t B Bt
Qcp(uax + Vay) = ax(kax) + ay(kay)' (2.16)

where 1t 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

3 ot 9, Jt

5;(kx5;) + ay(kyg;) +q'"" =0, {2.17)
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where kx and ky are thermal conductivities in the x and y directions and
q''" 1is the energy generation per unit volume. The former complication
results from the anisotropic thermal conductivity of some conductor

insulation, the latter from the 12R losses present in the copper

conductors.

2.5 Solution Strateqy In deciding how to solve the field equations

most efficiently in a domain such as Fig. 2.3, first note that
analytical methods would be extremely difficult to apply. The flow
domain 1is 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 wusing 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 1s 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, 1t should be remembered that the ultimate aim of the

analysis 1s to predict the location and value of the hot-spot
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temperature. It 1is 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 1s to be predicted
from a “network”™ model which makes use of lumped flow-resistances.
Second, each duct is then solved individually wusing the full field
equations, and extending the calculation into the disc, to yield finally

the individual conductor temperatures.

0.1 Q1
DISC  fee=-e-q ----- DISC
: - T
© Q—F V> ¢
oisc [~°777T S piscC
0in Qin
e— b —f —a —
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 1s assumed that the flow is fully developed throughout. The {low
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resistances are derived from cénstant 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 computétions are extracted flow
resistanrces 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,

02 = area flow rate in horizontal ducts,

Qin = area flow rate in vertical ducts entering a junction,

01 = area flow rate in vertical ducts leaving a Jjunction.

[»]
nN
n

DIsC

Q;

—a—

Fig. 2.7 Corner

In Chapter 7, the flow region of Fig. 2.4 {but invoking duct
centre-line symmetry) is calculated to determine a.) the effect of
variable viscosity on the pressure drop and b.) to obtain the details of
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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 1is

fully described in Chapter 8,
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CHAPTER 3

SIMPLE NETWORX 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 1is fully developed in all vertical and horizontal
ducts.

2.) Fluid properties are constant, except for density in the body
force term, in thelvertical 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.) 1is sometimes referred to as the “Boussinesqg” or
"quasi-incompressible” assumption and will be further qualified in due

course.
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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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0 = - g, (3.1)

whose solution is

L (3.2)

c

u
~ jw

IS

-

where

rc/2
1
u = —|u dy. {3.3)
m cJ
~-c/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

12umuL

Py =Py =T 5 (3.4)
c

If the pressure drop through the entire pass is required, it 1is
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 tm in’ and because of the wall heat flux will exit

at tmh 1 etc. At the combining Jjunctions, mixing will occur: e.g. at

the exit of duct 2, oil at t mixes with oil at ¢t (= ¢t ) to
mh, 2 m,1 mh, 1

yield o0il 1in the vertical duct 2 at tm 9 As the oil in the right-hand

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 o0il density in turn would be determined, in
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this case, from the arithmetic mean temperature tav at each level in the
right-hand vertical duct (see Allen, 1960). Strictly speaking, tav is
not the same as tm. however, in this simplified analysis, it is assumed
that t does not vary across the vertical duct, i.e., the temperature
profiles are assumed to be flat. In this special case, taV and tm are

the same, and the latter quantity will be wused ‘in subsequent

calculations of the buoyancy force.

If the flow is assumed to be fully developed in the vertical
ducts, but the gravitational body force term is retained, equation

(2.12) becomes, for the domain of Fig. 3.3

0 = - - g + g T (3.5}

The density of most transformer oil decreases linearly with temperature,

(see Appendix A), which may be expressed:

e = go + s(t-to). (3.6)

where go is the density at some datum temperature to and s (negative) 1is
the slope of the density vs. temperature curve. It is more common to
express density-temperature wvariation using the coefficient of thermal

expansion B, defined as

p = - 128

03t (3.7)

p :
where the partial derivative is to read "d¢/dt at «constant pressure”,

however Allen (1960) has pointed out that, for transformer oil, B is

less convenient to use since it varies with temperature {s does not).
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Although equation (3.5) differs from (3.1) due to the addition of
the body force term %. the dissimilarity can be removed by defining a

"total” pressure p’' such that

= + qu (3.8)

which upon substitution into {3.5) vields 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

d
12vmu

p. - p. = ——, (3.9)
1 2 b2

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:
i

P, - Py =P, - P+ gogd + sg} (t-to)dy. {3.10)

Yy

where t° must be set equal to the temperature at y1. Substitution of

(3.9) in (3.10) vyields

12v_ud (72
Py =Py T ¢ gogd +sg] (t-to)dy. (3.11)
b Jy

1
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

v, to Y, {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 windings
and down the radiator (see Fig. 1.4). The result will yieid 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, 1t has been tacitly assumed that t = t(y) only. At any
cross-section, uniform temperature across the vertical duct will ensure
an 1isothermal, 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.,

. 12umpL
2 2
c
(3.12)
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This fact will be of use in the formulation of the network equations.

Finally, the dimensionless friction factor f will be defined. For
fully developed flow in ducts of uniform cross-section, the pressure
drop Ap 1is due solely to the action of the wall shear stress on the
fluid. When Ap over a length L of duct of hydraulic radius rh is
normalised with respect to the mean kinetic energy per unit volume of

the fluid guilz. the definition of f emerges:

—‘2‘9—= f';—. (3.13)
u_/2 h
m

In the case of parallel plane ducts, we may substitute the expression
for Ap from equation (3.4), bearing in mind that c = 2r

h:

£ o= —:—“:—r— (3.14)
e m h

whence it is evident that
24

f = . (3.15)
e -

0

where Re is based on the hydraulic diameter D, = 4r

Re {3.16)

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

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

f = {3.17)

X
Re'
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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 wused 1in the

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

It is frequently convenient to define an “"apparent” friction
factor fapp in flow situations where a pressure drop Ap over 1length x

occurs due to both friction and momentum effects,

_bAp P x

guﬁlz app rh. (3.18)

This quantity will be used in Chapters § - 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

diameter Dhor = 2c for horizontal ducts,
4K02uL
Ap' = 3 . (3.19)
hor
D1 = 2a for left hand vertical ducts
4K01ud
Ap' = , (3.20)
D3
1
and Dr = 2b for right hand vertical ducts
kKQlud
Ap' = 3 (3.21)
D
r

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).
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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 = @ and resistance = e.g.
LKuL/D:or for horizontal ducts. At combining junctions, Fig. 2.5, an

analogous Kirchoff current law may be written
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Q, = Q. + Q@ {3.22)

and for dividing junctions, Fig. 2.6

Q, =Q, + Q,. {3.23)

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

equivalent circuit shown as Fig. 3.4, R‘_‘ are the resistances for

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

D R and R are the resistances for the left and right hand

hor,1-4° 1 r

vertical ducts, are the mesh currents {(chosen for convenience). The

-3

flow through the pass is represented by a current source i1, where i is

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

rate in horizontal ducts 1 - &, 02 {-4 are related to i, i1_3 as
follows:
02‘1 = 1 + 11
@2 "1 7 1y
(3.24)
Oy,3 713 7 1
90 7 71
Mesh currents i may be easily calculated from the following set

1-3

of mesh equations, written down by inspection from Fig. 3.4:
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i1(R1+R2+Rl+Rr) —isz
-i R2 +iz(RZ+R3*Rl+Rr) _i3R3
-'izR3 +13(R3+R‘+R1
These equations may

o-Rr)

-1(R1+Rr)

-iR (3.25)
T

~-iR
r

easily be expanded by inspection to a system of N

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

results,

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

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

for

Texas

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

invert up to a

computation.

3%9 matrix, requiring about 12-15 minutes for the
E Z 7 Z. 2 yd yd ya ya yd y2 2 P
2] 2 2
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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
02‘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 1is assumed parabolic (fully developed) while the
temperature profile is developing. The inlet temperature (te) 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:

x -1/3 x
Nux H = 1.490(x ) for x < 0.0002
* -1/3 ’ *
Nux H = 1.490(x ) + 0.4 for 0.0002 < x ¢ 0.001 (3.28)
3 * -0.506 -16% * x
Nu = 8.235 + 8.68(10°x ) " e * for x >0.001,
where Nux H is the local {subscript x} Nusselt number for the constant

wall heat flux boundary condition (subscript H), defined, as earlier

hDh
Nux.H = _;‘. (3.27)
where
q'n
—_—
h = , (3.28)
twall h tmh

*
and where x 1is defined as

16



X = . (3.29)

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

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

zd;L
nh te = Te o {(3.30)
sz ‘
This simplified model will predict that the hot-spot temperature thot =
at x = L, 1i.e. at the right edge of the disc. This somewhat

twall

implausible result, due to the second part of assumption &.) at the
beginning of this chapter, will be rectified in Chapter 7. Since in

reality twall will increase with x over most of the duct, but decrease

sharﬁly as x approaches L, the value of thot predicted from Nux H will

be higher than observed, although this‘error will be compensated by the

fact that, 1in practise, is measured in the interior of the disc

thot

(see Chapter 11) and will be greater than the hottest surface
temperature. In any case the Nux H solution, in conjunction with the

flow rates from (3.24) and (3.25), give useful preliminary results.

3.4 Friction Loss and Buovant Pressure Regain The friction 1loss

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

once i1_3 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

R1 and up through the three Rr resistors. To this must be added the iR

drops in the entrance and exit vertical ducts. (As these resistances do

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

1-3'

total pressure drop is then
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Ap' = 1Rl + (1+11)(R1+Rr) + (1+12)Rr + (1+13)Rr + 1Rr. (3.31)

The buoyant pressure regain pb through the same pass may be

calculated once tm are known, by evaluating the integral in (3.11)

,1-3
along any path up the pass. For convenlience, the friction 1loss

calculation path will be taken. Since t is assumed to be a function of vy

only, tm(y) = t{y), and t° must be set to tm.in:

rexit
CH -sg}(tm(y) - tm.in)dy {3.32)
entrance

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 1listed 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 R1_4, R1 and Rr (see

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.0.M.A.), yielding the "mesh currents” i1_3 from which horizontal duct

flow rates 02 1-4 are obtained. The Peclet number Pe is then calculated
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x
in each duct to obtain x {3.29), from which Nux (3.26) and

,H twall

(3.28) are obtained once tmh in each horizontal duct has been found from

(3.30).

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

t and

0il occurs at the three combining junctions, from which tm 2t tm3

are calculated. (t is simply equal to t see Fig. 3.t1.)

tm,out m, 1 mh,1’

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

b

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

from (3.31}).

In the following three examples, the flow distribution and thot

(twall at x = L) for each duct are calculated for passes of 4, 8 and 16

ducts. In all cases the pass inlet temperature tm in = 40°C, pass area
, .

flow rate @ = 1.2 x 10 m2/s. surface heat flux g" = 3,000 N/mz, disc

w

dimensions d = 16 mm, L = 100 mm, and all duct hydraulic diameters 0

hor

Dl' Dr = 8 mm. These dimensions are typical of U.K. industrial design.
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,

o
Duct No. | 1 Flow thot.j tmh.} oC £ - oC
Am’j
A 28.45 55.3 41.0 41.2
3 21.55 56.8 1.4 £1.2
2 21.55 56.8 1.4 £1.2
1 28.45 55.3 41.0 41.0
A o= . R = . R = .
o] 213.3 Pa pb 0.6 Pa pex 212.7 Pa

Table 3.1 SN Prediction of & Duct Pass

. .th .
t A . and t . are t nd t in th s
hot , 3 mh., 3 m, i are hot a mh the j horizontal dpct and

. .th .
he verti = .
tm in, t J rtical duct, so that tm.k tm.out pex is the

79



drep

difference between Ap’, the total pressureAdue to friction, and pb. the
buoyant pressure regainr Hence pex must be supplied by some external

agent to cause flow in the pass. In order to evaluate pb 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 tm upon

m,1 . 2

entering the combining junction at the end of duct 2, where y = 38 mm.
The shaded area under the curve is proportional to pb. In this example,
typical of forced convection, pb provides only about 0.37 of the total
pressure requirement. Note that, since t:mh'2 = tmh.a‘ and tmh,k < tmh.3‘

t and t
m

tm.z‘ m.3 are all roughly equal. In the next two examples, tm

b
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.

421

0 10 20 30 40 50 60 70 80 90 100
y.mm

0

Fig. 3.6 Bulk Temperature vs. Height

In a 4-duct pass the flow distribution is seen to be roughly
uniform, and thot only slightly higher in the middle ducts. The

situation for an B8-duct pass, Table 3.2, is not as good. There is a

difference of 10°C between thot in the middle and outer ducts, due to

ao



“starvation” of o0il in the middle two ducts. On the positive side, Ap’
has increased only 307 over the &-duct case, while pb represents

slightly more (0.97)of Ap'.

Duct No. |7 Flow |t . . %c|t .. %t . %%
hot,j mh, j m,)
8 22.08 56.7 W14 42.4
7 13.14 66. 1 42.3 42.7
6 8.41 63.5 43.6 42.8
5 6.37 66.0 4.7 42.6
4 6.37 66.0 4.7 42.4
3 8.41 63.5 43.6 42.1
2 13.14 60.1 42.3 81.7
1 22.08 57.0 41.4 414
8p' = 278.0 Pa, p_ = 2.5 Pa, p_ = 275.6 Pa

Table 3.2 SN Prediction of 8 Duct Pass

In the case of 16 ducts, Table 3.3, the effects of maldistribution are
far more drastic. thot in the middle ducts is over SUOC higher than in
the outer ducts, due to extremely 1low flows in ducts 8 and 9. The
slightly increased role of buoyancy (2.27 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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buct No. | 2 Flow |t .+ |t - % e . %
hot, ) mh, 3 m,
16 21.40 | 56.9 61,4 44.8
15 12.25 | 60.6 42.4 45.7
14 7.02 | 65.1 4.3 46.3
13 4.03 | 70.5 474 46.6
12 2.34 | 17.2 52.8 46.5
11 1.3 | 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 1.33 | 86.3 61.5 43.7
5 2.34 | 11.2 52.8 43.2
4 .03 | 710.5 7.4 42.7
3 7.02 | 65.1 44.3 42.2
2 12.25 | §0.8 42,4 41.8
1 21.40 | 56.9 41.4 1.4

Ap' = 438.0 Pa, p_ = 9.8, p_ =4208.2

Table 3.3 SN Prediction of 16 Duct Pass

3.6 Comparison with Experiment and Finite Difference Computations

The simplified network model does appear tb give reasonably quantitative
results in the prediction of ! flow in each duct, when compared with the
room temperature perspex model measurements and companion
finite-difference calculations of Szpiro, Allen and Richards (1982). A
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). 01l velocities in each duct were
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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the network prediction is compared with their

3.7 and 3.8,

In Fig.
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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 Ri‘ Rr and Rl are all

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 (&) 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.
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CHAPTER 4

FIELO EQUATION CALCULATIONS

4.1 Introduction Refinement of the simple network model requires
the relaxation of assumptions 1.) to &.) in section 3.1, in particular

noting that

t.) The flow in vertical and -horizontal ducts is pot 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
0il 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 OCcCUr 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.D. 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
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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 Jjudged 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 Equations Equations (2.11), (2.12) and

(2.16) may be arranged in the following equivalent forms:

) ) 9 du, 3  Jdu -
ax(guu) + ay(gvu) - ax(uax) ay(uay) - Su 0, (4.1}
) 9_ 9 ,Ov, 8  dv -
ax(QUV) + ay(QVV) = ax(UBX = ay uby - Sv - U, (4.2)
9 ) 9_ k ot 3 k 9t _
ax(gut) + ay(QVt) - ax Cp ax ay Cp ay) - St =0, (4.3)

where
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. . QQ 9 ., du 9 v

Sa T T ax T oaxMax! * ay‘“ax" (4.4)
T 3 du. 3 By
Sv z dy eg + ax(uay) + ay( ay {4.5)
. 9t 3 1. 9t 3 1
St z - kax ax(cp) ka ay cp). (4.6)

The motivation for this rearrangement 1is to be able to generalise

{(4.1)-(4.3) as follows:

8 9 9 .~ 8¢ 3 . 3¢ -

where
Gx = mass flux in the x-direction = gu [kg/m2 s]
Gy = mass flux in the y-direction = pgv [kg/m2 s]
( x-direction momentum/mass = u [m/s]
$ = ; y-direction momentum/mass = v Lm/s]
{ energy/mass-heat capacity = t [OC]

r v dynamic viscosity = py [Pa s, kg/m s]

-
1}

thermal exchange coefficient = k/cp [kg/m s}

w
1}

sources associated with ¢ (4.4} - (4.6).

It is evident that the strategy is to combine everything which does not
fit 1inte 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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s - -2 (4.8)

S = - 8o (4.9)

S, = 0, {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, St is zerb; 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
6x, &y for illustration in the first instance. The values of ¢P and its
nearest neighbours ¢N' #S, ¢E and ¢w are stored at the indicated
inte;section 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.)

7
"

3

N

AN

Fig. 4.1 Control Volume

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

n.e

"%, [
J| Jl ax(Gdexdy = } [(Gxﬂe - (Gxnw ) dy, (4.11)
S

w S

where the 1limits 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 = 6x and fromy = 0 to y = dy. Evaluation of the R.H.S.
of (4.12) requires assuming that (GX¢)e and (Gx¢)w are constant along

the east and west boundaries:
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| [(GXHe - (Gx¢)w]dy = [(GXHe - (Gx¢)w]6y. (4.12)

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

a¢ a¢ a¢ 9¢
[(Gx¢ - ¢3 (Gx¢ - 06 v ]6y + [(G ¢ - ¢a - (G ¢ - F,a ]6x
fnre
-1 S¢dxdy = 0. (4.13)
Jst

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:
{puu - ua ) 6y = M . (4.14)
ox X,e

which represents the amount of x-direction momentum per second (per unit
depth) leaving the control volume through the east boundary (gx,e) from
the combined effects of convection (puu)l and diffusion (-pdu/dx).
(Recall that y = gv, 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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M - M + M - M = (pw - pe)ﬁy, {4.15)
which says in other words

net outflow of x-direction momentum

= net force in x-direction (4.16)
from control volume -

One could in fact have begun with statement (4.16), the control volume
statement of Newton's 2nd Law, working backwards to finally obtain

{6.13).

N
x
/

. G — VY] *]
w P
—
o §x ¥

Fig. 4.2 Boundary Fluxes

Having identified the first four terms of (4.13) as boundary
fluxes,. 1t remains to find suitable expressions for them involving the
quantities stored at ? and its neighbours N, S, E, W. Considering the

situation at the west boundary, evaluation of

3¢
(Gx¢ r¢6x)w . {(4.17)
requires expressions for ¢w and (8¢/ax)w in terms of ¢p and ¢w. The

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 Gx' If ¢P > 0w, heat
will diffuse by conduction in the negative x-direction; if Gx is
positive heat will be convected 1in 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-dimensional equation

2
de s
Gx dx - F¢ 2 ° 0, {4.18)
dx
with b.c.'s ¢ = ¢w at x = 0, ¢ = ¢P at x = Ox,

where Gx and F’ are assumed constant. The solution (see Appendix B for

details) at x = 8x/2 (the west boundary) is

r Pe/2 |
- _ e -1
’w = (¢P ¢w)| Pe J + ¢w . (4.19)
e -1
and
T I UL L 4 201
dx'w ox Pe I )
e -1
where the local grid Peclet number Pe is here defined as
G Ox
X
Pe = r {4.21)
¢
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When Pe is large, (4.19) and (4.20) become, respectively

$ = ) h.2
w ¢w ( 2)
and
(42 g, (4.23)
dx w
In this case, conditions at x = &8x/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

$_+ ¢
s = ——HW (4.24)
w 2
and
(¢ - ¢ )
de¢ _ P W
(;;)w = _—_—E;___' (4.25)

Here, diffusion dominates and conditions at the west boundary depend on
¢P and ¢w in equal measure; this is known as “"central differencing”.
Spalding (1972) proposed the wuse 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)).
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The above one-dimensional analysis is equally applicable when ¢ is
taken to be u or v, 1in which case Gxéx/r'¢ = Re, the grid Reynolds
number. It 1is 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

P W
written down:
(G ¢ -T Qi) = G [f ¢ + {1 -7F )¢ 1] (4.26)
X $OIX'W W W W w P’ :
where
Pe
—e
fw * Tpe ' (4.27)
e -1

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 wuse of computer time, it is better to

approximate fw as follows:

f =1 for Pe > 2,

w w
f = l( 2 + 1) for -2 ¢ Pe ¢ 2 (4.28)
w 2 Pew w ! )
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f = 0 for Pe < -2.
w w

This avoids the frequent computation of exponentials. The corresponding
expressions for the remaining boundaries are obtained in a similar

manner and are

L)

(Gx¢ - r¢5;)e = Ge(¢P(1 + fe) - ¢Efe), {4.29)
(G ¢ - F éi) = G (¢, (1 f ) - ¢ f) (4.30)
v $dy'n  n P 7 'n N'n'' :

(6 ¢ - T Qi) = G (F ¢ + (1 - F )4 ) {(4.31)
y $0y’'s ~ s 's'S s P’ :

where fe' fn' fs are approximated in a similar manner as:
f = 0 for Pe > 2,
e e

S S -
fe = 2(Pee 1) for -2 ¢ Pee § 2, (4.32)

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

f =0 for Pen > 2,

n
Ff o= L(=% _ 4} for -2 ¢ Pe_ ¢ 2 (4.33)
n_ 2'Pe n ' :
0 .
f = -1 for Pe < -2,
n n
f = 1 for Pe > 2,
s s
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_1(2
s 2 Pe
S

+ 1) for -2 ¢ Pes ¢ 2, (4.34)

f = 0 for Pe < -2.
s s

Assembly of all components of _{4.13) requires a more general expression

for the integrated source term:

n
rr
| ] S,dxdy = 8¢ _ + C. (4.35)
] ) $ p
s'w
When the simplified source expressions (4.8) - (4.10) are used, B in

{4.35) is zero and we have

C = (pw - pe)by for ¢ = u, {4.36)
C = (pS - pn)6x for ¢ = v, (4.37)

and
C =20 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:

>
n

G Ox¥
n n

A = G dxf
s s
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>
"

Geéyfe (4.39)

>
"

Gw6yfw

A = EA ¢ = AN + AS + A_+ A

where E indicates a summation over the cluster of nodes N, S, E, W.

Insertion of identities (4.26) - (4.38) in (4.13) finally yields:

(AP - B)¢P - gAc¢c = C. {4.40)

Equation (4.40) must be written at each node where the value of ’P is
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.

direction —_—
of sweep
N
‘T w P IE
|
S
| — /

line being solved

Fig. 4.3 Line by Line Iteration
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b.4 Solution of Control Volume Eguations 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 ’E to be temporarily known, (4.40) becomes,

for a given line i (see Fig. 4.3)

Ald - Ad - A =C, (4.41)
where
= A - B, (4.42)
and

+ A_d (6.43)

21 22 273 2
- B¢ - =
By, + 05%, G 4 %
‘\ \‘ ]
" . . ' (4.44)
~ ~ \x !
- 9 + D L 3 - a ¢ = C'
BJ j-1 i3 i 3+ 3
‘\\ \\ \\
- ~ ~

n—1¢n~2 ¥ Dn—1¢n—1 i un—1¢n " Tn-1

" where



a. = A, . {4.45)

and 1t 1s assumed that #1 and ¢n are known. Matrix (4.44) may be easily

solved from the following recurrence relations:

a.
. —_— . .
a’. = T, J =2, n-1, a =0, (4.46)
J D. - B.a’ 1
J 3173-1
C. + B.C~ i
“ a1 3-1 . w
Cj =5 Ba. ' 3° 2, n-1, €7 = ¢1. (4.47)
. i%5-1

$. = a'd. + C", 3 =n-1, 2, (4.48)

J J 3+ 3
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 1is described

next.

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

Semi Implicit Method for Pressure Linked Equations which makes use of
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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 hoth the momentum and continuity equations.

'pN
E Gn:ann E
. G —L> . G —3—» . SY
p, SwT p, e P
wozpgu P =P9uez E
:
Gs=P5V$
.ps
b— §x >

Fig. 4.4 Control Volume for Continuity Equation

As mentioned earlier, the continuity equation emerges from (4.7)

if ¢ is set to unity:

9 9_
ax(Gx) + ay(Gy) - SM = 0, (4.49)
where SM is the "mass source”. In most applications real mass sources

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

rnrs
G -G )6 G - G )ox = S . dxdy. .
( o w) y + | n s) X } } y axdy {4.50)
s’w
We now divide the G's into two components:
%
G =6 + G' ,
e e e
x
G =6 + G' ,
w w w
N (4.51)
G =6 + G' ,
n n n
*
G =6 + G' ,
s s S

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:

e
(Ge - Gw)éy + (Gn - Gs)dx z } } SM dxdy - SMP (4.52)
s"w
where
4 x 6 x G*
SMP = (Ge - Gw) y + (Gn - S)6x. (4.53)

The pressur2 p is divided into two similar components
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p=p +p', (4.54)

x *
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 uw at the west boundary of the control volume of

* *
Fig. &.4, the guessed values of pw and pP have resulted in a value of

* * x
u (6 =90 u }:
w oW w

(A B)* [ *-6(* t)
p - uw - cAcuc = dy pw -pP . (4.55)

%
Solving for uw and taking differentials of both sides

x By LI
du, = Ta - @) 9Py " PRl (4.56)

[

x
where any effect of a small pressure change on EAcuc has been ignored.

We may therefore write approximately

N ('R :
u = (h, - ®) (py - Pp). {4.57)
and in terms of G&
6. = e,0,tpy - Py, (4.58)
where
p = —3L (4.60)
w (A_ - B8)
P w
where the subscript w on (A - B) indicates that the bracketed



coefficients are for the u node located on the west boundary of the

control volume surrounding pP. Similar expressions for the other

boundaries are:

= QeDe(PP - pE).

G' = QSD (pe - p;). {4.61)

where
8y
D = .
e (A_ - B)
P e
5x
b T e (4.62)
P s
dx
0D = T ——.,
n (AP B)n
where (AP - B)n and (AP - 8)S are the coefficients for the v nodes

located on the north and south boundaries, respectively. Substituting

(4.57) - (4.62) into (4.52) yields

(AP - B)pp - !(Z:Acpc = C - SMP {4.63)
where
n.e
ff
} J SM dxdy = BpP + C, (4.64)
ST W

104



and

AN = gnDnbx. etc. {4#.65)
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 + LA $ - (A -1B)¢ (4.68)
ccec p P

for mass,
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R¢ = SMP {see equation (4.53)). (4.67)
A suitable reference value must be chosen for each variable, and usually
is, e.g., for ¢ = u, the total flow of x-direction momentum into the

solution domain.

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 1is too
large a change in the ¢'s from one iteration to the next. In most cases

this can be avoided by modifying (4.40) as follows:

(A, - B) (1 - f,)
P r _ $ old
P ’P EAC¢C = C + " (AP B)¢P ) (4.68)
$ 4
where'f¢ is the underrelaxation factor for ¢, ¢: is the new value of ¢P
with relaxation, and ¢:ld is the value of ¢P from the previous

iteration. Subtracting (4.40) from (4.5%) yields

r wr old
’P = f¢¢P + {1 - f¢)¢P , {4.69)
where #:r is the new value of °P which would have been obtained without

relaxation. Common values for fu and fv are 0.5, ft and fp, are usually

1.0 (po relaxation).

It may occur in the early stages of the iteration process that a
particular node has a net gutflow of mass from its control volume. if

this outflow takes the form shown in Fig. 4.5, and
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Pe , Pe ¢ -2, Pe , Pe_ > 2 (4.70)
W s e n

then

f =f =Ff = f =0, see (4.28) - (4.34), (4.71)

‘N

‘W —— *P —> ‘E

°S

Fig. &.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 (4.48) - (4.47). This difficulty may be overcome

by the “"trick”™ of using a false source

S. =B.¢_+ C (4.72)
where

B, = -S {see {4.53)), (4.73)
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and

old
Cf = SMP‘P , {4.7¢4)
modifying (4.40) to yield
(AP - B - Bf)¢P - EAC¢C = C + Cf. (4.75)

If there 1s a net outflow, SMP will be positive, hence the coefficient

of ¢P will be non-zero even if (AP - B) is zero. This device will not

affect the <converged solution since Bf and Cf will tend to zero as

convergence is approached.

; lﬁ tr ﬁi tr A? ;
E —————l—sEW(5)—— .
5 _:j} e —sswm—_j> %, I _:b
At 2% S
L. %% iz 1
! ' P SEWU( S ———14 H
ISR 7 I
;_A;___A}_ ..... _ﬁ}_ —— ¢ e _A?___._._ I}_._._.J
::'I 2 k) 4 S 6 7

Fig. 4.6 Staggered Grid

4.7 Staggered Grid and Variable Spacing TEACH-L has provision for
variable spacing between grid 1lines. 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 TI(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. 4.5 for illustration. The shaded areas surrounding these three
variables are their respectivebcontrol volumes. Note that, because of
the combined effect of wvariable 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 J 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. SEWU(5) 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 ¢P is located

half-way between, e.g. ’P and ¢w. In TEACH-L, an entire subroutine,
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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 1s convenient in
calculating the coef%icients 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.

Implementation of the boundary conditions has not been discussed
-~ this 1is best done in Chapters 5, 6 and 7 as each flow situation is

described.



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 (1359), to name a few) 1is
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/& inch biack 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 Blest (1972). He wused
perturbation methods to study the situation (applicable to arterial
blood flow) in a dividing junction when the bran;hing 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 investigation on the effects of varied meshes on numerical

stability and the location of recirculation zones. No pressure data was

reported.

Further computer investigations were carried out in the late
1870's 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 4396 - 1130. The
application of his work was to the human recirculatory system. As blood
Ls 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 (1380) 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:

rh,vert/rh.horiz‘ Qin/o2 and Re (see Fig. 5.1). The "friction constants
(to be defined shortly) along the indicated paths, labelled, e.g., Kcs =
and K = K are therefore functions

K .. . . .,
combining,straight dt dividing,turning

of three variables. In a disc-type winding appropriate values of the

first parameter will depend on design practice; i1s generally

Th,vert

greater than or equal to r Four values of r /

h,horiz’ h,vert rh.horiz were



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 Qin/Q (> 100). As most of the experimental work

2

in this thesis is based on an 8 duct pass, values of Qin/Q2 were taken
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 3.4, 17.6, 52.0 93.6, and 178. Varying each parameter
independently requires 4#x6x5 = 120 runs for each type of junction, for a

total of 2640. The results of these extensive calculations will be

presented in this chapter.

W= 2, yqry =il o2y yqer =i

COMBINING o . Q DIVIDING

T

2r
02 — h haoriz

4

T

2fn horiz Qg=—>

Y

Qjn, Re Qin. Re

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.

113



L 2
I *h.horrd

. 'n;,;;.; -t o h

Chorsz

o b Lortey } it -
H I
> kS y L
4
0 n
o ' i
L
. ]
b o : '
0
:! Crery it
2 ! e— —
G T Qg Ry Q). Rey,
.
. " . .
. n J
- . 1}
.
M4 rereronce)
. Pra.y) presmre
o
Je

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 Jjunction, in which Re, = 9.4, Q. /Q, = 2.14 and
in in 2

r /lr ._ = 1.0. For convenience, the junction has been laid on
h,vert h,horiz
its side, hence u and v are the vertical and horizontal duct axial
velocities, respectively. Parabolic profiles are assumed at all
its. , . and . j i .
entrances/exits Lentry Lhorlz Lexlt are adjusted (using (2.4))
according to Rein, Re2 and Re1 (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 8 and C in (4.40), as

follows:

B =-+v, C=0 (5.1)
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where ¥y is a very large number (1030). This will result in

= 0. 5.
¢P 0 (5.2)
Un
L] —m [] -
///////A-/ Vv, [JJA'///// a4 SY
l T Tw |
Uw i Up 5 Ue
—C P’ —me 'P — X
w! e
U
. == .
f ox 4

Fig. 5.3 No-Slip Boundary Condition

The "no-slip” condition is used for the u velocities on the vertical
duct walls and v velocitie§ on the horizontal duct walls. A control
volume for a u cell at the wall is shown in Fig. 5.3, where it 1is seen
that there 1is 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_ 1is ?ero from (5.1) and (5.2). The procedure

N

for incorporating the wall shear stress rw is first to set AN to zero.

Then, provided that Up is close enough to the wall, T, ™may be

approximated as

—£ (5.3)



and the total momentum source is

u )
BuP + C = (- 6y/2)6x + (pw - pe)éy. . {5.4)
whence
B = -u G—Q,‘; (5.5)
and 4
C = (pw - pe)éy, (5.8)
as before (see {4.35) and (4.36)).
N
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Fig. 5.4 Treatment of Corners

The corners require slightly different treatment, as 1is evident
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from Fig. 5.4, Here, convection proceeds through the right half of the

north boundary of the u_ cell, while shear stress Tw acts only on the

P

left half. The solution is to set AN to one-half of its current value,

while reducing B to one-half of the expression given in (5.5).

Though heat transfer will take place in the Jjunctions 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 conqitions in FORTRAN is incorporated together with
TEACH-L into a program called JUNCTION. Listings may be found in

Appendix D&.

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 ca}ried out on the CDC Cyber 174 mainframe computer,
the O0EC LSI 11/23 16 bit microcomputer, and the Research Machines RML
380Z 8 bit microcomputer. The test case used was a dividing Jjunction,

Re . = 9,4, Q, /Q_, = 2.14 and r /

in in" 72 h.vert/Th nhoriz - '+0- A 17x13 grid was

used (see Fig. 5.2), and 39 iterations were required to reduce the
absolute sum of all residuals to 17 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
sluwness, 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

17



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 Jjob «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¢.) 1less 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 Aext 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



speed 1is 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 Dependencvy 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 Qin/Q2 = 2,14, rh,vert/rh,horiz =
and Re = 9.4 (Re with no subscript implies Rein)' The output is
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
22%18 on the LSI 1i/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 1lines) is refined. This 1s 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 1isobars. 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, 1is

not needed, only reasonable estimates of the pressure differences from



the entrance(s) to the exit(s).
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dependency tests were

5.9 Mesh Dependence, D

also
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ividing Junction, High Re

As the computation covered a wide range of Reynolds numbers, etc.,

done for three other representative

Velocity profiles on the three sides of the junction are compared



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 thése tests the 17x13 grid was Judged adequate for
providing an estimate of overall pressure drop through the combining and

dividing junctions.

COMBINING JUNCTION
Qjn/Qp22.14

"h.vert’ h.horiz =10
Re=9.4
e22x18
817x13

410x 8
solid curve: 30x 25

5 10 1§ 0 S5 10 15 20
mm/s mm/s

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 1lines I=2 (pin)' I = 16 (pi) and J = 12 (pzl (see Fig.

. .

5.2). The pressure drops al ths L , . o
) p p ong lengths entry LeXlt and Lhorlz were
then computed assuming fully developed flow:
1.5u
A = . ) .
ps 3 (QLnLentry * Q!Lexit)‘ (5.7
r
h,vert
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Fig. 5.11 Mesh Dependence, Combining Junction, High Re

where ApS is the ‘'straight-through’ pressure drop along the portions of
vertical ducts at the entry and exit of the 3Jjunction. For combining
flow, the fully developed flow pressure drop along the section of

horizontal duct L’ . and the section of vertical duct L' ., which it
horiz exit

turns into is

ro L’ . Q. L' .
= 1.5u] 2 horiz , —Lexit

ct L ra 3
h,horiz rh,vert

1

l, (5.8)
J

Ap

and for dividing flows, the analogous turning 'fully-developed’ pressure
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drop is

r QinLentry QgLno;iz 1
Apdt = 1.5 3 * |. (5.9)
L 4
rh,vert rh,horiz

Aps, Apct and Apdt would already have appeared in the simple network;
the differences, though between these pressure drops and what is

computed by TEACH-L as pin -p etc. are the "excess” pressure drops,

1 ]

namely

cs (pin - p1)cs - Aps, {(5.10)

[~
O
n

[~
T
'

et ° (p2 - p1)ct - Apct. (5.11)

for combining flows, and

Apds = (pin - p1)ds - Aps. (5.12)

Bpyy = (Pyn = Polgy — BPyes (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 1length x in equation (3.18). It was decided arbitrarily to set

X = 2 since this is of the same order as the distance though the

rh,vert

junction itself. Doing so 1leads to the following definitions of the
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“friction" constants:

. 2
BAp r
K = cs h,vert (5.15)
cs qu
. 2
8Ap . r
K - ct h.vert‘ (5.15)
ct uQ1
. 2
8Ap . T
K - ds h.vert, . (5.16)
ds ua.
in
- 2
« - B8P3+ h, vert 5.17)
dt = B . ' )
in

where it may be noted that the excess pressure drops for combining
junctions are normalised with respect to the fluid dynamic pressure at

. 2 .. . . 2 .
the exit (gu1/2); for dividing Jjunctions, (guin/Z) is wused (see

(3.18)). u1 and uin are mean velocities.

Oefining the friction constants in this way makes them directly
cm\SJ(m\‘t
comparable with the friction,K (= 24), for fully developed flow. The

only drawback 1s 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 Jjunctions may be interfering with each other, an

effect which is entirely neglected here. Whether the values of K etc.

ds’
obtained 1in such a case are reasonable is open to doubt. They are

presented here nevertheless as "first estimates”, in the absence of

anything better.

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, 1lines of constant (e.g.) Kcs are
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plotted as a function of rh.vert/rh,horiz and Qin/QZ' at Rein = 9.4, 52
and 176.
rh vert
S 0.5 1.0 2.0 3.0
r .
h,horiz
Q.
E?n Re Kcs,Kct Re Kcs/Kct Re Kcs/Kct Re Kcs/Kct
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| 4#2.8/ 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/ 715.4|52.0| 76.0/ 68.9|52.0| 74.7/ 68.2
93.6|151.9/146.5193.6{142.9/138.1}93.6(137.9/1268.1|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
8.4 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
176223.4/217.0| 176|212.8/208.8( 1764211.1/202.8| 176}213.8/198.0
9.4) 30.3/ 22.6) 9.4| 23.3/ 18.1| 9.4]| 16.8/ 18.2] 9.4 14,4/ 27.5
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/ 4#4.8|52.0] 42.0/ 41.4]52.0| 40.0/ 4&.5
93.6| 87.7/ 82.0)93.6] 76.0/ 73.3(93.6| 69.3/ 51.2(93.6| 67.8/ 70.8
176 |148.2/141.21 176)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| 364.4/ 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| %#1.8/ 38.0(52.0| 34.5/ 34.8(52.0| 32.2/ 36.4%
93.64( 74.2/ 68.3]|93.6| 61.5/ 58.4/93.58| 54.2/ 53.5]93.6| 51.8/ 55.68
176 {117.9/110.2| 176|104.4/101.7| 176 97.7/ 98.0| 176 95.1/ 95.2
9.4 29.9/ 21.46] 9.4 22.4/ 16.2] 9.4 15.3/ 16.3] 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/ 50.493.6| 46.4/ 46.3(93.6] 43.8/ 47.4
176 |102.4/ 94.3| t76] 88.4/ 84.9]| 176 80.8/ 81.6| 176 78.6/ 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/ 46.4193.6] 41.6/ 40.7)93.6| 39.0/ 41.5
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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r
h,vert

» 0. 1. 2. 3.0
h,horiz
Yin
02 Re de/Kdt Re de/Kdt Re de/Kdt Re KdS/Kdt
9.4 12.3/ 10.3| 9.¢& 6.5/ 16.9| 9.4 1.1/ 45.0| 9.4 1.0/100.5
17.6 8.1/ 7.6|17.86 LT/ 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|-43.7/189.9|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.% 1.2/64.9
17.6} 13.6/ 1.2{171.6 5.4/ 10.3(17.6{ -1.3/ 33.8|17.6| -4.1/786.3
2.14152.0| -t.5/ 3.4{52.0(-13.1/ 10.5(52.0{-20.3/ 55.4[52.0(-23.0/138.5
83.6|-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| 17€(-61.8/ 42.1} 176{-66.9/197.7| 176|-69.7/448.8
9.4 22.4/ 9.8 9.4 16.8/ 9.4| 9.4 1.9/ 17.0] 9.4 5.3/ 33.1
17.6}f 21.0/ 7.1}17.6| 12.3/ 17.5[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) -71.0/ 21.0)52.0/-10.3/ 51.1
93.6 3.4/ 4.3]93.6|-11.5/ 17.3(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/ 8.7 9.¢ 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/ 12.2117.56 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.t/ ©6.5|17.6 9.4/ 10.0]17.6 6.5/ 18.0
8.0 |52.0| 25.6/ &.7|52.0| 12.8/ &.1]52.0 k.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/ 1.2(t7.6| 18.%/ 6.4|17.6| 10.6/ 8.6|17.86 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 b,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. 5.15 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 R1. R etc. and their non-linearity is weak. In combining

2 ?
junctions, fluid velocities will always increase, and pressure loss due
to acceleration will add to friction losses. Thus only positive values
of K and X occur, increasing with Re and decreasing with Q. /Q_ . In
cs ct in® 2
dividing Jjunctions, however, the fluid decelerates, causing pressure

regain which compensates for friction losses. At higher Re, negative
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values of de occur (Fig. 5.14), although momentum never sufficiently
outweighs friction to drive Kdt negative (Fig. 5.15). Areas of
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 Kcs' etc. and the
experimentally obtained coefficients of Jamison and Villemonte (1971)
derived from measuring losses in 3/4 inch pipe tees. }heir notation for

K etc. is explained in Fig. 5.16, and the comparison is tabulated in

m-1'
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&t‘ etc. indicate that corrections have been made to
define Kdt' etc. in the same way as Km-z' etc.
Dividing Junction
Q.
—1n . .
02 Km-1 Km-z de Kdt
Re=9.4/1176 Re=9.4/176
o0 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.
10 . '
02 Kl—m K2-m Kcs Kdt
Re=9.4/176 Re=9.4/176
oo 2090 7300 - -
3 2130 T 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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In most cases, the two-dimensional coefficients are two orders of
magnitude lower than those from the pipe tee data. Furthermore, even
though Jamison and Villemonte state that negative values of K did
occur, these values are not included in their data summaries and graphs,
Finally, it is interesting to note that:- substantial values of K1_m and
Km_1 were obtained even when Qinlo2 approached infinity (i.e. no
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.

1 m m . — 1

COMBINING DIVIDING

Fig. 5.16 Notation of Jamison and VYillemonte (1971)

5.6 Conclusion Friction constants for two-dimensional combining
and dividing juncti&ns 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 &

CORNER FLOWS

6.1 Introduction At the top left and bottom right of the pass
shown as Fig. 3.1 the fluid is forced to turn through 900. 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.

K,

CORNER

e 2 poniz =¥
3—> »_.J

k' 27h vert -‘

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,
r /r . and Re, which were varied over four and five levels,

h,vert h,horiz
respectively, requiring only 20 runs. All calculations were done on the

RML 3802. 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
refinement 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
walls is applied as described in Sec. 5.2. The 270O corner 1s handled
exactly as in the tee-junctions (see Section §.2.) The 90° corner
requires no special treatment other than prescribing the wusual no-slip
condition for the tangential velocity components near the wall; thus the
source coefficients B and C for U(14,2) and V(14,3) (see Fig. ©6.2) are
set 1n exact analogy with (5.3) to (5.6). A parabolic velocity profile

at entrance and exit is assumed, with Le set according to

d L .
ntry an horiz
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Re, wusing (2.4). A listing of CORNER with further documentation may be

found in Appendix D5.

6.3 Definition of Friction Constants and Results Kc is defined
similarly to Kcs' etc. in Chapter 5. The pressure drop Apc due to fully

developed flow is determined from

r L L . 9
Ap_ = 1.5p0, | —Sirv, heriz (6.1)
in r3 r3 1
h,vert h,horiz
(see Fig. 6.2 for definitions of L' and L’ ). The excess

entry horiz

pressure drop Aﬁc due to entrance, cornering and exit effects is then

Apc = (pin - p2) - Apc (6.2)

where pin and p2 are the average pressures on the entrance line I = 2

and exit line J = 14 (see Fig. 6.2). The definition of Kc follows as

.2
8Ap r
K = —shavert (6.3)

Q.
¢ H¥in

The results of the 20 runs are given in Table 6.1 and plotted in Fig.

6.3. Kc increases substantially with r / indicating that

h,vert rh,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

the network model, to be done in Chapter 8.

rh,vert/rh.horiz 5 1.0 2.0 3.0
Re

9.4 11.3 22.3 86.1 205.0

17.86 8.6 23.9 109.8 266.59
52.0 5.6 44 .5 235.6 578.5
34.0 9.2 78.2 408.3 990.6
176.0 23.4 167.6 805.6 1902.0

Table 6.1 Corner Friction Constants
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° Fig. 6.3 Contour Plot of Kc
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CHAPTER 7

OUCT FLOWS

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 1limiting 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 wusually 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 (1374), p.
81). In the former, axial diffusion of heat and momentum 1is 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 wused in many transformer applications. 0f 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
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{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 intezdgct. The decision was
therefore taken to adapt TEACH-L to solve the conjugated problem. The
implementation of these complex boundary conditions, the DUCT program,
will be presented in this chapter together with some sample results.

Listings with documentation may be found in Appendix DG6.

1.2 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 Su' Sv and St will be simplified to (4.8) - (4.10). This
involves the removal of 1.) the "extra” variable viscosity terms from Su
and Sv' 2.) the body force term from Sv and 3.} the "extra" variable

heat capacity terms from St. These three actions may be Jjustified as

follows.

1.) Applying (2.15) to the variable viscosity terms in (4.4) and

(4.9) gives
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d_, du d_, dv d_, dv 9_, dv

a(ug; +§uax)x-a(ua +57uax. (7.1)
and

3 Qu , 9 8y 3 8u 3 Bu (1.2)

ax Moy ay ‘Hay! * ax'Hay dy Hax ' .

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 Sv will be negligible and neglect of (7.2) will make no difference.

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 inve;tigation 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 unifoerm 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 pg in (4.5) 1is therefore néglected. 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/cp is slight (see Appendix D6, where it 1is referred

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 o0il interface. The very sharp refinement
of the grid near the disc surface 1is required because of the high
Prandtl number of the o011 and the consequently thin thermal boundary
layer. The grid wultimately 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.
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Fig. 7.1 Disc/Duct Flow Domain
€Each half-conductor is modelled as a single node whose average
temperature is t , etc., and 1is <connected to 1its neighbouring

c,2

conductors through conductances Gc‘ to the nearest temperature nodes in

the fluid T(2,5), etc., through conductances Gc‘f and to the bulk fluid

temperatures te and tm r in the left and right vertical ducts through

conductances Gl and Gr' {The uniform duct entrance temperature te, and
the bulk temperature in the left-hand vertical duct are assumed equal.

of

The expression for each“these conductances 1is:
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G = . {7.3)

(kpz/e)(kz/ﬁ)

Gc.f : (kpz/e + kz/8) ' (7.4

(hlo)(kpo/e)

S * ho+ ko/e) (7.5)
1 p

(hro)(kpcle)

S * Tho+ kale) 7.8
r p

where

kp = thermal conductivity of kraft paper insulation (through the

laminations, see Appendix A) [(W/m K]

g = half-height of uninsulated conductor [m]

€ = thickness of insulation [m] (same on all sides)
z = overall width of conductor [m]

k = thermal conductivity of fluid [(W/m-K]

8 = distance from disc surface to nearest temperature node [m]

mean convection conductance at left disc edge IW/mz-K]

=2
"

mean convection conductance at right disc edge [W/mZ-K]

=
1]

As indicated by the grid lay-out in Fig. 7.1, the flow field 1is not

solved for in the left and right hand vertical ducts, therefore h, and

1
hr must be assumed. It was decided to use the mean Nusselt number Num H
based on Q and D averaged over the height d of the disc,

1 or r lorr

available from the constant property, parallel plane, constant wall heat

flux solution given by Shah (1375)
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x -1/3 *
Nu = 2.236(d ) for d ¢ 0.001,
m,H

* -1/3 x

Num H = 2.236(d ) + 0.9 for 0.001 < d <0.01, (7.7)

x x
Num H = 8.235 + 0.0364/d for d 3 0.01,
where
d* D P

= d/( 1orr el or r). {7.8)

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 by

Conductance Gc,f is a series combination of the conductances from
the conductor to the oil-insulation interface (kpz/e) and from the
oil-insulation interface to the nearest fluid temperature node (kz/8).
Gl and Gr are similar combinations. The IZR losses in the conductors are

modelled by injecting into each half-conductor node a heat source per

unit depth Qé. etc. (see Fig. 7.1), where, e.g.

2
e, [1 + o . (t - 2001(1/2)

Q' = 20 20 "¢, 2 , (1.9)
2 no

vihere
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n = width of uninsulated conductor [m]

920 = resistivity of conductor at ZUOC [Q-m]

. o
@, = resistivity-temperature coefficient of conductor at 20 C
(%"

I = rms current in each conductor [A]

Equating the energy input to the energy output at each node leads to

(Gc+Gc‘f+Gl)tc'2 - Gctc'3 = 02 + Gc.fT(Z,S) + Glte
- GctC,Z + (ZGc+Gc,f)tc,3 - Gth‘4 = 03 + Gc'fT(3,5)
(7.10)
-G t 3 + (ZGC+GC. )t " - Gctc‘5 ] Qk + Gc'fT(G,S)
- 6.t L b * ‘Gc+Gc. ’Gr)tc.s : Q5 * Gc,fr(s'S) * Grtm,

The arrangement of (7.10) 1is inconvenient due to the fact that Qé,

etc. are functions of tc etc. To eliminate this, define

2!
2
. - QZOGZO(IIZ) .
c - no . (7.11)
and
0. (1 - 20a. )(1/2)2
or = —20 20 , (71.12)

no

so that, e.g.
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Q, = Q' + Rct (7.13)

(7.10) may now be rearranged to yield

(Gc+Gc,f+Gl—Rc)tc,2 - Gctc.3 = Q"+ Gc'fT(Z,S) + Gltm,l
- Gctc.Z + (ZGchc,f_Rc)tc,3 - Gctc.4 = Q" + Gc'fT(3,5)
{(7.14)
- Gctc.3 + (ZGC*Gc,f-Rc)tc,A - Gctc,S = Qo+ Gc.fT("S)

+
o
o}
1
o)
0
(e
]
o
+

c.5 = Gc'fT(S,S) + G t
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. (te if i1t is the first iteration).

2.) The values of tc 2 etc. obtained from 1.) are used to evaluate

the heat flux from each conductor into its contiguous fluid temperature

cell (shaded, Fig. 7.1), e.g.

q2 = Gc,f[tc,Z - T(2,5)]1. {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
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C=4q'/c . 7.16
q cp { )

[t 1is necessary to divide by the heat «capacity cp to maintain
consistency with (4.3). The procedure for obtaining the heat flux
boundary condition for T{(3,5), etc. is the same. For reasons analogous
with specification of the no-slip conditions on the u-velocity (see
Section 5.2), AN must be set to zero for all shaded T-cells.

3.) Using the heat fluxes calcul;ted in 2.) the temperature field
in the fluid may now be solved, yielding in particular new values of

T{2,5) etc.

4.) The process is repeated beginning from 1.) until convergence
is attained. In this case the reference value used for Rt {see (4.66))

will simply be

(q2 +ay v q ¢+ qs)/cp. (7.17)

The thermal boundary conditions required on the other three
boundaries are: uniform inlet and outlet temperatures equal to te and
tm r respectively, and zero heat flux across the duct centre-line,

obtained by setting AS 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 As

to zero for all centre-line u-cells). At the outlet, a difficulty arises

149



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 wused in some of the TEACH-L sample problems. (See the listing
of MODU, Appendix D6, for details). Velocity v is set to 2zero at the

wall and duct centre-lines.
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Fig. 7.3 Temperature Distribution in 10 Conductor Disc
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7.4 Surface Heat Flux Distribution in 10 Conductor Disc

7.4 Sample Qutput 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
-5 2
Q = Q@ = = X 1
2 1 Qr 5 0 m/s

Inlet Re = 15.5

Inlet Pr = 88.7

Inlet Pe =1,488

t =t =65.0"°¢C

m,T e

I/2 = 152.6 A
The solution 1is 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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Fig. 7.4, the conductor fluxes (here dé to } are plotted. The

iy
winding current was chosen to give a surface heat flux of 1000 WIm2 in
the absence of edge effects. Whilst conductors 3 to 8 deliver
approximately 1000 w/mz, conductors 1, 2, 9 and notably 10 give far
less. Hence the latter & conductors must be delivering a significant
amount of heat to the side vertical ducts.

‘.

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 cﬁnditions
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):

Th horiz

K = . . (7.18)
L
u ¥

where p 1s determined at te' Ap 1s the difference between the average
pressures at I = 2 and I = 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 9.77 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.

354 solid curve: analytical solution, 1
Shah and London
o: DUCT results,
307 22 x9 grid : 4
Re =16.5
Pr =88.7
pran te =65°C I
T 20+ T
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1 1 1 % 1 1 L L

L L
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Fig. 7.5 Comparison of OUCT with Analytical Solution

7.5 Mesh Dependency It 1is possible to alter the boundary

conditions stated in Section 7.3 (by setting h_, and hr to zero} so that

1
a constant wall heat flux system 1s approximated. [f 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). This has been done in Fig. 7.5, where a 22x9 grid was used.
The agreement is seen to be adequate, hence the 22x3 grid was Jjudged
acceptable for the variable property and wall heat flux computations
reported in Chapter 12. The excercise was repeated for coarser grids:
6x6, 12x6 and 22x6; all gave results very close to the analytical

solution.

1.7 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 i1s 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.
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CHAPTER 8

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 1loss 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 de, etc. calculated by JUNCTION and
CORNER, resistances Rds' etc. are formed which are added to the network
of Fig. 3.4. The program DUCT is included as a subroutine of DISCNET,
and the K's required for R], R2, etc. (see ?ig. 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 51). 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, o1l inlet

t t . . 1
temperature M. in and flow rate Q@
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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

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 tm in and remains so throughout the calculation. The

bulk temperature in the right-hand vertical ducts (tm 1 etc., Fig. 3.1}

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 Q2 o

etc. the variable viscosity K's for each duct are calculated using the

6x6 version of DUCT. tm $ etc. are updated.

6.) The junction and corner resistances are calculated. Using

current values of @ , etc., Q. /Q, and Re. are determined for each
2.1 in 2 in

junction and K etc. are obtained by 1linear interpolation in

ds’ Kdt'
Tables 5.1, 5.2 and 6.1.

7.} The duct resistances are calculated (R,, R

i 5 etc.) using the

variable viscosity K's from 5.)

88 The network is solved for the flow rates 02 " etc.

156



9,) Repeat the procedure from step 5.) until convergence 1is

reached. In OISCNET, this happens when the sum of the absolute values of

2

of the pass inlet flow rate Q. 5 iterations may be required in a typical

the changes in the Q_'s from one iteration to the next is less than 11

case.

PASS EXIT

R Rets |

Re3 F{Resa

Rr2 | Res,3

{Rast - Ry

i
' _[‘lir,i H Rcs,Z

PASS > —{Ratt R IR

ENTRANCE

Fig. 8.1 Network with Junction and Corner Resistances Added

DISCNET 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 1is shown as Fig. 8.1. The horizontal duct resistances R1, etc.

are defined exactly as in Fig. 3.4, except that K is set to its variable

viscosity value (different for each duct). y is determined at t (see

m, in

Fig. 2.3). R etc. and R etc. are also defined as R and R in

1,1’ r,t' ) 1 r

Fig. 3.4, except that the value of y 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 yertical ducts. Since the temperature in the
left vertical ducts is assumed to remain at tm.in' the Rl‘s will all be

equal. The Rr‘s. however will vary according to tm etc.

.

The Jjunctions are numbered according to the connecting horizontal
duct. Dividing junctions hence are numbered from 1, combining Jjunctions
from 2. R and Rch are the lower and higher corner resistances. These

cl

resistances are then defined as follows:

S
Rds = 02 ' {(6.1)
1l
. ) 2Kdt(0in/02)u (6 2)
dt DZ ) )
1
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c
Rcs = 2 » (8.3)

Rct = > ' (8.4)

Rcl = 2_ ' (8.5)

c
Rch 2 , (8.6)
1

where, in equation (8.1) - (8.4) the Jjunction/duct number subscripts
have been dropped to avoid excessive clutter (the full numbering scheme
may be extracted from the listings, found in Appendix D7). 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), de, e.g., has been multiplied by

flow rate ratio Qin/QI' This has been done to correct an error, made

without the benefit of hindsight, in the original definitions of de.

etc. It will be recalled from Chapter § that de and Kdt are defined in

terms of @, , K and X in terms of @ (see (5.15) =~ (5.17)}). In
in cs c 1

t

formulating the resistances, it was realised (see Fig. 8.1) that Rdt and

Rct would have in fact to be defined according to 02 (horizontal duct

flow rate), Rds in terms of Q1 {flow rate exiting from dividing junction
in vertical duct) and Rcs in terms of Qin (flow rate entering combining
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 (3.2%) will contain the additional junction corner

resistances.
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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

calculation. An 8 duct pass is examined, with tm in ° 58.9°C, Q@ = 7.0 x

10-4 mz/s 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
wlmz). Under these conditions, the pass inlet Reynolds number (based on

Dl) is 196, a wvalue typical of forced convection cooling. The disc

dimensions were L = 100 mm, d = 14 mm, and all duct hydraulic diameters

Dhor = Dl = Dr = 8 mm. Referring to Fig. 8.1, it will be seen that the

total flow resistance in, e.g., horizontal duct number 2 is the sum of

R R and R
c

dt. 2" 2 The corresponding 3 resistances for each of the 8

t,2°
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ducts in the sample calculation are compared in Fig. 8.2. It 1is

interesting to note that while R 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 R1.
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, gnough to
overcome frictional dissipation. At the other Jjunctions, R is

ds

positive, but small compared to Rl' A marked difference 1s evident in
the combining Jjunctions. Here Rcs is of the same order as Rr‘ and

increases so that RC is almost three times the magnitude of Rr . In

s,8 W T

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 iﬁ the right hand vertical ducts is almost
twice that of the left, and this has a marked effect on the flow
distribution, as may he seen in Fig. 8.4. The prediction of the simple
network model (the starting point of DISCNET's iterations}) is compared
with the DISCNET 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. 8.4 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 Jjunctions predominate over variable
viscosity .effects. At lower flow rates typical of naturally cooled
transformers, the reverse would probably occur. More examples of DISCNET

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 wusing a fine-mesh (e.g. 22x9) version of DUCT.

Examples of complete calculations are given in Chapter 12 also.
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CHAPTER 8

EXPERIMENTAL WORK, INTRODUCTION

Fig. 9.1 Possible Flow Pattern in Disc Winding without Flow-Diverting
Washers

8.1 Introduction Little experimental work has been published which
involves the measurement of individual conductor tempe;atures and the
flow distribution in horizontal ducts of disc-type transformer windings.
Since 1t is highly inadvisable to embed thermocouples in windings
intended for service, most thermal measurements have been made in models
of wvarious kinds or in expensive purpose-built experimental windings.
Most of the studies are of disc windings without flow-diverting washers,
Fig. 9.t (see also Fig. 1.6), where in a perfectly symmetrical design

and a perfectly horizontally located transformer the direction of flow



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..ln 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. 17.3). Brechna and Tschudi (1962) measured the temperature
distribution, wusing 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 wused. They report only mean disc
temperatures, and assume an o0il-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 6 passes of 16 ducts each. Their
results indicate substantial flow starvation at the top of each pass 1in
which the flow is radially oputward (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 (1873), made a further study of the flow characteristics in the
same model. His results confirm an asymmetrical flow distribution.
0ddly, he states that the vertical duct thicknesses were equal. The
method of flow measurement is not described. Preiningerova and Pivrnec
{(1977), wusing (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 1s 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 wind%ng and ancillary apparatus will
be described. 1In 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.

8.2 The Experimental Winding The facsimile winding shown
schematically in Fig. 9.2, designed by Szpiro (1380), 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 1is 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. Due to the size of the
experimental tank, the mean radius of the winding (177 mm) was made
smaller than would normally be found 1in 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 1is

“masked” by the spacers (i.e. not in contact with the o0il), than would

be the case in commercial transformers.

The experimental winding has 16 discs, of 20 conductors each (with
dimensions shown in the inset of Fig. 9.2), and was configured with 2
flow-diverting washers (each 2 mm pressboard} to have 2 passes of 8
ducts each. The upper pass, with the flow-diverting washers at top and
bottom, may be seen in section A-A. Thus the »il, entering through the
inlet pipe/flange 1is assumed to divide itself equally between the 6
sectors and enters the bottom of each lower pass through one of §

circumferential slots in the steel base plate. The lower flow-diverting
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washer forces most of the 0il 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 1in 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 8 not &
mm. The problem was exacerbated by some circumferential variation in the

radial width of the discs.

To measure the o0il velocities in the 8 ducts of the upper pass,
tapped holes were made in the outer cylinder (the top & 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
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the probe.

NS EXPESRIMENTAL
<Q ,9 -
S50 WINDING

PERSPEX
CYLINEER

TAPPED HOLES
FOR VELOCITY PROBE
KRAFT PAPER

[NSULATICON

all dimensions in mm

----» POSSIBLE LEAKAGE PATHS

TGNt
P TTRERTTHTIEN

L
I SECTION A-A

CCGTIN RN CAEL T

EXTRA
VERTICAL
CucT

'P'

N horizontal cust
thickness
——3.58

4.68

10

%32

3.82

402

394

|
ROCCOOTInT

(OO0 TEEnaEeIRCom
=

4$.34

5

| STEEL BASE PLATE —L

FLANGE —(~

[NLET PIPE——

Fig. 9.2 Facsimile Winding

169



-
-
-
L ]
-
-
s
-

Fig. 9.3 Winding with Hot-Film Velocity Probe

y I/L” GALVANISED PIPE

I i

0

s HEAT EX (0]
TOOTHED CHAN{,EP{-
et ALUMINIUM oPTO - S\NITCH ——' _
e 1| foisc B
TANK 2
e L
THE RMOC OUPLE | |
GATE 5] LOCATION FOR \ ]

N
VALVES MEASUREMENT OF ——K}

A
.
![f_
L
Ol —f=

EXPERIMENTAL
WINDING

[229)

BOTTOM OIL MUTATING
| TEMPERATURE o |

SC
FLOW METER

~2" BLACK PIPE

Fig. 9.4 Schematlic of Hydraulic Circuit

9.3 Hydraulic Circuit A

schematic of the hydraulic circuit 1is

shown in Fig. 9.4, 0il flow was maintained by a gear pump, coupled, Vvia
pulleys and a timing belt in a 4:1 reduction to a compound wound D.C.
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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 1is
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. vs. flow rate calibration was obtained using the nutating disc
flow meter (Fig. %.4), see Appendix C1. Visible in the background of the
photograph are the 3 oil-to-water heat exchangers shown in Fig. 9.4.
Each one is rated to dissipate 3.5 kW at an oil flow rate of 3.79 x 10-3
m3/s {50 g.p.m.) They are arranged with by-passing valves so that 1, 2
or 3 may be wused in series, for a total cooling capacity of 10.5 kW.
This was far in excess of what was needed; only one was ever used.
Cooling water was obtained from the nearest tap, being supplied from a
roof top storage tank. 2" black pipe was used for the oil circuit, 3/4"
galvanised on the water side (connected by 3/4" garden hose to the tap
and drain). The system had been used previously by Finn (1971} for
experiments involving layer windings. Extensive rearrangement was

necessary to eliminate leaks and adapt the circuit for its present use.



w‘ _— - N “""“l;".'l
‘ ALY

Fig. 9.5 Flow Rate Monitoring Arrangements

to data logger

SHUNT WINDING

INDUCTION MOTOR

L0 Ve

A-Y —0 A LISV
STARTER 08 3 PHASE
switcHl—2C SuPPLY

RECTIFIER UNIT

=
SOLID - STATE é V' J 1
R1

SHAFT COUPLING

DC. GENERATOR

(=]
o
e

Al Ammeter TS 277
R1:330L, 10>5A Rheostat

Fig. 9.6 Winding 0. C. Supply Control Circuit

. 2 :
9.4 Electrical Circuit To simulate the I R losses in a transformer



under load, the winding was connected to a D.C. welding generator rated
at up to 20 kw (40 Vv/500 A)., The field was excited by a large
solid-state rectifier wunit, 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 1logger useéd to monitor the
thermocouple voltages {(see Chapter 11). The generator was shaft-coupled
to a 3J-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.

3.5 Concluding QRemarks The apparatus described provided steady

winding currents and flow rates. The heat exchangers (thanks to a water
supply at approximately constant temperature) enabled the system to

reach a stable steady-state in a few 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 1is
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:

Num = 0.42Pr0'2 + 0.57Pr1/3Re1/2, (10.1)

where

(10.2)

Nu
m

where D 1is the diameter of the cylinder, d; m is the average surface

heat flux from the cylinder, tw m is the average wall temperature and tw

is the temperature of the undisturbed free stream. Here,

c
(=l

Re ) (10.3)

<l

where U is the (uniform) free stream velocity, and the fluid properties

are evaluated at the film temperature tf:



—Wm = (10.4)

Equation (10.1) is usually referred to as King's Law because it 1is of
the form predicted by an early theory due to King (1914). The
correlation is good over a wide range (0.1 ¢ Re < 104). A 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 um)
ensures that, according to Hinze (1959}, the hot wire probe (in air) can
be used over a velocity range 4.0 ¢ U ( 4.0 x 104 m/s. A common

application of the probe has therefore been the measurement of turbulent

air flows.

If a probe of resistance Rp and surface area Ap carries a current

I , then
p

IZR
qw,m =—uAp . ) (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 Rp) by varying [p according to U (t“ is
assumed constant). The wvoltage drop across the probe Vp is therefore

/4

. 1 . .. . . .
proportional to U The exact relationship in a specific instance 1is

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 tw m was maintained above
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200 0C, cracking of the o0il would occur, and subsequent polymerization
would <cause honey-like dirt deposits to form on the wire. 8elow that
temperature, a temporary desensitizing coating forms, only a few um
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 (B8.S. 148) used in the
experiments contained ‘'lint’': very fine fibers whichttended to wrap
themselves around the probe and cause desensitization. Second, the probe
was to be wused 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

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 tb 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.

108.2 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 con;ainer 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 1liquid
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 1is 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 hay
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 d;,m will give rise

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 ;nything,
one would expect d&.m to be reduced by the wall heat flux &&.
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 d; on d;,m was neglected.

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 1is the small diesel

injector gear pump (covered with lagging). The pump R.P.M. were
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monitored exactly as for the larger flow circuit described in Chapter 9.
The pump, toothed aluminium wheel and Opto-Switch are ;hown 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 Rp which is preset by the operator. In ‘resistance
mode', a smal; current (0.8 mA) is put through the probe so that its
resistance Ru at the ambient fluid temperature t_ can be determined. The
overheat ratio, 0.H.R., is related to the temperature difference between

the probe and the ambient, and is defined as

0.H.R. = =—=, (10.6)

The resistance-temperature relationship is assumed to be of the form

Rp = R20[1 + q20(tw.m - 20)7, (10.7)

where R20 and u20 are respectively the resistance and temperature
coefficient for the probe at 20 OC. and are usually specified for each

probe supplied by the manufacturer.
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Fig. 10.2 Calibration Duct with Velocity Probe

The 0.H.R. 1s inconvenlient to use 1if Rm varies substantially in
the course of the measurements, and 1t 1s desired to maintain a constant

temperature difference tw T t°° over the whole range of t“. Here, the

reslstance difference Rp - R was maintained constant at 1.2 Q,
. " o} X

corresponding to a temperature difference of 58.5 C. Tests were carried
? : Opn 0 o) ;

out varying t 1n 20 C increments from 20 C to 80 C. Thus the maximum

probe temperature was 138.5 oC. The hot film probe could not he operated
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Fig. 10.3 Calibration Duct, Tank and Pump Assembly

Once the o1l in the tank had come to the selected temperature as
controlled by the heater-stirrer, the output voltage +from the bridge
VOut {which is proportional to Vp. the voltage drop across the probe)
was recorded, together with Rp and Rw, while varying the flow rate in
the calibration duct from 0.2 - 30.0 cm3/s. As the flow 1in the
calibration duct was assumed fully-developed (and 1isothermal) at the
probe measurement section, the analytical solution due to Dryden, et al.
(1932) and Marco and Han (1955) was used to determine the value of the
duct centre-line velocity U as a function of duct mean velocity Un
Natarajan and Lakshmanan (1972), provide a formula for determining U/um
at wvarious duct aspect ratlos. Here, the aspect ratio (100/4) is 25 and
thelr formula gives
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Fig. 10.4 Toothed Aluminium Disc and Opto-Switch

U/u_ = 1.54, (10.8)

which 1s very close to the parallel plane duct value of 1.5. Taking
{10.8) 1in conjunction with the calibration curve, Fig. 10.5, and given
the cross-sectional area of the calibration duct (10 cm x .4 cm = &

2 :
cm ), one obtains

U [cm/sec] = R.P.M. x 0.0120. {10.9)

5 readings each were taken of R.P.M. and Vo at each flow rate setting

ut

and the results averaged. The standard deviation was typlcally less than
+0.5%. A linear plot of VOut vs. U obtained at room temperature is given

as Fig. 10.6. This curve was used for the first set of flow measurements
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in the unheated winding described in Chapter 12.
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10.4 Correlation of Results The calibration results are usually

correlated in the King's Law form,

2 1
v = A+ AU /2. (10.10)

where A1 and A2 are numerical constants to be determined. This 1is a

useful form provided that all measurements are carried out at the same

temperature. Most methods of compensation for wvariations in t , e.g.

Hollasch and Gebhart (1872), assume that A1 and A2 are only weak
functions of t“. This is impossible in the case of transformer oil. It

was therefore necessary to seek a more general correlation of the form
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Nu_ = err™ + FpriRe /2, (10.11)

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 Num, Re and Pr all defined
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 DISA 55M10 CTA (1977) instruction manual as

voutRD
Vo (10.12)
P p T CA

where RT is the 'top’ bridge resistance (S0 Q) and RCA is the resistance

of the cable and probe leads up to and including the probe supports (0.5

are

Q). Since Rp varies with t, (from about 6.0 Q to 7.3 ), V_ and vOut
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not related in a fixed ratio.
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The correlation procedure was to take the results of the constant
temperature runs (in which, in particular, Pr is constant, or nearly

1/2 . . .
e / . A family of straight 1lines was

so), plotting, for each, Num vs. R
obtained over the entire temperature range, although while working at

the high temperatures and low flow rates, it was difficult to maintain

1886



t_~ constant. Despite the lagging applied all round the circuit, the oil
would cool by as much as 2 - 3 % 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 - 10.39. (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
prototybe of the calibration duct, in which extreme difficulties were
encountered with cooling of the oil (as much as 10 oC) at low flow rates
and oil bath temperatures of 60 - 80 ¢ (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 1linear axes) 1is shbwn as Fig. 10.10, and
considerable scatter is evident. The final expression obtained was

.1385 .5585_ 1/2
Re

Num = .5407Pr + .2216Pr {10.13)

This one expression would be used as follows. A single reading of the

DISA bridge, in both operating and resistance mode, would vyield Rp, R

and VvV tf would be obtained from (10.7) and (10.4), and all property

out’
values would be calculated at this temperature. Num would then be found
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 wused, and the error 1in

predicted U was found to be as much as =£171.

3.41 4

124

o Prs 12 éf 184 o Pr=123 T
* Pre 764 6t QPra:iis
BPr= 658 :
§Prs 512 ] 144 . i
1.21 4
1.04
0.8 0.8 !
Q.61 1 0.6+
041 + 0.4t
0.2+ : 0.2- i
02 04 06 08 10 1.2 14 1.6 02 04 06 08 10 12 14 16
ReV2 Rrel/2
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
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 1lint in the o1l and &4.) possible departure from the
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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 = 141.9, Num = 1.124 + 3.415Re”2
1/2

Pr = 127.0, Num = 1.048 + 3.393Re
172

Pr = 123.0, Num = 1.013 + 3.266Re

Pr = 82.4, Num = 1.020 + 2.601Re”2
t/2

Pr = 176.%, Num = 0.979 + 2.546Re

Pr = 65.8, Num = 0.996 + 2.265Re”2
1/2

Pr = 56.0, Num = 0.900 + 2.243Re

Pr = 51.2, Num = 0.967 + 1.91,E!Re“2
172

Pr = 44.5%, Num = 0.950 + 1.685Re
1/2

Pr = 39.3, Num = 0.875 + 1.810Re

Table 10.1 Least Squares Fit of Calibration Curves
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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 B8.S.
171:Part 2:1978, the winding temperature rise Br = tr - ta and the

top-oil temperature rise (Bt or Bc' see Chapter 1). tr is obtained by

the resistance method from the formula

R
t = 29535 . ¢ ) - 235, (11.1)
r R° l¢]

where Ravg is the mean winding resistance under test conditions, and Ro
is the cold winding resistance at some datum temperature to. The ambient
temperature ta may be the cooling air or water temperature, depending on
the type of <cooler fitted. tt or tc is measured with a thermometer
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 1low 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 wused 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.
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Fig. 11.1 Facsimile Winding Disc Voltage Taps

Successful computer prediction of the local temperatures in the

winding requires knowledge of the bulk o0il temperature at the bottom of

the winding tb and an attempt was made to measure it. For overall energy
conservation checks, measurement of the bulk temperature of the 01l as
it emerges from the top of the winding (tw) was also attempted. As
Lampe, Persson and Carlsson (1972) have pointed out, tw generally does

not equal tt or tc‘ since the 0il emerging from the top of the windings
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mixes with a substantjal 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
water temperature ta was noted and fopnd to be 15 ~- 20 0C, depending
upon the time of year. The mean winding temperature tr' as well as the

mean temperature t etc. of each disc pair was also recorded for

r,1-2'
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 by Resistance The B.S. 171 formula
for calculating the mean winding temperature (11.1)} 1is based on a
resistance-temperature coefficent GZU = .00392 oC-1. 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 océurring on
the inside diam;ter. 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 1light 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. Ro in (11.1) was
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 to taken to be the average of the 99

embedded thermocouple readings (25.2 & 0.4 °C).
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discs with circled numbers
/each contain 9 t.c.'s

DISC NO.
OIVERTER &=

CHANNEL NO.

T Her—

DUCT NO.— 8

D.C.
GENERATOR

~CHANNEL 8-6 »

A

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
0il 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 wusing a
manufacturer-calibrated Type K digital thermometer. The curve, Fig.
11.3, is seen to be in clése agreement with the values given in the CRC

Handbook (1877), p. E-110. The slope of the curve was 52.9 uV/oc.
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Fig. 11.3 Thermocouple Calibration Curve

Ideally, each thermocouple pair should be run continuously from
the measurement junction to its own cold Jjunction. Given the large
number of t.c.'s, a compromise was sought, and the ‘'zone-box' circuit
was used, in which all t.c.'s share a common reference Junction. A
schemati; of the «circuit 1is given as Fig. 11.4. B8enedict (1977)

maintains that, provided all junctions in the shaded zone are at the
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same temperature, the wuncertainty in this circuit is of the order of

0.5 .

Fe - Cu o. o
t.c. NO. 1<Con 7//: Cu .CHANNEL NO. :
=
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UNIFORM TEMPERATURE ZONE PATCH 80X

Fig. 11.4 Zone-Box Thermocouple Circuit

To enable removal of the winding assembly from the test area, the
4 m 1long 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.%)
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.
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201918171615 1213121110 9 8 7 6 5 & 3 2 t==TURN NO. FROM L.D.
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YRINNNIRINR
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N N

N

¢ THERMOCOQUPLE LOCATION

Fig. 11.5 Disc Thermocouple Locatlions

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 1in

the wupper pass contained t.c.'s. The 9 in each disc were located, in
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groups of 3, along the duct and spacer centre-lines, after turns t, 10
and 13 from the inside diameter, and along the spacer-duct boundary
(side wall of the horizontal duct), after turns 2, 9 and 18. The
arrangement 1is shown schematically in F1g. 11.5, and a photograph
appears as Fig. 11.6. A master list of t.c. numbers and their locations

may be found in Appendix (2.

Fig. 11.6 Thermocouple Installation

Measurement of the bulk temperature of a fluid flowing in a duct
1s not straightforward, and frequently the average of several
temperatures across a duct section is used as an approximate substitute,
The approximatlon is strictly <cpeaking only valid 1if the velocity
profile is 'flat’, in which case the bulk and arithmetic mean

temperatures are the same.
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Fig. 11.7 Bottom 0il Thermocouple Locations
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Fig. 11.8 Top 0il Thermocouple Locations

The bottom oll temperature was measured from 2 t.c.'s 1inserted
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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the two 1invariably agreed within a few microvolts. Presumably the
temperature profile at the gasket was approximately flat, as the oil

there would have been well mixed by the heat exchanger.

Fig. 11.9 Top 0il Thermocouples an Perspex Cylinder

An attempt was made to measure the top oil as 1t emerged from the
exit of the upper pass adjacent to disc 16 (see Fi1g. 11.2). This was
done by cementing 5 t.c.'s along the circumference of the outer perspex

cylinder spaced 20 mm apart, as shown in Fig. 11.8. They may also be
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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.

FLUID AMBIENT TEMPERATURE, °C_
~ w =~ w a - [+ o o
Q Q2o Q 8 o 9o Qo o

S
:

Wi 28 sz 56 60 &
PROBE RESISTANCE AT AMBIENT TEMPERATURE Ru, Q2

Fig. 11.10 Hot Film Probe Resistance-Temperature Calibration

11.4 Horizontal Duct Centre-lLine Temperature Measurements While
measuring the centre-line velocities of the 8 ducts in the wupper 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 R, for Rp). The resistance-temperature
calibration curve for the probe, Fig. 11.10 was obtained wusing the
manufac;urer-calibrated digital thermometer from which was obtained %0

o.-1

= .00414 °C and R20 = 4.866 Q. The DISA (manufacturer) supplied values
o -1

for the probe were uzo = ,0042 "C and R2 = 4,88 Q.

—— ——— | S———— 2 D D S 2 e D S iimmen,

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
oil temperature usually settled out at about 56 0C. During warm-up,
excess current (200 A) was input and the cooling water left off. When

the bottom o0il had attained 56 oC or exceeded 1it, the current was

‘ m3/s or

reduced to about 150 A, the water turned on (1.26 - 2.52 x 10
100 - 200 g.p.h.), the o0il 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 o0il 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
from 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. 11.2). Its value, expressed as BB =
th - tb along with Br = tr - tb and Bw = tw - tb‘ is plotted as a

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
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tests mentioned in Chapter 12.
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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 o0il 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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CHAPTER 12

COMPARISON OF THEORY AND EXPERIMENT

12.1 Overview of Experimental Programme The first set of
experiments consisted of o0il 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 o0il flow distribution. These latter results will

be presented in Chapter 13.

12.2 Cold 0il Velgcity Measurements The DISA CTA bridge had
provision for input from only one probe, hence measurement of the o0il
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 t - 5§

The volume of o0il delivered by the gear pump was found to be 4.925
cm3/s per R.P.M., and this was presumed to divide itself equally between

the 6 circumferential sectors in the winding (see Fig. 9.2). The pass

3
inlet flow rate was thus assumed to be 0.821 c¢cm /s per R.P.M., and was
varied from 16.4 - 164 cm3/s (20 - 200 R.P.M.). In terms of area flow
rate, this corresponded to 1.64 - 16.4 X 10-1' m2/s, or assuming a
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vertical inlet duct thickness of &# 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.
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Fig. 12.2 Cold Flow Measurements in Ducts 6 - 8

The cold measurements with the film probe were not subject to the
t 17 1 uncertainty reported in Section 10.4, since the o1l temperature

was fairly steady at 20 - 23 °Cc. The calibration curve given as Fig.
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10.6 was used. In Figs. 12.1 and 12.2, the duct centre-line velocity of
the B8 ducts are plotted as a function of pass inlet flow rate. It 1is
interesting to note that the relationship 1s linear, 1.e. the flow
distribution expressed as the ] total flow in each duct is approximately
invariant with flow rate within the specified range. The result suggests
that 1in this <case the local Reynolds numbers at the various junctions

and corners are toco low for significant momentum effects to arise.

Fig. 12.3 Gaps between Vertical Ribs and Oiscs

As mentioned in Chapter 9, the probe was inserted so as to measure

the centre-line velocity about 70 mm from the duct entrance, where 1t
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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 1inlet flow rate as indicated by the pump R.P.M., a shortfall of
29.271 emerged., Thus only 70.87 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 1inner and outer
perspex cylinders 3.) through the 1st flow diverting washer at the top
of the lower pass, &.) 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.).
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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 0D designs, it is safe to assume that
only 507 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.

1 TOTAL FLOW

Discnet Prediction

Q. x 104, m2/s
in
Duct No. SN 1. 3. 5. 7. 9. 11. EXP.
.34 .52 b.64 L,84 5.06 5.31 5.57 9
8.12 7.68 7.90 8.19 8.50 8.84% 9.20 6.
5.72 5.23 5.49 5.65 5.82 6.02 6.22 7
8.07 T.41 7.56 71.759 7.96 8.18 8.37 8

7.60 1.24 7.35 7.50 7.66 7.80 7.94 8.
12.37 12.18 12.28 12.43 12.52 12.63 12.74 15.
16.73 17.07 17.04 17.03 16.96 16.91 16.88 19.
31.06 38.56 37.44 36.60 35.52 34.30 33.09 25.

—_ NN WMoy N
« . .
AN~ OON

TABLE 12.1 Comparison of SN, DISCNET, and Experiment

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 (@ = %, 3, 5, 7, 8,
11 x 10 m2/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

o .
room 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 I flow prediction in duct number
1. Whether this is due to leakage from that duct or deficiencies in
DISCNET is not clear. More significantly, OISCNET predicts that the
minimum flow occurs in duct 8, whereas measurement shows it to be in

duct 7.

12.3 Simultaneous 0il Velocity and Winding Temperature

—_———— ==V anr ey ==

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:

t. = 55.9 £2.3 °¢C

Q@ = 5.137 £.11 kW (I = 150 A)



Q = 8.23 £.03 x 10°° m%/s (R.P.M. = 100)

where tb is the bottom oil temperature, whose measurement 1s described

in Chapter 11, Q is the total winding dissipation, and Q@ is the pass

inlet area flow rate inferred from the pump R.P.M.
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Fig. 12.5 Variable Viscosity Distortion of Velocity Profile

The probe velocity measurements were derived from equation {(10.13)
aﬁd were hence subject to an uncertainty of ¢ 177. 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 wusing DUCT 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/um is plotted against distance from the
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
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rather than 1.5, hence this effect could lead to a 57 underestimate of

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 297 in the cold
tests to about 48%). 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
0.2 °C. tw was estimated from the average of the 5 t.c.'s located at the
exit of the measurement pass (see Chapter 11). The standard deviation
was typically 1.5 - 2.0 oC. For the numbering scheme of the discs and
ducts, see Fig. 11.2. Whilst the temperatures in discs 8 - 16 will be
considered presently 1in 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
Pass Inlet Area Flow Rate From Pump R.P.M.: 8.26 X 1U_L mzls
. o . o . o
Mean Winding Temp.: 87.8 C Bottom Oil: 55.8 C Top 0il: 62.8 C
Disc Pair Mean Temperatures, °C:
Oisc 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, %
Location:{After After After
Turn No. Turn No. Turn No.
From I[.D.}0uct C-L | From [.D.}Corner From I.D.|Spacer C-L
Disc No.
1 77.9 2 81.8 1 79.2
4 10 87.4 9 88.1 10 30.1
19 70.5 18 77.3 19 74.0
1 17.2 2 82.0 1 78.0
5 10 89.2 9 87.2 10 85.9
19 746.17 18 77.3 19 66.8
1 15.2 2 79.9 1 78.3
6 10 84.5 9 85.8 10 88.1
19 69.9 18 17.2 19 T4.4
1 75.2 2 79.9 1 16.17
1 10 83.4 9 84.4 10 66.0
19 69.7 18 76.6 19 73.3
1 T74.1 2 80.1 1 74.6
8 10 92.6 9 91.8 10 94.7
19 77.9 18 86.2 19 17.7
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
18 81.9 18 89.0 19 83.4
1 72.3 2 78.3 1 713.3
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 T4. 4
13 10 91.2 9 81.7 10 94.5
19 85.0 18 92.7 19 86.8
1 713.5 2 78.5 1 6.7
15 10 82.9 9 93.1 10 96.3
19 84.4 18 93.9 19 90.1
1 78.8 2 84.0 1 18.5
16 10 98.95 9 98.2 10 100.4
19 87.8 18 96.6 19 88.4

Table 12.2 Winding Temperature Measurements

*faulty t.
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12.4 Computer Prediction of Yemperature and 0il 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, wusing OUCT
(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, » means of assessing

the accuracy of DUCT and DISCNET separately.

In the first calculation, the input required by DUCT for each duct

is Q,, Q and Q_, t and t and I1/2 (see Chapter 7 and Fig. 7.1). @
2 1 r e m,r

for each of the 8 horizontal ducts was available from the hot film

2

measurements, and by continuity, Ql and Qr in each adjacent vertical

duct were easily calculated. te was assumed equal to the pass inlet

temperature tm in (see Fig. 2.3), which was estimated from the measured

Ll

values of tb and tw given in Table 12.2, as follows. The 7 oC
temperature rise (tw - tb) was apportioned 7/16 to the lower pass and

9/16 to the upper pass (see Fig. 11.2) so that tm in was assumed equal

tot + 7/18(t -t ) = 58.9 %. t is normally calculated by DISCNET,
b w b m,r

however in this first calculation it was assumed equal to tw.

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
areas covered by the spacers) was 3.55 m2, however, the total area
exposed to oil flow was only 1.92 mz, or 547 of the total. If all of the

heat transfer is considered to occur in the horizontal ducts, then [/2
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must be set so as to give an average surface heat flux of 5.153 kW/1.92
m2 (see Table 12.2) = 2.68 kwlmz. 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 2
average 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 02 were +171 1in error {and
should therefore be lowered), and that the maximum value of [/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 Q2
were 1771 low due to probe calibration uncertainties, and an additional
S low due to velocity profile distortion {and should be raised
accordingly), and using the minimum value of 1I/2 (76.9 A), predicts
temperatures much lower than measured. Within these extremes, several
combinations of [/2 and 02 were found to give good agreement with
experiment; 1n the sample calculations to be presented, one such was
used consistently for all of the computer runs. I/2 was set to 97.5 A,
to glve a value of average surface heat flux of 2.3 kW/mz. This assumes
that 867 of the total winding dissipation flows directly to the
horizontal duct oil. The measured velocities are assumed underestimated
by 177, and the individual ducts flow rates a further 57. Thus whereas
the total measured pass inlet flow rate Q@ was found to be 4.3 x 10-‘
m2/s, this was revised upward to 5.46 x 10-‘ m2/s. All 8 of the measured
values of 02 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 337 -- which is comparable with 297 observed in the cold tests.
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In the upper pass of the experihental 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—diyerting washers were fitted flush to these discs (see Fig. 11.2).
This, Ln 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

g, 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 1in disc 9, Fig. 12.6, where the duct
centre-line t.c. 1in the middle of the disc actually appears to read
higher than the corresponding spacer centre-line t.c. In general, the
agreement with experiment 1is 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 - & oC 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 o0il, it
is then convected away. All 5 of the <cases shown, given a somewhat
arbitrary choice of I/2 and Q, demonstrate consistently good agreement

between theory and experiment (within 1 - 2 0C).

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 DISCIET and experiment (corrected, as in
Table 12.1, to assume that all leakage occurred prior to the pass
entrance) 1is given in Table 12.3. Here, the most serious discrepancy

occurs in duct 7, whereas, unlike the cold measurements, the agreement
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in duct 1 1is quite good. Further, the departure of DISCNET from the
Simple Network prediction is greater, due to the substantial increase in
the pass inlet Re, caused by reduced viscosity. {Pass inlet Re = 153 in
the present computation at tm,in = 58.9 0C, compared to just about 38 -

40 at the same pass inlet flow rate at room temperature).

1 TOTAL FLOW
Ouct No. DISCNET Experiment
8 7.39 3.0
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 oprevious 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 <c¢lose. 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, ana 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. Because 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 givenAas Table 12.4., In-general, the SN
prediction, though on the high side, 1is not béd, 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 DUCT prediction, the temperature drop across the

conductor insulation has been added.’

HOTTEST TEMPERATURE IN DISC, oC
SN DISCNET Measured Flow
Disc No. | Prediction Prediction Prediction Experiment
16 100.9 -~ -- 101.5
15 100.0 92.5 100.0 896.5
14 939.6 -- -- --
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, OC
MEASURED FLOW DISCNET
DUCT NO. | PREDICTION PREDICTION EXPERIMENT
8 59.8 60.3 62.2
7 66.6 59.4 12.5
6 60.2 60.2 67.9
5 60.2 59.6 70.4
4 99.9 59.8 6§3.6
3 59.1 59.2 60.1
2 59.0 59.1 §0.0
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, where 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.
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Fig. 12.11 Facsimile Winding with Third Flow-Diverter

12.5 Measurements with Third Flow-Diverter The 1leakage 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 o0il 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 wuncertainty 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.
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CHAPTER 13

OPTIMISATION OF THE THERMAL DESIGN

13.1 Introduction The results of the previous chapter have shown
that ODOISCNET and DUCT may be used to‘predict with reasonable accuracy
the thermal behaviour of a given winding. The next logical step is to
use the software as a design tool, and in particular to identify, if
possible, the best thermal design which 1s compatible with other
requirements, e.g. electromagnetic efficiency, ability to withstand
surge and short-circuit conditions, economit viability and practicality

of manufacture.

Various ways of improving the thermal design of a qisc 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 (1362) conducted a
large number of experiments on a single disc with single turns removed
in various locations. Baffling 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 bhe 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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number of ducts in a pass, and the duct dimensions a, b and c1, c2,

In this chapter, it will be assumed that L/d 1is given, but optimal

etc.

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 DISCNET 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.

13.2 Optimisation of the 16 Duct Pass The datum design, shown as

Fig. 13.1, consists of a single pass of 17 discs and 16 ducts. The SN
prediction of this design, given in Table 3.3, shows extreme starvation
in ducts 8 and 9 and very high values of thot there. (Recall that SN

gives the maximum wall temperature in each duct, rather than the maximum

conductor temperature in each disc).

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.
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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 desién could be converted to 2 passes of 8 ducts, Fig.
13.2, or & passes of & 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 %
ducts, less so. If the 'Japanese’ form of blocking washers is used, as
shown in Fig. 13.1 - 13.3, this modification c¢ould 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 penalty for adding washers
is a substantial increase in the pumping pressure required, as seen in
Fig. 13.5. The buoyant pressure regain is also less for 4 passes of &
ducts than t pass of 16 ducts. These latter considerations might

militate against increasing the number of passes in ON windings.

U U U U T | _J .

U § O ) SN W | _J L_ S

nonnnnacnnnnnane

Fig. 13.2 Two 8 Duct Passes Fig. 13.3 Four & Duct Passes
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13.4 Grading Horizontal PDuct Thicknesses The second method of

improving the thermal behaviour 1is to adjust the horizontal duct

thicknesses ¢

10 € etc., leaving a and b unchanged (see Fig. 3.1), so

2 :

as to equallise the flow in each duct. The appropriate values of c1, c._,

2
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 R1, Rz. etc. in terms of Rl ( = Rr if a = b) by introducing
the following dimensionless cubic duct thickness ratios k1, k2, etc.
a 3
k. = (T) . o= 1,2,... &, (13.1)
J Cj

where j 1s an index running in this case from 1 to & in increments of 1.

Rj may now be defined in terms of Rl as

R. = i k.R, , i =1,2,... 4, {13.2)

(see definitions of Rj' Rl and Rr in Fig. 3.4). If (13.2) is substituted

in (3.25) and both sides are divided by iRl‘ the outcome 1is

L™

i
L 2 oL
otk ek, ) v 21 - T8 Sk = (S ke 1),
i i i
hy 2L 43
i a X2 + 7 Gglkprkyd + 21 = 75 4 Ky = -1, (13.3)
- N i,
i d 3 I—[E(ka*k‘) + 2] = -1

Imposing the constraint of equality of flow in each duct leads to (see
(3.24)):
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ik S S
i 4!
e I
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et ]
i & !
i
2 1
1“2 (13.5)
4
i o
and for a pass of N ducts
1. N - A
Il="T1' 3= 1,2,... N-1. (13.6)

Substitution of (13.5) into (13.3) yields, after rearrangement
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1L 1L R
4 d k1 4 d kz b 2
1L iL -
+ Y d k2 Y d k3 = o , (13.7)
1L 1L I |
*rd " T va kT

Generalising for a pass of N ducts, N - 1 equations are obtained which

are in fact recurrence relations

k. = k + %(N - 23), 3

5 41 N-1,N-2,...1. (13.8)

If one assumes that, say kN is known, (13.8) may be applied N - 1 times

to obtain k in terms of k_ 2. Upon doing so, an

“N-1 Kne2r o Ky N

arithmetic progression results which may be summed, to obtain

d . . . _
KN-j = kN YL Jjl3 +« 1 N), J=1,2,...N 1. (13.9)

To determine the value of kN' an additional equation is needed. It
may be obtained by imposing the constraint that the height of the pass

remain unaltered as a result of varying c c etc. In the case of a

1' 2'

pass which 1is initially dimensioned as a = b = cj, the sum of the

horizontal duct thicknesses will be Na, for N ducts. Thus, it must be

required that

Na {13.10)

it
"Mz
Iz}

1
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or, substituting (13.1) in (13.10),

N
N=orokl 3,
=17

(13.11)

In the case of the datum design, d/L = 0.16, so that if N = 4, (13.9)

gives

1 A
(13.12)
k2 = k3 = k‘ - 0.32,
whereupon (13.11) yields
2(k‘)-1/3 v 2tk - 0.32)° "3 _ 4 <o, (13.13)

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 k1 = kk = 1.177 and k2 = k3 = 0.857.

Assuming a = 4 mm, the graded duct dimensions turn out to be

(2]
"
(3]
1]

3.79 mm,

(13.14)
4.21 mm.

(3}
"
0
1]

For a = b = ¢ = 4 mm and N = 8, the graded duct thicknesses are

c, = ¢_ = 3.01 mm
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2 7
(13.15)
= = 4,32 mm,
€3 7 %
Ck = c5 = 5.14 mm
Finally, for N = 16,
c1 = c16 = 1.92 mm,
= = 1 .
c2 c15 2.11 mm
c3 = c1‘ = 2.34 mm,
= = 2.70 .
ck c13 2.70 mm
(13.16)
c5 = c12 = 3.17 mm,
cs = c11 = 3.96 mm,
c7 = c10 = 5.52 mm,
= = 1
c8 cg 0.28 mm

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
0.0t 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 ¢
duct pass would not benefit from grading, and an 8 duct pass would only
if t 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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17 %8
€2 7 %45
€3 7 %44
€4 T %13
°s 7 %12
s © 14
“7 7 %0
€g = 4 °

10

If the minimum variation permissible was

still be made using the following dimensions:

€1 % 16
€2 7 %15
°3 7 Sy
4 7 C13
€5 * C12
6 © 11
77 10
Cq T G4 ¢
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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 (tmh - te) in each duct. The

dashed portion represents the hottest wall temperature rise above the

maximum bulk temperature (thot - tmh)'

In the datum design the extremely high t in the middle ducts is

hot

seen to be due to a correspondingly high tmh caused by maldistribution

of flow. The wvariation in the Nusselt number (as evidenced by the

variation in thot - tmh represented by the length of the dashed line) is

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 oC), it is thermally less successful than the division of
the pass into two 8 duct passes, where the greatest thot 1s reduced by
40 °C. The total pressure drop for the graded and twao 8 duct passes 1is
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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 laver
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 celc1 =
5, the Nusselt number is substantially lower in the middle ducts, and

t = 24 oC. A similar effect may be expected, even when the

hot,8 thot.1

temperature profiles are fully developed. Rearranging (2.7) and (2.8},

{setting twall s thot and tm s tmh) leads to

hot ~ “mh * Nu k (13.18)
from which it may be seen that two ducts, in which the flow is fully
developed thermally and hydrodynamically (Nu constant), with the same
surface heat flux and bulk temperature rise, will have different t -

hot

tmh in direct proportion to the difference in 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 1loading 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).

10+ + 14004 1
00T 1200t
&
]
901 & 1000+ @:bzbmm
w
a
@
o
°. 8ot £ 8004
a &
2 v
70+ 1 & 600t
-
g
[
o
-
60T b 4001
0 : . 2004
40 - + ‘
1 2 3 ‘ 1 2 3 4
¢, mm ¢, mm
Fig. 13.7 t Vs. C ' Fig. 13.8 Pressure Drop vs. ¢

hot, 8

13.5 JIncreasing Vertical Duct JThickness A third method of

correcting maldistribution of flow maQ be seen by consideration of the
network analogue, Fig. 3.4, IF R1 z R2 = R3 z R‘, which is the case wheh
all the horizontal duct thicknesses are equal, then equal 'current’ will
flow in these ‘resistors’ provided that the ‘volt’ drop across each 1is
the same. This condition will be nearly attained if Rl and Rr are small
relative to R1, Rz, 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 Rl/Rj (and Rr/Rj)'
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Working from the datum design, one could either increase a and b
leaving ¢ = 4 mm or decrease ¢ by the same in all ducts leaving a = b =
4 mm. The effect of the latter is seen in Fig. 13.7, where thot,a is
'plotted against c. The dramatic decrease in thot,a with ¢ is accompanied
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 ¢ = & mm causes both t and the total pass pressure

hot, 8
drop to decrease, as seen in Figs. 13.9 and 13.10. 1In 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 = & 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.

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 wunaltered. No attempt was made to
measure the flow distribution in the top pass, or to predict flow or
temperature wusing DOUCT or DOISCNEY. 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 ahove the bottom oil temperature 6& = tw -

tb was much higher than in the wungraded winding. If the approximate

assumption 1is made that tw and t_ are both bulk fluid temperatures (see

b
Chapter 11) then B& at the same flow and dissipation rate should be the

same for the graded and uniform spacing. In Fig. 13.12, where B‘W is
plotted against 1/Q {Q being the pass inlet flow rate in cm3/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
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“u
noted in the third set of measurements describedKChapter 12.

°C
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17Q, s /emd

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
which had the same BQ (7 °C)i The flow rate, of course, was higher
(123.4 cm3/s for the graded set, compared to 82.65 cm3/s for the
ungraded set). This 497 increase corresponds reasonably well with the
561 increase in the slope of the graded curve over the ungraded, Fig.
13.12. tb for the graded set was 56.0 oC, very close to that of the
ungraded set (55.8 0C).

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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s 0
pass, the temperatures are very close (within 1t "C), whereas near the
top of the upper pass, the temperatures in the graded case are about
2 oC lower. Though this is a small difference, it 1is 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/¢ 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 l1.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 o0il gaps.
Their results, plotted as puncture voltage vs. oil gap, had élopes
ranging from 4 - 12 kVv/mm. Modest reductions in ¢ 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.S5./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
l.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 fluxés 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 &4 kY

§0, o\

core-type transformer may have an end thrust of #8%8 N (18,000 1lb) per

leg for displacement of as little as 13 mm.

In practice, displacement of electrical centers 1s 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 1l.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
improvement by grading is not recommended as a first choice (although
the slight wvariation 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, it is decided to reduce the horizontal
duct thicknesses ¢, 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, 1is 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 wvariation, noted by
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some manufacturers, in the performance of windings of identical design.
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CHAPTER 14

FURTHER WORK

J14.1 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 DIéCNET. 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 vield more accurate values of the friction <constants, and
interaction between neighbouring junctions could also be analysed. In
addition to tﬁe junction~and corner pressure drops, losses albng known
leakage flow paths could be modelled using TEACH-L, as well as those
through particular baffling arrangements in 0D designs. DISéNET could be
incorporated into an overall mass and heat flow network which included
the flaoaw 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 1in setting the appropriate value of winding current in DUCT,

due to the masking effect of the spacers, as was seen in Chapter t2.

- W\K{:\\\Y\K\w:w

__/W ....... ——

| ' y
SPACER | [ .
INSULATION
puCT z

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. 14.1. A quarter section of the duct, whose axis‘is normal
to the page, 1is shown, surrounded by the paper-insulated conductor on
top, and the pressboard spacer on the left. The thermal system 1is
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. 16.1
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 1insulation 1in the negative
y-direction, see Fig. 14.1). A similar analysis was applied to layer
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windings by Allen and Allan (1963).

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 sclution 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 (1369).

Irrespective of the method used, the solution would yield 1.) the
percent heat flo& 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; 1in
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
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Fig. 14.2, 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

| f—— L ——
[__osc [i» l | oisc___ | §
[ oisc | : @I ollsc | T
! ¢ |
k o "

Fig. 14.2 Radial Flow between Parallel Discs

2—;’+§=°» (14.1)
and
B_U__éa,(ﬂ,la—“-—“.iﬂ') (14.2)
U 3r * Tar T M, 2" roar 2 2 .
or r oy

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
anglysis. Hé pointed out that the inertia term pu %f 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:

utr.y) = 2 wera)? -y, (14.3)
Trc
where @ is the flow rate, given by
Q@ = u 2wre, (14.4)
m

where um is the mean velocity and is of course a function of r. The

pressure drop Ap from station 1 to 2 is then

rt + L/D 4

pp = &8, ——— | (14.5)
IR AW

where Dw is the mean winding diametef (see Fig. 14.2). Equation (14.3})
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):

2 4
r {L/D ) (L/0 ) 2|
Ap=—‘l“—‘3’-%|1+ Tt T v L 1kE)
reT WL 4

The first term is equivalent to the pressure drop for the parallel plane

duct. The additional terms will be insignificant provided that L/Dw <<
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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 (164.3) 1into (14.2) and integrating to obtain the pressure

drop from station 1. to 2. The result is

2 4
w0 L fr (L/Dw) (L/0,) 1
Ap = 3 D .{I 1 + 3 + 5 + I
wc w [t d
SRe e o ]]} (14.7)
20 R w e :

where the first series is the friction term (14.,6) and the second series

is the additional momentum term. Here,

. =4 (14.8)
TRy

o
(]
1

In both (14.6) and (14.7) Q@ is positive for outward flows, and negative
for inward flows. Thus for @ > 0, the second term of (14.7) will
decrease the pressure drop from station t to 2 (see Fig. 14.2). The

importance of momentum will be slight provided that

0
D

{14.9)

~N

(=]

2 o
~
Pa
N

In most oil-immersed disc windings, {14.9) would probably hold along
with L/Dw << 1; the effect was therefore not considered further here. It
might however be usefully included in further research, especially 1if

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
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 0il 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 materialsihas been described by Allen (1360), 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:

A
exp[exp(A1)(t + 273) 2] - 0.7
v = 5 ) (A1)
10

o = A3 + Akt' (A2)
H o= ve, {A3)

= A .
QCp A5 + 8t {A4)

= A t,

k A7 + 8 (AS)
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, (A6)
Pr = %, (A7)
Q

where t 1is the temperature in C, exp stands for the exponential
function, and A1, Az, ee A8 are constants to be measured, and were, for
the batch of reclaimed transformer oil (conforming to 8.S. 148:1372)

used in the experiments:

AL = 26.658,
Ay = =4.1323,
3
A, = 889.0 kg/m",
A, = -0.1 kg/m° °c, (A8)
Ag = 1.5 x 10°% J/m? Oc,
Ag = 1.8 x 107 /m3 °c?,
(o]
AL = 0117 w/m Cc,
Ag = 0 W/m 0¢2,

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 formy = mx + b. Special graph
paper is prepared on this basis so that v vs. t plots as a straight
line, and A1 and A2 may be read directly from the graph. In Figs. A1-A6,

vV, e, 4, Cp, a and Pr are plotted as a function of temperature.
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The value for the thermal conductivity kp 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 kp through the

laminations was needed. The value used was

ky = 0.172 W/m . (A2)

Suitable wvalues for the resistivity of copper and its temperature

.. o .
coefficient at 20 C were obtained from the CRC Handbook (1377), p.
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0, = 1.72 X 1078 9 m, (A10)

«. = 3.93 x 1073 °¢',

20 (A11)
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APPENDIX B

MATHEMATICAL DETAILS OF EQUATION ({4.18)

Equation (4.18) may be easily solved by introducing the following

dimensionless variables:

% $ - 9
$ = ;——j—;ﬂ . (B1)
P W
and
*__x
X = Bx {B2)

Substituting (B1) and (B2) into (4.18) vyields

Pe — - = 0, {B3)

the general solution of which is

¢ = Be + C, (B4)

Application of the b.c.'s require

(BS)
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hence

4 -
$ = g -1 . (86)
Pe
e -1
Reverting to dimensional ¢ and x:
r Pex/ox 1
- _ e -1
$ = (¢P ¢w) l Pe J + ¢w ' (B7)
e -1
and
dé (¢P - ¢ ) o { ePex/éx ] s
dx Ox L ePe o4

If x 1s set to 8x/2 in (B87) and (B8}, (4.19) and (4.20) will result.
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APPENDIX C

EQUIPMENT DETAILS

C1 0il 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
50 g.p.m. (3.79 «x 10-3 m3/s) at 800 R.P.M., against heads of up to 20
p.s.i.9. {144.8 kPa). It 1is designed to handle transformer oil at
temperatures up to 90 oC. 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 1in 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 wusing a Ward-Leonard system, as shown in Fig. Ct1.1. Typical

operating conditions were:

Pump R.P.M.: 101.8,

B 62 R.P.M.: 407.2,

B 62 Armature Voltage: 62 V (Vic), {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 as Fig. C1.2. The output at pin 5 was
a square wave whose frequency, in Hz, was numerically equal to the pump
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R.P.M. The frequency counter used (Venner Digital Counter Type TSA
6636/2M, Ser. AA0D2498) was set to count for 10 s, affording a read out
to the nearest 0.1 R.P.M.
+200 VY O———n
[o -
J Sib
s V)
m g )
3 Al
<
Via PUMP MOTOR
“B 62"
200 v D.C. .
SUPPLY FROM
wkw MotoR 0 Y° % Sla e /\
- GENERATOR SET \J
G2 Vie
) vib 100 v D.C.
2 MOTOR GENERATOR
R2 § SET “C2
3 R3
A2
200 Vo———ro :
Al. Ammeter MA 46
A2: Ammeter MA 92
A3: Ammeter MA 47
V1: Volt meter 578 Mc
R1: 262 N1, 4- 2A Rheostat
R2: 262 n, 4 - 2A Rheostat
R3; 19N, 6.5A Rheostat
S1: Double- pole, Single-throw switch
Fig. Ct1.1 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 stap

watch., The calibration curve

characteristic 1is seen to

rates and oil temperatures.

obtained

is shown as Fig. C1.3.
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I 11 vV DC.

Vcc‘$ 0]
voltage S
requicfor = v ;
o A requenc
= coﬁgter Y
®
\J Schmitt l/ earth
photo] N\ \ trigger
Le.d T == & giode| 2P a
o 2 / ™
\device boundary
11V D.C.Om———t
@ eqrtm[:@\
\pin number
Fig. C1.2 Circuit Diagram of Opto-Switch

C2 Winding Heating and Jemperature Measurement Equipment The

D.C.

supply to the winding was a Metropolitan Vickers motor-generator set.

The induction motor had the following specifications:

and for the compound wound D.C.

k40 v,
1475 R.P.M.,
50 Hz,

35 H.P. (26.1 kW),

3 Phase,

20 kW,

40 v,

500 A,

1475 R.P.M.

273

generator:

(€2.1)

{C2.2)



9004

800¢

0t

6001

S00t1

PUMP FLOW RATE, em¥/s

o oil at room temperature

00+ @ oitat 59 °C

2001

100

0 20 40 §0 80 100 120 140 160
PUMP RAM.

Fig. C1.3 Pump Flow Rate Calibration

A generator field current of 5A was typically required to supply 150 A

to the winding.

The voltages from the winding taps, current shunt, and all t.c.'s

were scanned by a Datron 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 Jjust before the
experimental work was carried out. It provided resolution down to 1 uV.
The accuracy of the DVM was checked with a standard <c¢ell. 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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Fig.

C2.1 Data-Logging Equipment
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THERMOCQUPLE NUMBER
ocation:|After After After
Turn No.|Duct Turn No.|Duct Turn No. |Spacer
From Centre | From Spacer | From Centre
1.0. Line 1.0 Corner [ I.D. Line
Disc No.
1 1 2 4 1 7
4 10 2 9 5 10 8
19 3 18 6 19 ]
1 10 2 13 1 16
5 10 11 9 14 10 17
19 12 18 15 19 18
1 19 2 22 1 25
] 10 20 S 23 10 26
19 21 18 24 19 21
1 28 2 31 1 34
7 10 29 9 32 10 35
19 30 18 33 19 386
1 37 2 40 1 43
8 10 38 ] 41 10 44
19 39 18 42 19 45
1 46 2 49 1 52
] 10 47 9 50 10 53
19 48 18 51 19 54
] 1 55 2 58 1 61
10 10 56 9 59 10 62
19 57 18 60 19 63
1 64 2 67 1 70
12 10 65 9 68 - 10 71
19 66 18 69 19 72
1 73 2 76 1 79
13 10 74 9 77 10 80
19 75 18 78 19 81
1 82 2 85 1 88
15 10 83 9 86 10 89
19 84 18 a7 19 30
1 91 2 94 1 97
16 10 92 9 95 10 98
19 93 18 96 19 93

Table C2.1 Master List of Winding Thermocouples

€3 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 {C3.1})
5 m Cable Compensation Unit
55R11 Quartz-Insulated Hot Film Probe

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 eaual 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 sgquare waves; it was necessary to
add a simple RC low-pass filter to the output at pin 5 (Fig. Ct.2). A
1kQ resistor and a 0.47 YF capacitor worked adequately (they are not

shown in Fig. C1.2).

The dimensioned drawings {(reduced) for the calibration duct (Fig.

10.1) are shown as Figs. C3.1-C3.8.
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APPENDIX D

PROGRAM LISTINGS

D1 Simple Network The SN program, written in BASIC, was
implemented on the Acorn B8BC Model B Microcomputer. The program is a
straightforward translation of the network equafions 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

AlJ) t.d.m.a. coefficient
ALPHA a

At Al

A2 A2

A3 A3

Ab Ak

AS A5

A6 A6

B8(J) t.d.m.a. coefficient
c(J) t.d.m.a. coefficient
0(3) t.d.m.a. coefficient
DH(D) Dhor of duct J

oL Dl

DR Dr

I3 ij (3 = 3

K K

N number of ducts

NM1 N -1
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BASIC Variable Definition

NU v
PR Pr
Q Q
Q2(J) 02 in duct J
R(J R. (3 = )
(J) i
RHO Q
RHOC ' c
e P
(3 =3
TBULK(J) tmh.j (3 )
Ly
TBULKR(J) tm,j (3 )
THOT(J) hottest surface temperature in duct J
TIN tm,in
VISCOS [
WHFLUX a, .
X L
Y d

Basjc Program

10READ N:REM DISCNET PROCRAM FOR SIMPLE NETWORK MODEL
20NMt=aN-1:REM CONSTANT PROPERTIES, NECLECTING JUNCTION AND CORNER LOSSES
30DIM DHIN), 1 (NM1),R{N),Q2(N), THOT(N), TBULK(N), TBULKR(N), A(NMI), B(NM1},C(NM1), D(NMI)
80FOR J=1 TO N .
9O0READ DH(J)
100NEXT J
110READ DL, DR, Y, X, @, TIN, WHFLUX
120READ A1,A2,A3,A4,AS,A6,K
130RHO=A3+A44#TIN:REM CALCULATE FLUID PROPERTIES AT INLET TEMP.
140NU= (EXP(EXP(A1)#({TIN+273,)~A2)-,7)/1.E6
150VISCOS=NU#RHO
16Q0RHOC=AS+A6+TIN
170ALPHA=K /RHOC
180PR=NU/ALPHA .
190RL=96, #VISCOS*Y/DL~31REM CALCULATE FLOW RESISTANCES
200RR=96, #VISCOS+Y/DR*3
220FOR J=1 TO N
230R{J) =96, sVISCOS*X/DH(J) 3
240NEXT J
230FOR Js1 TO NMI:REM SET UP TDMA COEFFICIENTS
2600(J)=R(J)+RR+R{J+1)+RL
270A{J)r=R{J+1)
280NEXT J
290A(NM1) =0,
300B(1)=0,
310C{1)=-Q#(R(1)+RRy
J20FOR J=2 TO NMI
330BlJ)=A(J-1)
340C(J)=-Q#RR
330NEXT J
360A(1)=A(1)/D(1)
370C(1)=C(1)/D(1)
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380FOR J=2 TO NMi

390TERM=1, /(D(J)-B(J) #A(J-1))

400A(J)=A(J) sTERM

410C(J)=(C(J)+B(JI#C{J-1)) ¢TERM

420NEXT J

4301 (NM1)=C(NM1) :REM CALCULATE LOOP CURRENTS BY BACK SUBSTITUTION
440FOR JJ=2 TO NM1

450J=N-JJ
C4BOL(J)=ALJI#T(J+1)+C()

47ONEXT JJ

480Q2(1)=@+1(1)

490FOR J=2 TO NM1

500Q2{J)=1(J)-1(J-1)

S10NEXT J
820Q2(N)=-1(NM1) .

S40FOR J=1 TO Ni1REM CALCULATE BULK FLUID AND HOT SPOT TEMPERATURES
SSOTBULK (J) =TIN+2, $WHFLUX#X/ (RHOC3Q2(J1)

. S60RE=2, #Q2(J) /NU

S70PE=RE+FR

. 580XS«X/ (DH(J) *PE)

S90NUS={,49#X5~ (-1, /3. ) 1REM NUSSELT NUMBER EXPRESSIONS FROM SHAH AND LONDON
600IF XS>,0002 AND XS<=,001 THEN NUS=NUS+.4

B101F X8Y.001 THFN NUS=2,I33+8.68#(1000, 1X8)~-,S064EXP( - 164, #XS)
620H=K #NUS/DH(J)

630THOT (J) =TBULK (J) sWHFLUX/H

64ONEXT J

- 6S0TBULKR(1)=TBULK(1) 1REM CALCULATE BULK TEMPERATURE IN RIGHT VERTICAL DUCTS
660Q1=G2(1)

67QFOR J=2 TO N

580TBULKR(J)=(Q1 #TBULKR(J~1)+Q2¢J) #TBULK (J))/{Q1+Q2¢J))
630Q1=Q1+@2(J)

70ONEXT J

710FLOSS=96. +Q2( 1) #VISCOS#X/DH( 1) ~3+96, +QsV1SCOSeY/DR3
720Q1=0.,

730FOR J=1 TO N

74001=QI+@20J2 . . ..

7S0FLOSS=FLOSS+96, #QI #VISCOS#Y/DR*3

760NEXT J

770FBUOY=0.

780FOR Js1 TO N
790FBUQY=FBUOY-A429,80665#(, S#DH(J)+Y) 8 { TBULKR(J) ~TIN)

800NEXT J

8108%2520207

820PRINT = DUCT $FLOW THOT TBULKR TBULK""

830FOR J=N TO 1 STEP -i

840PRINT J,Q@2(J)#100, /Q, THOT(J), TBULKR(J}, TBULK ()

8JONEXT J

8608%=10
_ 870PRINT “FLOSS=",FLOSS, = FBUOY=*,FBUOY, " DIFF=", FLOSS-FBUOY
980DATA 16

990DATA 00384, , 00422, . 00468, . 0094, , 00634, . 00792, . 01104, . 02055, . 02056,

101104, .00792, . 00634, , 0054, . 00468, . 00422, . 00384

10Q0DATA 008, ,008,.016,.1,1,2E-3,40,,3.E3

1010DATA 24.636, -4,1232,889., .7, 1.6E6,1,8E3, ., 117

1020END

289



D2 FORTRAN Variable Definitions In this section, a 1list of the
FORTRAN wvariables wused in TEACH-L, JUNCTION, CORNER, DUCT, and DISCNET
is presented. Each variable 1is 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 wused 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 wurged to consult

Figs. 4.6, 5.2, 6.2 and 7.1.

FORTRAN Variable Definition
Al(J) Q.

3
AE(I,)) AE (for U(I,3) in CALCU, etc.)
ALPHA QZU
AN(I,J) AN (for U(I,3) in CALCU, etc.)
AP(T, D) AP (for U(I,J3) in CALCU, etc.)
AS(1,)) AS (for U(I,J)) in CALCU, etc.)
AW(T, J) Aw (for U(I,J3) in CALCYU, etc.)
A1l A1 in Appendix A
A2 A2 in Appendix A
A3 A3 in Appendix A
Aé AL in Appendix A
AS A5 in Appendix A
AB . AG in Appendix A
AT A7 in Appendix A
8(J) ,

BJ

c{J) c’.

J
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FORTRAN Variable

Definition

CURENT 1/2
D{d) D.
3
DELTAY )
DELTPS ApS
DEN(I, J) e at X(I), Y{J)
DENSIT ¢ at te in DUCT
p (constant) in JUNCTION and CORNER
DIVIDE Logical variable: if .TRUE., JUNCTION assumes a
dividing junction
if .FALSE., JUNCTION assumes a
combining junction
oL(I) Dl of duct I
ODLEN - L
DLTPCT . ApCt
OLTPOT Apdt
ORI(I) Dr of vertical duct I
oU(I, J) Dw for PP(I,))
ovI(I,J) Ds for PP{I,J)
DXEPU(I) XU(I+1) - XU(I)
DXPWI(I) X(I) - X(I-1)
DXPWU(TI) XU(1) - Xuf(r-1}
DYNP(J) Y(I+1) - Y(J)
DYNPV(J) YV{3+1) - YV(I)
DYPS(J) Y(3) - Y(J-1)
DYPSV(J) YV(J) - YV(J-1)
3 .
ENDROP (1'5u/rh,vert)oin Lentry
ENTFAC dimensionless factor by which L is modified
. entéy
for purposes of setting up the gri
ENTRLP L’
entry
ENTRYL L
entry
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FORTRAN Variable

ENTRYP

EXITL

EXTLP

FKC

FKCS

FKCT

FKODS

FKOT

FLOWIN

GAMH(I,J)

GC

GCF

GCp

GCPP

GF

GL

GLP

GREAT

GR

GRP

HEDDEN

HEDGAM

HEDP

HEDT

HEDU

HEDV

HEDVIS

HITCON

Definition

entry
Lexit
exit
K

c

K
cs

Kct

K
ds

Kdt

mass flow rate {(per unit depth) at inlet

k/cp at X(I), Y(J)

G
[

G
c,f

k z/e
p

k a/e
p

kz/d

as HEDU,
as HEDU,
as HEDU,

as HEDU,

array containing character string used as heading

for

for

for

for

DEN(I,J)
GAMH(I,J)
P(I,J)

T(L,J)

for table of U(I,6J)

as HEDU,

as HEDU,

a

for

for

292

v(1,J)

vIis(1,J)



FORTRAN Variable

HLEFT
HODROP
HORIZL

HORZLP

HORZP

HRITE
IMON
INCALP
INCALT

INCALU

INCALY

INDPRI

INPRC

IPREF

ISTEP

IST1

T ISTIMI
ISTIM2
IST1P1

IsT2

IST2M1
IST2P1
IST2P2
IT

JMON

Definition

"

(1'5u02Lhoriz)/rh.horiz

Lhoriz

L;\oriz

LI.'loriz

hr

I index of monitoring location
as INCALU, for PP(I,J)

as INCALU, for T(I,J)

Ltogical variable, if .TRUE., solve for U{I,))
if .FALSE., don't

as INCALU, for VII,hbJ)
number of iterations after which variable fields
are printed out i1f other solution termination

criteria have not been satisfied

Logical variable, if .TRUE., variable properties
if .FALSE., constant properties

I index of reference pressure

I index of north-south grid line Jjust east of
corner nearest entrance. (ISTEP = 8, Fig. 6.2)

1 index of north-south grid line Jjust east of
corner nearest entrance. (IST1 = 6, Fig. 5.2)

ISTT - 1
IsT1 - 2
IST1 +

I index of north-south grid line just west
of corner nearest exit. {(IST2 = 12, Fig. 5.2)

IsT2 - 1

IST2 + 1

IST2 + 2

Dimension of I index in all arrays
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 Jjust south of
horizontal duct branch (JSTEP = 7, fig. 5.2)

JSTEP (CORNER) J index of east-west grid line Jjust 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(1,9) Ke
KCs(1,J,K) K
cs
KCT(I,J,K) K
ct
KDS(I,J,K) K
ds
KD .
T(I,J,K) Kdt
KF(I) K computed from X(2} to X(I)
KL(I} K in left vertical duct I
KR(I) X 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
NJ maximum value of J in solution domain
NIM1 N3 - 1
NJIM2 NJ - 2
NSWPP number of sweeps for pressure correction
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FORTRAN Variable pefinition

NSWPT Number of sweeps for temperature
NSWPU Number of sweeps for U velocity
NSWPV Number of sweeps for V velocity
NU(I) Nux computed from X{2) to X(I)
NUMIT Current iteration number

P(I,J)) pressure stored at X(I), Y(J)
PAVIN pin

PAV1 p1

PAV2 p2

PCTOFF Aﬁct

PDIFF Aﬁc

POTOFF Aﬁdt

PEIN Pe at te and um

PHI(I,J) Dummy array used by LISOLY and PRINT to pass

U(1,J), as a subroutine argument.

PP(I,J) Pressure correction as X{I), Y(J)
PREF Reference pressure
PRIN Pr at t
e

PSDIFF Ap s if DIVIDE = .TRUE.

Aﬁcs if DIVIDE = .FALSE.
QDoT Q’
QDOTPP(I) Qi (i =1
QIN Q@ (in DISCNET)
QIN Qin (in JUNCTION and CORNER)
QIN 02 (in DUCT)
QLOOP(I) ij (3 = I}
QRATIO Q. /aq

in 2

Q2(1) 02 in duct I
Q20LD{I) 82(I) from previous iteration
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FORTRAN Variable

RII)

RC

RCH

RCL

RCS(I)

RCT(I)

ROS(I)

ROT(I)

REIN

REIN

RESID

RESMAX

RESORU

RESORYV

RESORM

RESORT

RESTRT

RE1

REZ2

RHORIZ

RHO20

RL(T)

RR(I)

RRATIO

RVERT

Definition

R
ch

R
cl

R
cs

R
ct

R
ds

R
dt

Re. (in JUNCTION)
in

Re at £t and u (in DUCT)
e m

residual overall variation in flow distribution
from one iteration to the next

Maximum fraction of Q permitted as sum of absolute

values of variations in @

from one iteration

to the next in converged géiution.

Logical variable: if .TRUE.,

if .FALSE.

Re
R
2
rh,horiz
920 (of copper)
R . i =
1.1 (i I}
R . (i1 = 1)
r,i

rh,vert/rh,horiz

r
h,vert

296

initial fields to be
read from Unit 9
initial fields to be
set in program



FORTRAN Variable

SEW(I)

SEWU(T)
SMP
SNORMM
SNORMT
SNORMU
SNORMY

SNS(J)

SNSV(J)
SORCE
SORMAX
SP(IL,J)
SPHEAT
Sulr1,J)
TBULK(I)
TC(D)
TH1,3)
THCOND
THCPAP
THKCON
TIN

TIN
TINSL
TL(I)
TLEFT
TOUuT

TR(I)

Definitio

east-west
P(I,J) or

east-west

n

dimension
T(1,3)

dimension

SMP
Reference value for
Reference value for

Reference value for

Reference value for

of control volume for

of control volume for U(I,J)

normalisation

normalisation

normalisation

normalisation

of RESORM
of RESORT
of RESORU

of RESORV

north-south dimension of control volume for

P(L,J) or T(I,J)

north-south dimension of control volume for V(I,J)

maximum of RESORU, etc.

maximum value of SORCE in converged solution

B for U(I,J), etc.

c
p

C for U{I,J}, etc.

t at X(I)
m
t (i = 1)
c,i
temperature at X(I),
K
k
p
n

t . {in DISCNET)
in

t (in DOUCT)
e

tm in left vertical
t

e

t

m,r

t (L = 1I)

m,i
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FORTRAN Variable

TRITE
TWALL(J)
uer,J)
URFP
URFT
URFU
URFV
URFVIS
v{I,J)
VIN
VIS(I,J)
VISCOS
VISCOS
Vi
WIDCON
WHFLUX
X(1)
X0(I)
XFRAC(I)
XSTAR
Xulr)
Y(1)
Yo(I}
YFRAC(D)

Yvi(J)

Definition

m,r

twall as X(I)

u velocity at XU{I}, Y(1J)

underrelaxation for viscosity {(not used)
v velocity at X{I), YV{J)
u,
in
W oat X{(I), Y(J)
g at te {in DUCT)

g, constant (in JUNCTION and CORNER)

x caordinate of north-south grid line 1

L of duct [

relative spacing between X{I) and X{I+1)}
X

X

X coordinate of U(I,J)

y coordinate of east-west grid line J

d of vertical duct I

relative spacing between Y{(J) and Y{(J+1)

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 ipitial ¢ 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 DOUCT. The remaining 8
subroutines, which implement the basic solution procedure ocutlined 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 wuse in CALCP) are computed using
current variable fields. A c¢all 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]).
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AE(1,3), etc. are computed wusing DU{I,J) and DV{(I,J) from CALCU and
CALCV. SMP is determined at each control volume, the absolute sum of
these over the whole domain yielding RESORM. MODP is called for
user-imposed modifications to the pressure field, whereupon LISOLY 1is
called to obtain the pressure correction field PP(I,J). The U(I,bJ}),

V(I,J) and P(I,J) fields are then corrected.

CALCT is very similar to CALCU and CALCY, only the source terms
are not dependent on the pressure field P(I,J). The coefficients
AE(1,J), etc. and sources SU(I,J) and SP(I,J)) are assembled, modified if
necessary by a call to MODT, used (together with prevailing T(I,J)) to
determine RESORT, and finally input to LISOLV to obtain the new T{I,bJ)

field.

If INPRO has been set to .TRUE., a call to PROPS will be made in
which the- fluid properties will be updated in accordance with formulae

supplied by the user.

LISOLV is a straightforward implementation - of the LBL
(line-by-line) TDOMA (tri-diagonal matrix algorithm) described in Section
4.4, PRINT 1is a <clever subroutine which formats the tables of field

variables in the sample output provided in Section D4, D5 and D6.
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MAIN

301

START—P CALCU
1nput -
data Mﬁ?‘glg equatiens
INIT 4__—-| L—1 o moou
Calcu;g:;mci;:gs »[ *‘ lncorp;'ruute b.e.'s
{nitiglise ¢
tields,
pretmoary P LISOw
outpuy <« Solve for u
PRINT  |—+—
Print. g'i‘etlds ’_
CALCY MOOV
Solve ations
< Stor v LISOLY
» caLcP MODP
‘ Solve for p’
Correct u,v.p LISOLV
P CALCT MODT
<4 Solve for t < LISOLY
Y A B  PROPS
e e
Compute SORCE
NITERs MAXIT
N A 4
Gnd SORCE 108 >—1T
ORMAX
N A 4
SORCE<SORMAX >—1TB  PRINT
Inerement
N
|
v
STOP
Fig. D3.1 Flow Chart of TEACH-L




SUBROUTINE INIT

. ~
CERETEZ 0 & 9 9 3 0 0 O FEELIMINAFIEZ 0 2 46 2 3 9
~

WE URFL, s
Vy NEWPY, UF’”,I / by
M, NEWFE, URFP, DU (22, 32, D
ESORT, NEWPT,URFT

WU e D) O e B )

9s €4 ws e #0 es 06 ss Se s W6 s SV e +e as es 9s as

! I/v% zU(__,-),V(__,:),r.__.5), (ZZ,3),PRI22,2)

1 1/ALL/ LA!\J.'I]I NJ, NI\’IINJM;": ZAT

H L/7CGESM/XIZ2), (12), DXERP(Z2), DXPWI(ZZ), DYNP(Z), DYPE(9},

1 1 SNE(S), SEW(Z2), XUIZZ), TV I(E)

! {/FLUFR/UPFYIE, VISCCS, DENSIT, PRIN, DEN(ZZ, 35, VIZ(Z22, 9,

t ! CAMH\--pS)pAI AZ, AZ. A4, AS, AEL AT, SFHEAT. THTOND

1 1/C0EF/AF(Z22,2), AN(Z2,2),AS(33, 21, AE(ZE, 3), AW(22,9:, 30122, ),
: 1 SR(Z22,

! c

H THAFTER 1 1t 1 1 1, CALCULATE GECMETRIZAL 2UANTITIEE 1 ¢ 1
20: €

DXFWil)=0.0

2=z DXEFINI}=0.C

i DG 191 Is!,NIMI
24 DXeptIy=%1i1 1\-Xx1)
: (1st

uxHF~u)—((J+1.-{(J)
1QZ DYFPE(Jd+ 11 =DYNP(J)
SZW(11=0,0
SEW.NIN=0.9
DG 1C3 I=2,NIMt
3 ::w\II=J»4*(DX==(II+ I XPW (1))
ENZE11=9.0
SNS(NJY=D.0
DC 104 J=Z,NML
104 SNSU1J)I=0,5#(DYNP(J)=DYPSI{J})
XU(ii=3,90
D3 16S 1=32,Mi
105 XUCI)=0,S«(X(I1+-X{I-1))
DXFWU(L)=0.0
SYFEWUIZ2)=90.0
X’:EII. ;i=0~0

O

et s 00 ss vt us 40 e o0 we e

AN D R

i

[

v a0 se es

N A A A N AN NI ENRO RN N AN AN

e Ko D0 ST Ja i) B e DD FO )N Gy

<

4 1¢c

:

<

<

2 ‘

sz 167 AEFU(I:+DXFWULT )

CrEdlerdd=10)

28 a0 96 20 84 se SP 2s S8 es A es #5 s 0% a4 s se 4o as

T e N v @ g«

109 fFFV(J+L' DINFY
NEV(11=0.,0
MEV(Z)=0,0
NEV(I\J‘)&J.O
C 11'3 J=3.NAMY
Y =0, S+ {(DTNPY(J)+DTFSV )}

s Z 2 2 2 ZET VYaARPIAELES TO 2 2 2 2 2 zZ
H
H 220 I=1,NI
H ZCT o= N
Tan U(1,Jd1=0.0
7St G1,d)=C.0
TE 2i1.d1=9.9
i PRI, J)=0.3
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HU("‘J’-\J'.J

ZE(I,J1=0.3
200 T, Jdi=a.0

FETURN

D

SUBROUTINE PROPS

SUEFQUTIMZ PROPS

[

=N

33 CHAPFTER 0 0 0 5 0 0 0 O PFRELIMINARIEE 0 0 20 2 0 95 0
a4y C .
3t MON

=] 1I\AR/U(--:-)1J(::13‘ -—I?)'T(——DQ)IFQ(—LI-

T 1/ALL/IT,JT, NI, NS, MIML, NJML, CREAT

3 t/FLUPR/URFVYIS, V15008, DENSIT, PRIN, DEN(ZZ, 3, ViS22, 3,

S 1 CAMH(Z2,5),A1,A2, A2, A2, AT, A6, A7, SPHE~T, THCCND

19 C ’

11: CHAPTZR I | DENSITY,VISCISITY AND THERMAL EZXCHANGE COEFTICIENT
12: C

13 Ce=---- CALCULATE FLUID PROPERTIES FFEOM FORMULAE USING COEFFISIENMTS
iy ¢ A2y v READ IN FRPOM FILZ DATIN.DAT (UNIT &)

= Pal=gX>

17 20 MOML
18 EMUS(EXPI{EXPAL*(T(1,J)+273, ) #+AZ)-,T)/1.,E8
13: DEN! 1, JV1=AZ+A3¢TU I, d)
202 VIS(I, J)=ENU+DEN(I, )
2l PHOC=AS+AS+T{I,J)
zZ: SPHEAT=RHOI/DEN(I, )
Z5: 100 CAMH(I, J)Y=sTHCIND/ZFPHEAT
24 EETURN
2<: ZND -
SUBROUTINE CALCU
! SUBFOUTINE CALCU
2 CoMMON
3 1 /UVEL/REEQPVY, NSWFU, URFJ, DXEF I 22), DXPWU(ZZ), SEWUI(ZT)
B {/PCCR/RESORM, NSWPP, URF?2, DU(Z22, 9}, dVI(Z2,%), IPREF, JPFEF
<€ 1/7TEMP/SEZQPRPT, NcﬂaT UBFT
[ 1/VAR/U{ZZ, 3), \-ﬁla)'P(—b’ 1, T122,9),FPP{22,3)
E 1/ALL/ZIT JTy NI, NI, NIML, NIML, SEEAT

XIGEDM/X(ZZ).YIQ).DKEP(EZ).DXFW(ZZ),DYNP(E),DYFS(S).
1 ENS(T), SEW(ZZ) W XUI22), tV(3)
I/rLUPF/UPFVI VI”CD".DEHHL..Pa’N DEN(22,3),VIS{ZZ,9),
PANH\__.E), » A2, AZ, A4y AS, AE, A7, SPHEAT, THCZSND

'/CO"/AF.Z:.S).AN(b-.S) AS(-_.9),AE(-_,-).Awt--.i)':U(-_,°).
! SP(223,9)

c

CHAPTER 0 0 0 0 0 Q0 0 0 PRELIMINARRIES 20 0 0 0 90 0

c
c
CHAPTER I 1 1+ 1t 1 1 SEMBLY OF COEFFICIENTS ! 1 1 1t 1
c

DO 100 I=3,NIMI
DO 101 J=2,NJdM1

AREAN=SEWUL )
APEAS=CZWU(])

AFZAEW=3INE(J)
YCL=SzWU (1) 5SS (]

0 s S0 4s 98 8e 00 96 4t 96 4s 40 44 06 se PP o8 P4 ws s ¢4 b0 ss ss 84

SR o WV §) o= QDO SN L) B = O o (0

[CERAREPEDEBED D Eel el ol ek el oot aliad

1 C---n- CALCULATE CONVEZTICON CCEFFICIENTS
2 R ED 5*(J_M(I.J+ V4DENCI,J))eV(I,Jd+1)
e CN .E*(D’H(I RIS IS SFNESHBE SASESTINES S
TG ] S+ d(I,u-1}+_El(A.J))"(IpJ)
ER GSw -Ef‘D:N(I-I JISIENCI=, 0= eV (-t 0
32 GE=d . T#(DEM(I+1, J)+DEM(CI, II)#U{I+1, )
T3 CF=0. 2% DEN(I,Q~‘LEJ=I P Y3 #UCT ST
24 SW=G THIDEM(I-L, 00 .fI-E.J314U(I-1.J\
T CM=C. 2 (C”':Vw)'éz-s~
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1

= «(CS+I5W) «2RERS

3 *7 CE*‘rthFE W

152 ) =L,y Jd+1
48 Slyd=t
421

432

as:

BUN

323

ST Cee--- M2LE MAI ‘:CET'IC!EN*“

St AN(‘,J)-ANA“X(AEE\O.uiu y DN) =0 S2CN

S22 AS(I,J)=AMAXL {AES(0. tCC),D:)+Q.5*C3

T3 AEIT,J)=AMAXI (ABS(0,S+CE),DE) =L, T#CE

S4: AL( I, J)=AMAXI{AES{(Q0,S¢CW), DW) -0, S«CW

S5 DU, JI=AREAEW

<81 SUCI,J)=CPC+U T, J)+DU(I, S)*P(I-1,J)-2(1,J})

ST AN <F

SE: 171 SONTINUE

=3 150 COMTINUE

EDRRES

81y CH FTEP 2 2 2 2 2 2 2 PPCELEM MODIFICATIONS 2 2 2 2 2 2
g2y C ’

a3 CALL MODU

g4: C

a! CHAPTER 3 FINAL COEFr. ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3= 3
3 c

e RESSRU=0.90

3 DO 200 I=3,NIM1

a 5O 201 J=2,NJM1

AP(1,J)=aN(I,J)+AS{I,JI1+AEII, J)+AW(T], ) -SSP, J)
DUCI,JY=DU(I,J)/AP(],J)
RESOR=AN(I,J)+#U(],J+1)+AS{L,J)*U(],J-1)1+AE(L, ) #U(T+1, d)
! +AWCT, JreU(I=1,J)=AP(],Ji#U(I,J)+8U(],J)
VCL=SEW{I)*SNS(J)
SORYOL=GRZAT*#VOL
IF(-SPt1,J).0T,0.5+SCRVCL) RESOP=REZOR/SCGREVOL
PESORY=RESORU~- AE=( RESOR)
C----- UNDER-PELAXATION

AP(I,J)=AFP(1,J)/URFY
SULT,JY=SUIT, )+ (L =URFU) #AQF (T, J 1 #UCI, J}
Ui, Jr=DU{I, J)+URFU

301 CONTINUE .

309 CCNTINUE

AR RER

C .
CHAPTER 4 4 4 SJLUTION OF DIFFERENCE EZUATICN =« 4 & 34 4 a4 4

s 9 06 A6 24 80 se 96 se 96 s 24 o8 €6 ws PS 44 90 Gy 60 04 44 e G0 us 40 s es s

GO M L@ - OO Mk 0N~ O W~ m

W o 0 Lo (0 g0 o (0 (a (0 00 >4 S N

~
D2 400 N-..NQNFU
<30 ZTALL LISCLV(Z, 2.NIYNS, IT JT,WU?
FITURN
: END
SUBROUTINE CALCV

it SUBF3UTINE ZALCY
22 Z0MMCH
R L /YNVEL/ PESCRYV, NSWPY, URFY, DYNFYLQ), DYPSV (2, ENEV (S,
43 | /PCCR/BESCEM, NSWPF, URFP, DU(ZZ, 3, BVIZ22, 20, IPFET, JPFEF
3t {/VAR/I(22,39),V(Z22,81,P(Z2,3), T(Z2, 2), PR{22, 9
g1 1/7ALLZIT, STy NI, NGy NIML,L MSML, CREAT
e 1,C2 fPW 22), DTNRIZ), DYPEEi 3,
23 1 W g)
EX L/FLFR/URT LS, /I1SC0S, CENSIT, SSIM DENI(22, 2, VIZ(22, 3),
102 1 SAMHE{Z2,S),A1, A2, AT 94,H,,EE'A- PFkréT,nHFOND
11 1 - S, AN(2Z2, ;4:‘”' ), AEI(Z2, ), AWIRZ, 8), 3022, 2,
122 1
127 C
tdy CRAPTEE 0 0 9 0 2 0 6 0 FRILIMINARIEE 9 O C 2 0 0 2 0
1€: C
151 2
{7y IAHRETEER 1 M ! ! ! : L ZSEMIL Y 2F CTOEFFIZIENTES N ! | i M 1
12, =
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SND VILUME

-
NEVIJ?

JVEZTICON CCEFFICIENTS
SH{DENII,dJ+)+DEN{T, J) )01, d+0)

400 CALL LISOLVIZ, 3, NI, NJ,IT,JdT,V)
RETURPN
e

22 SH(DEN(I, Ji+DENM(I, J=1)i#V(], J}

zs GE=0,. S(DENU I -1 <DEN(I, J-23 )4V L1, 011

32 s Te{DEMN{I+L,d)s (1, JJY) %1 0Isel, )

31 GSE=Q ., Se{ZEN{I.,J4- 1\aﬁ=1(1;1 J=1))Y#sU(i+l,Jd-1)

32 CGW=0,S*#(DENI, J)+DEMN(I-1,J)1+001,d) .

33 G5W=0~S*(DE“(.,J"‘*JEV\A'I,J'I))*U(I.J‘l)

34 CN=0,.S2(GN+CP) *ARPEAN

33 CE=0,S#(GP+GS) *AREAS

8 CE=0.5+(CE+GEE) *AREAEW

fcra C'W=), 5+ (CW+CS ) «AREAEW

38 Ce==~-~ CALCULATE DIFFUZION CGEFFICIENTS

z9: "IG; Q2S£ (VISUI, J)+VIS(I+1,J)+VISI{I,Jd-11+VISii+1,0-1)]}
40 VICW=0,25#(VIS{1,JI+VIS{I-1,J)+VIS{I,J-1)+VIS{I-1,d-1)}
41 DN=VIS(1,J) #AREAN/DYNPY(J)

a2z DS=VIS(I,J-1)+AREAS/DYPSVJ)

433 DE=VIZSE<APEAEW/DXEP(I)

4 TW=VISW*AREZATW/DLPW( )

45t C----- CALCULATE COEFFICIENTS OF SCURCE TE=EMS

28:  SMP=CN-CS+CE-CW

17y CR=aMaxXi (0,0, SMP)

4212 CFC=C

431, C----- AZSSTMBLE MAIN COEFFICIENTS

Z0: ANCI, JY=AMAXI(AES(0,S#IN), TN -0, S4CN

Si: AS(I,J)=AMAXL {AE3{0.5#CS),D5)+0.S#L3

S2: AELI,J)=AMAX I {ABS{0,.S#CEY, 2) -0, T#CE

b AW, ) =AMAXL ABE\O.H*CJ).JWi+O.4*'U

S4d: VL, J1=0, S+ (AREAN+ARESE}

-1 Suii, )= --O*V\A,J)¢UV(I.J)%(’fA.J 1V=-P(I,J):
S5 EPI1,J)=-CP

A 101 CONTINUE

S2: 120 CONTINUE

€2 <

S3y CHAPTER 2 2 Z Z 2 2 2 FRQELZM :ODIF'C ohs 2 Z z
gts C

621 CALL MCDvV

62: ¢

54 CHAPTER 3 FINAL COEFF. ASSZMELY AND RESIJUAL 3QURCE CALCULATIC
§3: C

=] RESORV=0,0

a7 DO 200 I=2,NIM!

623 DO 201 J=3, NcM1t

g3 ARP(T,J)=AN(I,J)+AS(I,J)+AEIT,d)+AW(I,J)-SP(I,J)
70: LV(I,J)=DV(I,J)/AP(]

b RESOR=AN(I,J)+V(1,J+1)+AS(I1,J)*V(],J=-1)+AE(T],J)*V(Ii+1,d)
hcH 1 FAWIT,JI eV (I-1,d)-AP(I, ) «VII,J}+SU(1, Jd)
T2 VOL=SEW(I)+SNS(J)

T SCRVOL=CREAT+VOL

7= {F(~SP(1,J),CT.0,S*SCRVYOL) RESCF=REZOR/SCPVOL
e FESORV=PEZORYV-ABS(PESCR)

Ty Ce---- UMNDER-RELAXATION

at-H AP{(Il, J)=AP(I,J)/UPFV

TS SUCLI,S)=sSUCT,J)+ (1, ~URFV#AFR(T,J)+V(], ]}

291 DVi{I,J)=DV(I, J)*URFYV

ES 20! CONTINUE

22t 294 CONTINUE

2z2: C

24: CHAPTER® 4 4 4 STLUTION CF DIFFZRENCE EQUATICN 4 4 a4
25: C

292 U0 490 N=1, NSWPY

s7

28

or oo o0
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SUBROUTINE CALCP

SUBFOQUTINE CALI?P

1 SREAT
}s DXFWEZZ), SYNF (S, DYFPE(3),
H LIPS SIS I AV RS- B

i 0S) DENEIT, PRIN, DEN(ZZ, 2), VI
i GAMH(Z2,3). AL, AZ, A, AL, AS, AB, ar, SFHEAT
H Al (
i

TyoTy NI, NS, NIML, Y

:

: EM, NZWFP, URFR, DUL22, 3), DY(2Z, 3V, IPREF, JFEEF
: H(2Z2,5), V{22,323, P123,8Y, TIZ2E, 20, FPIZ2E, 2)

s

:

A

——
S(Z3,2),
’
-

.T, THCCND
/COEF/AP(2Z,9), AN(IZ, §), AS(Z2, 3), AE(ZZ, 90, AW(ZZ, 3), BU(2Z, 2),
sP(22,9)

_ay o

c
CHAPTER 0 0 0 O O Q0 O O PRELIMINARIES 0 0 9 0 O 0 0 0
c

YA L D) e O DL L M L) e 60 B =
vo 8o 0o 06 66 o4 o3 os es o .

nio
o o0 we
(]

CHAPTER 1 t 1t ! 't 1 ASSEMBLY OF COEFFICIENTS |

-
-
v
—
-

DO 100 I=Z,NIM!

DO 101 J=Z,NJM1

C-----TOMPUTE AREAS AND VOLUME
AREAN=SEW(L)
AFE&S=SZW(D)
ARZAEW=ENE(J)
YOL=SHNS(J)#SZW (D)

C----- CALCULATE CGOEFFICIENTS
CENN=G, S (DEM(I, J)+DEN(I, d+1 )}
DENS=0, S+ (DEN(I,J)+DEN(I,J-1))
DENE=J,S#{DEN{I, J)-DEN{I+1,J))
DENW=0,S«(DEM(I, J)+DEN(I-1,d))
AMO T, JI=2ENN*AREAN*DVII, J+1)
AS{I,J)=DENS*AREAS+DVI(I,J)
AC(I,J)=DENE+AREAEN*¥DU(+1,.J)
AW(I,J)=DRNW+AREAEW*DU(L, )

CULATZ SQURCE TERMS

;
c
g
3
a
s}
1

bt
)
<
S

.
s
.
H
-
H
-
N
:
.
s
.
3

H

IR AN ENEANOEP DN BERENED RS EEE BN B R e

37 NSE=V (], 5)«AREAS

28 ENE=J(1+1,J) *ARESEW

=82 CW=TENW*J(I,J) +AREAEW

40 SHMF=CN-C5+CZ2-CW

41z

<421

43 CCMPUTE SUM OF AZSILUTE MASZ SQURCES

EER REECRM=FEZORM+~AES {SMP)

<52 121 SONTINUZ

EI=RS 100 CTNTINUE

a7y C

4%: CHAPTEE 2 2 2 Z 2 2 2 PEOELEM MODIFIZATIONS 2 2 2 2 2 =2
43 C

o CAaLL MODP

Si: 2

= 3 0z 3 2 3

CHAPTER 23 3 3 3 2 FINMAL COEFFICIENT AGSSEMELY =

ng 00 I=Z,MNIM
Do 221 J=Z,NoML
301 AP, 1=, i +ASUL JI-AEXT, D) wAWC, J) =SSP T, )
300 CONTINW
CHAFTZZ 4 4 4 a4 4 STLUTION A SNE 4 4 a4 2
I

DO 400 M=1,NSWPP .
400 CALL LISCLVIZ, Z,NI N, IT,JT,FPF:
c
CAAPTER £ £ S S COFRECT VELOTITIEE AND PREZEURE

o
(]
3}
w
L}
L]

VELCCIT
ala gt ] 3, N

CJ S01 J=2,ndMl

IFITWONTL2Y UG, Q) =UiI,d«DUlI, ) «(PFR({I-1,J)-FP(I, )
Vil,JdY=/(1, )LDV, J)«(PPII,J-1)-PP(I,d))

ICN F2R2 UMDER-SEL2XAATION)
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1
e QW
“e ea v0 es we

w (v (0

e vo v

O Bt fles QIO TN LGl CWMNO ML @)~

ln: B ER Y ED B 1) ) o = 0= he i e bd e g
00 %4 40 06 oo 44 s 46 4B 6% e we PP e 04 s €0 ve B0 s0 e o4 o4

1)
N
v o

]
1]
"

[ S D RTTRYTRN TRV VORI (R TLN

40 66 00 e we e0 ws 4s se 20 as es 63 ss es o

. %

UM L W)= OWI M fe ) Ol

e os so os ve 4

WSV b)) e S0 n

WD TN VIR (BN iR ainan 4. §. L

PP(I,J)=0.0
293 CINTINUVE
502 CONTINUE

F=ITURN

ERE

UBROUTINE CALCT

SUBROUTINE CALCT

<
CHAFTER 0 o0 0 0 O O 0 PRELIMINARIZS 0 0 0 0 93 9 2

e
CIMMON
1/ TEMP/RESORT, NSWPT, URFT
1/VAR/U(22.2),V(22,3),P¢22,3),T(22,9),PP(22,9)
1/ALL/IT, JTo N1, NJ, NIMI, NJi11, GREAT
1/CEQM/X(22), Y (2), DXER(22), DXPW(22), DYNP(2), DYFS(2),
1 SNS(2), SEWIZZ), XU(22), TV}
1 /FLUPR/UFFVIS, VISCOS, JENSIT, PRIN, DEN(Z2Z, 53, Y15(23, @),
i GAMH{22,2), A1, A2, A3, A4, AS, AG, AT, SFHEAT, THCOAD
/COEF/AP(Z2, 8),AN(Z2,9),AS(22,9),AE(22,9), AWII2, 3),53U(22, D),

1 SP(Z2,9)
CHAPTER 1t 1 1 1t 1 | AESSEMBELY OQF COEFFICIENTS t ¢ 1 1 !

DO {90 I1=2,NIM1
DO 101 J=2,NJM1

C-==--- COMPUTE AREAS AND VOLUME

AREAN=SEW(!)
ABEAS=SEW(I)
APEAEW=SNS (J)

VOL=SMS(J)#SEW(I) -

Comm-- CALZULATE CONVECTICN COEFFICIENTS
CN=0,S#(DEN(I,J)+QEN(I J+1))8V(I,J+1)
G2=0,S#(DEN(I, ) +DEN(I,J-1) V(I , J)
GZ=0,5#+(DENCI, J)+SEN(I+1,d))«U(I+1,Jd)
GW=0, S+ (DEN(], J)+DENCI-L, J))#UCI, J)

Cr=GN+ARZAN
CS=C0S+#APEAS
CE=GE+AREAEW
CW=GW*AREAEW
C-=---- CALSULATE DIFFUSICON COEFFICIENTS

CAMN=0. S« (CAMHIT, J1+CAMRIL, Js1 })
GAMS=D, 3% (GAMH( L, J)+GAMM(I, J-1))
CAME=C,S+{CAMH(], J1+GAMH(I<1,d))
CAMW=0,Se (GAMH( I, JI1+GAMH(T-1,J))
CN=CAMN*AREAN/DYNP(J
DE=GAMS4AFEAS/DYPS(J)
DE=CAME«~RIAEW/DAEF(])
DW=CAMW*AFREAZW/DXPWII)

PERE SOURC=Z TERMS
SMP=IN-C5+CE-CW
CP=AMAX: (0.0, SMP}

CPO=C?

Cee=--- ASSEMBLE MAIM CCEFFICIENTS
AN(T,J)=AMAXI(AES(D,.T«CN), DN) -0, T*CN
AS(T,J)=AMAX1(AES(I,5#C5),DE)+0,S#CS
AE'I,J=AMAX1{AES{J.Z#%CE}, DE) -0, T<CT
AW I, J)=AMAX1 (ABE(0,.S#CW), DW) +0,S*CW
SUCI,J)=CR0+T{(I, d?

SPII,JY=-CP
161 CONTINUE
102 CONTMIUE

-
CHAFTER 2 2 2 2 2 2 PRIBLEM MODIFICATIONS 2 2 2 2 2 2
-
;
CALL MIDT
ind
c AL COZFFICIENT ASSEMNELY AND FESIDUAL SOURCTI ZALIULATIIN 3
c
ET=0.0
20 I=2,MIM!
20 301 J=2, 06
AE(T, JY=aNiI, )
FESIR=AN(I, J T :
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S2UAT

g2

EER VOL=CZW{ I} «3ZNE(J?

T SORVOL=LZREST+VOL

Tl IFL-SF(I1,1),5T.2.,5+ECRVOL) RESOR=FEESCF/ZORYOL
=t FESCRT=REZQPT+ACS(REECH!

73 C-==-~ UMDER-RELAXATION

e ARII. I =4aPL, J)/URFT

TS :J(E.J)=EU(E.J)+(1.-UEFT)#AP(I,J)*T{Z,J)
e

7T

I ‘

TIe 4 & & SCQLUTIOM CF LIFFERINCE
2G:

gt 0 <00 N={,NSWFT

22: 400 CALL LISSLYWYiI2,2,NI NI, IT,JT, T

g2 RITURN

242 EN

SUBROUTINE LISOLV

0w

c
CHAPTER 0 92 § 2 ¢ 9 0O 0 PBELIMIMARIES
c

DIMENSION PHICIT,dT) A{S:,B(3),C(%),D:
CoMMON

X/CQEF/APKZE.-'.AN\.-,Q) AS(ZZ,2),AR(22,2),
1 SP(Z2

NIMI=NI-1{

N
H
.
:
.
t
s
H
R
t
s
.
H
:
N
:
: N iMi=tg-1
s
:
.
t
:
.
:
.
H
.
.
H
.
:
.
H
N

‘0

STM1=JSTART-!
A‘u_ANII—O 0

DQ '00 I-IcTAF NIM!

C{JS?M1)=FHI\1pu_|n1)
C-=o=-- CCMMENCE S-N TRAVERSE

DG 101 J=JSTART, NJM1
C----- ASEEMELE TOMA COEFFICIENTS

Atdy=AN(I,J)

E(J)=ASII,J)

DOJr=ARIT, S

t E?N 1./7(D(J)-BLJ) *A~ ('-1))
H JI=AIJ) *TEENM R

H 101 C(J)=<C(J)a2(J:*C(J-l)l'TERM
t G JDBTAIN NEW PHI*3

2 DO 102 JJ=JETART,NIM!
H J=MJ+JETMY -J0

H 102 PHI(I,J)=A(JI*PHI(I, J+1)+C(J)
: 100 CCNTINUE

H FETURN

H gD

308

0

CALCULATE COEFFICIENTS OF RECURREMCZ FORMULA

! FAWIT, ) eTUI=1, J2-AF(L, J1#T(L, Jr+E0UCT, )

TioMe &
il

OLV{ISTART, JETART NI, NJ, 31T, IT, PSI

Cidi=aZi{l, JI#PRI{T+i J)+AWLT, J)#PHI ' 1-1,J)+SUCI, )

.
-



SUBROUTINE PRINT

JEKIP={

WRITE(6, 115)HZAD
ISTA=ISTART-12

CCMTINUE

ISTA=]STA+12

{END=ISTA+11
IEND=MINO(NI, IEND)
IDIF=IEND-ISTA
Fi$)=F4(IDIF)

WRITE!S,F) HI, (I,1=15T7TA, (END, ISKIF), HY
WRITZ{S, 112)

DO 101 JJ=JETART, NI, JSKIP
JEJETART NI -ud

LO (20 I=ISTA, IEND
A=PSICI,d)
IF(ABS(A). LTV 1 E-20) A=C, 0

—
(=]
[4)

NN LW~ OO o Lantk) -

1J IR B R) s e 02 e e o b 4o o b
40 @s #8 a0 04 48 wa 90 60 64 46 0s % we 4 we Pe e 46 4e 64 e P8 us %6 o8 % 43 04 se 40 es 40 *e ve v es

PN g 10 L) - O W o

129 TORE(I)=A
tat WRITZ(E,1i3) J, {(STORE(I), I=13TA, IZND, ISKIF), ¥(J}
WRITE(S, 114) (X(I1), {=IETA, LEND, ISKIF}

IF(IEND.LT.NIIGD TO 100
SETURN
110 FORMAT(IHO, 20 (ZH*-),7X, 844, 7%, 20(2H-4))
11l FORMAT(IHO,SH I = ,13,11110,7X, " ¢ =
112 FORMAT(3H J)
112 FORMAT(IH , 13, 1P
{14 FOPMAT(SEHOX= '
END

Y 03 @ 0 W) LR D)
VAN Je Gt L) — D10 D

Ex
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D4 JUNCTION In lines 1-90 of MAIN (see listings which follow), the
necessary data 1s read in from unit 8 and written to the VDU and the
output file (unit 6} for verification. In lines 83-158, the X(I) and
Y(J) arrays are set, using the input values of XFRAC(I) and YFRAC{J).
The process 1is 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, fhe initial fields
ulir,J), vi(r,3) 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, KOT, KCS and KCT are computed in lines 292-328,

in accordance with Sec. 5.5.

In MODU, the boundary conditions on U are set. MWithin 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
avolid generating large values of RESORU. This 1is 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 MODV, similar comments apply, and in MODP, only the PP(I,))
field within the solid areas has been forced to zero. Following the

listings, sample output is provided.
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PROGRAM MAIN

H PROCEAM MAIN
zc SUERQUTINZ CONTERO
3C
4CHAFTER 0 2 0 0 2 92 2 0 PRELIMINARIZZE 0 0 0 ¢ 9
=C
5 DIMENSION HEDU(E), HEDV(8),HELP (8, HEST(8)
ha TIMENEICN XFRAZ(:7)WTFRAC(LR)
2 LIGICAL INCALU, INCALY
g LOGICAL RE3TRT,JIVIZIE
i0 CoMMON
11 1 /UVEL/RESCRU, NSWPU, URFU, DXEFU(17), DXPWUIL17), EEWUILT)
12 1 /YVEL/FESORV, NSWPY, URFY, DYNPV(13), DYPEV(13), ENSV(13)
3 i /PCOR/REZORM, NSWF2, URFP, DU(17, 121, DV(17, 13), IPREF, JPREF
14 1/VAR/UL L7, 13),¥(17, 12),PL L7, 13),PP(17, 13)
=) 1/ALL/N1, NJ, NIML, NIML, GREAT
15 1/CZ0M/X173,C(133,CXEP(L7), DXPW(LF) , DYNP(L13), DYPS(: 3,
7 1 SNEI13), SEW{LIT), XULLT), VIR
2 1/FLUP2/Y1EC0S, CENSIT
.8 1/JUN/ISTL, {572, JSTEP, [ETIML, IST2ML, IETIN2, [STZPL, NIM2,
22 ! JETPL,NGMZ, IETERZ, JSTPZ,JSTML, IETIPY
21 CALL CQPEN(&, "EESULT DAT",2)
22 CALL OFEN(Z, "DATIN DAT » 2
Z3 CALL OQP=N(Z, "INTERMEIDAT ,2)
24 CREAT=1,0E30
23 BI=4,+ATeN(L.)
= NITER=3
o PEAD(Z,011) VISCOS, DENEIT, BIN, QRATIO, ENTFAC
z3 WRITE(4, 025) VISIOE, DENSIT, QIN, QRATIC, ENTFAL
zZs READ(3,012) RVERT,RFEATIC, 13T, I5T3, NI, MNJ,JSTEP
20 WEITE(4,235) RVERT,RFATIO, IST!, I5T2, NI, NJ,JJSTEF
31 NIMl=NI-1

1)

I+ & o b la LY D GO Q) 0Oy L) () i
b oda 0V ) = OO0 B N ) L) 1)
)

NJM1=NJ-1

READ(E, 024) (XFRACI(L), I=1,NIM)

WRITE{d4, 027) (XFRAC(I),I=1,NIM1)
READ(2,024) (YFPAC(J),Jd=1,NJdM1)
WRITE(4,027) (YFRAC(J),J=1,NJdM1)

READ(S, 213) NSWPU, NSWPY, MSWFP, MAXIT, INDPRI
WRITE(4, 022) NSWPU, NSWPY, NSWPP, MAXIT, INDPRI
READ(E, 914) URFU, URFV, URF?, 20RMAX

WRITE(<2, 022) URFQ, URFV., URFP, SCFMAX
READ(2.015) FESTRT,2IVIZE

WRITE(4,030) RESTRT,IIVIDE

REAL(8,010) HEDU,HEZV,HEDP

WRITE(4,021) HEDU, SEDV,HEDP

ZC-=--- WRITE CUT SOLUTION CONTRCL PARAMETER
<3 WRITZ(/,32200)

47 WERITZ(S, J17) NEWFU, NSWPV, NSWF3, MAXIT,
43 LURFY, UEFY, URFP. S08MAX

49 IF(RPESTRT! WRITZ(&.0t13»
S IF{.NCT.FESTRT) WRITEIS, 012}

= WEITEIS, 2200

WRITE(S, 020) ENTFAC, ISTL, I1ST2,JETZP

WEITZ(5, 021

WRITZ (2, 022) 'XFRAT(I}, I=1.NIMD)

WEITE(S, 023}

WRITE(Z. QZ2Z) (YFRAC(J), d=1, NdM1)
Q1C FIRMAT(5A4)
GZ1 FCRMATI1X,B844)
FORMAT(SZIZ. T
FCPMATIIX,ZELZ2. D)

PMAT{(ZF5.4,513)

TORMAT(1X, ZF5. 4,31
FORMAT(SIZ)
FOEMAT (1L, T13)
FOEMAT (255, 4)
FCEMATILXG LF5, )
FOFRMAT{2LS)
SFCEMATIX, ZLS?
5%, “ZOLUTION ZONTROL FARAMETERS /

)

)

MMab S g AU Wi g Jl

SO0 e § ee 10 ) U8 T UL 3 gy 1)

MR
DI Y R A T T )

wWwidl3L)

ER B
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T2 018 ‘90, "INITIAL FIZLDS HAVE TEZN REZaD IN FEOM UMIT 97
T8 012 ‘D7, TINITIAL FIELIS HAVE SEZN SET N MAIN PROGESM)
2 Q20 FCE ‘0. EX, "CEISMETRICAL FARAMETERS/

! 1734, "ENTFAC-~==-==--===2",FT.2

z 1/8%, "I€Tt-====-===----=", I3

z 172X, "1ETE-=---mmmmv=- =", 13

< 1/S%, "JETEP=-=-=-=-=-----=", %)

z 21 FORMATLU'OY, 'XFRAZI(I)=")

S  0ZZ FCEMAT10X,TF7.Z)

G UFRAC (I =)

1 1 1 P&FAMETERS AND CONTRCL INDICZS 1 1 ¢

A2=QIN/ARATIC
IF{JIVICE)Q1=2IN-22
IF(.NCT.DIVIDE)GLl=2IN+GZ
REIN=QIN#2, +DENSIT/VISCCS
RE1=Q1+«2, #DENSIT/VIECCS
PE”‘“Z*Z.*DEW:IT’VISLOS

DO OO O I0 N IV b i) 1Y e 010

Se---- COMPUTE DUCT LZNWNGTHS ZASED ON HYDRODYNAMIC ENTRY LENGTH
0 PHO.ZZ-PVE”T/PPATIO

1 ENTRYL=<, #RVERT#ENTFAC*(,312%+, 011 ¢REIN)

=4 EXITL=4, #RVERT+ENTFAC*(, 2125+, 011 +RE!)

3 HC IIZL=4, «RHCGRIZ* _V FAC®(,312%+,011+RED)

SCe-=-- CCMPUTE ALL INDICE

b= NIMZ=NI-2

2 NGM2=NJ -2

ISTIMI=ISTL-!

=J5TEP+1
JSTPZ=JSTEP+2
JETMI=JSTER-1

C-----C0MPUTE SMALLZIST DX IN HACRIZONTAL ERANCH REGION
LEUM=IFRACIISTIML) /2,

TP R £ D Y e O 1H U
o
1]]
1
(]
—

JhY o 85 0e b= b 1 e v e e 0 (D C

£ 0 130 I=iST1, ISTEML
2 100 XEUM=XZUM+XFRACIID)
¢ XSUM=XSUM+XFRAC(ISTZ) /2,
) DYEMZ=2, +RHORIZ/XEUM
{22C--=>- COMPUTE SMALLEST ZX IN VEFTICAL DUCT ENTRANCE REZION
123 XSUM=XFEAC{1) /2,
124 DO 10T 1=2, ISTIM2
25 105 ASUM=X3UM+XFRAC(I)
125 CXSM1=(ENTRYL-,S+XFRAC(IST1IM1) +DXSM2) /XSUM
127C--=-=- COMPUTE SMALLEET X IN VERTICAL DUCT EXIT REGICN
128 XSUM=92, -
138 DC t10 I=IST2P1,NIM2
i 110 XSUM=XSUM+XFRAC(I)

XZUM=XZUM+XFRAC(NIML: /2,
DXEM3=(EXITL-.S+XFrRACI{IST2) #IXEM2) /XSUM
Cam-m- CCMPUTE SMALLEST Dv IN VERTICAL JUCT REGICN
YSUM=TFRAC(1) /2,
DO 11T J=2,JETML
115 YSUM=TSUM+TFRAC(J)
YSUM=T3UM+ (FRAC (JSTER) /2,
DYSM1=2, +RVERT/TSUM
----- COMFUTE ESMALLZST DY IN HORIZONTAL ERANCH RESICN
TSUM=D,
DO 120 J=JSTP!,NJIM2
120 TSUW"YEUM+TF?AC(J)
YEUM=TIUM+YFRACINJIM1) /2,

(@)

B e D01 0 G 0V s 03 L0 0 ) (Y

WE— QWM il e O

S

e s be S B s e B e be e B4 s he e e e b

. D(SM‘~IHGFI"-.SiYFEAC(JSTEP)*DYSMI)/YEUM
45C----- SET UP X-ARPAY

<5 Xi1Yy=-XFRAC(1)+D¥SM1/2,

a7 DO 125 1=2, ISTiMl

48 125 K(1)=X(1-1)+XFFAC(I-1)+DX3M1
123 DO 139 I=ISTt, ISTIPI

1S9 120 X{I)=X{i-1)+AFEAC{I-1)#D¥EMZ
131 D2 12T I=ISTIFZ.Mi

152 125 X(1)=X{l-1>-XFRAC(I-1)*DXSM2
1S3C-----SET UP Y-ARPAY

122 T =-TFEAC(I)*31§£1/2.

123 3 (40 J=2,JETPF!?

(SE 1€0 T(J)=T(S-1)+YFRACIJ-1)+DYEML
57 D0 14S J=JSTFZ, NJ

1S 14 (lgl=:ld-1,-YFFATI J=1beDvEM2
1S51----- DEPENIZNT VARIAZLI SELECTICH



INCALU=, TFUZ,

INCALY=, TRUE,

INCALF=. TRUE,
See---% ZCUNIASY VALU~S

MO TR IO
)

1)es DB S0 e L ld re O

2 2 2 IMITIAL OPERATIOGNS 2 2 2 2 2 2
; L EOMETRICAL QUANTITIZS ANL SET VARIAELZS TC ZERD
7 1y
- MITIALIZE VARIASLE FIELDS
7eC-+---FEAD IN INITISL. FIELLS IF AVAILABLE FSOM FREVICUS PUN
179 VIN=QIM/ (RVERT*2,)
120 V1=21/(RYERT#*2.)
151 IF{.NOT,RESTRT) GO TG 139
122 CALL REST
13 Co TO 235
184C----- ASSUME PARAEOLIC IMLET AMD OUTLET PROFILES
135¢----- SSUME PARAZOLIC INITIAL DISTRIBUTIONS
186 193 DO 290 I=2,IST1
187 DG 200 J=2, JSTEP _
138 200 U(I,J)=3, #VIN# (¥ (J)/RVERT-, 54 (7 (J)/RVERT) «42)
S D0 265 I=IST:P1,NI
190 DO 205 J=2, JSTEP
151 205 U(I,J}=3, #V14(Y(J) /RVERT-S#{¥ () /RVEFT) +42)
152 IF{DIVIDE)V2=22/ (RHORIZ+2., )
123 IF(,NOT,DIVIDE)V2=-32/(RHORIZ+2, )
154 DO 210 I=IST1,I5T2
195 XP=X(1)-XU(ISTL)
125 DO 210 J=JSTPL,NJ
1§7 216 V(I,J)=3, *VI#(XP/RHORIZ-.S+(XP/PHIRIZI #+2)
128C----- 43SUME PRESSURE DISTRIEUTIONS FOR FULLY DEVELGPED FLOW
129 D0 215 J=Z,JSTEP
300 215 P(Z, J)=PREF
201 FACTOR=1,S4VISCOS*QIN/RVERT #43
232 30 220 1=3, {ST1
293 XDIST=X(1)-X(Z)
202 DO 220 J=2, JSTE?
255 220 P(1,J)=PREF-XCIST+FACTCR
208 FACTOR=1,5+VISCOS+21/RVERT*e3
207 30 225 I=ISTiF1,NIM1
zog XDIST=X(1)-X{IST1)
2c DO 225 J=2, JSTEP

212 22 P(1,J)1=FCIST1,J)~-XCISTFACTOR

1 Do 23D I1=1STLP1, ISTZ

2 230 P(I,JSTEP'=R(IST1,JSTERP)

3 FACTOR=1,S+VISC0S+#22/FHOR I Z##3

< DO Z35 J=JSTP1,NJM:

s TOIST=r(J: -T(JSTER)

8 D) 235 I=1S8T:, 1872

7 IF/DIVIREIF{(I,J)=F{IET1,JETEF) -FAITCR*Y

S IF{ MOT.2IVIGE) P([,J)=P(ISTi, STEP!+Fi

2:2 23T CCNTINUE

2Z9C-~--~-- CALCULATE SOURCZ-MOEMALISATION FACT

IF(DIVIDI)ENCPMM=CENSIT+GIN

IF{.NOT,JIVIDE}SNOFRMM=0ENZS{T*21

{F/DIVIDE!SNCEMU=SNOEMM+*VIN.

EF{.HO” DIVIDE) ZNOPMU=SNORPMM*V |
SNORMY=3NOEMU

'NITIHL JUTPUT

WRITE(S, 20045

IF{DIVIDEIWRITE! S, Z012)

IF(WNOT,DIVIDEIWRITE!S, 2322

WRITE! :.:“‘0‘“IN Qy, 22, 2RATIC.VIZZ0S, DENCIT, PE1IH, REL, PE2,

FVERT, PHIRIZ, BRATIC, ENT ZL.:&'T'.HORI:L

' 2500)

LU)Y CALL PRINTIZ,Z,NI,MJ, 17, 12,XU, 7, U, HES

L) CALL PEINTIZ, Iy NIyNJ, 17Ty 13040 0V, VY, “EDV)

]

DisT
CToR

¢(DIS

Py ZALL rﬁ! TIZ) 2o NINJ, L7 13, X, Y, By HESZP)

VR A ]

'O‘.ro' DIVIDING FLOW 2
BN S , COMZIMING FLCw /0

313



222 2335 FORMAT('Q’,S¥, 'FLOW FARAMETERS'//
245 1/5X, VERTICAL DUCT INLET FLOW PATE-----=----=', IPE13,3, " Me<Z/3

24 175X, "VESTIZAL DLCT 't:? FLOW E&TE------~---=", 138 MeeZ, S

242 1/SX, 'HORIZONTAL DUCT FLOW RATE---=c---=----z', {FE12 Mee2/S

242 L/SX, 'PATIO QIN/Q2- = mnomemmmmesaceeeam-coat) (FELZ,3

224 1/S%, "VISCOSITY ==--==mccemomcmncomccananncn = IPEIZ.3, © KG/M#E’

zag 1/5%) "DENSITY =mmn e mmemme meeesemese-em-ee--z IFELZ, 3,0 KG/M*#3’
248 1/S%, * INLET REYNOLDS NO.--==-===----c-=mnoooz’ 1PE1Z,2

247 /9%, "EXIT REYNOLDS NO, -===-=----c--cecemomo =", 1PE12,3

222 175X, "HORIZONTAL DUCT REYNGLDS NQ.----==~--- =", IPE12,3

249 1/5X, VEETICAL DUCT HYDRAULIC RADIUS-=---~--- =", IPEL12,3, " M

250 llu..’HCEIZONTAL DUCT HYDRAULIC RADIUS--~---=',1PE13,3," M- .

z< €X, 'RATIO, VEET. TO HOR. DUCT RADII---=---- =", 1PEL2,3

2=z I/SX.'VEETICAL DUCT INLET LENGTH-----=-= ~---=", IPE1Z,3, " M’

253 1/SX, "VERTICAL DUCT EXIT LENGTH=-=------=- ----=",1PE{Z.3, " M°

25+ 1/5X, "HORIZONTAL DUCT LENGTH-==----====asco- =, {PE12.3, " M°)

3 3 8 3 3 3 2 ITERPATION LCCP 3 3 3 3. 3 2 2 3

WRITE(S,210) IMON, “MON
NITER=NITEF+1

UFDATE MAIN DEPEMDENT YARIAELE
IF{INCALU) CALL CALCU
IF(INCALY) CALL CALCY
IF{INCALR) CnL CALCP

w

£Z0FU-RESGRU, SNOFMU
PEZORY=2ESORY/ ENCRMY
REZORM=RESORM/ SNOFYM

g3 WRITE(4,310) IMON, JMON

g3 WRITE{6,3!1) NITER, RESORU, RESCRY, RESORM, U(IMCN, JMONS,
T 1 V(IMON, JMON), P{ IMON, JMON)

71 WRITE(4,311) NITER,RESORU, RESORV, RESORM, UL IMON, JMON),
Ir2 i V{IMON, JMON), P{IMCN, JMON)

73 IFIMOD(NITER, INDFRI).NE.,J) GO TO 20t

2rs IF(INCALU) CALL PRIMT(2, 2/ NI, NJy 17, 13, XU, Y U HETU)
s IFCINCALY) CALL PRINTIZ, 2, NI, NJ, 17, 132, X, TV, V, HEDY)

IFCINCALP) CALL FRINT(Z, 2 NI NJy 17, 13,% 7, P, HEDP)
WRITE(S,310) IMON,JMCN

301 CONTINUE

----- TIEMINATION TESTS

SORCE=4MAX! (RESORY, FESORY, PEZOFM}

IF(NITER.EQ MAXIT)Y GO T2 202

IFINITER, 22,20, AND. SORCE . GT, 1, 0E4%E0RMAX) 20 TOQ 202
[FISTFCE.GT.SI3FMAX) GD TO zC0

202 CONTINUVE

ARTER 4 4 & 4 4 FINAL OFSEATIONS AND OUTPUT < 4 4 4 4

SCaL)y CALL PRIMTIZ, 2/MNIL NG 17, 13, XU, 1, U, HEDU?
iICAaLVY CTALL PRI rT»bi—)l\ll)!\g].:-y 2, X0y VL HEDYD
5CALF‘ TALL BRINT(Z, Z, NI N IT 1S X, T, Py HEZP)
ALL YAFIABLE AFRA{S TO TAFEZZ FIR LATER LZE
UTE AYERAGE JUNCTEQN INLET PEESSUPE

=PRZF

J=Z .JETEP
BEREVARE AN SIS
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z&s FAVI=PAVL/FLOATIJETM!)

Z00C----- ’CH‘”T_ AVEFAGE JUNCTION SFANCK PREZSUFE
0! =NJML

=22 PAV”-O.

230z DO 4:0 I=18T!, 1872

304 410 PAVZ=PAV2+P(I, )

20°< ITEMP=IST2-1ST1+1

306 PAVZ=PAV2/FLOAT(ITEMP)

307 0~-=~--- COMPUTE TURMING AMD STRAIGHT PRESSURE DRCPS JUE TO FRICTICM ALGNE
208 ENTRLP=ENTRYL-X(2)

33 EXTLR=SXITL-(XU(NI)-X(NIM1))

HORZLP=HORIZL - (YV(NJ) -T{NJML1))
DELTPS=(1.5#VISZ0S/RVERT##32) * (QIN*ENTRLP+Q1 #EXTLP)
PSDIFF=(PAVIN-PAV1)-DELTPS

Cawmve- COMFUTE TURMING AND STRAIGHT PREZSSURE DFOPS
IF(.NOT,DIVIDE) GO TO 41S
DLTPOT=1.5+VISCOS* (QIN*ENTRLP/RVERT ¢*#3+C2*HIRILP /RHORIZ##3)
PDTCFF=(PAVIN-FAYZ) -DLTPDT
FACTOR=2., #PVERT##2/(VIZSCIS#QIN)
FXDT=FDTDFF+FaCTOF
FK25=PSDIFF¢FACTOR

3 hed (10 00 (Y 613 00 0 () G0 QY 1) G

P BY i = 1t 06 e g b8 e b4 T

—~ DWW T S W RY e O

GG TO 420
415 DLTPCT=!,S+ VIECDc*‘D:*HOP"LP/FhGF Z**#234+Q1«EXTLF/RVERPT#+32
322 PCTDFF=(PAVI-PAVL ) -DLTPCT
323 FACTDR=8.4RVEET**2/(VXSCOS*Q2)
224 FKCT=PCTDFT*+FACTOR
fchek-] FXCS=PSTIFF«FACTOR
-l a R WRITE CUT THE APFARZINT FRIZTION CONSTANTE
27 420 IF(DIVIDE)WRITE(6,<000)F¥DT, FXDS
a2 IF(.NOT.DIVIDEIWRITE(S, 400S)FKCT, FKCS
3z9 CALL DUMP
5349 STCP
321C-----FORMAT STATEMENTS .
2322 2000 FCEMAT(°0°,SX, 'FRICTION CCNSTANTS FOR DIVIDING FLOW: '/
333 1/SX, "KDT=", {FE!2.3
334 1/5%, 'KDS=", IPE12, 3)
3T 4005 FIEMAT( 0, 5%, 'FRIZTION CONSTANTS FOR COMBINING FLlW: "/
175X, "KCT=", IPE12, =
1/5X, "KC3=" .lFEl'.’.‘E-) .
313 FOCPMATO O3, "ITER Ty TI----- AZEQLUTE FEZIDUAL CSCUPTE M7,
{|"3e-"=-- I I'FIELD VALUES AT MCONITORING LCCATICN, 1X,
120, 12, 7y " IZ 7Yy =17 72X, "NG, 7, X, "UMOM’, 6K, "VMQ47, 82X,
S ITMASE T, , 12X, UG SEX, TV 3K CF T, 5K
311 FOPMAT:!tH , 13, 23X, (P3EL2,3.5%, IF2E10.2)
END

315



SUBROUTINE MODU

1 SUEROUTINE MODU
2 CCMMON
c 1/UVEL/EESORU, NSEWPY, URFU, DXEPULLT ), DXPWUILF), SEWU(LT)
B 1/VVEL/SEEORV, NEWPY, LRFY, DYNEY {13}, DYPSVI13), ENEV12)
S 1 /PCOR/REZORM, NSWPF, URF2, DU(L7, 12),DVIL7, 13, IFEEF, JPREF
E L/VAR/UCIT, 13), VL7, 13),P(L7, 13),PP0L7, 13
v 1/ALL/MNT, NJ,NIML, NdML, GREAT
g L/GECM/X(L7 ), r{1T),DXEP (7Y, DXPW{ L7}, DYNF(L13), DYPSL 1),
K 1 SNS{13},SEWILF), XUCLT), TV{13)
10 1 /FLUPR/V1SC0S, JENSIT
H 1/COEF/APULIT, 13),AN(L7, 13),A3(17,13),AE(L7, 13),AW(17, 13),8U{17, t3),
12 1 SP(17,13)
13 1/JUN/15T1, 1ST2, JSTER, ISTIML, IST2ML, ISTIMZ, ISTZPL, NIM2,
14 1JSTP1, NJMZ, IET2P2, JSTP2, JETML, IETIPL
15C-=---- SET U-VELOCITIES IN SOLID AREAS TO ZERQ
18 DO 200 1=3,1STI!
17 DO 200 J=JSTP!, NdM}
1e SU(I,J)=0,
: 200 SP(I,J)=-GREAT
Z2 00 20T I=ISTZP!,NIM!
21 DO 205 J=JSTF!1, NJMI
22 SV, d:=0,
2% 205 SP(1,J)=-CGREAT
ZaC-=--- MO SLIP WALL BOUNDARY CONDITIGHE ON U
et} J=JETER
Zs YODELT=7V(JETPL) ~T{d)
a7 Do 219 I=3, ISTiM!
23 AN{T,J)=0,
28 210 SP(1,J4)=8P(I,J)-VISCOS+SEWU(]) /YDELT
20C-=e~- ALLOW FOR CCRNERS
3t 1=13T1
32 AN(I,J)=.S*AN(I,Jd)
=3 SP(1,J)=CSP(1l,J)-V1ISCOS+.S*#SEWU(])/TYDELT
24 I1=13T2PF1
X ANCI,J)=.SANIT, )
= SP(1,J)=85(1,J)-VIZL0S+, S*¥SEWUI1) /YTELT
a7 DO 215 [=ISTIP2,NIML .
28 AN(I, d)=0.
29 21S 2R(1,J)=SP(I,J)-VISTOS+SEWU(1) /YDELT
40C-=---- ECTTOM WALL
41 J=2
42 YDELT=Y(J)-TV(J)
43 DO 220 I=3,NIML
4 AS(1,J1=0.
485 220 SP(I,J)=SP(I,J)-VISIOS#SEWU(1)/YDELT
48 RETUEN
47 END
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SUBROUTINE MODV

SUZFQUTINE MODV

2 COMMON

3 1 /UVEL/RESSRU, NEWPY, URFU, DXEPU( 17, DXPWU 17 ), SEWU(IT) .
B4 1 /VVEL/RESCRV, NEWPY, LRFV, DYNFV(1{3), DYPSV(12), SNV (1)
S 1 /FCOR/RESCGEM, NEWPF, URFP, DU( 17, 13), DVL1IT7, 13}, IPREF, JPREF
6 1/VAR/U(17,13),V(17,13),P(17,13),PP(17, 13)

7 1/ALL/NI, NJ, NIM1, NJM1, GREAT

e 1/GEOM/X(17),Y(13), DXEP(17), DXPW{17), DYNP(13),DYPS(13),
9 H ENS(13),SEWILIF), XUCLIT), YV(L13)

10 1/FLUPR/VISCOS, DENSIT

HB 1/COEF/AP(47, 13),AN(L7, 12),AS(17, 13),AE(L17,13), AW L7, 13),8U(1L7, 13),
12 1 SP{(17,13)

13 1/JUN/ISTL, 1ST2, JSTEP, ISTIML, IST2ML, ISTIMZ, ISTZPL, NIM2,
1< tJSTF1, NJM2, ISTZP2, JSTPZ, JSTML, ISTIP!L

15C---~- SET VY-YELOZITIEZ IN SOLID AREAS TO ZEPRO

16 DG 20¢ 1=2, ISTiM1

17 DO 300 J=JSTP1,NJM1

12 SU(I,Jd)=0,

12 300 SP!I,J)=-CREAT

2¢ DO 305 I=IST2P!,NIM!

21 DO 30€ J=JSTPI1,NJML

22 SUlI,Ji=0. '

23 305 SP(1,J)=-GREAT _

24C----- NO SLIP BCUNDARY CONDITIONS ON V

z2< I=15T1!

25C----- ALLOW FOR CORNERS

a7 XCELT=X(I)-XUCI)

28 J=JSTP1

29 AWCI,J)=.S+AW(I, J)

20 SP(1,J)=SP(1,J)-VIECOS+,.5#SNSV(J) /XDELT

2 DO 310 J=JSTPZ, NJMi

32 AW(I,J)=0.

33 3210 SP(I1,J)=SP(1,J)-VISCOS*ENSV(J)/XDELT

24 1=157T2

=5 XDELT=XU{IST2PL)-X(I)

=6 J=JSTP1

37 AE(I,J)=.S+#AZ(1,J)

clc) SP(1,J)=SP!1,J)-VIECCS*#.,S+SNSV(J) /7 XDEL

53 DO 2iT J=JETP2.NJMI

<40 AE(I.J}=0.

41 315 SP(I,J)=8P(I,J)-VISIOS*ENSV(J}/XDELT

ez FETURN ’

END

d-
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SUBROUTINE MODP

HAPTER 4 &4 4 4 4 4 PREZISURE CORBECTION 4 4 4 4 4 4 4 4

P24

J
Grom

SUZRCUTINE MCDP

COMMGN

1 7UVEL/PES2RY, NEWPY, JRFU, DXEPU( 17 ), DXFWUCLIF Y, SEW (L
{/YVEL/REZQORYV, NEWPY, UFFV, DINPV (12}, DYSSV(13), ENSY(L
! /PCCR/RESCEM, NSWPF, URFF, DUCL7, 12),0V(17, 130, IPREF,
1/VAR/U(L7, 13), V{17, 133,P(17, 13),FPLLF, L3)

el el LR C I I WY N VT

2 1/ALL/NT, NJ, NIML, NJML, GREAT
1 1/CGEOGM/X(L17), Y (13), SXEP(LI7), DXPW(LIF), DYNP(13), 0YPE(12),
2 1 SNS{12),S8W L7, XUCLF), YV13) ;
3 1/FLUPR/VISCOS, DENSIT
-+ 1/CCEF/APULT, 13), ANCLT, 13),A5(L7, 130, AE(17, 120, AW LT, 133, 8817, 13),
F H SP(I7, 13) -
3 L/JUN/TISTL, 18T2, JBTEP, ISTIML, ISTIML, ISTIMS, ISTZPL, NINME,
47 YJETPL,NJMZ, ISTZF2,J5TPZ, JETML, ISTIP!
16C-~-~---5ET PRESSURE CORFECTIONS IN SOLID AREAS TO 0O )
13 20 400 1=2,18TiM1
29 DO 400 J=JET21,NJIML
Zt SUlI,J1=0.
22 400 SP(I,J)=-CPEAT
23 DO 403 1=ISTZP!,NIM!
z4 L0 405 J=JSTP!,NJM1
2= SU(I,J1=0.
26 40% SP(I1,J)=-GREAT
2F RETUEN
28 END

Input File DATIN.DAT

TIE-T, 4, 00540, 1 TOE-0
WO, e, 12,17, 03, T
LIBL L, L, 2 2., 5.0, 5.0, 2.5, 2.0, 100,10, 1,25, 2,5, 2,2

1,25, 0.0, 1.0,5.0,2.5,2.5,3.0, 10,0

ooty 10,
ALT, 0,8, 1,000, 0,010

SAL Fal

OQutput File RESULT.DAT follows on next pages.
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5 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 PROCRAM MAIN
2C SUBROUTINE CONTRO
ac
4CHAPTER 0 0 O O 0 0 O O PRELIMINARIES 9 0 O O 0 0 0 O
sC
5 DIMENSION HEDU(6), HEDV(E}1, REDP(E , HZDT(§)
b DIMENSIOM XFRAC(15), YFRAC(1S)
3 FEAL HODFOP
El LCGICAL INCALU, INCALY
| LOCICAL RESTRT
11 CCMMON
i2 1 /UVEL/REZOFU, NSWPU, URFL), DXS2U (15}, DXPWU{1S), SEWUI(1S)
1z 1 /VVEL/RESQEV, NSWPY, URFV, DYNFYV(1S), DTPSV(1S), SNSV(LS)
14 1 /PCOF/RESORM, NSWFP, USFP, DU(15, 1), DY (15, 151, [FREF, JPREF
1z 1/VAR/U(1S,18),Y(15,15),P(15,15),PP(15,1%)
H 1/ALL/NT, NJ, NIML, NJML, GREAT
17 1/7GECM/XCLS), 7118, DXER(1S), DXPW(L1S), DYNP(1S), DYPSI(1S),
(Y- 1 SNS(1S),ZEW(13),XUC1S),YVIL1T)
i3 1/FLUFR/VISCOS, DENSIT
z0 1/JUN/ISTEP, JSTZP, ISTPML, [STPMZ, NIMZ,
2t 1 JETPL1, NJMZ, JSTP2,J3TML, ISTPP!L
22 CALL OPIM(E&, "RESULT DAT’,2)
zz CALL TPEN{E, "CCRMDAT DAT ,2
Za CALL COPEN(Z, * INTERMEDDAT , )
z< GREAT=1,0E30
26 Pl=4, +ATAN(1,)
7 NITER=)
28 PEAD(S,011) VISCCS, DENSIT, 2IN, ENTFAC
2g WRITE!<,02%) VISCOZ,DENSIT,QIN, ENTFAC

BEAD(2,Q0:2) FVERT,RPATIO, ISTED, NI\ NJ,JSTEP
T=ZF

WRIT=Z {4, G28) RYEET,RRATIO, ISTEF, NI, NJ,JE
NIMi=NI-1
NGML=NJ-1

READ(S, 022) (XF=ACI{I), I=!,NIM1)
WRITZ (2, §27) (XFRAZ(1), 1=1{,NIML)
FEAD(8,024) (YFRAC(J),J=1,NJM1)

WRITZ(<, 027 (TFRACIJ), =1, NdM1)}

READ!S, 013) NEWPU, MSWPY, NEWPP, MAXIT, INDPFI
WERITE(3, $22) NEWPWU, NSWFV, NSWPF, MAXIT, INDPR?
REa&3(8,014) UFFU, URFY, URFP, SOFEMAX
WRITE(4,Q2S: UFFVU,URFY,URFP, SOEMAX

S b 00 ) 0) Y GF ) 1 W
NN N - RN Tl IO TR A A

4 READ(8,015) REZTRT
< WRITE(4,233) RESTRT
42 FE2D{3,C10) HEIU,HELV,HEDP

WRITE{4,02!) HEDU, REDV,HZDE

C----- WEITE QUT SCLUTION CONTROL PARAMETERES
WRITEIG,Z3C0)
WRITE(S, 017 NSWPU, NSWPY, NEWEP, MAXIT,
LURFY, URFY, UPFP, SORMAX

FT) WRITE(G,012)

PEETET) WRITE(S, 219

N
RY N ID (WU |

%

[LEXNTRE NV RCEYNC Y I SN

= 5, 22%0)
z {2,020 ZNTFAC, ISTER, JETE?
< 2,021
B 8,0ZZ) (XFRACUI), T=1,MNINML)
2 2, IZ)
- y Q22 LTFRACILY, d=1, NAML)

013 FIEMATIEAZ)
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2} = ) e fagoea ) 0= 1)
[N AU N VR U RN

O OO OO D00

=

2 21T FOEMATILS)

€3  0%0 FORMAT(IX, LS)

70 Q017 FCZRMAT(°0°,SX, "SOLUTION CONTRCL FARAMETERE "/

7 175Xy "NEWPU-<-=-=-cce-m- =, 13

72 1/2X, "NEWPY-=--------3",13

7z 175Xy 'NEWPP=coecoeon- =", 13

T4 /TX, MAXIT-=ce-ee--=-=7,14

3 1754 "URFU---=----~-~ =", F9.2

i 175X, "URFV=--cccocsen- =',F9.2

77 1/ZX) "URFP==~cccncan- =",FZ.2

re 175X, "SCFMAX~=----=--=",F5., 3)

TS Q18 FORMAT{ 37, "INITIAL FIzLD3 HAVE BEZN READ IN FROM UNIT §°)
20 G132 FIAMATO O, "IMITIAL FIELDS HAVE BREEN SET IN MAIN PEQCRAMT)
21 0Z5 FCRMAT( 0, TRICAL PARAMETERS /

22 179X, "ENTFAC-=~==-==-==",FT,2

a3z 173Xy "I1ETES===---=cc=-3 , I3

=T 179X, "JETEP--~=-=------=",[2)

€2 0CZ1 FIPMATI!C’, "XFRAC{1)=")

5 (ZE2 FOPMATILIOX,SFr.2)

FOFMAT(" 0", "YFRAC(J)
FORMATI{LIFTF7.2)
FORMAT(1X, 1GF7 . 3)

)

ER ¢ t ¢t 1 t PARAMETZPS AND CONTEOL INDICES ! ! 1

G2=2IN

PEIM=2IN#2, «DENESIT/VIZCOS

222, «DENSIT/VISZOE

COMPUTE DUCT LENGTHS EBASED ON HYDRODTNAMIC ENTEY LENGTH
FHOFIZ=RVERT/PRATIO

ENTRYL=4, #FYZRT*ENTFAC*(, 3125+, D01 #5EIM)
HCRIZL=2, «RHORIZ*#ENTFAC*(, 3125+, 31 1 #REZ)
----- COMPUTE ALL INDICES

NIMZ=NI-Z

MJIMZ=NJ -2

ISTPMI=IZTEF-I

ISTPMZ=I1STEF-2

LETAPE=ISTER- !

ammy -
JSTrRi=d

DX IN HCRIZONT~

r
m
i
I
pead
(8]
X
1]
in
)
-

.}
2

A

{

0o 124G STER, NIM2
XEUM=XEM+XFFACT T .
XSUM=ESUML XFRACINIML) /2,

DXZM2=2., +RHCFE IZ/XEUM

----- COMPUTE ZMALLEST DX IN VERTICAL DUCT ENTRANCE ZEZICN
(SUMsYFRAZ(L /2,

o0 (¢S I=2,1S7TFMZ

XEUM=XEUMLIFRRC T

]
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113 DXEML=/ZNTETL -, S«XFRA0(ISTPML; 4DXSMZ) /1 XEUM
130C---=-~ COMPUTE SMALLZST DY IN VERTICAL DUCT RESION
2l (M= 072,

22 22 1:3 . J3TM1

122 113 7SUMSYZUM+YFRAC(J)

122 TEUM=TEUM+YFRAC(JSTEF) /2,

12% YSM1=2, #RPVIRT/TEUM

1Z28C--~~~ CCOMPUTE SMALLEST DY IN HORIZONTAL ERANCH REGICN
157 YSUM=0.

123 DO 120 J=JSTPI,NJMZ

{23 120 TSUM=YEUM+TFRAC(J)

120 YSUM=YSUM+YFRAC (NJM1) /2,
13! DYSM2={HORIZL-.S#YFRAC(JSTZP) #DYSM1) /YSUM

{220 ~-=-- ST UP X-ARRAY

L33 L(L)=-XFRAC(1)+DXEM1/2,

134 DO 12T 1=2, ISTPM]

123 ZS L{I1=X{1-1+XFRACI{I-1}*DXSM
12€ 20 137 I=ISTEF,NI

127 120 L{I)=X{I-1)+XFRAC(I~1)#DX3M2
128C---~-~ SET UFP Y-ARRAY

123 T{1)=-YFRAC{1)#D7TSM1/2,

=g Dd 129 J=2,JSTF!

L4 130 THJ)=YIJ-1i+TFRACII-1)*I7EM
122 20 148 J=JSTP2,MNJ

14Z 148 (1) =T{J-1+YFRAC(J- 1) #57SM2
18dCeemen DEFENDENT VARIAELZ SELEITION
123 INCALU=, TRUE.

L INCALY=, TRUE.

is7 INCALP=, TRUE.
1480-----20UNCARY VALUES

{45C PREZSURT CALCULATION

=

i3

1 8=3 JPREF=Z

1S20-==-- PBOGRAM CONTROL AND MOMITOR
i3 IMCN=ISTEP

i JMCM=J5TEP

12 NUMFRI=1

1S7°

1S8CHAPTER 2 2 2 2 2 2 IMITIAL OPERATIONS 2 2 2 2 2 2 2 Z 2

PO )

2-----CALCULATE CEOMETRICAL CUANTITIES AND ESZT VARIABLES TO ZERO
CALL INIT

[4

I FIZLDS .
----- FEAD IMN INITIAL FIELIE IF AVAILABLE FRGM FREVIOUS RUN
o NMIN=QLN/(PYERT42Z.)
[F{WNCT.REETAT! GT TO 1S3
CALL REST

G TO Z2=T

=RV VI NV TIN5 (L: |.4 =GN U b M= O Wi
Ot

b de r e be e b b e b e e
SN QY e O T O O MO

Ceemem- ASSUME SAFABOLIC INLET aND SUTLET PEOFILES
Z ASSUME PARAZOLIC INITIAL DIZTRIZUTIONS
. 20 200 =2, IETE?
P D) 290 J4=3,.S8TEZ?
IT2 220 Gil.d) =3 xVINS OO /RVERT- .S (TIJY /RVERT) #22)
173 V2=22/(FHOR1Z+2.)
e D0 219 I=ISTEPR,MNIM1
ja=i AP=X11)-XULISETE?R)
iTE o2 Tt0 J=J8TRLLNJ
17T Z:0 MU, Q=3 aVE T {P/RNCRIZ- VS (XP/RHORIZ) ## 3}

UTISNS FOR FULLY DEVELCPED FLCOW
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17e D0 21S J=2,JETEP

122 Z:iS PYZ,J)=FREF

181! FACTOS=1,S+VIECCS*QIN/RVERT*#3

18z DI ZZ9 I=3, ISTE?

123 ADIST=ULD)-X(2)

124 D2 Z2Q J=2, J=TEP

185 220 P(I,J)=PSEF-XDIST+FACTOR

185 DO 230 I=IETPP1 NIML

{e7 DO 2390 J=2,JSTEP

{eeg 220 P(T.J)=F(ISTE?;JSTE?)

1s2 FACTOR=1,5#VISCOS#RQZ/RHORIZ*#+3

199 DO Z3T J=JETP!,NJM1

1e1 YDIST=7{Ji-Y(JSTEP)

18z DO 23S I1=ISTEF,NIMI1

183 P(1,J)=P(ISTEP, JETEP)-FACTOR*YDIET

124 23T CONTINUE

195C----- CALCULATE SOURCE-NORMALISATION FACTORS

15 SNCRMM=DENEIT#QIN -~

137 SHORMU=ENORMM=VIN

1e8 ENORMY=SNOPMU

128C~---- INITIAL QUTFUT

296 WRITZ (&5, 2000)

201t WEITE(5,29192)

202 WRITE{g, 202C)1QIN, @2, VISCOT, DENCIT, REIN, FEC,

203 iRVERT, fHCRIZ, ERATIO, ENTRYL, HORIZL

204 WRITEZ(6, 2000}

20¢ IF{INCALU) CALL PEINT(ZpZ.NI,NJ' <,1S, XU, Y, U, KEJU)
Z08 IFC(IMCALY) CALL PFRINTI(Z, 2,NI,NJ, 1S, 1S, %, YV, V, HEDV)
207 IFUINCALP) CALL PPINT(-,-;VI NJ, Ig,.u;irl'P HEDP)

208 2000 FORMAT(///°Q°, 1200 %°)///7)
202 2010 FCORMAT(® ’,SX.‘JUNCTION PREZZSURE DROP, CORNER FLOW® /)
210 ZC30 FORMAT(°9’,5X, "FLCW PARAMETERS'//

211 1/5X, ‘VEPTICAL DUCT INLET FLOW RATE---------=",iPE12.3, "
z12 " 1/5X, "HORIZONTAL DUCT FLOW RATE--=--==----=- =", IPE12, 2, ’
213 1/5X, "VISCOSITY ========m=-=c=c=cceocmoeaoaaaoz’ {PEIZ, 3,
214 1/5X, ‘GENSITY==-=---===--=--eccc-e-------uo-=" |PELZ,
215 1/5X, * INLET REYNOLDS NO,-=-====-=~-=-==l=-=-=', {FE(Z,
3is 1/SX, "HORIZONTAL DUCT REYNOLDE NO,----=------ =", IFE1Z, 3
217 1/5X, "VERTICAL DUCT HYDRAULIC RADIUS----=--- =", 1FELZ,:
21¢ 1/5%, ‘HORIZONTAL DUCT HYDRAULIC RADIUS ", IFEL2.3,
21 1/5X, "RATI0, VERT, TD HOR., DUCT BADII---=---- =, {PEL{Z.3
220 175X, *VERTICAL DUCT INLET LENGTH-=-----------=,1PEIZ,32,
221 1/5X, "HORIZONTAL DUCT LENGTH=--===--====c=-- =", 1P€:2,3, "
felcicle,
2J2FCHAPTER 2 3 3 3 3 3 3 ITERATICN LOOP 23 3 3 3 3.3
234C .
223 WRITZ (&, 319) IMGH, JMON

z NITER=NITEP+1

UFDATE MAIN DEPENDENT VAREIABLES
IF¢INCALYS) CALL CALCU
IF{INCALV) CALL CALIY
IF{INCALP)Y CALL CALCP
INTEZEMESIATE oUTPUT
RESORU=EZSCRU/ENORMU

233 RESGRY SOFYV /ENTRMV

2za RESORM=EZIZCRM. SNOFMM

2z< WRITE:{<,310! IMCN, - MCN

228 WRITE(6,311) NITEF. REIORU, RESCRY, FEZIORM, UCIMON, JMEN)
ZE7 { Y{IMON, JMOAN S, 2 IMCN, JMON)

232 WRITE{3, 241 NITER, REZORU, RESCRY, RESOFM, U IMON, SMCN),
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2=3 1 V(IMCN, JMON), P{ IMCN, JMIN)
229 IF(MCD(NITER, INDFFIILNEWQ) GO TO 301
=21 IFCINCALW) CALL FRIMNTIZ, 2, NI, NS, 1S, 1S, 3,1, U, KZDU)
242 [FLINCALYVY CALL PRINTI(Z, 2, NI NJ, 1S, 15 X, 7V, V, HEDV)
242 IFCINCALPY CALL PRINT(2,Z3,NI,Nd, (S, 1S X, 1 F, AZZP)
244 WRITE(5,310) IMON,JMCN
S42 20! CONTINUE
2a5C=~=~=-- TERMINATION TESTS
247 SORCE=AMAX! (REZORU, RESORY, RESORM)
248 IF(NITER,EQ.MAXIT) GO TO 302
243 IF(NITER.E2,20.AND,SORCE.GT. 1, 0E4*#SORMAX) GO TO 302
230 IF(SQRCE.CT,SCRMAX) GO TO 300 -
251 302 CONTIMUE
252C
ZSSCHAPTER 4 4 4 4 4 4 FIMNAL QPERATIONS AND QUTFUT 4 4 4
28ag
2zT IF{INCALU) CALL PPINT(Z,2,NI,NJ, 1S, 12, XU, T, U, HETL)
255 IFCINCALY) CALL FFINT(Z,2,NI,NJ, 15,135, %, 1V, VY, HEDV)
ZS7 IFCINCALS)Y CALL PRINT(Z,Z,MI,NJ, 15,15, X, 7, P, HETIP)
2CEC-~--- COMPUTE AYERAGE CCRNER INLET PREZZURE

IS3 EMNTRYP=ZNTRIL-X(2)
289 "HORIZP=HORIZL-(YVINIY-TINIMI))
354 EMDECOP=(1,S+«VYISCOS/RVERT*+ 2 «QIMN#ENTREYP
262 HODROF={1,S#VISCOS/FHORIZ++3) *Q2*#HCRIZP
pet=tc PAVIN=0. :

= I=2

DO 4G0 J=2,JSTER
400 PAVIN=PAYIN+P(I,
3 PAVIN=FAVIN/FLOAT(JSSTML)

2582-----COMPUTE AVERAGE CCENZR EPANCH PRESEURE

J)

[NERERRN]
N BT
N IYTEN

253 J=rdML

273 PAVZ=D,

a7 DO <10 I=ISTER,NIM!

ATZ 410 PAVI=FAV2:P(I1,J)

273 ITEMP=MIML - ISTEP+1

Zra PAYZ=PAVZ/FLOAT(ITEMR)

Z7S PDIFF=FaVIN-2PAVZ- (ENDPCF+HCDFOP)
Z7E FKC=8,+PDIFF+RVERT ##2/(VISICE+QIN}

7o WRITE OUT THE APPS&RENT FRICTICGN CCONSTANT

) WRITE(E,4C00)F¥C

DUME ALL VARIAELE ARRATYS TO TAPEZD FCR LATER USE -

CALL DumMpP

STOF

----- FOPMAT STATEMEN

4G22 FORMAT(79”
. 175X, 'KC=",

ON CCMNSTANT FOR CORNE? FLOW:*/

310 FORMAT('D fimme-- AESCLUTE RESIDUAL SOURCZ UM,
3 YALUES AT MONITCRIMG LCCATICINS, LY,
C/2KTNQL Ty BX, TUMOMT L SX CWMCM Y, B X
=X y 3K, TP, 2%/
BRI » I 10,3,SX, IFZELS. )
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SUBROUTINE MODUY

SURFRCUTINE MODU

COMMON
L/UVELY/BESDEU, NEWRY, URFU, DXEZPU{IS), DXPWUILS), S
1/YVEL/SZE0RY, NEWPY, URFY, DTMNFY (LS, DTPEVILIE), S
1 /PCOR/REZ0OEM, NSWEP, UBFP, JUCLS, 15), DV (1S, 15,1
1/VAR/UT1S,12), V1S, LS),P(LS, 1S),FP(L1S, 13)
1/ALL/NI, NJ» NIM1, NJML, GREAT
1/GEDM/X(15),(1S), DXEF(1S), DXPW(1S),DYNP(15), DYPE(1D),

S O I L LN E TR S

! ENE(1S), SEW(LIS), XU(L1D), TVILE)
Q 1 /FLUPR/VIECOS, DENSIT °
i 1/CO0EF/AP11S,15),AN(1S, 15),AS(1S, 15),AE(LS, 1S),AW(15,12),5U(15, 1S,
2 1 SP(15, 1)
3 1 /JUN/ISTER, JSTEP, [STPML, ISTEMZ, NIM2Z,
4 1JSTP:,NJIM2, JETPZ2, JETML, ISTFPIL
SC--=-- SET U-MELOCITIEE IN SOLID AREASE TO ZERD
=] DO 200 =3, ISTE=P
: DO 290 J=JSTP!,NJML
£ Sudl,Jd1=¢,
3 200 SP(1,J)=-GREAT
20C----- NQ SLIP WALL ZCUNDARY CONDITIONS ON U
21 J=JETEP
oy YDELT=TV(JISTRLi-7(J)
22 00 219 I=3,ISTFM1
24 AN(1,J)=0.
23 213 SP(I,Jd)=35P(1,J)-VISCOS*SEWU(1) /YDELT
2EC----- ALLOW FOR CORNERS
a7 I=iSTE?P
28 ANCI,J)=,S#AN(I, J)
z2 SP(I,J)=SP(I,J)-VISCOS*,S#SEWU(I) /YDELT
232C----- BOTTOM WALL
31 J=2
22 TYRELT=Y(J) -1V (1J)
3! DO 220 {=3,NIM1
Za AS(I1,J)=9,
3T Z292 SP{l,J)=3P(1.J)-VISCIOS*SEWUCT) /TDELT
8 RETURN
ks END
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SUBROUTINE MODVY

! SUEFCUTINE MODV

2 CCIMMON

E 1 /UVEL/RESCRU, NEWPL, URFLY, SXEPU(1S) . JXFW(LS), S
L 1/VVEL/REICEV, NSWPY, URFY, DYNPY 1S5, DYPEYVI12), &
= 1 /PCOR/RESOREM, NSWFEE, URFP, DU(LS, 18), DVILIS, 1S

] L/VARJUNLE, 1S, VILS, 153, 2015, 13), PRILS, LS)

7 1/7ALL/NT, NJWNTML, NOML, GREAT .
g L/GEIM/XU1S), Y1), DXEP(1S), DXPW{13), DYNP(13), DYPS(1E),
9 i SHNE(1S), ZEW(1S), XU(13), TV(LIS)

19 1/FLUPR/YISCZOS, CENSIT

11 1/COEF/AP113, 15),AN{LZ, 1S),AS(1S,13),AE(LS, 1T),AW(1S, 15),5U(LS, 1S),
1z 1 SP(1S, 15) '
i3 1/JUN/ISTER, JETER, ISTEML, [STPMZ, NIM2, |

14 1JETPL, NJM2, JSTPZ, JETML, ISTPP1

1SC~==-- SET Y-VELOCITIES IN SOLID AREAS TO IZZ=0

12 DO 200 =3, ISTPM!

17 DO 300 JS=JSTF!,NJIM!L

18 SuUil,Jr=0.

12 200 SP(I,J)=-CREAT

2CC--=--- NO SLIP SQUNDARY CCNDITIONS ON V

21 I=[STE?

222-===- ALLOW FCOR CORNERS

22 XDELT=X{I)-XU{I)

24 J=JETP1

a3 AW(TL,Jd)=.52AW(I, J)

25 EP(1,J}=CF(1,J)-VIECOS#*,S*ENSV(J)/XDELT

27 DO 310 J=JETF2, NJM1

23 AW(I,J)=0.

29 310 SP(I,J)=EP(I,J)-VISCIOS*SNSV(J)/XDELT

20 I=NIM1

31 XDELT=XU(NI)-X(1)

22 DO 318 J=3, NJM1

23 AE!1,J)=0,

33 31T SF(1,J)=SP(I,J)-VISCOS#ENSV(J) /XDELT

33 PETURN

6 END

33E



SUBROUTINE MODP

“r
~
SCHASTER 4 < 4 4 4 2 PTUESCURES COFFECTION 4 4 4 4 4 2 o4 4
=C

LAALL/NT NI NIML, MM, GREAT

1/GESM/XOLSS, Y » DXEP(15), DXPWLE), DYNP(LIS), DYFSILS),

: SNE(L1E) ¢ 1S XU, TVULS)

FFLE -PEIHV.IECC‘Ep CENSIT

FCCEF/APIIS, 1S, AN(LS. 12),88(1S.,159),R2{11S, 1), AW(1S, 15}, 8U0LE, L

SUN/ISTZP, JSTED, ISTAMI, IE
STFL,NIMZ, JSTPZ, JETML, IET
I

FPEZZURE CCFRECTIONS

1
i
H EP1135,19)
1
1

VIR B L) 1 = vs be e o= b re e e 0= WD (0 TN LN L

S B SN0 IR R D

SUBROUTINE OUMP

SUEPSUTINE DUMP

COMMTN ’
1/7ALL/NI NI NIML, NIME, GREAT

L/VAR/UCLIS, 123, 2(1S, 1S), PLLS, 15),PPILE, 1)
1T=1S

JT=:S

REWIND 2
WRITE(Z2,120) 1
WRITE{5,200)

Ty JTy NI, NJ
(UtI,Jd), =1, NI, 2=1,NJ)
(

{

)

EE I I SN T YD I TG B RN S W

) WEITE(2,220) (iviI,d),I=1,NI},J=i,N
1 WRITE(S, Z2CG) ({(P{I,d),I=1,NI},d={,Nd)
2 100 FORMAT(!X,413 ’

2 200 FREMATIIX,ZEiS,3)

&4 FETUEN

< END

SUBROUTINE REST

! SUEFQUTINE REST

3 COMMON

3 1/ALL/NIGNJ, MIML, NJML, GREAT

4 1/VAR/ULLIS, 13), VLS, 1S5, P (1S, 19),FRILS, 15}
S FEAD(3, 100) IMAX, JMAX, ILAST, JLAZT

2 BEAD’S, 20C) ((U(I,d),I=1,NI),J=1,NJ)
. FEAD(2,230) ((V(I,J),1=1,NI),Jd=1,NJ)
g PEAD(2,20C0) ((Pil,d),I=1,NI),J=t,NJ:
S 100 FOEMAT(4IZ)

19 200 FOPMA&T(SELE.2)

o1 SETURN

et EMD

336



Input File CORNDAT.DAT

o4

L, B SIEFE, 3UT7IE-S, 1. S0E+0D
h0, 2, 15,15, 3

.

B s T T
v der ler e, 2.5, T G0, 2.5, 2.0,

y 2 S, 2, e e, LLET, LUE, 2L, 208, 9.

Output file RESULT.DAT follows on next pages.
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LT ION CONTY

LRFY
LI e e o == 100
BIRMAR - mmmmm =2 010

INETIAL FIELDSG HAVE GEEN SET IN MAIN FROGRAM

[$83
)
@ ey - =
GECHETRICAL FARSHETERS
1.50
3

XFRAICI) =

2. 000 1,350
QOO 2,500 5,000
OO 1.000

. 000
1,000
S0

YFRALGN) =
5,000 S.000

250

($1§13}

1.000 2
2,000 1,000 1,000 1,

D500

1.500 2,000 2,500 35,000




BEE

CORNER FLOW

JURCT 0N PRESELRE DR,

FLAOW FARANZTERS

ST LCAL TCT THLET FLOW RATE
RIZONTaAL DRCT FL )

. TY———— Ki3/ti=3
A -- V3 /M3
ST REYMOLOS N, s m e e e m
ZUHITAL QLT REYNOLDS MO,
VERYICAL QUCT HYODRALIL 11D RAOTLUS~ ]
FILIRTZONTAL DCT HYLIRAINZIT RADITI M
FAaVIO, VERT. 10 HOR. CT RADY (-
MERTTEAL DT INLET LENGIH=-——-——-—————z M
O EZ Gy al. LT LENGTH—————~————— -~ =iz M

N
1%
14
173
1.2
11
10

U VELOCTITY
1 2 a 4 ) & 7
O.00E4+00 O, 00E+00 O, 00E4+00 O 00E+00 O Q0K Q. OODE+GO

0.1 O, 400
O O0GEXOO
QL GUE+00
Q. QOE+QQ
O QOE+O0)
O, QOE+0OO
4. SEE-04
2.04E~¢

JLSGE-Q3

O, QOE+00 O OO+
O, QOE +010
O, O0NE+OQO
O, QOE FO0
O, QOEQD)

ok #0n)
O, U0E FO0
D O0E+00
O, R4 a)
O BOEA4O0
U, QG +O0)

0, QO +00
QL OO0
O, OOE+00
E-04

.01417

O, 20000

RRIRN

o

OO0 00

+OO
O OQGEAHOO

QL O0E+0O0
O, ODE+OO)
OO0 00
O, QOE+DQ
O, 00E+QO
4, 855E--04
2. 04E-03
3.S0E-O0F
4, &EE-0T
T SOE-OZ
2.04E-04
4. 55E-04

01394

O, O

O, OOE+O0)
QL OOE+OO

QL OOE+O0)
L QOE+O)
Q. O0OE+O1)
QL QOEA+Q

LO1ETA

o e e S o s ] R e 0 A A e e Ve
10 11 2 L3

0. Q0E+O0
O OIE+OQD
Q. QOE+O0
QL OUE+OO
O, QOE+O0
O, VOE+0O0

O, DOE+O0
(XS I EE AR TP
0, 00400
O, OO+ 00
O L OOl + 00
ORI IRTERA R IR

O, GOIZ+ 00
€, QO+
Q.00E+00
0. 00E+00
Q. OOE+00
QL O0OE+)0)

O,00E+00  O,Q0E+00 O, OO 00
QUO0E+O0 O 00E+00 O, 001 +Q0
OO0k O O0E+00 O, 00E400 O, G0+ 00

QLQ0E+QQ 0O, O00E1O0
0, 00E+00 O, CCelE+00
Q.O0EAGG QLGN 00
Q. 00+00 O 00[Z100
Q.OOE+O0 O, Q700

O, QOE+O0
(., QOE+O0O
O, QOE+30
O, O0OE+00
0. DQE+OO

QL OMNZ+O0
O, 00400
O OOE #4010
0. T+00
0. 00E+00

L0171 L0154 01744 L01321

L0170
01050
<G00

L0150
OO0



0%t

{ 14 15 Y =

150 O 00 E+00 O, 00E+0Q
14 OLQDE+QO O, GOE+O0
14 GuoOlE4a) O 00E+O00
1.2 Q.00E 00 O, OE-+00
11 VG A0 e O, OO+
19O O 00 van O, QO+
R Q. I0E+00 Q. OCOE+0(

3 O L O 4000

7o aulz+00 0L q’n‘.L-ruu
s QO O0E1A0 O, 00
= Q.00+ (), +Q0 &L 00
4L 00EHOO 0 00E OO0 2, 00E-03

S0 00E RHY 0L LGOI+ 00 1.50E-03 .
2 0,00E+00 O, 00E+00 X, 00E-04
x= LOLEVE )
iy o 3 e e e
VO VELOCITY R e e
i 2 3 4 b} & 7 3 4 10
.
1% O.00E+O00 O 00E«00 O, (‘N‘)F-c-l'm a. O O0E+QO AJ.1PE-D2
1-b Q.00E400 O, Q0E+00 O, . (‘», ODEHOD O, P |
177 a.oulZeq O 00000 4,». OO +00 (J(;F-o 00 0, |
10 O O0E RO O A0E 400 1. V0E+0O0 u 0. OO 4-O0 P
11 . D0E OO O 0GF+00 uul- 400 O, Q. GOE OO - |
19 0. : | Q. O, [ éal
e, 0. (ml‘;‘u_)() 0. 0,00 .1

|)ni 10
tn)[-_um .

Tt 0L VOB FOO
rmr— +C10 0,00

QL OVE OO
O, 00 O a0 O O00E+00

O OOE4OE) O.QOME+O0 QL ONE400 0.
O, O0E+00 3 ), c’i(')E+t"y(‘)

e OLOOETO0 VJOUE SO OLQ0E+O0 O, O0E u_ OUE 4040 . () LOUEROO ., UUC1 GO 0,
Y OL0eE+ O 00+ O OOE+00 O, 00+ ('mFujuj» 0L O0E-4O0 OLO0E+00 QO O0E+00 O 00E+Q0 (O, O0E4-O00 ('1_ y
. O L OOE+O0 Q,O0EHKY Q. 00E+00 O, QOE+00 (O, 0 OG0 O,

Q. O0FE+00 QOE+O0 O QOE+00 O O00E+00 O, O0F+00 O, 00400 u()l +OUO _’
OLO00E+00 O Q0B FOD O, 00+ QL,O00E+00 Q. O0E+00 O 00E4+O0 O, 071000,

OO0+ O, QOE+O0 QL QOE+O0

b0 0000 O 00E OO WL O0E+O0 O, OOE 40
O 00 r0 O uaE 00 QL OOE+00

X= SO0 201175 01908 .01546 01598 L0126 LOt7 L0134
1 14
oA
1% 0., 1.
14 il. 1.S4E -
1 0. (ml" 1.44E-02 v
) 0. O
1t O OO0
10 O, O0F +O0
“r O, 00E+0O0

AL QOE 1O
7 VL CZ s [S PN RINHING IR}




L9€E

G O O0E+HO0 O, 00E+00 7.501E-03
SO OONEROO O, Q0E4+00 4 S0 0738

s €, OO +O4) ot )
T 0 O0E+ON O 00E+00

0, 00E+O0 0 QL QOE+OQ

x= < O LR Q1904
0 e e e 5 e 5 0 o A e 3 g 0 0 B 0 e S e e
{ 2 t 4 G

15 000100 OL00E4O0 (O, ODE+00
14 O,00+00  O,00E+00 O, O00E+00
12 Q 00E rs0) QO OUEHO0 Qo 0E+O0
12 O.00E+00 O, QOE+i1)
11 O, OOE 400 O, 00E+O0)
1O QO 00E400

2 OO0 FO0D
S 1. u0Evan
7 l.uglE+00
) 1. Q0E+00

G0 1L OGER00 J
1. 0000 o

1. Q0E €00
2 1. O0)Z+00

X= OO W D03
[ 14

15 O 00E+00 O, QOE+OD

14 7.31E-01 0 OUO0E+00

12 -t 0. OUE+OD

1.2 OLOVE +#00

11 7.05E-01 0, 0GE+0D

10 2.31E-01 Q.00 +0) ]
7RLRIE-OL 0L OuE 1. 2ME~02
DA O, QUE+OO L L 7E-02
7 . Qa ONZH00 1. 0%
Gow, (. QOF +00
S 2. QL QOE+O0
3w, O QOF -0
S, O, 00E+ QD
2 PLEOE=-01  GLO0E+O0

x= L OLSEG L OLERO0E

ITER [-—= ALOLUTE
Tht. [ NIN] VI

L OO9S7 UL 7S

O, QOEA-GO
0, QOE+Q0
Q. OOE+QQ .
0. QOO0
0, QOE+QO

LO1348 L0148

v

, 8
Q. QOE+O0
7.31E-01
&, 32801
G, 74E~01
OSE-0l
?.21E-OL
F.51E-01

9.ZOE-01

LGOS

l:‘;

i b

o
(. OOE+O0
7.5

5. TE-01
3. G1E-01
FL30E-01

P SOE-0L

2 SOE-01

01546

W

10

O, O0E+00

PIE-0Y
7. 31E-01
LSO

ST

i e e e 3

11

0. QOE+00
7.31E-01

P L ONE-O]
D.IE-O
7. S1E=-01
@ E8OE-01
7. 30E~0Y

S ROE-01

L0168

I-FIELD VALUES AT MOMITORINMG LOCATION ¢ 3, &)-1

- o 0 e e
12 13
OQL00E+0Q O, 00E+00 012903

TLETE-O1

S1E~-01
3. 2ZE-0
3.74E-01
P 0GE-01
9. 21E-O4
S1E-O1

OE-O1
?. GOE-01
E-01
OE-01
E-~01
9. S0E~01

01796

Y

L0150
L0131
01473

01323

012
01170
GOS0
& QOG0

LO0150
- Q0G320
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£ye
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4. SEE-O4
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o e
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O, 001100
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&
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D6 DUCT In DOUCT, variable fluid properties are allowed for in

PROPS, which 1s <called after the temperature field T(I,J) has been
updated. The input, grid specification and field initialisation routines
are similar to JUNCTION and CORNER. In 1lines 170-200, the various
conductances between the disc conductors and surrounding ducts are
computed 1in accordance with Sec. 7.3 (see Fig. 7.1). After all of the
initial output and the main iteration loop, the friction factor KF(I),

and local Nusselt number NU(I) are computed in lines 387-415.

In subroutine MODU, the no-slip conditions are specified (lines
21-28). In lines 29-38, the velocity profile at the wexit is adjusted
from an overall continuity condition. The procedure appears to cause
some minor convergence problems at the lowest flow rates. MODV and MOQODP
introduce no additional boundary contitions and merely act as dummy
subroutines. In MODT, the heat fluxes for each conductor QO0OTPP(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

PROGEAM MAIN

c SUBRCUTINE CONTRO

c

CHAPTER 0 0 O O 0 0 O O PRELIMINARIES 0 0 0 0 0 0 O 0
c -

DIMENSION HEDU(S),HEIV(6), HEDF(8), HEZT(5), HEDVIS(8), HESCAM(S)
DIMENSION HEDDEN(E)

DIMENSION XFRAC(22), YFRAC(9)

REAL KF(Z2),NU(2Z), TEULKI(Z2Z2), TWALL(ZZ

—~OWEoMMNNEWON~owE MU .LEWR -

4 00 08 00 40 G5 ws P4 44 B8 i 95 we 06 ve S8 4v PP 4s 69 00 se

t LOCICAL INCALU, INCAL'Y, INCALP, INCALT, INPRO

1 CCMMON

b 1 /UVEL/RESQRU, NSWPU, URFU, ¥ XEPUIZ2), DXFWU(Z2), SEWUI(22)

1 1/VVEL/RZSORY, NSWPY, URFV, DTNPY(S), DYPSYIS), SNEVI(S)

{ 1/FCOR/RPESORM, NSWPP, URFP, LU(22, 3}, DV(22, 9, IPREF, JFREF
1 1/TEMP/RESORT, NSWPT, URFT

H 1/VAR/U(Z2,8),V(Z22,3),P(22,3),T(22,2),PP{22,5)

! 1/ALL/ 1T,y dTo NI, Ny NIML, NUME, GREAT

! L/7CEOM/X(22), 719), DXEP(22), DEPWIZ2!, DYNP(2), DYPS(S),

1 ! ENS(S), EEW(22), XUL(ZZ), TV(S)

2 1/FLUFR/URFVIS, VISS0S, DENSIT, PRIN, DEN{(ZZ2, 2),VIS(22,2),
z ! CAMH(ZZ, 3), A1, AT, A3, A4, AT, AR, A7, SFHEAT, THCOND
2%z t/DUCT/DLEN, PHORIZ, TIM, QIN, TOUT, WHFLUX, NIMZ, NOM2, FLOWIN
23: 1/DISC/THCRAP, WIDCON, TINEL, HITCON, HLZFT, FRITE, TLEFT,
2413 { TRITE, PHOZ0, ALPHA, CURENT, THECON, GC, GCP, GF, GCF,
2S: 1 GLP, 3CPP,GL, GRP, GR, RC. @QDOT, TC(Z2), @DOTPR (225,
252 { DELTAY

7 DATA HEDU 7/~ 0 U, VEL, "OCIT 'Y Tyt s
28: DATA HEDV /7~ e Vo, ® vEL", 0CIT 'Y e s
29: DATA HEDP /° Ty 'y "PREZ’, "SURE", * " °/
301 DATA HEDT /° " TE"y "MFER", "ATUR", 'Z v’ "/
3l DATA HEDVIS 7/~ Ty "DUNAT, "MIC 7, TVIZCT, COSITT, Y :
322 DATA HZDGAM /7 T "HEEM®, "AL E°, "XCH, ", " COE"y "F. 7/
=3 DATA HEIZDEN/ e *, "DENS, "ITY °,° i °/
34y Ce---- ®ML 380Z FILE HANDLING STATEMENTEZ

% CALL OPEN(S, "RESULT DAT’, D)

z CALL OPEN(E, "DATIN LAT", 01

3 CREAT=1.0EZ0

E C--=-- INITIALIZE ITEZFATION COUNTER

3 NITERP=7

< Ca==-- fEACZ IN GRID INFCRMATICN ITATA

< READ(2, 010 IT,JTWNI, NJ

4 WRITE(4, 011} IT,dJT /NI, NJ

NIM1=NI-t

4 NuMl=NJ -t
READ(3,020) (XFRAC(II, I=1,NIM)
WRITE!4, 021) (XFRACII), I=:,NIML)
pd=1 NIML)
WRITE'4, 221) (YFRAC(I)  J=1,NdM)

RAZAD(3,233)) DLEN, BHORIZ

WRITE !4, 031) DLEN, RHORIZ
Cow-n-- PTAD N SOLUTION CONTROL PARSMETERS

BEAR(Z, 020 NEWPU, NSWFY, NSWFPR, NSWFT, MAXIT, IF
WRITE (4, 0d1) MEWFU, MSWPVY, MEWEP, NEWPT, MAXIT,
RE&2(E, 059) URF\I, UFFV, UFFF,UFFT, FEEF, S0FMAX
AFRITZS, S URFULURFY, URFR, URFT, PREF, S0PMAK

EF, JPREF
<

REF,
PREF, JFREF

e 3o by DU SEM U b id M) Q00 0

: FEAD(S8, 020) (YFRAC(J’

U enanNen KN bk b - b

FEAD(2 INCALU. INCALY, INCALF
WRITZ! 4, NCALY, TMCALY, INCALP
z FEAZ CALT, INFED
s WAz TNCALT, INFED
31 S----- FE2 FRIFEIRTY DATA
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el it T S e

e b e 1 e e ra s s ha e b b

fod == o+t b b pa b pe ke 4=

PEAZ(E, 072} AL, A2, AS, A4, AS, A5, AT
WRITE{S,I71) AL,y AZ, AT A4, AT, AS A7
Tmmee- SZAD IN QFEFATIMG CONRITIONS
READ(2,320) TIN, TOUT,3IN
WRITE{<,081) TIN, TOUT,QINM
Covm=- REAT IN GUTPUT CONTFECL PARAMETERS
READ(2,090) IMON, JMCN, INDFRI
WRITZ(4,091) IMCN, JMON, INDPEI
C----- READ IN DISC FARAMETERE
REAL(8, 09%)THCPAP, WIDCON, TINSL, HITCON, GLEFT, QRITE, TLEFT, TRITE,
1 FHOZ29, ALFHA, CURENT, THKCCN, DLEFT, DRITE
WRITE(4, 096 ) THCPAP, WIDCON, TINSL, HITCON, @LEFT, @RITE, TLEFT, TRITE,
1 FH2Z90, ALFHA, CURENT, THXCON, DLEFT, DRITE
Comve- FORMAT STATEMENTS FOR CHAPTER ZERO
210 FOPMAT(416)
2¢ FORMAT{10FS.,%)
037 FORMAT(ZF2.5)
G40 FOPMAT(TIS)
250 FORMAT(E6F2.5)
069 FORMAT(ZLE)
972 FORMAT(7Z13. 4
029 FORMATI(4ELZ,.4)
2Sd FIEMATI(318)
0SS FORMATI(TELIZ. )
01! FORMAT(1X,4I3)
21 FORMAT(1X, 12FS.S
JSt FOPMAT(1X,ZF9.8)
041 FORMAT(IX,7I6)
051 FOPMAT(1X,5F9.8)
061 FORMAT(1X,3LS)
071 FCRMAT(1X,7EL1Z. 4}
€81 FORMAT(1X,4E1%.4)
091 FORMAT(1X, 316}
0 FORMAT(1X,TELIS.4)
c
CHAFTER ! 1t 1 1t 1 SET UP GRID 1111

e
.t
il
PO

© e
—

NIMI=NIML-1
. MIM2=AIML -2
Coom-- COMPUTZ 3SMALLEST 2X
(SUM=XFRAC(1)/2.
00 100 I=2,NIMZ
100 XSUM=XSUM+XFFAC!I.
XSUM=XSUM+XFFACINIML1) /2,
DXEM=DLEN/XSUM
Cavn=- COMPUTE SMALLZIST DY
YSUM=YFRACIL) /2
D0 108 J=Z,NdM2
(05 YSUM=YZSUMTFRACIJ)
YSLUM=rSUM+(FRaC{NJM1) /2,
DYEM=RHCRIZ/TSUM
C--=-~-ZZT UP X-ARRBAY
L01)=-XFRAC{1)*DXSM/Z,
DC 1Y I=Z,NI
11% L01)=X{1-1.+XFRAC{I-1)+0XSM
PRER SET UP Y-aF=2AY .

g
=
g
3
B
=)
&
3
7
e

7
7
ra
-
7

;

=z

7
2
2
2
g
z
8
qQ
g
2
g
[=]
e
9
3
3
g
Q
<
2
2
3
g
0
2
0
3
2
]
0
¢
)

80 20 s re 04 @8 4s @6 es 06 44 S8 pe 20 sa FI 45 BE 08 S0 4e 45 48 S0 44 46 B4 Ws A0 64 S0 44 00 w4 EF 24 P4 e €0 o0 40 09 6 se 00 44 80 oh €0 sa 96 se w6 se s o

DI MAA LW~ OO R~ OO I NI L DI~ O WO E G re QIO SN 1) b e O (0 N My
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ARFTER 2 2 2 2 2 Z INITIAL JPEFATIONS 2 Zz 2 2 2 =2

CALCULATE IMLET PROPIRTY VALUES
EMUIN=(EXP{EIRIAL)#(TIN+Z Z, }##A2)-,7) /1 ES
DENSIT=AZ+A4+TIN

VISCCS=CENSIT#ENUIN

PHCCIN=AS+AS+TIN

THCOND=A7

SPHEAT=RHOCIN/DENSIT
PRIN=VISCOS+#SPHEAT/THCOND

----- CALCULATE GESMETRICAL QUANTITIES AND SET VARIABLES TQ ZERD
CALL INIT

----- INITIALISE VARIABLE FIELDS

----- ASSUME FARARCLIC VYELOCITY PROFILE
VIN= ﬂIN/(PHOQEZ*Z.)
DQ 200 1=2,N

Lo Z00 J-;.N;Ml
202 U(..;)'I.EfVIN*’1-(\(J)/°HOPI"**5)

----- “Ex_. INE MASS FLOW PATE FROM ASSUMED IMLET VELCCITY
----- FEOFILE =-- THIS WILL ZE USZS FOR ZSTAELISHING
----- AN OVERALL CONMTINUITY CONDITIOM AT THE EXIT

FLOWIN=G,
29 ZA J=Z, MM
201 FLOWINSFLOWIN+SNS(J)*DENSIT»U(Z, J?

--=-=-=-A55UME PEZSSURE FIELD IN ACCCPDANCE WITH PARAEQLIC
----- U-VELCCITY PROFILE
C--~-- SZT INLET PBESSUFRE UNIFORM AND E2UAL TO PREF

0O 202 J=2,NJM1
202 P{i,J)=FREF
----- CALCULATE PRESSURE DPOP FRCM THE STANDARD FRICTION
----- FACTCR FORMULA (F=24/RE)
FACTGR=1.S+VISCOS#QIN/RPHORIZ##3
DO 204 I=3,NIM!
XDIST=L(1;-X2
DO 204 J=2,NJM1
204 P11,J)=PREF-XDICT*FACTIR
----- C:LMC UNIFORM TEMFIRATURE
20 2t0 I=:,NIM!
DO 210 J=Z,NJML
210 T(I,Ji=TIN
----- EXIT TEMPERATUEE
I=NI
DO 220 J=Z,NJdM1
229 T, 3 =TOUT '
----- INITIALIZE CINDUCTCR TEMPERPATURES AND HEAT FLUXES TO ZIERQ
20 229 1=, NI
TS([:=0,
22 2DTTFPPIIN=2.
-----ZET UP LEFT AND SI1SHT EDGE CONVECTION COMDUCTANCES
YD=2#(THECON+HTITTON)
Co==-=- GQLEFT CP ZRITZ EZUAL TO ZERD TO 2E TAKEN A
----- AN INDICATICMN THAT HLEFT QR HRITE z

i

C-----ZZ70, (FOR CONSTAMT WALL HEAT FLUX RUNE)

B R RS
anal pm

— . b= 4 b = e e

IS
<
2

[y B T ]

« BLEFT=2,
HMRITE=),
[F(2LEFT ST, 2.:XLE —ID/
IF'GRITE .GT. C.)XEET:-
IFtalZFT W G6T. 2. )HLEFT=H
IF(EZRITE .GT. J.)HRITZ HL:zr(LPLIE l.!;-’
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131 C---- CALCULATE CONDUCTANCES ZETWEIN NODES WITHIN THE 3JI:SC
1837 C----- FECM SEOMETRICAL AND THEREMAL DATA
1232 DELTAT=r%{NJ -7 NIML
1343 CC=THCPAF#HITCON/ {2, *TINSL)
= WRITZI5,2090:GC
{188 GCP=THCFAP+WIDION/TINEL
1871 SF=THCOND e IDCON/DELTAY
188z CCF=GLP*GF/ LGCP+CF)
1892 WRITE(B, 2100)5CF
130: CLP=HLEFT*HITCON
151 GCPP=THCPAP+HITCON/TINSL
132: GL=GLP*GCPP/ (GLP+GCPP)
1922 WRITE(6,2110)CL
184: GPP=HRITE+HITCON
13<: GR=GPP*GCRPP/ (GRP+GCRPP)
12&: WRITE(&,21201GR
1572 RC=RH0Z0+ALPHA«CUPENT*#2/ { THKCON*HITCON)
158: WRITE(E,2120)RC
13932 QDCT=FHOZ20# (1., -Z0. +ALPHA) *CURENT ¢ #2/ { TRKCON*HITCON)
200: WRITE(5,2140)2D0T7
231y Ce---- CALCULATE REYMNOLDS, PRANDTL AND PEZCLET NUMEERS
20Z2: REIN=QIN#Z.#DENSIT/VISCTS
292 PRIN=V1SCOS5+SPSEAT/TECOND
322 PEIN=RZIIN#PEIN
29Ty Ce=-==- INITIAL CUTPUT
205: WRITE(5, 2000}
297 WBITEI§, 2001)
298 GRID INFORMATION DATA
e WRITZ(§,Z2005) IT,JT.NI,NJ,DLEN, RHORIZ
£i0: WRITE(E,2010)
211 WRITE!E,2020) (XFRAC(I),I=1,NIML)
21 WEITE(&5, 2030} .
213 WEITE{5,2020}) (YFRAC(J),Jd=1,NJM1)
21dr Ce---- SQLUTION CCNTEGL PARAMETERS
215 WrlTENS, 20000 .
2158 MFITE(S,:340) NEWPYU, NSWPV, NEWFP, NEWPT, MAXIT, [FREF, JPREF,
27 {URFY, UPFV, URFP, URFT, PREF, SORMAX, INCALU, INCALY, INCALP,
213: 1 IHNCALT, INFRO
2132 Cee--- FLUID PECFERTY JATA
2Z20: WRITE(S, 20000
22 WRITE(S,2053) Al,AZ, A3, A4, AS, A5, A7, VIZC05, DENSIT, SPHEAT, THCIND
22 C----- OPERATING CONDITIONS
B WEITEZ(&§,2080) TIN, TOUT,QIM, REIN, PRIN, PEIN
Coewn- QUTFUT CONTROL PARAMETERS

WRITE(R,2500)

WRITE!{S,2070) IMON, JMON, INDFRI!
WRITE(5,Z000)

WRITE(S, 2030)THCPAR, WIDCCN, TIMSL, HIT
1 CURENT, FLEFT, HRITE, TLZ
ZLEFT, SRITE, DLEFT, DRITE

{CCM, REDZ2, ALFHA,

conM
~ -
Laros

SALL PRINTIZ, Z, NI, NI, ITyJT, 0, Y, Iy EZDW)

CALL PRINTIZ, 24NI NI, IT,JT, X1V, ¥y HEDV

CALL PRINTIZ, 2 IMI;V y ITYJT. X, Y, Py HEDP?

CALL PRINTI(Z, 2. NI, NG ITHJT, X 7, Ty HEDT)

CALL PRINT(2,2,NI,MNJ, IT, ST X, Y, VIS, HEZVIS
IFINFRD) CALL PRINT(Z,ZyNISNJ.IT, STy X Ty SAMH, HEZCAM)
IZ{IMPRD) CALL FRINT(Z, 2, MI,MJ, IT,JT, X, ¥, DEN, SEDDEN

Camm-- FCEMAT STATEMENTS FCR CHAPTER 2

2000 FOFRMAT /77707, 1200 "Y1/ /1

it i ia bt rat) gt
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2061 TRANEFE?
2oss
T L L EC TR J-
e R e e =)
------------------------------------ =, 1s
A=E YR P EE LR R e bt kit de il =", I8
1/S%, "DUCT LENGTH==<c~c--cc-crccerrenenncncne =, 1FE12.3, " M’
175X, "DUCT HYDRAULIZ RADIUS----ecccccoccnca—-- ="y IPEIZZ, T M)
2019 FORPMAT( 0, "XFRACII)=")
2¢a2¢e FORMAT(!OX.SF?-E)
20320 FOPMAT( 0", "YFRAC(J)=")
2040 FORMAT! 0°,EX, "SOLUTICN CONTRCL PARAMETERE”
175X, "NSWPU==m=== = mmm e e cmacceeeeaas =, 16
{EX, "NSWFY---===--m--me-meceeeemeemeeeoas =", 16
1/S%, “NEWPP=====mmmmmmemmmmmameceeeoeaos =, 16
1/5X, ‘NEWPT=====mc--=accecoomeccececeoaaao_= |G
1/SX, "MAXITe=-=mmmmoemsemacccaaeccacccaeo’, I
1/5%, *IPREF=======mo-====cec-ececece ccaeean =, 15
1/SX, " JPREF==m==cmmcmmmcceccmmacccecmeaaaz, |8
175X, "URFU==-=====c---ceccecoccnceoaoooo._=" {PE
175X, "URFY==- o= oo m oo oo m oo ecemo e =", {PE
1/5X, (UFFPememamcecmcceccc e =", IPE
1/SK, “UFFTe-mmeecomeccescceccccecaccaeanoann =, 1PE
1/SX, "PREF==-===m=-2==-=secocccecosoooeanaooz’, |PE FA-
1/S%, " SORMAX-============ccee-cecameeee———o.z", |PE
175X, “ INCALU====m=mmecmmecmcccmcemeecaeoo= Lt
1750, " INCALY====m=mcm=mccmmeeeaacceaeaeaaas =, L1
172X, "INCALP----------~--rr-ccceccmcccccreees L2
175X, "INCALT--~-----=~=-c--c-=- meeseeccccecce =, L
1/, " INFRO---=-----rcccmmcmcccm e e mee oo s =',L1)
2050 FOEWAT('O',S:."’UID PBOPERTY DATA 7/
1/8%, "Al, VISCOSITY CZEFFICIENT-------=-----=", |PE1Z.2
1/54, "AZ, VISCOEITY COEFFICIENT === =cc=cun- =", IPEL1Z2.3
1/S%X, "4%, DENSITY CCEFFICIENT--====-=- Te---- =, IFEL12.5, " KG/Mes3-
1/7S€, "A4, DEMNSITY CC BIPEL12.2, 7 KG/K-M*#3°
1/5%, "S5, FHO+CP CCE” P IFELZ. 3,7 JiE-Mex3t
1/SX, "AB, RHO#+IP COEFF.uI:”T ---------------- =, IPELIZ. S, 7 J/HesZ
1-M*#3°
1/5%, "A7, THEZMAL CONDUCTIVITY COEFFICIENT-~-=", {PE 2,7 W/M-E-
1/2X, "INLET DYNAMIC VISZOSITY--==-s=-=v-=----~ =, IPE S, " PA-Z°
1/75%, "INLET DENEITY--=--=r-=eccmccnccc-c-om--a=’, 1PE 3,7 KG/M#x3’
1/S%X, "INLET SPEIZIFIC HEAT------=<scce--cc--o=', |PE 2,7 J/ES-KT
1/5%. "INLET THEFMAL CONDUCTIVITY(+=====+-----=’, 1PE I " W/M-XT)
205C FCFMAT( ' Q7, 3X, "OPIFATING CONDITIONS  // .
1/9%, "INLET TEMPESATUSE--=---=c-c=cnoccanann =", 1PEL12,3,  DES. C°
1/S%, "OUTLET TEMPERETURE--==-s---=--o-eecoe- =, 1PE12 DES. €
. 1/5%, " INLET FLIW FATE-=--==-==c-=c-c=mz-nnnn =, 1PE! Me+2:3E2
H L/S%, INLET RPETNIOLIS MUNEER------‘-'---"---=',IFEZ
1754, "INLET PRANDTL NUMBER-------=<---------=’, [FZ!
1/5%, "INLZT PECLET NUMBEF----=---==--=s-=-=-- =, {FPEL
237D FTOEM AT( 0°,SX, "SUTFUT CONTROL PARAMETERS //
1/8%, " IMQmsemcommcccemccccncccsvenccccacaan =, I8
178 "JMON=~==-ve--cccccmccccrccemce e m e =, 158
1/5% "INDPPl--~------ccmmmmmecc e c s e e =", 18)
2930 FOEMAT( D7, SX, "DIEC PARAMETERS //
1/S%, "THERMAL CONDUCTIVITY, INSULATION-=---- =", 1PE1Z, W/M-t
172 T,'MIDTH JF INSULATED CONDUCTOR----------=", {PE! M
1/2%, "IMNBULATICN THIZINESS-------~~-=-=-=---=",{FE! M’
1/,. Her-HE.uFT CcF ”CrF:R CCNDUCTOR-------=", 1PE! M
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WRITZ(5,319) IMON, JMCN
WRITE(4,312) IMON, JMON

2C1t /SX, "WIDTH QF COPPER CONMDUCTOR---===--=c==-- =", {FE12,3. " M’

202 1/5%, "RESISTIVITY OF COPSER AT 20 TEZ, C----37,1PE12,3, 7 JHM-M’
30%t 174, RT RESISTIVITY CCGEFFICIEMT---=", IPE1Z,3, " Hee-1~
DR 17354, 7, CUPFEMT-~-=-=-cmmmemcceccneaa-x’  IPEI2,3, 7 AMPE’
1S 1/SX, "LEFT GLISC ZITGE CONVECTION CONTUCTANCE-=, IPE!Z2,3, W/ Me4Z
3062 1-%

307 1/SX, "FICGHT DISC ESGE CONVECTICON CONDUCTANCEZ=", I1PEI2.32, ° W/M#«2
308: 1-%°

3022 1/SX, "LEFT VERTICAL DUCT BULK FLUID TEMP,---=°,1PE12,3, " DEG., C°
51C: 1/5X, "RIGHT VERTICAL DUCT 2ULK FLUID TEMP---=",1PE12.3,°  DEZ. C°
1l 1/5%, "LEFT VERTICAL DUCT FLOW RATE--====~-=--- =, 1PE12.3, * M#+2/S=C"
2 1/5X, "RIGHT VERTICAL DUCT FLCW RATE-==-=---- =", 1PE12.,3, ° M#*2/SEC’
213: 1/5%X, "LEFT VERTICAL DUCT HAYDRAULIC DIA,----- =’, IPE(2.,5, " M~

314 1/7%%, "RIGHT VYERTICAL DUCT HYDRAULIC 3IA,----=",1PE12:3, " M)

31%: 20990 FORMATI(!X, "GC=", {|PE12.3)

21E: 2100 FGRMAT(1X, "GCF=", IPE12,3)

17 2110 FOPMAT(LIX, 'GL=", IFE12.3)
31&8: 2120 FORMATI(1X, "CR=", 1PE12,3)

319: 2130 FI2RMATI(1X, 'RC=", {PEiIi2.3)

229: 2149 FCORMATI(1X, "@DOT=', IPEIZ. )

21 C

22: CHEAPTER 3 3 2 2 3 23 3 ITEPATICNLCOF 3 3 3 3 2 3 2 3 23
2 o}

YN L R e O D W

325: C-=-~-- INCREMENT [TEFATION COUNTER

3Z7: 300 NITER=NITZE+1

323: C---~-- UPDATE MAIN IZEZPEMDENT VARIABLES

328 IFUINCALY) CALL CALCY

33¢: IF(INCALY) CALL CALCY

331z IFCINCALP) CALL CALCP

332: IF(IMCALT) CALL ZALCT

232y C----- UPDATE FLUID PROPERITIES

334z IF{INPED) CALL PRIOPS

2%y C--~-- CALCULATE SCURCE-NORMALIZATION FACTORE

SNORMM=DENSIT<QIN/Z,
SNCRMU=SENORMM*VIN
SNOPMY=SNCPMU
Cevm-- CALCULATE NCRMALIZED SCQURCES
IF(INCALY) REZCRU=REZQRU/SNOFML
IF{,.NOT, INCALU) RESCRU=9.
[F{INCALY!) REZORV=RESOFV/SHNORMV
IF({.NOT. INCALV: RESCRY=9,
IF(INCALP) REZORM=PESOPM/SNORMM
IF(.NOT. INCALP) REIJEM=0, .
Co==-- ADJUST SHORMT FOR CHANGES IN TOTAL WALL HEAT FLUX
WHFLUX =0, :
DO 31S I=2,MIM1
1S WHFLUX=WHFLUX+2DOTF2(1}
WHFLUX=WHFLUX/FLJAT(NIM2)
SNOEMT=WHFLUX #DLEN/SPHEAT
IF(INCALT) RESORT=2ESORT/SNCRMT
IF!,MNOT, INCALT) REZORT=0,
R INTEZMEDIATE JUTEUT
WRITE(S,311) NITEZR, RESCPRU, RESOFV, BESCEM, SESORT, SNGPMT.
UCIMGN. CMONY, VO IMON, SJMONS , P O IMON, JMOM), T IMON, SMOM),
2 TC{IMON)
WRITE(4,311) NITER, PISORBU. RESORY, RESCRM, SESC2T, SNGEMT,
P SMCND, VOIMON, JMOND, POINMON, JMGND, TUIMCN, JM2NT,
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E IFMODINITER, INDPRIDWME.C) G2 TO 201

: IFCINCALUY CALL FRINT(Z,2.MILNJ, IT.J
IFCINCALYY ZALL ERINTUZ, ZyNIWNS, IT,d
IFOINCALR ) CALL PRINTIZ, 2 NI, NS, I
IFCINCALT) CALL PRINTIZ, 2, NI, NJ,

IF(INPRC) CALL FRIMT(Z2,2/,NI,NJ, IT,JT X, T, VIS, SEDVIE)

IFCINPRO) CALL PRINT(Z, 2y NIV NJ, ITVJIT, % £y SAMH, HEZCAM)
[F{INPRO) CALL PRINT(Z,Z,NI,NJ, IT,JT, X, Y. SEN, HESDEN)
WRITE(&,310) IMCN, JMON
301 CCOMTINUE N
Co===-- TEFMINATION TESTS

SCRCE=AMAX! (FESORU, FEEOFV, RESORM, RESCET)
IF{(NITER.EQ.MAXIT) SO TO 392
[F(NITER,EQ,20,AND,SCRCE.CT.,1,0E4+#50RMAX) 32 TO 292
IF(SORCE.GT.SCORMAX) GO TO =00

202 CONTINUE

RS R ENE IS I T (]

(Y

NN NN OEARNRARNR AN
D LNC I N TS IS T | I (U VTR

I

7 c

a7 CHAPTER 4 4 4 4 4 4 FINAL OPERATIONS AME QUTPUT 4 4 4
=7 c

38 IFUINCALUY CALL PRINTIZ, 2, NI, NI IT,JT, XU, 7, U, HEDLD

23 IF{INCALY)Y CALL PRINTI(Z, 2. MNI,NJ, ITVJT, X, 1V, V, HETY)

z2 IFCINCALPY CALL PRINT(Z,2,MI,NJ, IT,JT X ¢, B, “ETF)

IFCINCALT) CALL PFINT(2,Z,NI,NJ, IT,JT, . ¢ TVHEDT)

IF{INPRQ) CALL PRINTI(Z2,2/)NI,NJIT,JT X, Y, VIS, HEDVIE)
IF(INPED) CALL PRINT(Z, /NI, NJy IT,JdT) Xy ¥y CAMH, HEDSAM?
IF(INPEQ: CALL PRINT(Z,2,NI,NJ, IT,JT, X, Y, DEN, HEDZEN)

[T

PV OO O OIS0 NI W W WALID N D @ [0 o m g
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.
B
N
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N
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-
H
.
b
H
.
3
.
.

Ce=--- CALCULATE PPRESSURE DPCOF NORMALIZATION FACTOR
PFAC=(4, #FHORIZ) #«2/ (2, «VIN#VIECOE)
c CALCULATZ AVERAGE PRESSURE DROP AND FRICTION CONSTANT

DO 400 I=3,NIM!
XDIST=X(1)-X(2)
PAVI=],
DD 40% J=2,NdMi

408 FAVI=PAVI+P(I,J)
PAVI=PAVI/FLOATINJM2?

400 XKF({I)=(PREF-PAVI)#PFAC/XDIST

46 ms 0e S5 es 90 40 o0 es o0 s

C--=-- CALCULATZ WALL TEMPERATURE AESUMING A LIMEAR TEMFEIRATLRZ
Cevme- FRCFILE NEAR THE WALL

: DO 410 I=2.NIM!

B DELTAT=QLOTPP[)*DELTAY/THCOND

: 410 TWALLII)I=T{I,NJM1)+DELTAT

HE CALCULATE ZULKX FLUID TEMPERATURE 27 NUMERICAL INTISRATICN

i Ceee-- QF THE YELZCITY TEMPERATURE FRCDUCT

: 00 <42C¢ 1=2,NIM1

TSUM=0,

YVMEAN=D,

20 42T J=I3.N0ML

UAV=0, S« (UL, ) +UlT+L, d) )

TSUM=TEUM+SNZIJ I #LUAVFT I, Q)
ST VMEAN=SYMEAN+SNS(J) «UAV/PHORIZ
420 TZULK(I)=T3UMs (VMEAN*EHCRID)

C-=---- CALCULATE NUSZELT NUMEER

DO &33 1=3,NIMI

H=GDOTPF2 (1) (TWALL( D) ~TBULK(T )
430 MUCI)=H#d, +RHORIZ/ THCONET

o o e TR SO DN N T TR O N O o i ULV RO ROV ROV (VT XTI

PEEAEN FTILAL QUTPUT
WRITZ{g,2200)

) 40590
KEi2y=3,

ZQ <=0 I=Z, MIML

I-

40 S5 s 90 4s we ss 45 es ss 44 e ss es s we

[ I R N N N N N

L4
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CALCULATE THERMAL ENTRY LENGTH DIMENSIONLEZSS DISTANCE
XETAR=X(I)/ (2, +FHOSIZ#FPEIN)
WRITE(E,4010) X{1},XSTAR, TWALL (1), T2ULE{I} ) NU(I),KF{I)

EE WRITE QUT COMDUCTOR TEMFERATURES

ZS: WEITE(G,201S)

25t DO 420 [=2,MNIM1

27 WRITE(S,2020)X(1),TC{1),QDQTPF (1)

1231 STCP
42S: FORMAT STATEMENTS

2303 FOPMAT(1HQ, *ITER ‘T lemmmme e e e AESOLUTE RESIDUAL SQURCE SUM
431 1€ ccmcmmnrccneee 1 l-cce=-- FIELD VALUES AT MONITORING LQCATION® -
4321 20,1207y 12)7) "y Tmmmm e 1° 7 2%, *NO, ", SX, "UMGM", 68X, "VMOM*, 8%, "‘MA
4332 38S5°,6X, "ENER", 6X, "SNORMT ", 4X, * ‘10X, U7, 9%, "V, 9%, "B, 3X,

434 4°T°,3X,"TC",8X, " /) -

4322 51t FORMAT(IH , 13, 3X, IPSE10.3, 1EX, IPSELIQ.3)

4263 4000 FOEMAT(23X, "HEAT TPANSFZR AND PREISURE DROP SUMMARY”

437 1/7°0°,SX, "X",8X, “X+°,7X, "WALL TEMPERATUFE ", 4X, 'BULK FLUID

4282 { TEMPEPATUBE ", 4X, "NUSSELT NUMBER-, 4X, "FRICTICN CONSTANT //)

433: 4010 FORMAT(IX, 57 S, M°,3X,F9.. ,4X,F7.2, " DEZ C’,10X,F7.Z,° DEG C°,
44012 1104, F2,3,11X,73,2)

421t 201E FORMAT(Z3X, "WINDING TEMPERATUPES AND HEAT FLUXEZEZ-

2421 1/7°0°,8X, X", 28X, "CONDUCTAR TEMPERATURE ', <X, *CONDUCTOR
4431 { HEAT FLUX'//)

Ll 2020 FIRMAT(IX,F7.S, " M, 11X, F7.2,° DES, C°,4X, {PELI2,3, " W/Mex2")
45 END
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SUBROUTINE HMODU

OFU, NSWFU, URFU, DXZFU(Z2), DLFWU(Z2), SEWU(ZD)
FM, NSWP3, URFP, DU{Z2,2), DV(ZE, S), IFPEF, JFREF
BTy MEWPT,URFT
I/VAF/U(_-,:) VIZ2,8),P(22,3),T(22
1/7ALL/ITVITy NI NSy NIME, NIML, GREAT
1/GZCM/X{Z22), 7S}, CXER 122}, DAFWIZZ), DYNF{S), DYPS(2),

DBI}FD(—~I 3)

b e b e (DD ) T () R ) ) e

1 SHE{S), SEWN(22), L22), YVI3)

0 1/FLUPR/URFVIS, VISCOS, DENSIT, PRIN, DEN(ZZ, 2),VIS{Z22,9),

N 1 GAMH(ZE.S),A .A_, A3, A4, AT, AS, A7, SPHEAT, THCOND

2 {/DUCT/DLEN, RHCRIZ, TIN, GIN, TOUT, WHFLUX, NIMZ, NJIM2, FLOWIN
5 IICOEV/HP(ZZ.S).FN(h_,B) AS{Z2,9), AE(:2.9).AN(--.Q).:U(-_,Q),
4 1 SP(Z22,9)

1EC ===~ SYMMETRY CONDITION AT DUCT CENTRE-LINE

16C---~- SET ZOUTH COCMEINED CONVECTION/DIFFUSION COEFFICIENT
17C-mnm TO Z=F

18 J=2

12 DC 100 I=3,NIMI
29 $Cco AS(I.J)=O.
2iC-----NQ SLIP CONDITION CN U-YELOCITIEZ AT DUCT WALL
22C----- CA LULAIE DISTANCEZ FROM U(I,NJM1) TC WALL
23 J=NJIML
Z4 YODELT=(VINJ) -Y (NJM1)
ZsC----- INEERT WALL INFLUENZE AS A MOMENTUM SINK
2 0O 110 I=3,NIM!
27 AN(I,J!=0.
23 110 SP(I,J)=SP(I,J)-VIS(I,J)+SEWU(TIY/YDELT
Z8C--==- DETERMINE QUTLET VELQCITIES FRCM OVER ALL CONTINUITY CCNDITICN
20 ARDEN=0.
21 FLCW=9,
z2 DO 120 J=2,NJM]

DEMNAR=0Q,T#{DEMN(NIML, J) +DEM(NIM2, J) ) #SNS(J)
APDEN=ARDZN+DENAR

120 FLOW=FLOW+DENAR*¥U(NIM1,J)
UINC=(FLOWIN-FLOW) /ARDEN
DO 130 J=2,NJMI1

120 UINI,J)=UINIML,Jd}+ULINC
BETURN
END

Db ) 10 W 0) W
DWo SN dr g bW

SUBROUTINE MOODV

1 SUZRQUTINE MIDVY

2 COMMON .

3 1/YVEL/RESIRY, NGNFV,U:Fi.DTNPV(B).DTPEV(B).unE/(-)

< 1/TEMP/RESCRT, NSWPT, URFT

< 1/ VLF'”(Z:.B),V(” » 20, P(2ZE, 2, T(ZZ2,3), PP(2S, 2)

5 1, ALL/IT,STWNIW NG, NIMI N MX,GFEAT

T L/GEDM/AX(22), ¥(2), DXER(Z2), DXPWIZZ), DYNL(2), DY PE(S),

2 1 ENS(8},SEW(ZZ), KU(Z22), TV(S)

9 1/FLUPR/UEFVYIS, V1SC0S, DENSIT, PRIN, DEN(2Z, ). VIE(2E, 2),
10 1 CAMH(22,9),A1,AZ,AZ, A3, AS AC‘Q l-.ur"HEATv THCCNZ
1t 1/2UCT/DLEN, RHORIZ, TIN, 21N, TCUT wHFLU NIMZ, NJMZ, FLOWIN
i3 1'C’Er,AP\_-,9).AN(~_.9).HS(-_,9).AE(EE,31.AW(EZ.3),EU(EZ.9),
13 1 SE(ZZ, 2 :

14C-=--- NG MODIFICATICONE FOR THIS PRQELEM

‘S BETUPN

e END
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SUBROUTINE MODP

SUZRCUTINE MQDP

CoMMeN

L/FCOR/PESORM, NEWFR, URFP, QU(ZZ, ), VIZE, 2), IPREF, JFREF
1/VAR/JUIZE, 23, 22, 9) . PI22,3), TIZ2, 3, PRIZ2S, S}
17ALL/TT,JT, NI, NJ, NIME, NIML, GREAT
L/GECM/X(Z2Z),7(S), DXZ2LZZ), DXPWIZ2), ZUNP(S}), DYPS(3),

1 SHE(S) . SEW(2Z ), XUIZZ), vV ()
{1 /FLUPR/URFYIS. VISZOS, DENSIT, PRIN, DEM(22,9),VIBI2Z, 31,
{ CAMH(2Z, 91, AL, A2, AZ, A4, AS, A6, A7, SPEEAT, THCOND

[l X O I I I Y I AT I N 2

2 t/DUCT/2LEN, PHORIZ, TIN, QIN, TOUT, WHFLUX, NIM2, NdM2, FLCWIN

14 1/CCEF/AP(ZZ,2),AN(22,9),A5(22,3),AE{Z22,3),AWI(ZE, 2), SU(ZS, 3,
12 3 SPI(ZZ,2)

13C-=---- NO MODIFICATIONS FOR THIS PRO2LEM

14 RETUEN

1S END
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SUBROUTINE MODT

SUEROUTINE MCLT

DIMEMEICN A(Z2),B(2Z2),C(232),D(22)
COMMON

1 /UVEL/BESCRY, NSWPU, URFUY, DAZFU(ZZD), DAFNU(::).SEWJ(EZ}
AVVEL/RESCRY, NSWEY, URFV, DYNPY ISy, JYFSVIS), BN
/PCOR/RESOEM, NSWPP, UFFP, CU(Z2Z, 85, DV(22, 2), IP ‘_.quEEF
/TEMP/PEECET, NSWPT, URFT
IVAR/U(Z2,3), V(Z22,2),P122,9), T(22,9), PP{22,9)

L/ARLL/IT,dT NI, NJ, NIML, NIMY, CREAT

1/GEDM/XIZ2), 719, DAZP(22), DXPW (22}, DTNP(E}, DYPE(S),
1 ENEZI5), SEW(2Z), XUL22), YV(3}
I/FLUFDIUPFVIS.V £C0s, DENSIT, PRIN, DEN(2Z, 23, VISIZZ, 80,
CAMH(Z22, 2). /41, A2, AS, A4, AS, A6, A7, SPHEAT, THCOND

1/DUCT/DLE’ RHORIZ, TIN. JLN TOUT, WHFLUX, NIM2, NJM2, FLOWIN
1/COEF/AP122,3), ANCZZ, 29, As\-:,-).HE(__,-:.le_;,_ SU(zZz, 3%,
1 SP(22, )

DISC/THCPAF, WIDCON, TINSL, HITCOM, HLEFT, HEITE, TLEFT,

1 TRITE, 8020, ALPHA, CURENT, THKCON, GC, GCP, 5F, GCF,
1 UHF'ULP;!Uh’U'P'UA’A-D“DOI'TC\::I'QDOTEG(::)
1 DELTAY

-2ET NORTH COMEINED 'ONVE’T’ON/DIF USION
-COEFFICIENT TO ZERQ

J=NJMIL

20 18¢ I=2,NIM

mN(l Jir=9,

-SYMMETRY CONDITICN AT DUCT CENTEZ-LIN
J =2

DG 105 I=2,NIM1

AS(I,Jd) =2,

-DETEFMINE WALL HEAT FLUXES FROM
-SOLVING THE CONDUCTIGN IN THE

-DIZC, USING EACH CONDUCTOR AE

-NODE. THE TDMA WILL BE USED TO

-SOLVE FOR THE CONDUCTOR TEMPERATURES.
A(1)=0,

A(2)=CC

B(1)=0,

B(2)=0.

ci1)=0,
C(2)=QLO0T+CL*#TLEFT+CCF*T(2, NJM1)
D(1)=0.

D(2i=GI+GCF+GL-RC

DO 1192 I=3,NIM2
D{1)=2+4GC+CCF-RC

A(I)=5C

BE(1)=GC
C(1)=aQDOT+SCF+T( 1, NIML)
A(NIMLYI=],

A(NI)=Q,

BINIM1)=GC

BINI)=2, -
C!NIML)=2DOT+CF+TRITE+GCF+T(NIMI, NIML)
CiNIN=0.

DINIML)=GC+CCF+CR-RC

D(NI)=0.

DO 120 I=2,NIML

TEFPM=1./(D(1) -2 L) *AL]- 1))
A{I)=A(1)¢TERM
C{I})=(C{I}+E(I}#C(1-1))*TZF
DO 120 I1=2,NIMI

I=NI+1-11!
TCIIN=al{I)*TC/1+1)+2(])

DO 140 I=Z,NIM!
QDOTPR(I)=CCF#(TC(I)-T{I,NJM1))/WIDCON
J=NIML

D0 1S9 I=2,NIM!

TERM= GA”H(‘.Q)‘EEW(I\/THCOND
SUT,Jry=5U(1,J)+TERM*RDOTEE(])
-RETURN

END

file RESULT.DAT follows. Since, 1in D0QUCT, all input data
in RESULT.DAT, DATIN.DAT has not been included here.
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19¢

S.180E-01
8. 282E-01
7.%05E-01
&L 181E-01
3.570E-02
QOar= 3.370E+Q0

20000 0 0) 306 2 18 626 305 0T 1007006 T P P60 6 P HE I HE I D0 HE I BE I IE FE N PR M R MM I R A R R N N R M N R R R TR IR R M M R NI MM IE M MM MMM M MMM MMM IR R MM MR MM H AN N BN AR NN Rk

PARALLEL FLANE DUCT HEAT TRANSFER AND PRESSURE DROP

GRID INFORMATION DATA

| = 22
JdT —-= 9
NI ——— = 22
J 9
DUCT LENGTH = 1.000E-01 M
DUCT HYDRAULIC RADIUS 2.270E-03 M
XFRAC(I)=
1.000 1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000 1,000
1.000 1.000 1.000 1.000 1.000
1.000
YFRAC(.1)=

16.000 12.000 &.000 &.000 4.000
2.000 2,000 1,000

SOLUTION CONTROL PARAMETERS

NEWFU=-— S - 5




29¢

NSHFY —— 2
NEWFP ==~ —sem e e —= 20

NEWFT ——= 2

MAXIT = 200
IFREF—-——- = 2

JFREF ——— _— e a

LIRFLL 5. 000E-01
LIRFV Rttt ———— o e 2D S.000E--01
URFF - = 1.000E+00Q
URFT ——— - = 1.0QOE+Q0
FREF———---— = 1.000E+00 PA
SCRMAX - = 1.000E-02
INCALU———- =T

INCALLYV =T

INCALF - T

INCALT- ~ =T

INFPRCQ - =T

SR B MR RN RGN R RN R Y R RN R e R M R N R G R RN R H R R N R N R R AR RN NN E PR R RS RN PER MR HH M B MR AE R P H B PR ER UM RR PP PR P VDML Lo N

FLUID PROFERTY DATA

Al, VISCOSITY COEFFICIENT-——-——=—s——m——=
AZ, VISCOSITY COEFFICIENT-——--——-—-——mm—-=
A3, DENSITY COEFFICIENT =
A4, DENSITY COEFFICIENT-—=—-——oem—ee— =
A%, RHO=CF COEFFICIENT -

AG, KHO=CP COEFFICIENT =
A7, THERMAL CONDUCTIVITY COEFFICIENT-—=
INLET DYNAMIC VISCOSITY————=—memm——m =
INLET DENSITY

INLET SFECIFIC HEAT—— - =
INLET THERMAL CONDUCTIVITY-————m—re——— =

UFERATING CONNITIONS

INLET TEMFERATURE =
CGUTLET TEMPERATURE - =
INLET FLOW RATE--— -

INLET REYMHOLINS MUMGER -~~~ mm— e mmeem ez
INLET FRANDTL NUMBER—-—-————m— e iz

IMLET PECLET FIMEER === e oo

2.866E+01
-4, 122E+00

&, 8Y0E+02 KG/M%%3
-7.000E-01 KG/K~-Mx%3
1. 400E+06 J/7K-Mx%3
1.800E4+03 J/ERRZ2-Mnx3
1.170E-01 W/M-FK

&L 042E-03 PA-3
8.472E+02 KG/My=3
2.012E403 J/KG-K
1.170E-01 W/M-K

S.870E+01 DEG.
&LOS0E+OL1 DEG. ©
1.524E-0Q M»#2/CEC
4,.277E401

1. 0396 +02
4.4449€E103



OO AR RPN MMM IR MM MM MMM MBI R M P A P A N MR AR IR M P M I FE M M M MMM R R IR MM MMM PN NN A MM R MY R MBI M I P M I MR B MR MMM RN MM RN MMM I I

OUTPUT CONTRIOL PARAMETERS

TMON- — 21
JHMON 3
INDFR1 = 100
0F o 306 0 4 36 3¢ 208 0E 06 Sk 30 0 0 3 3 D200 2 06 R 3 A P 6 36 € 36 3 36 76 26 0 1 98 3 3 36 34 04 26 6 36 26 16 36 26 300 J€ D6 36 36 36 26 36 I8 05 36 36 36 38 34 26 BE 36 36 36 26 3 36 3 36 J6 6 IE € BE IE 35 15 D4 I 36 26 36 ok 5 1 30 36 36 D6 36 36 FE 76 36 35 26 0305 20 34 4 26 3 35 08 06 00 0k il M

HISC FARAMETERS

THERMAL CONDUCTIVITY, INSULATION---——-—— = 1.720E-01 W/M-K
WILTH OF IMSULATED CONDUCTOR-———————--— = 5.000E-03 M
INZULATION THICKNESS—--— = 1.000E-03 M
HALF-HETIGHT OF COFFER CONDUCTOR--——-——-= &.000E-02 M
WIOTH OF COFPER CONDUCTOR-————————————= 3.000E-03 M

RESISTIVITY OF COFFER AT 20 UEG. C-—--= 1.720E-03 OHM-M
TEMFERATURE RESISTIVITY COEFFICIENT-—-= 3.930E-03 K-t
WINDING CLURRENY - b ?.750E+01 AMPS
LEFT DS EDGE CONVECTION CONDUCTANCE--= S.A31E+OZ W/Msn2~K
RIGHT DISC EDGE CONVECTION CONOGUCTANCE= 2.GETEHO2 W/MMRD-I

LEFT VERTICAL DUCT EULK FLUID TEMF. -—-= 5.8%0E+01 DEG. C
RIGHT VERTICAL OUCT BULE FLUID TEMP~—--: GLOS0E+01 DEG. ©
LEFT VERTICAL DUCT FLOW RATE-—-—————~——= 3.940E-04 Mux2/GEC

RIGHT VERTICAL [HICT FLOW RATE-—————~——:= 1.520E-04 Mex2/ZEC
LEFT VERTICAL TUCT HYDRAULIC DIA.--—--——= &.000E-03 M
RIGHT VERTICAL DUCT HYDRAULIC DIA,-----:= 1.4614E-02 M




Y9¢E

B F P I—
I 2
J
¢ O.00E4+00
& 1.15E-03
7 S.AZE-03
& 1.19E-02
5 1,.76E-02
4 2.95E-02
3 3.97E-02
2 4.8EE- 02
X= Q. 00000
I 14
J
9 0.00E+00
& 1.15E-03
7 S.é&21E-03
& 1.17E-02
S 1.7EE~02
4 2.95E--02
3 3.97E-02
2 4,84E-02
X= . QEO00
P B P P B B
1 2
o
2 QL 00EH00
& QO 00E+Q0
7 QL00E Q)
& 0LO0E10Q
50 0000E+O00
4 QLQ0E00
I O.00ELO00
2 0 00E100
X= L Q0250
1 14
A
2 0 00E4+00
& 0.00E4+Q0
7 D.0NEROO
& 0.00E+Q0
S 0.00E400
4 O 00E100
2 0,.00E100

e e B R B — B — B — Y — P
3 4 ]
0.00E+00  0.00E+00 0,00E+00
1.1SE-03 1.15E-03 1.15E-03
S.E6ZE-03  S.EZE-03  5,.6Z2E-03
1.19E-02 1.19E-02 1.19E~-02
1.96E~02 1.98E-02 1.96E~-02
2,95E-02  2.90E-02 2.95E-02
3.97E-02 3. 97E-02 3.97E-02
4.85E-02 4.84E-02 4.88E-02
. 00500 -.01000 . 01500

15 16 17
0.00E+00 0.00E+00 0.00E+00
1.15E-03  1.15E-03  1.15E-03
S.62E-03 S.462E-03 S.6ZE~-03
1.19E-02 1 19E-02 1.19E-02
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HEAT TRANSFER AND FRESSURE DROP SUWHMMARY

X X3 WALL TEMFERATURE EULK FLUID TEMFERATURE NUSSELT NUMEER FRICTION CONSTANT
. 0000619 61.77 DEG C §8.9% DEG C 33,6732 0. 000 ’
. 0001853 é4.18 DEG € S$9.02 DEG 28,186 22.932
- OG3R097 &5.7%7 DEG C §9.10 DEG © 24,359 22,815
. (004336 &6.95 DEG C S9.18 DEG C 21.841 22.697
Q005573 é7.86 UEG C $9.27 DEG C 20.08% 22.8511
. 0008814 8. 62 DEG C 59.36 DEG © 18.791 374
- OOOB053 9. 27 (kG G $7.44 DEG C 17.793 22285

LO3750 M L Q00Y272 69.83% DEG C 5%.53 DEG C 156993 22,1323
0010531 70,38 DEG C S7.62 DEG C 16.33¢ 22,007
L0011770 70.87 DEG © $59.70 DEG C 15.78% 21.897
. 0013009 71.32 DEG C 89.79 DEG C 15.310 21.792
0014248 71.74 IEG C $9.88 DEG C 14.857 21,691
- 0015487 72.14 DEG C 59.946 DEG C 14.531 21.594
0016726 72.52 DEG C ’ G0.05 DEG C 14.201 21,500
0017985 72.87 DEG G é0.14 DEG 13.891 21.410
0019204 73.18 DEG C &0.23 DEG © 13.576 21,323
0020443 73.41 DEG € ¢0.31 DEG C 13,191 21.239
200216862 73.44 LEG C© G0.3% DEG © 12.561 21.161
0022921 72.97 DEG C &0.46 DEG C 11.155 21.03%
0024160 71.04 DEG C G0.4% DEG 6972 21.033

WINDING TEMFERATURES AND HEAT FILUXES

X CONDLICTOR TEMFERATURE CONDLICTOR HEAT FLUX

L0050 M A8.8% DEG. © 1. 2258403 W/Mxx2
L00750 M 75.07 DEG. C 1.874E403 W/H=x2
LO1250 M 78.00 DEG. C 2. 100E402 W/ Min2
L1750 M 79.67 DEG. C RASTE4O3Z W/M=:2
.0 UM | &0.7% DEG. 2L224E+03 W/ My =2
.0 M 81.¢5 [DEG. C P2L242EA40Z W/HEED
LO3250 M 82.37 DEG. 2LES3EY03
L0375%0 M &2.9? DEG. 2L260E403

2. 24656 4¢03

04250 M 83,595 DEG.
! ] &4.07 DEf.
£4.594 DEG.
&4.,9% DEG.
&5.40 DEG.

2LRTOEA4O3
2.274E403
2L27SEFO3
2.280E403
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D7 DISCNET The structure of DISCNET 1s 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 1listings for HDUCT and the TEACH-L

subroutines are not duplicated here.

Four functions are provided to perform frequently needed tasks.
FUNCTION H(DHOR, 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 1local +luid wviscosity. Listings and sample

output follow.
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MAIN

START——p— CALCK Houer [Pl TEACH-L
RCS.RCT,ACL, Set up parameters ‘_ Catculate horizontal
RCH: 0, Set Y to call HOUCT duct varighle
K.KLKR s 24 viscosity K
INPASS |« | Update TR
Input duct N r
dimensions, etc. h
Input tables of
YOS, ate. sttt —» caLRS | SELCO
aTIN Calculate RDT, Select KDT, KOS,
TR I 4 RGD;‘.‘;C;, RCS ‘— KET’,‘KCS fram
CALDRS ‘ tables
C R. RL,
°'::",°"RR P CALCRS SELCOR
C:lnc:!?zte RCL ¢ s.(«tlu:lis"om
CALFLO (4 v
Caleutate Q2 3 CALDRS
Transfer Q2 1o Q20LD
PRNFLO ¢ < '! CALFLO I
Print out Q2 —1Pp— Compute RESID
PRNFLO
A 4 A
PRNFLO
!
N Y

Fig.

D7.

—P» STOP

1 Flow Chart of DISCNET
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PROGRAM MAIN

H PFECCRAM MALN

H ZIMENSION S20OLL(15)

: PEAL KDT{&,Z,4),KDEI5,S,4) KCT(E,S,4}3,KCE(E,5.4),

H 1EC(S, 4),K(18),KL(LIS),KR(1S)

H CCMMON

: 1/FLCON/YDT, EDE, KCT,KCS, ¥C, K, KL, KR

: 1/PASDAT/XD(1S),7D(1S),DL(15),QF{1%),DH(1&8},2IN, TIN, NOUCT, NDUCM1

: {/FLOW/QZ(1€),RDT16),RD5(15),RBCT(16),RCS(16],PCL, RCH,
H IF{:€),RL(!S),RR(1S), TL(16), TR(LS)
H 1 /FLUPR/URFVIG, VISZTE, DENEIT, PEIN, DEN(S,8),VIS(5,5),
H 1CAMH(E,8),A1,A2, AZ, R4, AS, A%, AT, SPHEAT, THCCND
H 1/DIZZ/THCPAP, UIDLON;*IﬂSu.HITFJN HLEFT, HEITE, TLEFT,
1 TRITE, FH020, ALPHA, CURENT, THLCON, 5C, GCP, CF, GCT,
1 GLFE, GCPP, GL, GRP, GR, BC, @DQT, TC(&), 2LOTPP(8),

1 DELTAY
DATA K, KL, KPR /48+24./
DATA RDT, RIS, RCT,RCS,RCL,RCE /E£5+0.0/
CALL CPEM(E, "RESULT DAT .0}
CALL OPEN{&, 'DATIN DAT, Q)
CELL INPASS
C-==--- INITIALIZE *ENPE°ATUrE:

DO 10 I=i,NMDUC
TL{I)=TIN

10 TR(I:=TIN
MAXIT=10
NUMIT=0
REZMAX=,0!
CALL CALDES
CALL CALFLO
~EITE(S4, 1000)
WF'TE(;,IO)O)

a () P = D U (0 ) Marn b d f = QW 3 D & i) )

08 4 es s S8 4b 48 es et ss be

1
1
1
1
1
1
1
!
.

23 TALL FENFLD

e 100 NUMIT=NUMIT+!

23 IF(CUPENT JNE, 9.) CALL CALC

281 CALL PA JRE

37 ZALL

3t 1T CALZRS
3 jatal .
473 200 QEOLD(X)

E CALL

<23 RES

<33 oo

LN TE™

<Z: 215 RZS

48 FEZ 4

47 WEITEZIG, 1010 1201

=31 dF*—E(J 1010 NUH

43 FINUMIT.ST.MaXZ =

5923 IF(PEEID.CT.EEEMHX? GO T2 139
<1 200 CONTINUE

T3k WEITE!4, 1220 NUMIT

Tz WF T . Q20 NUMIT

34z carL F“WF"

<< STQP

Sa: 12390 ?CE“AT('T. INITIAL ZISTRIZUTIONS
T 1014 "FEIZIDUAL AF ’
T3: 1322 11. FINAL DIETRIZ

=3
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SUBROUTINE INPASS

SUERQUTINE INPASS

EZAL KIT(8,Z,4),KDSi6,5,4i,
1KC(S, 3, K(18),KL(1S),KR(!S
COMMON
1/7CON/EDT, KPSy KT, KC3, KCy X KL, XR

1/PASDAT/AD(LS), YD(L5;,DL(1S},DRI1S), DH( LS}, QIN, TIN, NDUCT, NDUCML
{/FLUPR/URFY1S, VISCOS, DENEIT, FRIN, DEN(S, 8),VIS{6,81),

1GAMM (8,81, 41, A2, A3, A4, AS, A6, A7, SFHEAT, THCOND
1/D1S2/THCFAP, WiDCON, TINSL, HITCON, HLEFT, HRITE, TLEFT,

! TRITE, PHO29, ALFHA, CUPENT, THKCCN, GC, 3CP, SF, GCF,

1 GL?, GCP=9, GL, AP, GR, RC, ADOT, TC{5), GLATFRP(S),

H DELTAT

READ(S,3800)
NDUZMI=NDUCT-1!

CT(6,5,4),KC3(6,5,4),

NDUCT

40 20 4u 04 ve ve ss 40 00 B0 es av 40 gs o8

!

Kl

<

£

2

S

12

12

12

12

1t

1= PEAD(8, 1300) (XD(1), I=, NDUCML

13: READIZ,1000) (YDil), I=1,NDUCML)

17 FZAD(S,1000) (DLII}, I=1,NDUCMLY

182 EZAZ(E, 1000 (DRUI),1=1,NDUCML)

1% READI(3,.1000) ¢DH{IY, 1=1,NJUCT)
20: EEAD(E, 100S) QIN, TIN,»ALl,AZ, 835, A4,AS, AS5,A7
21 FEZAD(3, 1003) THIPAP, WIDCCN, TINCSL, HITCON, SHOZ29,
22: 1 ALPHA, CURENT, THKCON

e SZAD(E, 1002) xC8

24a; READ(8, 1002) KCT

23S READ(E, 1202) ¥IS

23 READ!E, 10CZ) KDT

el EQ 2900 i=:,°%

22: RESDIS, 1047y {KC(I,Ji1,J=1,3)

23 WEITZ¢3,16010) AINS TING JURENT, NDUCT

2oy C==--- FORMAT STATEMENTE

3t TORMAT(IZ)

22 SRMATIEFZ.S)

331 1092 FOEMATI&F3. )

S2;  100T FORMATI(SEL!Z. 47

2 1007 FORMAT(4F3.3)

35 1015 FORMAT QLM = "y 1PEIZ.2, " M#a22/SEDC/
7 H . TIN = ‘', IFE{Z.3,° DEG. C°/
2 H ° CURRINT= °, (PEI2.3, ° AMF3'/
39 1 MDUCT =7, IT)

40 FETLUEN

4i gnib

t
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SUBROUTINE CALDRS

ZUBPQUTINE CALIRS

REAL KDT(5,S,4),KLS(5,S,4),KCT(6,S,4),XCE(6.,S,4),

LKS(S, 4), K183, KLILS), KR(1S)

COMMON

L FCONY/KDT, KDS, KCTy KC3, KC, Ky KL, KR

1 /FASDAT/XD(135),YD(13),DL{13),DR(15),DH{16),QIN, TIN, NDUCT, NDUCML

1/FLOW/22(15), X0T(16,,RDS{1S),RCT(16), RCS(16), RCL, RCH,
{016, BLCLIS), RRUISH, TLI1E), TR(LSG])
----- CALCULATE RESISTAMCEE [N HORIZONTAL DUCTS
REL)=4, (1) «VISC(TL(1) ) #XD(1) /DH(L ) #%32
DO 10 I=2,NDUIM!
i0 RID)=2, K (I)4VISC(TLIII ) #, S (XD(I-1:4XD(I)/DH{I) %23
RINCUCT) =4, « K/ NDUCT) #VISC{TL(NDUCT) ) «XD (NDUCMI) /DH(NDUCT) %3
----- CALCULATE =ESISETANCES IN LEFT AND RIGHT DUCTS
L2 20 I=1,NDUTMI : .
RLUI)=4, #kL{D)*YVISCITLI D) YYD 1) /DLt 1) =3
20 EF(I)=4, #KF( I «VISO(TR(I) 1 4YD{1 ) /DR(I) %3
WRITE!6,1000) R
WRITE(S,1910) FL
WRPITE!&, 1020) =F
RETUEN
1008 FORMAT(/1X, "R= "/4EL13.4/4EL1Z.4/,
1910 FOPMAT(/1X, "RL= "/4E13,4/4E12,4/)
1020 FORMAT(/11X, '"RRs "/4E13.4/=E212.2/)
END

irs
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SUBROUTINE CALFLO

SUERQUTINE CALFLO
DIMEMSION QLOOP(1S),A(1S),B(12),L(135),D(1S)
COMMON -
1/FLOW/Q2(16), RDT(16),BDE(1S),RTT(15), RC3(15), RCL, RCH,
tR(i6),RL{1S),RR(15),TL(18), TR(1&)
1/PAEDAT/XD(1S), (D(15),DL(1S), DR(LS), DH(LS), @IN, TIN, NODUCT, NDUCM1
----- SET UP COEFFICIENTS
RCT(1)=RCL
RDT (NDUCT?=RCH
CO 19 1I=!;NDUIML
RPL=EDTI{I)+R(I)+RCT{I)
RPP=RE(1)+PC3{I+1)
PPH=RCT(I+1)1+R(I+1)+RDT(I+1)
FLP=RL(I)+RDS{1)
D(I;=RFL-REP+PPH+RLP
10 ALI)Y=RPH
A{NDUCM1)=0,
B{1)=93, :
Ci1)=-QIN#(2DT(11+2(1)+PCL+FR{ 1) +mCS(2))
L0 22 I1=2,NDUC1 N
s{lr=a0:-1)
20 C(I)=-QIN#(RRII)+RCE(1+1))
----- BECIN PECUPRENCE PPOCZDURE
ACL)=A(1)/D(1)
C(1)=C{1)/D(1:
00 30 I=2,NDUCM!
TEPM=1,/(D(1)=2(I)*A(I-1))
A{I7=3(1)*TERM
20 CUD)=(C(II1+E(1)#C(I-1))*TEEM
----- CETAIN LOCP FLOW RATES 2Y EACX SUBETITUTION
GLOOQP (NDUCML i sC(NDUCML)
DO <0 1:1=2,NDUCH!
[=MDUCT-I1
49 QLICP(I)=A(I)*3LO0OP(I+1)+C{1;
----- NOW CALCULATE FLOW PATE IN EACH DUCT
22(1)=2IN+aL002 (1)
DO S0 I=2,NDUCMI
59 G2(I)Y=2LOQP(!1)-CLOOP(1-1)
22(NDUCT) =-2LJ0P {NDUCM1)
RETURN

END
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SUBROUTINE PRNFLO

SUZFCUTINE PRMFLO
COMMON
1/PASCAT/XD(1S),YD{1S),DL{1S),DR(1D), DH(1S), QIN, TIN, NDUCT, MIUCML
1/FLOW/22018),RDT18),RBD5( 15}, BCT(1E), RCE{15), RCL, RCH,
1R{18),RL{15),3R(1S), TLI1E), TRILE)
DO 10 I=!, NDUCT
PFLON=GZ (1) #1100, /QIN
WRITE(4, 1000) I,FFLCW
10 WRITEi(6,1000) I,FFLGW
DO Z0 I=:, NDUCT
20 WRITE(&,1019) 1,QZ(1)
RETUEN

1230 FSPMAT(1X, "PERCENT FLOW IN DUCT NO. °,IZ," IS ",FE.2
1010 FORMAT(1X, [FLOW RATZ IM DUCT NGO, ~, 12, IS ", 1IEIZ.3, " Ir+*Z/CET”

£ND
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SUBROUTINE CALCK

SUERCUTINE CAL
=EAL KIDT15,S,4),K
213, 4), K015, KL
CCMMON

o

L/FZON/EDT. DS, XCT, KC5, KC, Ky XKL, KR
L/PASDAT/NDOLS ), YBLLS, JLILIS), DR{1S), DR{1S, TIN, TIN, NOUCT, NDUCH!

1/773w/3"’15).3-.\16),53 (1S3 HP'(161»F’ {18),=CL,RCH,
),

124018), RLULEY, RE(LS), TLULS T"'
S

/DIS;/THCPAP WIECDN.TIN L, HITCON, HL:FT.HRIT:..LE.A,

! TRITE, RHG20, ALFHA, CURENT, THKCCN, GC, GCP, GF, GCF,
1 GL?,GCP?»CL,CEF,GRoRC,QDOT,TC(E).&DOTPP(G),
1 DELTAY

Cemee- TART AT BOTTOM OF PASS

DL-N XD
PHORIZ=DH(1) /4,
. WRITE(E, 1002)
C"""ALCUL TE COMVECTION COEFFICIENTS HLEFT AND HKRITE USING
Leomvon- AN NUSEELT NUMBEP FrROM SHAH
L’JLAT_ FL 4 RATE ON LEFT AND RICGHT EDGES

«S#rD(1)/(DL(1) *PE(GL, TL(1)
YFXTL—nu*{D(l‘/’DP(!"Fr\JP TR(1)
HLEFT=H(DL(1), XLEFT)

HRITE=H(DAR!1), (RITE)
Com--- USZ EXISTINS TL'S AND TR'S EUT UPDATE THEM AFTER
Coce-- CALLING HDUCT

MDUC=!

WRITZ {4, 1000) NDUC

WRITE!&, 1822) NDUC, XLEFT,HLEFT, XRITE,HRITE, GL, @R
CALL HDUCT(DLEIN, SHORIZ, TL(1), TR(1},QZ(1),K (1), T2COUT)

TE{1)=T2CUT
ai=02¢1)
DO 1¢ I=2,NDULCM1

QLEN=0.S#1(D{1)+XD(I-1))
RHGRIZ=CH(I ) /4.
@L=4aL-22(I)
AR=CR+22( 1)
YLEFT=,9+7D([)/(TL({I)#PE(GL, TL({I) )
XRITE=.S+YZ(1)/(DR{I)#PE(QR, TR{1} )}
HLEFT=H{(DL(1), XLZFT)
HRITE=H(DR{1), XRITE)
NEUC=1
WREITE{4,1200) NDUC
WwAITE(S, 1020) NDUC
CAL‘ HDUCT DL:\,PHOH.gp.L(I).T=\I).u;iI;.P(I‘
=3°{I)-QI
FiI)={TEQUT+QZ
10 ”I‘“l
DLEN=XDINDUSML)
=t Z=DHINDUCT) /4,

, XLEFT, HLEFT, XRITE, HRITE, 3L, 9P
TEQUT)

(TI+TRII-1)#Q [0 /Q1

S

--=.5*'D'N“ULM1)/fuP(NDUCﬂt)°°:(:F TEI8)))
HRITE=H(IRIT), XPITE

NEUC=MZUCT

NRITE(4.XOOHJ NoUC
WAIT=Z(E, 1030 NQUC, X{L=FT,HLEFT.XRITL, 9RITE, 2L, GR
CALL WI UFT(JL'N..HQ“I:.TL(NdU’”) Tr (MDUCT .,

122 (MDUCT, KINT

LT, TEOUT)

21 {NCUCT) +&1
TRMDUCTI=(TZOUT#RZINDUCTY +TRINDUCML ' Qi /21
WRITE(S, 1010) TR
WRITE S, 1020} K
RETUFN
10Go FIRMATILX IN JUST NO. I
$QCE FORMAT. 'O '.,A. HLEFT W 7X, XRITZ
17X, HRITE
1613 F'PN TR
1222 BMeT1X
1832 ”'MATK’[.._._
ot be
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SUBROUTINE CALJRS

SUERCUTINE CALJES
EAL KDT(E,S,4), KDE(S, S, <), KCTI8, 3,4, KCS(§,5,4),
tKC(S, 4),Kt18), KLIIS), XROLE)
COMMON
1/FCON/KDT, KDS, KCT, KCS, KC, K. KL, KP
1/PASCAT/XD(1S?,YD(1S),DL(15),DR(135),DH(16),@IN, TIN, NDUCT, NDUCM!

1/FLOW/G2(16),3DT(16),RDS(19),RCT(16),RCS(16), RCL, RCH,
1P(16),RL(1S),RR2(1S), TL{16), TR(LIS)
1/FLUPRE/URFYVIS, VISCOS, DJENSIT, PRINM, DEN(E,5),VIS(6,6),
1GAMH(E,6),Al, AZ, A3, AL, AS, AE, A7, SPHEAT, THCOND

QI=QIN
WRITE(3, 104C)
DO 10 I=y,NOUCML
QRATIO=&1/G@2(1)
REATIC=COL(1}/DH(1)
CALL SELCO(KDT,QRATIO,RRATIO, FE(QI, TL(I)),F¥DT)
CALL SELZG(KDS.ZRATIC, RRATIC,RE(QI,TLI{I}),FKDE)
RETN=FE(QI, TL{I}}
WRITE(&, 1CS0) I,GQRATIO,RRATIC,REYN,FKDT,FrDS
ROTII1=2, #FEDT«QRATIO#VIES(TLII) ) /DL{]) «*2
ROS(I)=2, #FKDS#(1.,/(1.-1,/AQRATIO) ) =#VIECI{TL(I))/DL(I}*%2
10 3I=QI-Q2(1)

----- CALCULATE COMEZINING JUNCTION RESISTANCES
Ql=@2(1)
WRITE(5, 1080)
DO 20 i=2,NDUCT
GRATIO=RI/RZ(I)
REATIC=DR!I-11/DH(I)
CALL SELCOKCT,QRATI!IO, RRATIC,RE(GI, TR(I}),FKCT)
CALL ESELCO(XCZ.,QRATIO, RRATIO, RE(GI, TR(I)), FKCS)
REYN=RE(QI, TR(I))
WRITE{S, 10S0) I,QRATIO,RRATIQO, REYN,FXCT,FXCS
RCT(I)=2, #FHCT#(GRATIO+1.,)*VISC(TR(I)}/DR(I=1)*+42
RCS{I1)1=2,*#FKC5# (1. +1./GRATIO) #VISC(TR(I))/DR(I~1)%%2

20 QI=@l+aza(I
WRITE{6, 1200) RET
WRITE(S,301C0) RELS
WRITE!S, 1020) RCT
WRBITE!E, 1030) PCS
SETUPRN
1000 MAT(1X, "RDT= "/4E12,4/22132,4/)

101D AT(1X, "FDE= "/4E15,4/4E13.4/)

1022 = L, "RCT= ‘/4E13,4/4Z13,4/)

1929 y "RES= "JA4ELZ,4/4E13,4/)

1640 FORMAT(LIX, "DIVIDING JUNCTICNE "/
1° JuCT NC.’,2X, "@RATIS ", 3X, "RRATIOZ ", 2X, "RE",
18X, "KIT '.SX, "KDE")

1050 FORMAT(3Y, 12, 4X, SF8.,2)

1060 FORMAT(1X, COMEBINING JUNCTICNS/
1° DUCT NGO, ", 2%, "@RATICQ , 3X, "RRATIO ", 2X, "PE",
158%, "KCT", 3K, "KCS ")

=ND
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SUBROUTINE CALCRS

SUZRCUTIME CALCRS

REaL KDT(&8,3,2),KDSi5,3,4),kCTi5,3,4),KCS{6, 5y 4,

LKC{Z, 4, K(18),KL{1S), KR(15)

CCOMMON )

1/FCCMN/KDT, KDS. KCT, KCS/) KCy ¥, XL, KR
1/PASDAT/XD(15),YD¢15),DL{{5),DR(1S),DH(16),QIN, TIN, NODUCT, NDUCM!

1/FLOW/G2(16),RDT(16),RDS{12),RCT(16},RCE(16), RCL, RCH,
1R(15),RL(13),RR{13),TL{1lc}, TR(LI&)}
Comm-- CALCULATE 20T7CM CORNER FESISTANCE
RRATIO=DH(!) /DR{1)
CALL SELCZOR(KZ,RPRATIO,RE(G@2(1),TR(1)), FKCL)
RCL=2, 4FKCL#VISCITR(1 1} /DH{1) ##2
RITN=FE(GIZ(1), TR(1})
WRITZ(6,1010) REATIJ, REYN, FeCL
C--~---CALTULATE TOP COFMER RESIETANCE
RRATIO=DL{NDUCML) /DH(NZUCT
CALL SELCOR(XC,RPATIO, PE(A2INIUCT), TL
BZH=2, #FgCH*VISC(TL(NTUCT) ) /DL INDUCM:
SEYN=RE{GZ(NDUCT), TL{NDUCT))
WRITE(S, 10Z20) RPATIQ, REYN, FKCH
WJRITE!S,1000) RCL,PCH
RETUR!
1003 FORMAT(1X, ‘RCL= °,E!3.4, " RCH= ",E!3.4/)
1010 FORMATI{!X, "BOTTOM COENER"/
1’ PRATIC",S%, 'RE",5X, "RCL"/1X,3F3,2)
1029 FLEMAT(LX, TGP ZORNER”/
1° FERATIZ ,SX, "RE’,8X, "¥CKH’'/1X,3F2.2)

END

NDUCT) ), FXKZH)

’
{
Y442
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SUBROUTINE SELCOR

i =

RZAL

DATA REYN/Y. 224, 17.27.51.76, 93,48, 175,77/
ATA RRAT/Z.35, 1., 24,307

=t

ua 30 w=1, 4
RAT i, GE.

ANEIE N1
g EYM ALY )/ {REYMLIH) =REYN (L) ))

PARRAT(MHY=]RFAT (L) ))
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SUBROUTINE SELCO

it COKFTAC, 2RATIS, PRATIC, 22, 7
pcH ATIBI, FETN(Z),RRAT (4, FI(Z) 23, F212)
EX
L 14,2005, 2.,10,/
T L 17.37 v:1c55953-649 17, 77
=N DATA RRAT/.Sitlar 2400347
Ty Cem--- DETESMINE INDICES OF ADJACENT TABLE VALUES FOR
3t C-=--- INTZRPOLATION ROUTINE :
2y Ce---- INITIALLY ASSUME THAT VALUE 13 IN LOWER EXTRAFCOLATICN
1&: C---=-~ PANGE
11 IL=1
122 DD 10 I=1,¢8
132: 10 IF(ERATIO JLGE, ERATI(IN)IL=I
123 C-==--- CHECK FOR UPPER EXTRAPOLATICN RANGE
192 iF(IL LEQ. 5:)1IL=5
- IH=IL+1
7 JL=1t
132 D0 22 J=1,S
132 20 IF(RE .GE. RETN(J))JIL=J
O iF(JL +E@, S)JL=4
2 JH= L+l
Z2: L=
23: DO 20 F=1,4 .
24: 30 IFIRRATIC .CGEZ, RRATI(K)) KL=K
22 IF(EKL +EG@, 4) EKL=3
=52 KH=KL+1
27y C--=--- COMMENCE FIRST INT:FPOLATION
232 DO 40 K=1,2

Ki=KL+K-1
20 49 Jsi1,2

Jusdled-t

H Fi(d 1 KIsKFACIIL, JUWEK)+ L {GRATIO-ARAT({IL) 1 /{GRATIIMN)-2RATIIL )
H L (HFAC(IH, JJ, Ki) -KFAC{IL, JJ, KK)
: <3 CONTINUE
: 40 CONTINUE
t C----- COMMENCZ SECCND INTERPOLATION
T 2D 30 K=t,2 .
z3: S0 FRIK)I=FI(L, KY+({(RE-RETN(JL) ) /(REYN(JH) ~BETNISL: )
IS 1«{(F1(2,1)-F1i1,K))
433 C----- 20 FINAL INTEFPOLATION FIR DESIRED FRICTION CONSTANT
a1 F=FZ2{1;+((RRATIO-ERAT(KL) )/ (RRAT(KH)-BRAT(EL)) } %
<23 HUF2(Z2)-F2UL1 )
<43 RETURN
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FUNCTION H

FUNCTION PE

FUNCTICN PE(FLOPAT, TEMP)

CZMMCN

1/FLUPR/URFVIS, VISCOS, DENSIT, PRIN, JEM(S,€),VISi6,5),
1 GAMH(E, 81 ,Al, A2, A3, A4, AS, A6, A7, SPHEAT, THCCND
DEMS=AI+A4*TEMP

RHOCP=AS+AG«TEMP

CP=PHICP/DENS

FR=VISC{(TEMP ' #CP/A/

PE=PZ(FLOSAT, TENP) *#PR

PETUEN

END

FUNCTION RE

FUNCTION EZ:FLORAT, TEMS!
COMMON ‘

. /FLUPR/UFFVIE, YISCCE, DEN
1OAME(E, £, AL, A2, AB, A4, AT
=AT+214TEMP
FESFLORAT#2 , #DENS/VISILTENP)

FUNCTION VISC

FLINCTION VIZC(TEMP)

OMMION

1/ FLUFR/LVRFYIE, VIS ) ! o PRING DEMN(E, =0, VITE, 20,
LEAMHGZ. o), AL. AZ, AZ, . e A7, SPHEAT, THCEND

peEM:= +A4=TEMP

E“HIN—(t PUEXRF (ALY #(TEMP+272. ) ##A2)—,.7) /1, E4
'_uavtN“IN
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Input File DATIN.DAT

Q
+ 1024, ,1024,.,1024,.1024,,1024, ., 1024, ,1024, )
21374, ,01374,.01274,.,01374,,01374,,01374,.01374
»0408,.,008, .008,.008,.008,.028,.008
+01614,.,01614,,01514,,01614,.01614,.01614,,01F14
»NQZ08, .00788, .00804, ., 0076, , 00264, ,0082,.,00936, .007158
StAGE""pSBcSp:“-SSE -4, 1&—_"-89”-'7'l'eEE'l'BEa"ll:
. 172,.,025,.00¢,.,006,1.72E-8,3,33E-3,603.5, .023
2,56,31,34,320,29,20.01,29.9,29,89
42,85,39.28,35.31, 34,36,33,64, 33,24
89.72.75.24.58-99.52.71,49.78,47.42
151.86,121.92,87.74,74,2,66.99,63.3
2850702‘.3 4' 148,2 11,.9 102,37 '93'7
2617}25.1 : 3‘?.- -7.22.3/ )22 19
:6032! 22.47 ,-..B o3, 260450 4.5¢34' ...4075
81,17,66,49,48.7 4,41.77,38.26,36,
142, B t11,08,75.98,61.5,52.29, 49.84
278,3,212,795,135.2,104.4,88.44,78,85
-’1 4, IQ :4 15»/6 1s 9/»15.1.6 15,25
32,29, 26,94, 21, 68 19.40,18,3,17.98
7By B80.7,42,02,24,5,30.,47,28.26
137,31, 105, 9»69.58.54 2745, 44, 41,35
202,4,211.1,129.4,97.66,20.8,70,44
19,27,17,42,14,39,13,39, 12.84, 12,68
29,53,24,39,19.41,16.97, 15.69, 14,83
4,74,39.15, 40,01, 32,15, 28,87, 25.57
':I -4Q 105 1 6/ -31 510\9'4\.0\.:5’_..004
290.2,213,8,129.2,95.07,78.,8,88.2
26.37,24,54,22,56,21.73,21.4,21, 15
37.37,33.52,29.52,27.8,26.,89,26.45
94,31,70.21,53.76/47.62,44,51,42, 16
146.,5,116.33,81.99,68.28,61.02,57.24
280.1,217.,,141,2,110.2,94,26, 33,6
22,88,20.79,18.37,16.28,16.19, 15,81
‘.c-“41580 S. 23, 43;4.1 41 O 1 19 S
S.43,62,09,44,84,38,04, 34,473, 32,14
1-u. 02,108,132,72,26,58.4,350, 26, 46, 41
T 30-08-//'13 01:10101184 95:/4 90.
-u-;E.“QoEB 18.19,16.,4,14,29, 12,39
233.93,29,13,22,57,19.36, {18, 3'16 05
£8,21,37.0 41.39,34,84,320,33,27.61
143 1,102,,51.13,53,54, 46,34, 40,58
£6,3,202,8,127.6,98.02,81.6,70.,65
'39-32,-1 24,27.61,22.09,18.83,18.21
42,04,37,23,27.85,24., 18,72, 18,4
52.1S 53.;;.44 32,36.,43,32.22,28.67
-..1-1!!3\.1»6’1 O.u.'55 E 47 ~4) 1.3€
282.2,198.,,125.6,395.25,81.,.7,71.5
12.86,17.08,22,42,24,72,25,31, 268,58
2,08,13,5%,21,02,24.34, 25,06, 27, 18
-10.62, -1.54, 13,84, 21, 63y25 65,28.13
-31.,-20.04,3,356,15.71,22.61,27,56
'64002: '52:03;'19-38,10695. 13.46.21.85
£.53,10,09,14,81,16.88,17.,95, 18,59
.685,5o39,12.3q.“5 28,17.1,18.14
-20.18,-13 OI}I'LOSOJ-'I&IB v 15, 57
-39, 141 -"l.cr,‘ll 4/1041:11 138' l\.r-
-70.11,-61,78, -33, 12, -15. 4,-: 82 4 098
1;12:3'90f 094p- 8'10 51.'11
-5.38,-1,2,5,07,8.01,9, 43.10 56
-25.384, -20. ﬁ4' ’ .02'«_:* 4, ’*61;6 99
‘43»7' ‘?80081 '20008' -8, 64,‘101 prrub
-72.88,-858,9,-41.4,-24,67,-13,51, -6, 08
1.,073,1,22,5.28,6.74,8.09,8.61
'7.439 '4»07,2»30 4-4-= 6 4Q', » ’:
-28.17.-23.05.-10 6' '-'013’1015;- B89
'45-:_|‘40-1 81 -23, 11)‘1 ‘5.4—3 -. 8
-758,23 -ﬁg,, '-45!5' ‘27053;‘17"3‘% -9,23
10.,26,9.96,2.65,9.32,9.58,9.56
By T ST 1L, T L2, T 19T 1B
Z,981,3,44,4,07, 4,43, 4,59, 4,83
£.24,3,32,4.3,5.1,5.42,5,59
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t6.232,19.09,7.72,7,56,8.03, 8,27
14 4 11 1 9 JQ'UCI 18029 8022
L“b_ 10 :01 -Sq E !'Etu-)E‘ 39
..’J.__,.10 49,5.33, 4, -‘/,4 14,4 03
El'dl’la 0;.,.---.5 5649 c/g
2E,15,42,14,16.47,11.8,3. 64 3.24
4%,05,20,18,17.01,12,69,10.6,9.,35
34,57,33.,76,16,82,12,1%,10.,8.64
106.,6,35.41, 21, 0-'1:“9”--8‘.'\4'30
189.32,94,65,32.%1,18.,4,132,56, 11.82
384, 4’194-,'52.92.55.1.24.62,19.59
100.5,64,238,33,68,23.06,17.39, 14,54
;_E 2%,76,27, 35,48, 23,42, 18.04, 14,52
©9.13,138,54,51.09,29,47,20.53,16.3
446.24.229.3.76»8,40.?7,27.65.21-59
281,42, 442,8,141,5,74,58,48.53, 36,74
‘1.2u._-.qh.85 1,205.0
2.58,23.94,109.3,266.5
S.612, 44, 36, 235, E,S7Sn5
3.23, 78,25, 418, 3, 330.6
22,42, 167,86, 8 0- £,1902,

Qutput file RESULT.DAT follows on next
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RIN
TIN
CURRENT
NDUCT

3

» 7924E+0S
+9Z209E+03

»0000E+0!L
.0000E+0Q!

» IZSEE+0S
+ 15T6BE+03

PL

»J000E+0!
+0000E+0Q!

°PL

»J000E+01

+0000E+01
INITIAL
FEPCENT
PERTENT
PERCENT
PEECEMT
PERCENT
PERCENT
PERCENT FLOW
PERCZNT FLOW
FLOW RATE I
FLCW PATE
FLOW RATE
FLOW RATE
FLOW FATE
TLOW RATE
FLOW RATE
FLOW PATE

FLOW
FLOW
FLOW
FLZOW
FLOW
FLOW

S.460E-04 M#*+2/SEC

S.320E+01 DEG

8, 03SE+02 AMFS

+ 1214E+06 -

«1077E+Q6

+0000E+01
+QC00E+0!

+1S36E+05
+ 1596E+09

+0000E+01
+0000E+01

« 1B9SE+04
+ 1235E+04

+QD00E+0!
+Q200E+01

DISTRIBUTION

N
N
N
M

in
IN

DUCT
DUCT
DUCT
DUCT
DUCT
ucT
IN DUCT
IN DUCT
LUCT NO.
DUCT MO.
DUCT NO.
DUCT 1O,
DUCT NOQ.
DUCT MO,
DUCT ™O.
TUCT MO,

NO,
MO,
NO'
MO,
NO.
MO,
NG,
NO.

UL L. ) ) —

{1

-
L) IO R Tt B L I TV AN B

-
mwin

—
NN

-

f]

—
m

c

» 1143E+06
+7243E+05

+J000E+01
. 0000E+01

+ 1596E+05
» 1556E+0S

+0000E+01
+0000E+01

» 1895E+04
» 18395E+04

+Q000E+01
»0000E+01!

3r. 06
16,73
12,37
7,680
8,07

-
-t ¥

8. 12

4,24
2,023E-04
2., 135E-03
£.753E-05
4, 1439E-99
4,408E-0T
2 121E-28
4,4z2E-9%5
2, 3E8E-25

1S
1S
1S
13
1S
IS
IS

I3

389

+ 1332E+06
«1618E+06

»0000E+01
+0000E+0Q!

+ 1SSBE+0S
+0000E+01

»0000E+01

+ 1895E+Q4
»0000E+01

»0000E+01

M*+2/SEC
M* %2 SEC
Me#Z/SEC
M#+2/SEC

‘Me32/SEC

M*%32/SEC
Me#2,/3EC
M+ *»2/SEC



DUCT NO. XLEFT HLEFT XRITE HRITE
{ S,E69E-0S 7+418E+02 7 213E-93 T+ 894E+02
2 1. 167E-04 §,692E+02 4,370E-QS 4,408E+02
2 1,594E-04 6.,032E+02 4,041E-05 4,724E+02
4 2.053SE-0Q4 S,S41E+02 3.824E-05 4,898E+0Z
5 Z.858E-04 4,2302E+02 3,267E-09 S.070E+02
& 4,331E-04 4,322E+02 3.053E-0S 5. 186E+02
7 + 244E-03 3. 173E+02 2,.794E-0S S.341E+02
8 0.C00E+0QD 0.000E+00 2,673E-0S S.421E+02
TR=
»6C1IE+Q2 +E0S6E+02 +6091E+02 +&130E+02
+E159E+02 +E8191E+02 6211E+02 6244E402
TR=
.Q000E+Q1 »Q000E+01 »0000E+Q! +0000E+01
+Q000E+0Q! +0000E+01 »0C00E+01 +0000E+01
K=
» 2122E+02 v 2018E+02 + 19S8E+02 + 1262E+02
» 18SZE+02 «177SE+Q2 + 1834E+02 + 1668E+D2
K=
»Z400E+02 » 2400E+02 » 2400E+02 +2400E+02
+ 2400E+02 +2400E+02 « 2400E+02 + 2400E+02
DIVIDING JUNCTIONS :
DYCT NO. 2RATIO RRATIO RE KDT KDS
H 2.7 .88 153,23 25.26 -42,92
z 3.7 1002 96, 44 9.69 '14.95
2 3.7 1.00 70.81 Tao44 -6.30
4 4,45 1.295 St1.86 5,3% 2,55
S 3, 2% v 32 40,21 T 4T 1,38
] .12 » 98 7.8 8.32 S, 44
7 1,353 .38 12.08 2,32 2,22
COMBIMING JUNCTICNS
JUCT MO, RQPATIO RRATIO FE KCT KCS
Z 2,22 2,08 39, 46 B4, 27 Er .88
3 4,35 2,01 27,19 49,33 £2.60
4 .71 2,11 108,34 50,41 30.22
) 3,14 1.87 121.7%3 54,77 S5, 41
5 14,32 1,97 136,22 28, 34 40.18.
k 10.79 1,72 146.5% 57.88 59.295
e 22,086 2,25 161.%4 £.08 8.08
BDT=
+ 1287E+05 »S884E+04 » S243E+04 +FD02E+04
» 458EE+04 .S001E+0Q4 + 3TESE+04 +0000E+0)
BDT=
»2GI0E+01 +N000E+01 »Q000E+QL +00Q0E+0Q}
. 0000E+0! +Q00CE+Q1 »0C02E+0! » Q0COE- D!
RDE=
-, 128FE+QS - 3248E+CH = 17T32+04 SZ0ZE+272
+S1258E40% » 1499E+04 +120ZELCa QOCLELM

390

QLEFT
2,437E-04
2,523E-04
1,848E-04
1.,433E-04
3.320E-0S
6,78CE-05
2.36BE-05
2,36RE-05

QRITE
2.023E-04
2.,937E-04
3.612E-04
4.027E-04
4.4EEE’04
4,780E-04
S.223E-04
S.46CE-04



PDS=
»0000E+0!

+0000E+0O1
RCT=

.0000E+01

» 2286E+09
PCT=

»0C00E+D!

+0000E+01
RCS=

+DCO0E+O1L

L 2642E+04
RCS=

+0000E+01!

.Q000E+01
30TTCM CORNER
RRATIO RE

=) S8.73

TOP CORMNER
PRATIC RPE

1.12
RCL=
R=

v 014E+095

+7107E+0S
B=

.0000E+01

»0000E+Q1
RL=

» 1SE8E+0S

+15S6E+05
PL=

»00Q0E+D1

v O0D00E+2]
PR=

» 1831E+04

B.64
+ 1653E+04 RCHs=

+3D00E+0Q!
«D000E+0!

+I142E+04
«2T01E+QS

+0000E+01
+0000E+0Q1

+4353E+04
+1231E+04

+0000E+01
+0000E+0Q1!

KCL
t1.68

KCH
28,41

+ 1029E4+06
+7968E+0S

+0000E+01
+000QE+01

» ISSEE+05
« 1S56E+05

+Q000E+01
«N000E+01

. 1S02E+04

+0000E+31
»0000E+0Q1

» 1170E+05
+ 2882E+0QS

+0000E+01
. 0000E+01

2E+04

crs
T42E+04

l3
I2

+0000E+01
+0Q00E+0!

F363E+04

»93I23E IS
+ S936E+0S

+Q000E+01
+0000E+D1

» 1SSEE+0S
+ 1S56E+0S

»0000E+D1

»000CE-+Q1

» I730E+04

391

+0000E+01

+2120E4+05
+5880E+04

+000QE+01
+0000E+01

+ 2426E+04
+3536E+02

+0000E+01
+0000E+0!

« 1032E+06
+ 1124E406

+0000E+01
»0000E+0Q!

+ 1SS6E+0S
» 0000E+D1

+0000E+0Q!

. I770E+24



v 17SEE+04 + 1740E+04 . 1731E+04 +0000E+01
FR=
+0000E+01 »0000E+01 .»D000E+0! -+ 0000CE+Q1
»0000E+01 +0000E+921 . 0000E+0!
RESIDUAL AFTER t ITERATIONS IS5 Z.47TE-O1
DUCT NC. XLEFT HLEFT XRITE HRITE
1 7. 160E-05 Te27TE+D2 1.082E-04 3.401E+02
2 9,289E-0S 7+ Z221E+C2 6.36ZE-03 4,060E+02
2 1,233E-04 €, 57 1E+D2 4,743E~05 4,473E+02
4 1,56FE-04 6.066E+02 4.066E-0C5 4.714E+02
3 2, 180E-04 S.451E+902 3.352£-~05 4.,931E+02
& 3,063E-04 +251E+02 3.,234E-03 5.087E+02
T 7.081E-04 3,669E+02 2,834E-~09 v 28BE+02
2 0.000E+0Q0 0.000E+00 2,663E-05 S.428E+02
TR=
LE8071E+0Z +E103E+02 5128E+02 «61681E+02
»618BE+02 .6213E+02 +6226E+02 +6248E+02
TR=
+0000E+01L +0000E+01 »0000E-+01 . 0000E+01
. 0000E+01 +0000E+01 +0000E+01! +0000E+01
K=
+2062E+02 «2022E+02 » 1385E+02 +1907E+02
» 1887E+02 . 1838E+02 » 18BZ2E+02 » 1826E+02
» 2400E+02 «2400E+02 +2400E+02 + 2400E+02
» 2400E+02 «2400E+02 + 2400E+02 +2400E+02
DIVIDING JUNCTIONS
BUCT NC., AQRATIO RRATID RE KDT KDS
i 4,05 .88 153.23 12,18 -23.41
=z 4,36 1002 ‘!15!42 9'1-2 -14,31
3 4,28 1,00 ga.36 7404 -9.58
4 4,€9 © 1,03 B7. 0% 6,48 -, 64
= .54 v 332 S2.7 6,16 » 04
=) 2,38 .38 28,27 7.3 2,43
? 101’-“.: .85 26098 11-54 -.‘.7
COMBIMING JUNCTIONS
UCT MO, AQPATID RRATIO RE KCT KCS
z 1,42 2,05 4c. 10 58,02 £2.17
2 2,33 2,01 62.64 22,28 ST T
4 .03 2,11 22.88 23,32 S2.46
= §.34 1.87 109.401 °a.2 58.8;
& 10.18 1,27 12%.83 S1.82 52,44
ot V23 2 138,43 55,358 86,33
2 12,12 .2 156,16 £3.56 532,33
PRT=
«OIZLIEDS +2026E+D4  SZAFE+D4 » STABELN4
,4225E+04 . <879E+04 L EEI1E+D4 ,STE3E+Da

392

QLEFT
4,113E-04
3.170E-04
2.389E-04
1.880E-04
1.,364E-04
9.613E-05
4,159E-05
4,199E-0S

QRITE
1.347E-04
2.,290E-04
3.071E-04
3.580E-04
4,096E-04
4t499E'04
5. 044E-04
S5.460E-04



FDT=
»D000E+01L
+J000E+Q!

FDS=
-+ 3867E+04
+ 1008E+02

RD3=
+Q0000E-Q1
+0000E+01
FCT=
»1653E+04
» 137 2E4+05

PCT=
»0000E+0"
+0000E+21

RCS=
+Q000E+01
» 287 3E+04

ACS=
+0000E+0!¢
.0000E+0Q!?

20TTCM CORNER

FRATIO RE
.56 39,76
TOP CORNER
FRATIOD RE
1,12 11,67
2CL=
P=
JG821E4+0S
L T241E405
B=
,DO00E+01
. 000NQEN1
PL=
. 1SSEE+0S

» 1STEE+OS

+9000E+0!
+0D000E+01

+36TZE+04
+6512E+03

+Q000E+0!
+0000E+01
+6152E+04

+2453E+0S

+0000E+0Q1!
+0000E+01

+4513E+04
« 2438E+04

+0000E+0!
+D00QE+01

KCL
10.48

KCH
20.9¢9

, 14S3E+04 RCH=

1023E+06
Q2SCE+0S

+C0C0E+D!
+J0COE+D]

-0000E+01
+0000E+01

-+ 2335E+04
-+ 1613E+03

»2000E+01
»0000E+01
+ 1063E+05
+ 2T58E+QS

+0000E+01L
»0000E+0!

» 3928E+04
+3137E+04

»0000E+0!
+0000E+0Q1

»S850E+04

+ G453E+07
» SE72E+IS

» 0000E+D!
+D00Q0E+D1

393

. C0N0E+O!L
+0COOE+0!

-+ 1337E+02
»0000E+01

+0000E+0Q!

» 1609E+95
+2348E+08

+0000E+01
+0000E+01

+2677E+04
+ Z2420E+04

+0000E+0!
+0000E+01

»Q00N0E-21
+2000E+01

=]
[= ¥

M
inim
D
- n

[ e



»0000E+01 +0000E+01 +0000E+01 +0000E+0!
. 0000E+0Q1 +0000E+01 +0000E+01!
RR=
» 1800E+04 » 1784E4+04 » I771E+04 v 17SSE+04
1743E+G4 « 1730E+04 v 1724E+04 +0000E+01
BR=
»0000E+01 »0000E+0! .Q000E+01 »0000E+01
+»0000E+0Q1 +D000E+01 +0000E+01
RESIDUAL AFTER 2 ITEPATIONS IS 1.00ZE-01
DUCT NO. XLEFT HLEFT XRITE HRITE
1 7+6814E-05 7.71SE+02. 9,147E-0S5 3.397E+02
2 9.746E-0S 7. 106E+02 S.972E-0S 4, 147E+02
3 1,254E-04 5.518E:02 4,8651E-05 4,507E+02
4 1,532E-04 6.047E+02 4,043E-05 4, 722E+02
S 2, 1S4E-04 S.435E+02 3,555E-25 4.930E+02
) 3.010E-04 4,380E+0Q2 2. 246E-05 5.081E+02
7 T 274E-04 3.636E+02 2,877E~DS 5.290E+02
8 0.000E+00 0,000E+00 2.6863E-05 5.428E+02
TR=
B044E4+02 +6080E+D2 +&6123E+02 .6160E+02
+E1868E+02 +6214E4+02 6225E+02 8248E+02
TR= .
»J000E+01 +J000E+01 +0000E+Q1! +0000E+01
+0000E+01 +0000E+01 .0G00E+01 +3000E+0Q1
K=
» 2088E+0Z2 «2003E+902 » 1962E+02 . 1888E+02
+1378E+902 + 1830E+02 +1893E+02 v 1820E+02
K=
» 2400E+92 +2400E+02 »2400E+02 +2400E+02
» 2400E402 +2400E+02 + 2400E+02 +2400E+02
DIVIDING JUNCTIONS
DUCT MD. QPATIO RRATIO PFE ¥DT ¥DS
1 3,43 .88 153.23 17,97 =-32,22
z 4,57 1,02 108.83 .71 -11.82
El 4,37 1.00 84.79 6.62 -6.61
4 4,38 t.0% ET. 38 E.1% 1,10
3 2.78 » 93 2,25 5,25 1,18
& 2,22 38 28,37 .22 2017
- 1,7 .85 RIS 11,33 -1,14
COMEINING JUNCTIONS
SUCT NG, SPATIAO BRATIC =E KCT Kes
= t.28 2, 0% 7. 2E =T.e82 £i.61
3 3,32 z.01 73,20 T4, 31 £2.,84
4

394

QLEFT

3,867E-04

3,021E-04
2,330E-04
1.862E-04
1.367E-04
5,783E-0S
4.048E-05
4,048E-0S

QRITE
1.,593E-04
2,4329E-04

© 3, 130E-04

3.598E-04
<4,092E-04
4‘4825'04
S.0595E-04
S.460E-04



4 8,69 2,11
S Sy 1,87
= 10,232 1,97
- /.8: 1.72
8 2,43 2,25
RDT=
«11683E+925 v 7 318E+04
+4160E+04 483ZE+04
RDT=
+0000E+01 » 0000E+01
+0000E+01 +0000E+01
RPDS=
-, 8590E+0+4 -, 2857E+04
2948E+02 +2367E+03
PDS=
»0000E+0! »Q000E+0!
, +0000E+91 +0000E+01
RCT=
» 1459E+04 V7283E+04
+2011E+05 + 2463E+05
PCT=
»0000E+01 +0000E+01
+0C00E+01 . 0000E+01
BC5=
»0000E+01 +4132E+04
»2791E+04 «2373E+04
BCZ=
»000QE+01 +Q000E+01
+0000E+01 »000CE+0!
=Z0TTOM COPNER
PRATIO RE ¥CL
-1} 48,63 10.48
TCP COENER
BSRPATIO PE KCH
1,12 1,36 20,83
PCL= » 14623E4+04 RCH=
R=
» £3042+030 101 3E+08
v 20SE+0S «2213E4+0S

1
H
1

94.64
109,
25.56

7. 30
56.51

St.7

S8.99
S0.48
87,50
31.95

» S460E+04
» 3842E+04

+0000E+01
+0000E+01

»1613E+04
+S20SE+03

+0000E+0!¢
»0000E+01

+ 1079E+05S
»2510E+05

+0000E-+01
+Q000E+01

»3501E+04
+3246E+04

+0000E+01
+0000E+01

20E+04

»3741E+05
» ST 13E+0T

385

57,54
1,21
58,21
51.80

+SrESE+Q4
» SB50E+04

+0000E+01
+0000E+01

+ 2E605E+03
+0000E+01

+Q000E+01

«1710E+0S
« 293FE+0S

+0000E+0!
. 0000E+0!

+2555E+04
» 2345E+04

»Q000E+01
»Q000E+01}

« 1D48E+06
122FE+06



»00C0E+01
+Q000E+0!
RL=
» ISSEE+QS
» 15SSEE+0S
RPL=
.QCOCE+0Q!
+0000E+0Q1
BR=
+ 1814E+04
 1743E+04
RR=
+D0DQE+0Q1
»0000E+D1
PESIDUAL AFT
DUCT NO.
1
2
3
4
S
&
|
TR=
. E0S3E+02
»618SE+02
TR=
+2000E+D1
+0000E+0!

» 2080E+02
+1877E+02

» 2400E+02
s 2400E+02
DIVIDING JUM
DUCT MO, 2R

YOl B I

+Q000E+01 +0000E+0Q! .0000E+01
+00Q0E+0! . 0000E+0! +0000E+01
» 1SSEE+0S » 1SS6E+05 + 1336E+05
+ 1SSEE+0S » 1588E+0S +Q000E+0!
+0000E+01 +Q0Q00E+0! +0000E+0!
+0000E+G1 +0000E+0Q1!
+1790E+04 I774E+04 + 1755E+04
«1728E+04 + 17Z24E+04 +0000E+01
+0000E+01 »J000E+01 »0000E+01
+0000E+01 +0000E+0Q1
ER 3 ITERATIONS IS 3.,916E-02
XLEFT HLEFT XRITE HRITE
7 +3449E-05 7.FT2E+02 9.869E-05 2,532K+02
3.664E-05 7y 126E+02 £.03EE-09 4, 13ZE+02
1,267VE-04 €.511E+02 4,643E-0S 4,510E+02
1,591E-04 6,038E+02 4,033E-05 4,72EE+Q2
2, 168E-04 T, 444E+02 3.,547E-05 4,933E+02
2. 022E-04 4,873E+02 + 243E-05 5.083E+02
7.301E-04 3, 632E+02 2.876E-05 5.290E+02
0,Q00E+0Q0 0.000E+00 2,667E-05S S.4Z8BE+02
»6092E+02 »8123E+02 +E139E+02
+6214E+02 223TE+02 +E248E402
+0000E+01 »0000E+01 +0000E-+01
+0000E+01 +0000E+01 +D000E+0Q!)
»201SE+02 v 1970E+02 + 1890E+02
 1827E+02 » 1892E+02 + 12198402
«2400E+02 » 2400E+02 «2400E+02
+Z400E+02 + 2400E-02 . 2400E+02
CTIDNS
ATIO RRATIOQ PE EDT EDS
3052 » 38 153,23 le. 02 -25,38
4,32¢ 1,02 149,82 2.23 -12.77
4,22 1,00 as. 5t 8.7 -7.589

3396

QLEFT
3.953E-04
3.047E-04
2.324E-04
1,851E-04
1.398E-04
9,745E-Q0S
4,033E-05S
4, 033E-05

QRITE
1.307E-04
2.413E-04
3. 136E-04
2.609E-04
4, 10ZE-04
4, 4286E-04
S.0S7E-04
S.460E-04



Ny b

COMBINING JU
DUCT NO. QP
2

1

3

0O S@ ULk

PDT
» 1036E+05
»4193E+04

RDT=
+0000E+01
.0000E+01

RDS=
-7 3E1E+04
+2014E+03

RDS=
»0000E+01
+0000E+01

BCT=
» 1469E+04
+2020E+05

RCT=
»J000E+0!
»0000E+0Q1

BC5=
+0000E+0!
» 27 8EE+04

PCS= )
+0000E+01
+0000E+01

20TTOM CORME

RFPATIO R

» S8 4

TOP CORMER
BPATIO

1,12 1

PE

4'91
3‘75
3,54
1.71
NCTIONS
ATIO
1.66
3,34
6.63
7032

0.59 1,97
7285 1.72
2,54 2,25

1.05
lsa
.98
085

PRATIO
2,05
2,01
2411

1.37

+ 7 506E+04
+4839E+04

+0000E+0!
+0000E+01

- 3374E+04
+8952E+02

+0000E+01
+000CQE+Q!

8879E+04
«2471E4+09

. 0000E+01

+D000E+0Q!

»4442E+04
\ZT48E+04

+0000QE+0!
+N002E+GL

R
E

4,2%

¥CL
19,48

H

[JURCN
[l

1,22

[KV]
—

63,23
51.96
38,12
27.35

RE
44,74
72,23
24,78
109,86
125.82
138.01
156,59

6.20
2.86

-
Pea

11.22

KCT

s58.99
57,82
52.0S
56,93
49,36
67,31
S1.72

»S390E+Q04

» 3840E

"4

+0000E+01
+0000E+01

» 1894E+04
+4920E+03

»0000E+0!
+0000E+Q1!

+1089E+05
+2514E+0S

»Q000E+01
+0000E+01

»D0N0E+Q!
+D000E+01

397

+85
1,17
3.40
-1.08

KCS

£3.2r
54,99
52,09
57. 48
50.74
68,02
St1.58

» 97 SSE+04
+D820E+04

+0000E+01
+0000E+01

«20095E+03
«0000E+01

+0000E+01

+ 1706E+09
+ 293TE+QS

+ 0000E+0!
+0000E+01

+ 257 4E+04
+ 2T25E+04
+0000E+01
» 000DE+DQ1



RCL= v 1468E+04 PCH=
B=
»687TE+0T +1012E+06
.7 202E+09 +819SE+05
P=
+0CC0E+01 +D00DE+O1L
»0C00E+Q1 «0000E+01
PlL=
+ 1S56E+0S + 1SSEE+0S
. 1556E+09 « 1S56E+0S
PL=
+0000E+01 +0000E+01
+0000E+01 +0000E+01
RR=
v 120SE+04 + 1788E+04
¢ 1F43E+04 1729E+04
RP=
+2000E+31 +Q000E+0O1!
+0000E+01 +0000E+01
PESIDUAL AFTER 4 ITERAT
DUCT NO. XLEFT
1 7.494E-05
2 9.668E-035
= 1.264E-04
4 1.5S87E-04
S 2, 166E-04
& 3.C2ZE-04
T T+ 302E-924
3 0,000E+00
TR=
BOSIELDN2 +S092E+02
+S188E+02 +B214E+02
TR=
+0000E+0! +Q000E+01
. J000E+D1 +00COE+O1
K=
. 2083E-0Z V2011E+02
v 1872E+02 +1228E+02

n
@

16E+04

f.

+9381E+05
+S711E+05

+0000E+01
+0000E+0!

» 1ISSEE+0S
+ 15S56E+0S

+0000E+0!
+0Q00E+Q!

V17T AE+04
v 1724E+04

+0000E+0!
+0000E+0!

+ 1048E4+06
+ 1226E+06

+0000E+01
+0000E+0!¢

« 1356E+05
+0000E+0!

»0000E+01L

+ 1756E+04
+0000E+01

» 0000E+0Q1

IONS IS

HLEFT
T TSEE+Q2
T 13SE+02
£,T1FE+02
£.040E+02
S.44SE+02
4,873E+02
3. B2LE+02

0,000E+00

1.0683E-02

XRITE
3,518E-05
&.033E-0S
4.E6S1E-05
4,027E-0S
3.542E-05
3.243E-95
2.87EE-0T

2,56%E-9%

HRITE
3F.550E+02
4, 13ZE+02
4,507E+02
4,72%E+02
4,933E+02
5.083E+02
S.220E+02
S, 4Z8E+402

VE1Z3E+Q2
+B22JE+02

+0000E+01
. 0000E+01

E9E+Q2
2

.18
- 189ZE+(Q2

398

»B1RQE+QZ
» 6248E+02

+Q0COE+DE
« 2000E+01

+1231E+0Z

C1812E+02

ALEFT
3,929E-04
2,04EE-024
2,330E-04
1,855E-04
{1 360E-04
8.745E-0T
4,033E-0°5
4,022E-05

QRITE
1.531E-04
2.414E-04
2.130E-04
3, 6Q5E-04
4,100E-04
4,48c0E-04
S.0S7E-04
S.460E-04



» 2400E+02 +2400E+02
. 2400E+02 + 2400E+02
DIVIDING JUNCTIONS
DUCT NO. QPATIO FRATIO

{ 3,57 .88
2 4,45 1,02
3 4,25 1.00
4 4,91 1,05
3 374 +93
= 3.5% .98
7 1.1 » 35

COMBINING JUNCTIONS
QUCT NO. @QRATID RRATIQ

2 1.73 2,05
] 3.37 2,01
4 6,52 2,11
S 7,28 1.87
& 10,65 1,97
7 7,85 1,72
e 12,54 2,25
PDT=
VILITE+0S JTEO1E+04
. 4162E+04 . 4838E+04
RDT=
. 9000E+01 . Q00JE+01
0DO0E+D1 0000E+01
PDS=
-.TIZ2E+04 -, 3IITSE+04
L IF2ZE+03 . 8734E+03
PDS=
.G000E+01 +3000E+01
0000E+01 + 0000E+01
PCT=
L 14EEE404 ,T002E+04
L2CG1SE+NS \Z489E+0S
PCT=
L 0N00E+1 . 0000E+01
+0000E+01 +D000E+01
pLz=
. 0000E+01 43236404
. 279SE+04 L IZTSELG4
2c3=
LO00GESTL L A0D0EL 01

+2400E+02
» 2400E+02

RE
152.23
110,27

85.412

65.38

S2.06

38.15

27,35

PE

43, 44
F2.27
S4,563
109.75
125.78
138.01
156.56

KDT

16,59
9.0%
6'?4
6.21
.89
7.26

11,32

KCT

58,52
57.20
52.10
57,07
50,09
87,32
51.71

S412E+04

+3840E+04

-

Q0900E+01
0000E+01

1238E+04
-, 4332E4+02

0000E+01
0000E+01

» 1087E+0S
y 2S14E+0S

N000E+01

»0000E+01

(Y Y]

. 363
L2323

E+04

E+da

L I009E.n

399

+2400E+02
+2400E+02

KDS
-20,20
-13.,05

=745

-
1,06
3.34
-1.08

XC3

62,79
£4,57
52,11
3761
50.86
68,03
31.57

+F733E+04
+3816E+04

+0000E+01
+0000QE+01

+ 1260E+03
»0000E+01

+0002QE+0!

+ 1720E+0S
» 283SE+0T

. 25T3E+04
L DR34E 404

»IQ20E+01L



»0000QE+01

=0TTOM CCRMER

PRATIO RE
42 44,32

TOP CORNER
PRATID PE -

1,12 11,32
RCL=
P=

» SBBSE+0S

+ 7 206E+0S
D=

. C00Q0E+Q!

+Q000E+01
PL=

1SEEE+QS

» 1SSEE+0S
PL=

. 0000E+D1

. 00COE+C
FR=

v1811E+04

V17 43E+04
BR=

»0020E+01

»0000E+21

PESIDUAL AFTER

+2COQE+01
KCL
10.48

KCH
20.80

» 1467E+Q4 RCH=

+1017E+06
+8202E+0S

+Q000E+01
.0000E+01!

» ISSSE+0S
+ 155SE6E+QS5

+0000E+0!
+D002E+CH

v 1789E+04
 1729E+04

»00CJE+0!
«0000E+01?

5 ITEPATIONS IS
S ITERATIONS:

FINAL DISTRIBUTION AFTER
EERPZENT FLOW IN DUCT NO.
PEPCENT FLOW IN DUCT NOC,
FERCENT FL2W IM DUCT NO.
PERCENT FLOW IN DUCT MNC.
FEERCENT FLOW IM DUCT MO,
PEPCENT FLOW IN DUCT NO,
PERCENT FLOW [N DUCT NG,
FERCENT FLOW IN DUCT MO.

R LW I SR TUN O B

o

+0000E+0t

«S816E+04

»3372E+05
»S7T11E+0S

+0000E+Q!¢
» 0000E+vl

» 1 SSBE+05
+ 1556E+05

+000CE+01
.0000E+01

+ 1773E+04
T24E+04

L 1

+J000E+01!
+Q00CE+Q!

15 2r. 292
IS 1&.30
I 13,13
Is &8.,kr8
s 3.07
I 7.25
18 10,47
18 7.z2¢

400G

0CE+01

o X

+ 1049E+06
+ 1226E+06

+0000E+01¢
.Q000E+01

+ 1556E+0S
+.0000E+01

+0000E+0!

+17SEE+04
+D000E+0!

.Q000E+0Q!

2,812E-03



FLOW
LW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW

PATE
RATE
RATE
RATE
PATE
RATE
RATE
RATE

IN

I
IN
IMN

IN
IN

DUCT
DUCT
DUCT
DucT
DUCT
DUCT
DucT
DUCT

NO.
NO.
NO.
NO.
NO.
NO.,
NO.
NO.

WU W -

IS

IS
1s
1S
1S
1S
15
1S

1,3524E-04
8,899E-0S
7+ 168E-05
4,739E-Q05
4.950E-05
3. 851E-05
3.715E-05
4,034E-05

401

M*+2/SEC
M*22/SEC
Mx#2/35EC
M##2/SEC
M*#2/SEC
M»#2/S5EC
M#*+#2/SEC
M#*»2/SEC



