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ABSTRACT | .

Three types of power-station cooling systems incor-
porating naturél-dréught cooling towers, viz. the Wet system,
the Heller system and a novel system employing aArefrigerant
as heat-tr;nsfer medium are investigated, The objeét is to
develoﬁ'methods for determining their respective optimum
' design conditions and amssociated optimum merits so that
comparisons between them can be made. A

After choosing’representative cooling~system circuits,
an expression for the merit-factor, i.e. a novel criterion
suitable for judging the merits of various'cooling-system
types, is developed. 1In addition, decisions are made as
to which of the cooling-system characteristics have an
appreciable effect on the merit of a cooling system and are
to be regarded as design variables.

After expressing the merit-factor as a function of the
adopted desigﬁ.variables, for each of the considered cooling
systems, accurate and approximate optimization methods are
devised to est;ﬁate-design-variable Qalues which can be used
in determining optimum merit-~factor values, Furthérmore,
simplified methods are established so that the least pro-
mising.of a number of possible refrigerants and tower heat-
exchanger types can be eliminated from further consideration
prior to conducting time-consuming overall optimization
proéedures. - These methods aré sucépssfully applied to a

set of climatic conditions and cooling-system component prices.



considered to be representative of some regions in the

United Kingdom in 1964, Examination of the ensuing results

leads to the follbwiﬁg chief conclusions:

The Wet system is appreciably the best of the three
considéfed cooling systems unless the cépitalized priée of
providing its make-up water profes to be at least 1.5 to
1.8 times the total price of its cooling-system components.
The Heller syétem can be reasonably expected to be slightly”
better than the spalding system.provided that the capitalized
"price of providing de-icing facilities does not exceed‘17.6.

per cent of the total price of cooling-system components for

the Heller system,
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NOMENCLATURE

The number of symbols employed in the present investi-
gation is very large due to the wide field covered. To
facilitate the identification of symbols, the nomenclature
is split up into five sections as follows:

i) Symbols for subscripts.
ii) General symbols.
iii) Symbols for dimensionless groups.
iv) Physical property symbols.
v) Symbols for‘quantifies containing constant-valued
physical property groups.

In each of these sections the symbols are arranged in

alphabetical order; English letters are given first,

followed by Greek letters.

i) Symbols for subscripts.

In analysing & cooling system, frequent references

must be made to each of the sections comprising.tﬁe cooling-
system circuit. It has been found convenien@ to represent
each of these sections by a single English letter. This
enables symbols designating physical properties, dimensions
and other characteristic quantities pertaining to a parti-
cular section to be identified by the assignation of a sub-
script representing the section concernéd. For example,
with reférence to the following sketch and the subsequent
nomenclature, the.quanfity kf,H represents the liquid-phase

thermal conductivity of the coupling-circuit fluid as it
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flows through the Hpot-side, i.e. through the steam condén—
ser, In particular, the subscript F is employed to denote
"coupling circuit in general™ so that those quantities which
are practically constant for all of the coupling-circuit
sections can be identified by a single subscript, wviz.F.

For example, for the practically isothermal coupling-

circuit fluid in the Spalding system, the quantities kf i
B* being equal, can all be replaced by

ke pv kg ¢ and k:t‘,

the single qilantity. k thereby eliminating a possible

f£,F*
cause of confusion.

D-side
Hot -side ®\
Steam—side \ TOWER
T-side
&7 /N / >
N l, \\
< b >

Clrguut .
/7 \ 7/
Vi A Vd

STEAM CONDENSER Cold ssde Air-side
B s;de )
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dry air.
section represented by coupling-circuit duct returning
from cooling tower, i.e. Beside.
section in tower packing or heat exchanger through
which coupling-circuit fluid flows while being cooled,
i.e. Cold-side,
section represgnted by the“cooling tower, i.e. D-side.
refers to coupling circuit in general and is assigned
to equal quantities occurring in the individual coupling
circuit sections.
l1iquid phase.

friction or fronfal,'depending on the context.
refers to section where atmospheric air flows through -
(or past) the tower packing or tower heat exchanger,
i.e. Air-side.

gas phase.

section in steam condenser through which coupling-

1]

circuit fluid flows while being heated, i.e. Hot-side.

inlet.

metal or metal tube wall.

outlet. ‘

section in steam condenser through which turbine exhaust
steam flows, l1.e. Steam-side.
saturation conditions,

section represented by coupling-circuit duct leading
towards cooling tower, i.e. T=side.

signifies water. .
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ii) GCeneral symbols

A outside surface area of cooling tower, sq ft.
A, tower surface area coefficient defined in (J.2-1),(1).
an optimum turbine exhaust area, sq ft.
c. minimum free-flow area (equals inside cross-sectional
area fof pipes and ducts), sq ft.
Ac,G minimum free-flow area on Air-side of tower heat
exchanger, sq ft.
Afr,G frontal area dp Alr-side for whole tower heat
exchanger, sq ft.
Ah heat=-transfer surface area, sq ft.

Ah,G heat-transfer surface area on Air-side of whole
tower heat exchanger, sq ft.

A heat—transfer‘surface area per unit tube length on
Air-side of single tower heat-exchanger tube, ft.

a - nucleate boiling heat=transfer performance éonstant
given in (E.5;5), (Btu/h)o‘s/(ft deg F).

see section v).

a

a,H

ae linear friction-factor curve-~-fitting coefficierit used
in (3.2-3), (1)-

ap ¢ Ssee section v).

ar y see section v).

a. heat-transfer equation limit defined in (D.2-1),
1bf./(ft 1b).

2, rav (=4.173 x 108) gravitational acceleration, ft n~%.

ay p tower-packing heat-transfer performance coefficient
]

given in (3.7-9) and 4.2, per ft.



a
P,B
p,C

p,G

ap,H
p.T

q,G

i) : 20

spray heat-transfer performance coefficient given in
(3.7-11) and k4.2, (1).
see section v).

see section v).

performance coefficient for Air-side of tower heat
exchanger defined in (F.2-16), {Btu/(h sq ft deg F)}>.
see section v).

see section v).

see section v).

coefficient by which total coupling~circuit pressure
drop must be multiplied to account for losses due to
bends, contractions, expansions, entrances and exits,
().

see section v).

see section v).

empirical pressure-drop performance coefficient for
Air-side of tower heat exchanger, defined in (F.2-12).
see section v).

see section v).

performance coefficient for Air-side of tower heat
exchanger defined in (3.7-13), Btu/(h sq ft deg F).
price of refrigerant given in (3.6-21), pounds sterling
per 1b.

pressure to temperature conversion factor.for refrigerant
given in (3.4-26), deg F sq £t/1b.-

see section v).
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.au,G empirical heat-transfer performance coefficient for
Air-side of tower heat exchanger, defined in (F.2-11).

a, n ©°e section v). '

8,,5 S°° section v).

8. e eliminator velocity-head loss coefficient, given’by
(F.2-5) and F.2.1, (1).

av’i tower inlet velocity-head loss coefficient giVen in
(F.2-6) and (F.2-19), (1).

av,misc miscellaneous velocity-head loss coefficient given
in (F.2-8) and (F.2-21), (1).

av’p tower-packing‘valocity-head loss coefficient given
in (F.2-3), per ft.

av’s spray velocity-head loss coefficient given in
(F.2-4), per ft.

a »a; tower geometry factors defined by (J.1-7) and
(3.1-8), (1).

a¥ temperature-difference coefficient in merit-factor
equation (2.1;8), defined by (2.1-2), per deg F.

B empirical heat-transfer performance exponent for
Air-side of tower heat exchanger, given in (F.2-9),(1).

B, tower surface area coefficient defined in (J.2-1),(1).

B*  pumping-power coefficient defined by (2.1-3), (1).

b empirical préssure-drop performance exponent for Air-
side of tower heat exchanger, given in (F.2-10),(1).

bf * linear friction-factor curve-fitting exponent used

in (B.2-3), (1).



b
P,C

b
PG
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towver-packing heat-transfer performance coefficient

given in (3.7-10) and 4.2, (1).

_ spray heat-transfer performance ‘exponent given in

(3.7-11) and 4.2, (1).

see section v).

empirical p;essure-drop‘perforﬁance coefficient for
Air-side of tower heat exchanger; given in (F.2-12).
seé section v).

empirical heat-transfer performance coefficient for |
Air-side of tower heat exchanger, given in (F.2-11).
towver inlet velocity-head loss coefficient given in
(F.2-6) and (F.2-19), (1).

tower-packing velocity-head loss coefficient given in
(F.2-3), (1).

spray velocity-head loss exponent given in (F.2-4),
(1). .

b, transfer unit coefficients given in (E.1-12).

pumping power coefficient in merit-factor equation

(2.1-8), defined by (2.1-7), (1).

= q/(mcf) heat-capacity factor, applicable to S-, H-,
T-, C= and B-sides and introducéd in 3.3., deg F.

= q/(chG) Air-side heat-capacity factor,deg F.

tower surface area coefficient defined in (J.2-1), (1).

tower-packing heat-transfer performance éxponent

_glven in (3.7?10) and 4.2, (1).

tower-packing velocity head loss exponent given in

(F.2-3), (1).
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c* cooling-system price coefficient in merit-factor equa-
tion (2.1-8), defined by (2.1-4), (Btu/h) per pound
sterling.

D outside diameter of ducts, pipes or tubes, ft,

(D) oq; Chilton duty coefficient defined by (F.5-4).

DG diameter over fins for spiral finned tubes of tower
heat exchanger, ft.

Dt cooling-tower throat diameter, ft,

Dl cpoling=tower base diameter, ft.

tower-packing heat-transfer performance coefficient

given in (3.7-10) and 4.2, (1).

| tower-packing velocity-head loss coefficient given in
(F.2-3), (1).

d8 cooling-tower price coefficients given in (J.B-;).

J.3, (J.b4e1) apd J.h,

total effectiveness for a chosen reference-side of

a heat exchanger, defined as the ratio of the tempera-~
ture change on the reference-side to the maximum
temperature difference across the heat exchanger, (1).
partial effectiveness for a chosen reference-side of

a heat exchanger, defined as the ratio of the tempera-
ture change on the reference-side to the maximum
temperature difference between fluid and metal wall,
on the reference-side, (1). | .

tower=packing heat-transfer performance coefficient

given in (3.7-10) and 4.2, (1).
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e partial effectiveness of a single pass for the Air- -

G,yp
side of a multi-pass tower heat exchanger, (1).
FG water-vapour mixture fraction of moist air at dry-

bulb temperature t, defined by (A.h-1), (1).

‘-Fg water-vapour mixture fraction of saturated air at
‘ wet-bulb temperature tg, (1).
£ Fanning friction factor defined by (B.1-1), (1).

(f)chil empirical Chilton factor presented in graph in F.k.

b ¥ tower-packing heat-transfer performance exponent given

h,p
in (3.7-10) and 4.2, (1).
(£)ax maximum friction factor introduced in B.3, (1).
fn‘ Fanning friction factor in completely turbulent
regime, defined by (B.2-2), (1).
.GC/GG ratio of water to air loading in Wet-system cooling
 tower, (1).

(= 4.173 x 108) Newton's gravitational constant,

o
1b £t/(1bg hr?).
.‘I Interest rate presented in'(2.2-13), fraction.
.'J (= 778) coefficient for converting Btu to 1lb ft,
JH " empirical, wvapour-quality dependent factor defined
by (c.3-8a), (1).
J (= 3413) coefficient for converting kWh to Btu.

K
Jo'dl empirical performance exponents for Air-side of

tower heat exchanger, defined by (F.2-17) and (3.7-13),
) (1).
" K,K' tower heat-exchanger price coefficients given by

(X.2-6) and (K.3-3) respectively, (1).
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L length of ducts, pipes or tubes, ft.
LB length of coupling-circuit duct returning from tower,ft.
LC total length of fluid flow path through the Cold-side

of tower heat exchanger, ft. s
Ly total length of fluid flow path through the Hot-side

of surface stéam condenser, ft.
LT length of coupling~circuit duct leading towards tower,ft.
1c transverse pitch of tower heat-exchanger tubes, ft. |
1r longitudinal ﬁitch of tower heat-exchénger tubes, ft.
m mass flow rate of fluid, 1lb/h,
m, mass flow rate of air throﬁgh tower, 1lb/h.

Np» Npos Npoo Ni» EN_  see section i1i).

n% number of fins per unit length of tower heat-~exchanger

tube, per ft.

nuiber of tower heat-exchanger tubes, (1).

"¢
ny number of surface steam-condenser tubes, (1).
n, see section i11).
n, number of passes in a heat exchanger, (1).
iﬁr number of rows of tower heat-exchanger tubes in direction
of air flow, (1).
ng (=1) number of coupling circuit ducts leading towards
tower, (1). | |
n, see section 1ii).
ﬁy expected lifeiof power station, years.
(NHR)tG s station nett heat rate, calculated at atmospheric
’

temperature, Btu/kWh.
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»S

station nett heat rate, calculated at exhaust
steam temperature, Btu/kWh.
required pumping power per cooling tower, in Btu/h.

mexrit-factor, or overall power loss per unit waste
heat rejection rate, given by (2.1-8), (i).
power-loss contribution due to temperature-~difference
requirement, defined by (2.1-2), (1).

power-loss contribution due to pumping-power require-
ment, defined by (2.1-3), (1).

power-loss contribution due‘to capital-price require-
ment, defined by (2.1-4), (1).

generator output per cooling tower, kW.

P, a)/P, Tatio of the sum of the boiler- and all
other auxiliary power requirements -~ to generator

output, (1).

potential generator output per cooling tower, were

the cooling system to cost nothing, used in (2.3-3),

“KW.

pressure, 1bf/(8q £t).

atmospheric pressure, lbf/(sq £t).

turbine exhaust steam pressure, lbf/(sq ft).
(aﬁ/Ah) heat flux applicable to S-, H-, T-, C- and
B-sides and introduced in 3.3, Btu/(h sq ft).

(= Q/Ah,G) heat flux on Air-side of tower heat
exchanger,‘Btu/(h sq ft).

waste-heat rejection rate per cooling tower, Btu/h.
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heat supplied to steam by the boiler per cooling
tower, Btu/h.

hydraulic radius of Air-side of tower heat exchanger
(= 0.25 hydr.diam.), defined by (F.2-14), ft.

(= zp/Dl) ratio of under-pack height to tower base
diameter, (1).

(= zl/Dl) ratio of tower inlet height to tower base
diameter, (1). v

(E.ZS/Dl) ratio of height of top of tower to tower

base diameter, (1).

-velocity based on minimum free-flow area, given by

(3.3-3), ft/n.
velocity of air flow through Air-side of tower heat
exchanger, based on minimum free-flow area, ft/h.

(= Dt/Dl) ratio of tower throat diameter to tower base

diameter, (1).

(without subscript) Wet-system blanking factor,
defined as the ratio of ffee-flow area at tower base
to total tower base cross-sectional area, (1).

(with subscript) temperature, deg F.

dry—bulb température of moist adr flowing through
tower, deg F.'

atmospheric diy-buldb temperature, deg F.

wet-bulb temperature of moist air flowing through
tower, deg F. |

atmospheric wet-bulb temperature, deg F.
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temperatufe of metal, deg F.

saturation temperature, deg F.

turbine exhaust steam temperature, deg F.

overall heat-transfer coeffiéient, referred to the
side designated by accompanying subscript, Btu/

(h sq £t deg F).

'parfial heat-transfer coefficient, referred to the

side designated by accompanying subscript, Btu/

(h sq £t deg F).

partial heat-transfer coefficient for Air-side of
tower heat exchanger, referred to the Air-side,
Btu/(h sq ft deg F).

average condensing heat-transfer coefficient for
uppermost steam-condenser tube, given in (p.3-2),
Btu/(h sq ft deg F).

(= mcf/Ac) loading-factor, applicable to S-, H-, T-,
C- and B-sides and introduced in (3.3), Btu/

(h sq £t deg F).

(= chG/Ac,G) loading-factor for Air-side of tower

heat exchangef, Btu/(h sq ft deg F).

- partial loading-factors for liquid and gaseous phases

of two-phase fluid flow, used in C.3, Btu/(h sq ft degF).

vapour quality, fraction. _
total vapour quality change of refrigerant on Hot-
side of Spalding system, fraction.

vapour quality of turbine exhaust steam, fraction,
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X correction factor to account for non-uniform air
distribution across packing, used in (F.5-5), (1).

Zy effective height of water level in Heller-system jet

condenser, ft..
2, height of under-side of packing, ft.

effective height of refrigerant liquid level above

Zg -
Hot-side entrance for Spalding-system steam condenser,ft.

z; inlet height of coofing tower, ft.

Z, height of top of packing, ft.

23 height of top of}gpray, ft.

Z,. height of top of cooling tower, ft.

‘price of coupling-circuit duct returning from tower

per unit waste-heat rejection rate, £h/Btu.

< /Pu capital cost of peak power, L/kV.

£ total capital price of cooling system components per
cooling tower, £.

£ capital price of a cooling tower and its associated
equipment, €.

(Sfuel/pu)annual annual price of fuel per unit generator
output, introduced in (2.2-12), <£/kVW.

(Sfuel/Pu)present worth Present worthof fuel price for useful

life of power station, introduced in (2.2-13), £/kW.

, £G/q» total price of tower heat exchanger per unit waste-

heat rejection rate, Eh/Btu.

[
G, tube

tower heat exchanger, £/ft.

£ price per unit tube length of finned tubing for



i) | : _ 30

£ total price of tower heat exchanger per unit Air-side
heat-transfer surface area, £/sq ft.

on ' -
$G,base base price of tower heat exchanger per unit Air

side heat-transfer surface area, introduced in K.2,
£/sq ft.

" :
£G,stand price of standardized tower heat exchanger unit

per unit Air-side heat-transfer surface area, intro-

duced in K.3, £/sq ft.

£ price of finned tubing for tower heat exchanger
G, tube

per unit Air-side heat-transfer surface area, £/sq ft.

xéipe price per unit length of pipes and ducts, £/ft.
£pm capital price of circulating pump - motor combination

per cooling tower, i.

£R/q price of refrigerant per unit waste-heat rejection
rate, Ch/Btu.

(= Loap - acs) is the capital price difference ;ntro-

duced in (2.3-3), <.

“rest

£S/q total price of steam condenser per unit waste-heat

rejection rate, £h/Btu.
£ /q base price of surface steam condenser per unit
S,base

waste-heat rejection rate, £h/Btu.
£h total price per unit Steam-side heat=-transfer surface

area of surface steam condenser, £/sq ft.

£g,base base price of surface steam condenser per unit

Steam-side heat-transfer surface area, introduced in

H.1l, £/8q ft.
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LS,tubes price of tubing for surface steam condenser per
unit Steam-side heat-transfer surface area, £/8q ft.

£T/q price of coupling-circuit duct leading towards tower
per unit waste-heat rejection rate, £h/Btu.

/q price of Heller-system water turbine per uﬁit

£turbine
waste~-heat rejection rate, L£h/Btu.

’a : ratio ofvcondehser-shell radius to tube pitch, used in
(p.3-3), (1). ’

@ empirical Bergelin friction parameter given by (B.3-1).

@y factor due to Merkel, defined by (E.1-7), (1).

a' cooling-tower geometry parameter introduced.in J.1, (1)

B ratio of outside to inside diameter for pipes and
tubes, (1).

BA tower surface area coefficient defined in (J.2-1), (1).

APu decrease in generator output due to necessity of having
ts’s> tG,i' kw.

ap total pressure drop, lbf/sq ft.

Apa acceleration pressure drop, lbf/sq ft.

ApD total pressure‘drop of air flowing through cooling
tower, 1bf/sq ft.

APg . frictional pressure drop, 1br/sq ft.

ApG pressure drop of air flowing through the Air-side of
tower heat exchanger, lbf/ sq ft.

Apx extra pressure drop introduced in Heller-system to
maiﬁtain entiré coupling circuit above aimospheric

pressure, lbf/sq ft.
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AtF temperature variation of intermediary heat-transfer

At, (= teo = tG,i) dry-bulb temperature variation of air
flowing through tower, used in (3.3-6), deg F.

bty gy = (ts,H)i - (ts,H)o ) saturation temperature variation
in Hot~side of Spalding system, deg. F. ~ o

.A£fuel present worth of increase in fuel expenditure due to
necessity of having ts,s> tg,3» introduced in (2.2-2),¢.

5 thickness of duct, pipe or tube wall, ft.

bf thickness of fins, ft.

€ absolute roughness for ducts, pipes or tubes, ft.

g boiler efficiency, fraction.

“pm overall efficiency of pump-motor combination for coupling
circuit, fraction. e

Tpt overall efficiency of pump-turbine combination for
Heller system, fraction.

ﬂst steam turbine efficiency, fraction.

Tpy Station nett thermal efficiency given by (2.2-3),
fraction.

AP total coupling-circuit pressure drop, lbf/>sq ft.

o; :ratio of free~flow area to frontal area on Air-side
of tower heat exchanger, (1). '

s coefficient introduced in C.3, (1).

9199, functions introduced in (4.3-1).
X factor defined by (C.3-3), (1).

¢l,¢2 functions introduced in (4.3-2).
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iii) Symbols for dimensionless groups

N (= uc/Q) overall number of transfer units.

h ‘
Nh,G (z UGCG/QG) oyerall number of Air-side transfer units.

ny (s uC/Q) partial number of transfer units.
NG (= uGCG/QG) partial number of transfer units, introduced

in 3.3.

NLe,W Lewis number for water-air,

Npo (s nc/k) Prandtl number.

NPr,G (= chG/kG) Prandtl number for air flowing through
tower heat exchanger.

Noe = dW/(ucf) Reynolds number.

NRe £ local liquid~-phase Reynolds number.

4

NRe,G = hrh’GwG/(uGcG) Reynolds number for air flowing
through tower heat exchanger.

NR local gas-phase ﬁeynolds number.

g ‘

(NRe)f’ (NRe)g overall liquid- and gas-phase Reynolds
numbers respectively.

Nv number of transformed velocity heads, obtained by
converting number of local velocity heads to tower
base area as reference plane.

N, o number of transformed velocity heads for Air-side of

. ‘
tower heat exchanger.
n number of local velocity heads.
n, q number of local velocity heads for Air-side of tower
[ AN ‘ : .
heat exchanger.
(Nv,elim’ Nv,i’ Nv,misc’ Nv,o’ Nv,pack’ Nv,spray) numbers

of transformed velocity heads referring to eliminator,
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" tower inlet, miscellaneous lossés, tower outlet, pack
and spray resﬁéctivély.
(nv,elim' nv,i' nv,misc’ nv,o’ nv,péck’ nv;spray) numbers
of local velocity heads referring to eliminator,
tqwer inlet, miscellaneous losses, tower outlet, pack
and spray respectively.

IN_  total number of transformed velocity heads for air

flowing through cooling tower.

iv) Physical property symbols

c constant-pressure specific heat, Btu/(1lb deg F).

A refers to dry air.

Cq refers to moist air flowing on Air-side.

35 mean specific heat at wet-bulb temperature, defined

by (Eol-g)-
F¥ see section ii).
specific enthalpy, Btu/lb.

refers to dry air.

refers to water on Cold-side of Wet system.

h

hA

hC

h. refers to moist air flowing on Air-side.

hM specific enthalpy of saturated-air layer adjacent
to'watgr surface on Air-side of Wet system.
latent heat of vaporisation, Btu/lb.

thermal conductivity, Btu/(h ft deg F).

ky refers to dry air.

k refers to moist air flowing on Air-side.

v specific volume, cub ft/lb.
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VA refers to dry}air.

Ve refers to moist air flowing on Air-side.
" - absolute viscosity, lbf/(h ft).

Bp T refers to dry: air. }

Bo refers to moist air flowing on Air-side.
P density, 1b/cub ft.

Py refers to dry air.

Po refers to molst air flowing on Air-side.
o surface tension, lbf/ft.

Oy surface tension for water.

v) . Symbols for quantities containing constant-valued

physical property groups.

The procedure followed in this éection is to present
a symbol, followed by the number of the equation in which
it is defined and then by the cooling system to which the
symbol refers. To shorten the presentation, the Wet-,
Heller- and Spalding-systems are represented by the letters

W, H and S respectively.

2,1 (3.5-19), s.

af.c (3.5=5), H.

ap y (3.5-5), W.
3. c (3.4-20), H,S.
am.H
ap p (3.5-2),W.

8 H (3.5-17), S.
ap (3.5-11), H.

(3.5-21), W,H,S.

(3.4-8), w,s.

a
p,B

a

p,c  (3:5-15), H.



p,C

p,H
P,T
u,C
u,H
u,S

b
P,C

b
p,H

v)

(3.5-22),
(3.5-3),
(3.5-18),
(3.5-6),
(3.5-20),
(3.4-19),
(3.4-32),
(3.4-7),

(3.4-9),

(3.5-22),

(3-3—18)’

S.
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INTRODUCTION

Three power-station cooling systems incobporating
natural-draught cooling towers are investigated in this 4
thesis with the objéct of helping power-station designers to‘
choose between them. Before -specifying tﬁe object of the
1nvestigation in greater detail, both the application of
cooling towers in power-station cooling systems and the his-

torical development of the three cooling systems under in-

vestigation are described in the following two sections.

1 Application of natural-draught cooling towers in power-

station cooling systems.

4

Every thermal power station requires both a cooling
system tb remove waste heat in the power generation process,
and a heat sink in which to deposit the waste heat. In
areas where it is abundant, natural water i1s usually chosen
as the heat sink,. However, in areas where it must be con-
.served. or is too far from the proposed power-station site,
étmospheric,air is used instead. The present investigation
is restricted to the examination of cooling systems for
which atmospheric air must be used as a heat sink.

The transfer of waste heat to atmospheric air takes
élace in a heat exchﬁnger, the efficiency of which increases
ﬁith'velocity of the air flowing through, or past the heat
éxchanger. The velocity is increased in practice, either
by mechanically driven fans, or by utilizing the natural-

draught forces caused by air-density differences occurring

l
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in a type of chimney referred to as a natural-draught cool-

ing tower.

The air-density differences are largely dependent on
climate, andfkhis is such that the differences would be too
small, fans must be used. The air-density differences are
generally sufficiently large in areas of low atmospheric
dry-ﬂhlb temperature, and sometimes even in areas of high
dry-bulb temperature provided that the humidity 1s low and
the waste heat is transferred to atmospheric air by an
evaporative cooling process,

The task of choosing between the two foregoing alterna-
tives is a large one involving the study of all possible
cooling systems incorporating one or other of the altérna-
tives. The preuenf investigation concerns itself with one
aspect of this task, viz. the investigation of power-~station
cooling systems incorporating natural-draught cooling towers.

The historical development and distinguishing features
of these are briefly outlined in the next section, as a pre-
lude to a more detailed description in the first chapter of

the main text.

2 Historical development of power-station cooling systems
incorporating natural-draught cooling towers.

Prior to 1956, there existed only one type of cooling

system in this category, viz. the so-called Wet system in
which natural water is ‘employed as an intermediary heat-

transfer medium to convey waste heat from a power station to
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the atmbsphere. After removing heat from turbine .exhaust
steamin a surface steam condenser, the water is made to
trickle downwards through a layef of material referred to
as the packing, this being situated in the lower part of a
cooling tower. Draught-induced forces cause atmospheric
air to flow upwardé through the packing; the water and air
are thus brought into direct.contact, the water beinglboth
convectively and evaporatively cooled before returning to
the steam condenser.

The Wet system offers the major advantage of a recooled
water temperature Elose to the atmospheric wet-bulb tempera-
ture. On days of low humidity the latter is appreciably
lower than the dry;bulb temperature, i.e. the lower limit
for non-evaporative cooling.

The Wet system requires a continuous supply of natural

| water to make up for evaporation losses. Although the

‘quantity required is a small fraction of that needed for

cooling systems employing natural water as a heat,sink, it
can become disadvantageously large in water-scarce regions.
Additional disadvantages are that the siting of power
stations is restricted to areés close to natural water re-
sources, and the cooling process can be advefsely affected
if the water freezes in cold weather,

At the 1956 World Power Conference in Vienna, Héiler
and Forgo announced the successful operation in Hungary of
a closed-circuit power-station cooling system which, because

it requires little or no make-up water, both conserves
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natural-water resources and does not restrict the siting of
power stations to areas close to them. This system, now
referred to as the Heller system, usesvboiler feed water as
the intermediary heat-transfer medium, After removing
waste heat in a direct-contact jet steam condenser, a frac-
tion of the condenser water is circulated through a metal
heat exchanger placed around the base perimeter of a cooling
tower; the remainiﬁg fraction is sent to the boiler feed-
heating system. Atmospheric air is caused to flow through
the heat exchanger, and up the tower, by draught-inducedv
forces, the water in the heat exchanger being convectively
cooled before returning to the steam condenser. A water
turbine is included in the cooling system circuit to impose
an additional pressure drop; the water in the heat exchanger
is consequently pressurized, thereby preventihg contamination
due to leakage into the cooling sistem.

The British Central Electricity G;anerating Board en-
dorsed the merit of the Heller system by commissioning the
English Electric Co. Ltd. to design and const:uct a power-
station cooling system at Rugeley, based on the principles
of Heller and Forgo,

The cooling system, although funqtioning satisfactorily
since 1962, does have the following disadvantages.

1) The atmospheric dry-bulb temperature, and not the
wet=bulb temperature, represents the lowest temperature limit
to which the water can be cooled.

i1) A large mass flow rate of cooling water is required
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and this results in high pumping costs.

iii) Expensive auxiliary equipment with cdmplicated cone-
trols and ducts is necessary to drain water from the tower
heat exchanger so as to prevent freezing in cold weather.

The last two disadvantages are eliminated in a closed-
circuit cooling system proposed by D.B.Spalding, Professor
of Heat Transfer, Imperial College of Science and Technology,
London, In this system, hereafter referred to as the
Spalding system, the proposed intermediary heat-transfer
medium is a pressurized refrigerant operating at, or close
to saturation temperature throughout the cooling system cir-
cuit. The refrigerant extracts heat from turbine exhaust
stegm in a surface steam condenser, being converted from
liquid to saturated vapour in the process, The vapour is
then circulated through a metal heat exchanger placed around
the base perimeter of a cooling tower. It is condensed
therein by transferring its latent heat of vaporization to
atmospheric air, which 1is induced by draught forces to flow
through, or past the heat exchanger and up the tower, The
condensate is then returned to the steam condenser.

The advantages offered by the Spalding system relative
to the Heller system, gubject to the choice of a suitable
refrigerant, are as follows: =~

1) A pressure increasing device to keep the cooling

P
system at a pressure higher than atmospheric is unnecessary,
since the operating pressure of the refrigerant can be

chosen to be higher than that of the atmosphere.
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ii) The intermediary heat-transfer medium cannot freeze
in the tower heat exchanger during cold weather.

111) Operating undex practically isothermal conditions
ensures high thermo&ynamic efficiency.

iv) The removal of waste heat in the form of latent
heat can lead to small refrigerant mass flow rates and small -
pumping costs.

The chief disadvantage of the Spalding system, relative
to the Heller systém, is that a surface steam condenser must
be used in preference to a cheaper, direct-contact jet steam
condenser so as to prevent the refrigerant from contaminating

the boilexr feed water.

L 4

No practical application of the Spalding system exists
as it is a novel idea, mooted as recently as 1962. 1In fact,
the present investigation contains the first detailed attempt

to predict its performance and to compare it with other cool-

ing systems,

3 Object of present investigation.

Power-station designers are usually supplied with in-
formation regarding the proposed site, climatic conditions
and waste=heat rejection rate. For regions where natural-
draught cooling towers are suitable, the following question
arises:-

Which of the three cooling systems outlined in the pre-

vious section must be used to ensure the best overall power-

station design, and what are the values of the design variables
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characterizing it?

This question cén be answéred by evaluating and then
comparing the relative cooling system merits according to

the following procedure:-

i) Choose a representative circuit for each of the
considered cooling s&stems.

ii? Establish a criterion for comparison in the form of
an overall power-station merit-factor.

There are many‘design variables characterizing a cool-
ing system and which affect its performance, and subsequently
its merit-factor. Some, however, have relatively little
effect and can be fixed for comparison purposes. Others
are important and must be allowed to vary independently of
each other so that their effect on the merit-factor can be
examined. |

1ii) Therefore, choose the design variables which are to
be allowed to vary independently and fix the unimportant
ones.

iv) Express the merit-factor, adopted in ii), as a
function of the independent design variables for each of the
considered cooling systems.

For comparison purposes, only one of the many possible
combinations of design variable values is oq&nterest, viz,
that combination which gives the optimum value of the merit-
factor for a particular cooling system.

v) Therefore,?develop methods for determining optimum

design-variable values and the associated merit-factor value
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for each of the considered cooling systems.

vi) Evaluate and compare the optimum merit-factor values,
The cooling system having the best one must be usgd to en-
sure the best overall power-station design, provided that
the optimum values of‘the design variables are employed when
constructing the cooling system concerned.

There is only one published paper (ref.34) which attempts
to compare differenf cooling systems incorporating natural-
draught cooling towers and, even in this, the comparison is
restricted to the Wet- and Heller-systems. The cost com-
parisons in this paper are based on unspecified design vari-
able values. Since no attempt is made to establish an
overall power-station merit-factor and to optimize it for
each cooling system, the results must be considered unsatis-
factory for comparison purposes.

The object of the present investigation is first of all
to carry out the previously outlined steps i) to v) and, in
so doing, to derive methods of evaluating the optimum values
of the design variables'and the associated optimum merit-
factor values, In ‘addition, it is g;oposed to carry out
step vi) by using the derived methods to obtain quantitative
results for a range‘of waste~heat rejection ratés. a chosen
climate and prices falid for the U.K. in 1964. The merit

of each of the considered cooling systems will then be dis-

cussed in the light of these results,
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4 Outline of procedure.

The first task, undertaken in chapter one, is the choicé
of simplified circuits for each of the considered cooling
systems to make comparisons  easier, without being unreal-
istic; the function and choice of components are described
with the aid of diagrams. However, the task is only par-
tially completed since the choices of the following compo-
nents involve a number of alternatives, the merits of which
can only be gauged in terms of their effect on overall power-
station design:

1) tower packing type for Wet system;

11) tower heat;exchanger types for both ﬁéller- and
Spalding-systems; |

iii) type of surface steam condenser and ‘

iv) refrigerant for Spalding system.

The effects of these alternatives can only be determined
after establishing an overall power-station merit-factor,
and expressing it as a function of cooling system design
variables. The establishment of such a factor is carried
out in chapter two,‘the merit-factor being presented as an
overall power loss., The power-loss concept arises from the
realization that a éooling system has certain requiréments
for its successful operation, all of which detract from the
_potential generator output. " These requirements can be re-
presented as individual power losses, the arithmetic sum of
which constitutes an overall power loss. The overall power

loss so obtained is suitable for use as a cooling system
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merit-factor since its value will be smallest for the best
of a number of cooiing systems. - In chapter two, the merit-
factor 4is expregsea as a function of these requirements after
deriving methods for transforming them to their equivalent
power losses, .

The next step; in accordance with the object of the in-
vegstigation, is to'simplify comparisons by deciding which
cooling—system.characteristics are not important enough
to be variedand which are to be treated as independent
design variables. This is carried out in chapter three, an
attempt being made to simplify comparisons still further by
specifying the design variables in terms of quantities, or
- ratios thereof, which will be relatively invariant for cool-

ing systems.

1

In chdosing the design variable? it transpires that
their number is not as large as'originally supposed. Due
to the necessity of having to satisfy heat-balance relation-
ships and the coolihg'tower buoyancy equation, some of the
originally chosen désign variables are dependent on others,
thereby losing their status as independent design variables,
The task of expressing the merit-factor as a function of
.the design variables is also undertaken in chapter three,
after splitting the merit-factor equation into its con-
stituent parts for éase of presentation.

It is then possible to gauge the merits of the alterna-
tives for the previéusly ennnperatod’cooling system compo-

nents, the choice between which was deferred until after the
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development of a‘merit-factor equation. Accordingly, choices
of tower-packing type and tower heat-exchanger types are made
in chapter four, wheréas éhoiées regarding Spalding system
surface steam condenser and refrigerant are made in chapter
five,

Only at this . stage can attention be paid to optimization,
i.e. the task of finding that set of design variable values
which, on substitution into the merit-factor equation, will
givé the minimum merif-factor value. In this respect, two
objects are fulfilled. The first is the development of a
numericﬁl, "steep descent™ method - suitable for use by an
automatic digital comﬁuter - in order to determine accurately
the values of the design variables at optimum conditions.
Secondly, the results énd trends accruing from the application
of this method are used 1n developing an approximate',r
method of determining the optimum design variables.

The latter method is intended for use in circumstances where
digital computers are not available. The development of the
two methods is described in chapters six, seven and eight for
the Wet-, Heller- and Spalding-systems respectively,

. In chapter nine, both methods are used in the presenta-.
tion of numerical :esulfs for a range of waste-heat rejection
rates, a'chosen climate and prices wvalid rof the U.K. in
1964. The accuracy and applicability of the
approximate solution, and the relative merits of each of the

considered cooling systems, are discussed in the light of these

results.in chapter ten.
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Finally, chapter elevéen is devoted to

suggestions for future research and general conclue~

sions.

5 General information.

In the interests of readability, extensive use has been
made of appendices, the purpose of which is to store detailed
information and associated references in closed form without,
it is hoped, incurring the disadvantage of excessive cross-
referencing.

The wide field covered by the thesis has necessitated
an elaborate nomenclature section. It is suggested that
the reader should glance through this section.'paying parti-
cular attention to the headings and the sub-section relating

to sub-scripts, before proceeding to the main text.
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1 DESCRIPTION OF COOLING SYSTEMS UNDER CONSIDERATION

1.1 Introduction

When cooling sfstems are compared in order to deterf
mine their relative merits, it is not necessary to enter
into as detailed a design study as would be required for
tendering purposes. For example, identical items of equip-
ment common to each cooling system can be ignored. This
chapter is accordingly devoted to describing simplified cir-
cuits suitable for comparison purposes, care being taken
neither to exclude distinctive characteristics nor to
become unreaiistic,‘ Diagrams are used in describing both
the function of and the tomponents comprising each cooling
system circuit.

However, in choosing some of the cooling system com-
ponents, there are a number of alternatives, the best of
which can only be chosen after quantitatively calculating
their relative effects on the as yet un-established cooling
system merit-factor. In consequence, the present chapter
restricts itself to discussing and recording the alternatives,
choices between them being deferred to chapters subsequent

to the establishment of a cooling system merit-factor.

1.2 Wet system.

A schematic diagram of the proposed Wet-system circuit
is given in Fig.l, with a cross-sectional view through the
tower to the left of the centre 'line and an itemized list of

the cooling system components. With reference to Fig.l,
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the Vet sysfem operates as follows:-

After extracting heat from turbine exhaust steam in a
surface steam condenser, A, natural water is circulated by
a pump, B, along a duct, C, to a circumferential distribu-
tion channel, G. From here the heated water is distributed
to a number of nozzles or sprayérs, H, which spray it evenly
err the top of the packing, I. As the water trickles
downwards through the ﬁacked material comprising the packing,
it comes into direct contact with atmospheric air. The air
is induced by draught forces to enter the bottom of the packe
ing via the cooling tower inlet, and then to flow upwards
through the packing, pagt the sprayers and through the
eliminator, F; this 1is designed to trap liquid water en-
trained by the air in passing through the pack and past the
sprayers. The air then emerges from the top of the tower
while the water, having been cooled by a combination bf
evaporative and convective heat transfer, falls into a
storage pond, L, situated at the tower base; it is then
returned to the steam condenser in a duct.

The choices of components for the Wet system involve a
number of alternatives. However, experience gained from
the design and operation of cooling systems has enabled
other investigators to make the best choices for most of the
alternatives., The following paragraphs contain descrip-
tions of the components recommended for adoption by other

investigators, followed by decisions regarding the choices

of remaining alternatives.
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With regard to the surfacé steam condenser, information
in refs.13 and 5 leads to the adoption of two water-side
passes with horizontal condenser tubes constructed from
admiral%y brass. In addition, a mixed-flow circulating
pump driven by an induction motor is chosen. Ducts are
assumed to be constructed from mild steel in éccﬁrd;nce with
convention.

A departure from convention is made with regard to the
packing arrangement in the cooling tower by introducing a
blanked-off volume, formed by a hollow cylinder at the tower #
centre, as is shown by item E in Fig.l. The presence of
‘this blanked-off volume, introduced by Spalding in refiqzii“J
results in the advaﬁtage of a reduction in pQ;;I;;:—;II;I;;:‘
tor and sprayer requirements, This advantage can outweigh
the disadvantage incurred by the resultant increase in
pressure drop through the tower. The lower half of the
packing is assumed to extend below the plane formed by the
tower shell base, as can.be seen from item I in Fig.l.
According to ref. 38, this leads to a'éaving in cooling
. tower material costs. Water is distributed to the sprayer
pipes by means of a circumferential channel. This method
of distribution is chosen because, according to ref. 38,
the channel can be made to act as a fairing, thereby in-
creasing the aerodynamic efficiency of the tower.

A catenary profile is adopted for the concrete tower

shell instead of the cpnventiohal hyperbola because of the

resultant saving in shell material. A circular profile
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would be just as satisfactory but is mathematically less
manageable, Apart from its profile, the concrete cooling
tower shell and associated equipment, viz. shell supports,
packing supports, pond, eliminator, sprayers;.walkways,
etc., are assumed to be conventional.

There is one important altermative which remains, viz,
the choice of packing type. There are many types and it is
impossible to chooée between them until some means of deter-
mining their relative merits has been established. Con-
sequentl&, decisions regarding the choice of the best pack-

ing type are deferred until this has been done.

1.3 Heller system.

Fig.2 contains a schematic diagram of the proposed
Heller-system circuit, with a cross-sectional view through
the tower to the left of the centre line, | The function of
the Heller system is explained with the aid of Fig.2 as
follows: - |

Cooled water of boliler-feed purity is injected through
nozzles into jet steam condenser, A, where it mixes with
turbine exhaust steam. The steam transfers its latent
heat/to the water and is itself condensed. A circulating
pump, B, both returns the condensate to the boiler feed
heating system and circulates the heated water along a duct,
C, and through a two-pass, cross-flow heat exchanger, G,
placed around the base perimeter of a cooling tower, E,

WVhile flowing through the heat exchanger, the water is cooled
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convectively by atmospheric air which is induced by draught
forces to flow through the heat exchanger and up the tower.
The cooled wafer then travels along a duct, C, passing through
a water turbine, D, before returning fo the nozzles in the
steam condenser. The function of the water turbine is to
provide an additional pressure drop in the circuit to keep
the pressure in the tower heat exchanger higher than atmos-
pheric pressure; thig prevents leakage into the system and
consequent contamination of the boiler feéd water, Some of
the energy lost in providing the additional pressure drop is
recoveréd by using the water turbine to help drive the cir-
culat}ng pump. Auxiliary equipment is provided to drain
the tower héat exchanger so as to prevent freezing in cold

weather.

There are not many alternatives when choosing compo-
nents for the Heller system and the best choices for most
of them are made as follows:-

As there is no risk of contaminating the boiler feed
water, a jet steam éondensef is suitable for use in the
Heller ;;;;;;—;;E\IZ'ZEZ;;ZE'because it is cheaper than an
equivalent surface steam condenséfi A centrifugal circu-
lating pump, driven by an induction motor, and a propeller
water turbine are choéen as being most suitable for Heller-
system conditions according to information contained in
refs, 13 and 31, Although, in practice, the circulating
pump has the dual function of returning the condensed steam

to the boiler feed-heating system and circulating the cooling

Vet «
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system water, it is assumed to have only the latter function
for comparison purposes. This assumption follows from the
fact that the condenSed steam extraction pump is not in-
cluded in the adoptéd Wet- and Spalding-system circuits.

Mild steel is the material chosen for ducts. The con-
crete tower shell pfofile is considered to be a catenary as
in the Wet system. The greater Heller-system inlet height
necessitates the use of X-formation tower supports, instead
of the Wet-system v-formation supports, in order to reduce
buckling tendencies to an acceptable level.

The remainihg alternatives consist of choosing the best
type of heat exchanger, the optimum number of water-side
passes and the best way of fitting the heat exchanger around
the base perimeter of the cooling tower. Although the tower
heat exchanger in use at Rugeley has two water-side passes,
with vertical tubes equal in length to the cooling tower in-
let height, there is no indication in published literature
whether this is the best arrangement or not. Consequently,
an attempt will be made in the present investigation to
examine a number of possible tower heat exchanger types in
order to find the best type and the best arrangement.

Since this can -only be done after establishing a cooling'sys-
tem merit-factor and deriving heat-exchanger performance
equations, this attempt is deferred to later chapers of the
thesis. _

An important ﬁoint to note is that the auxiliary equip-

ment which prevents freezing must be regarded as an additional
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cooling system component when determiniﬂg the Heller-system
merit-factor. For the present investigation, this equip-
ment is assumed to Be the same as that empleyed at Rugeley

and is described in ref. o.

1.4 Spalding system
1.4.1 Function

_ A schematic diagram of the proposed Spalding- system
circuit is given in Fig.B; with a cross-sectional view
through the tower te the left of the centre line., ﬁith ‘
reference to Eig.B, the Spalding system operates as follows:-
| A refrigerant in the liquid state and at saturation .
temperature extracte heat from turbine exhaust steam in a
surface steam condehser, A, becoming vaporised in the pro-
cess. The vapour is then transmitted along a duct, C,
efter passing through a vapour-liquid separator, B. The
vapour is then circhlated through & heat exchanger, H,
placed around the base perimeter of a cooling tower, F.

In passing through the tower heat exchanger tubes the vapour
gives up its latent heat of vaporisation, gained in the
eteam eondenser, to the atmospheric alr which is induced by
draught forces to flow pest the heat exchanger and up the
tower. The vapour is completely condensed during this pro-

cess and is then returned to the steam condenser along a

duct, C, by means of a circulating pump, E.
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1.4,2 Choices of some cooling-sxstem‘comgonents

In choosing components for the Spalding system there
are a number of alfernatives, the best choices for some of
which are carried out in this sub-section according to the
following prpcedure.

A surface steam condenser must be employed in prefer-
ence tb a cheaper jet steam'condenser, in order to prevent
the refrigerant frdm contaminating the condensed steam.

The circulating pump ig assumed to be an axial-flow type,
driven by an inductiqn motor, according to the suggestionA
of Ellingen in ref, 13, Mild steel 1s considered a suitable
material for ducts and the liquid-vapour separator. The
concrete tower sheli and supports are considered to be of
the same shape and construction as for the Heller system.

- The task of choosing between the remaining alternatives,
relating to the refrigeranf, steam condenser and tower heat
exchanger, is complicated because there are so many of them.
The object of the following sub-sections is to ease this .
task by first of all describing the alternatives, and then
using both qualitative and quantitative reasoning to elimin-
ate the least promising of them. Decisions as to which of
the remaining alternatives are best are then deferred to
later chapers of the thesis, when sufficient information will

be available to enable the decisions tp be made.
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1.4.3 Choices of promising refrigerant alternatives

Refrigerants considered for use in the Spalding system
mast have the follbwing feature: -

The saturation pressure at the lowest possible atmos-
pheric wet=bulb temperature must be greater than atmospheric
pressure.

This will prevent leakage into the system since the
cooling system pressure will always be greater than that of
the atmosphere. Also, the refrigerant will not freeze in
practice. Investigation of a number of fluids and, in
particular, the extensive list of refrigerants and their
associated physical properties contained in ref. 1 reQeals
that the-following refrigerants have the foregoing essential
feature: freon 12, freon 13, freon 22, methyl chloride,
ammonia, propane ahd propylene.

It is desirabie for a Spalding-system refrigerant to
have a high latent heat of vaporisation and high densities,
both liquid and vapour, as this will ensure low refrigerant
mass flow rates and low circulating power requirements.
Freon 13 is unsuitable in these respects as its latent heat
of vaporisation is relatively low. Propane and propylene,
too, are unsuitable because of their low latent heats of
vaporisation, combined with low densities.

Possible refrigerants are thus restricted to ammonia,
methyl chloride, freon 12 and freon 22, the physical pro=-
perties of which are presented in appendix A. A decision

as to which of these refrigerants in best cannot be made until
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the basis of cooling ayétem comparisons has been established;
this decision is accordingly deferred to a later chapter of

the thesis.

1.4.4 Preliminary choices of surface steam condenser

flow arrangements

_ There are four possible flow arrangements to be con-
sidered, viz. |
i) natural-convection refrigerant flow with complete
vaporisation,
ii) natural-convection refrigerant flow with partiail
vaporisation, :
iii) fofced-convection refrigerant flow with complete
vaporisation, and |
iv) forced-convection refrigerant flow with partial
vaporisation. |
The first poasibility is represented in Fig.3 if the
circulating pump, E, and both re-circulation ducts, D, aré
eliminated. It is assumed to be unsuitable as natural-
convection forces are considered inadequate to overcome
both the large flow resistance caused by complege vaporisa-
tion in the steam cdndenaer, and the flow resistance in the
remainder of the circuit. ,
However, the circulation task of the natural-convection
forces can be made easier by re-circulating the refrigerant
in the steam condenser. This is the second of the possible

flow arrangements and is represented in Fig.3, with the eli-
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mination of the right-hand ree~circulation duct, D, and the
circulation pump, E. If, after introduction of re-circula-
tion, the natural-convection forces are only sufficient to
overcome the flow resistance in the steam condenser, the
cireulating pump, E, must be inserted to overcome the flow
resistance of the remainder of the circuit. Moreoever, if
the natural-convection forces are insufficient even to
overcome the flow resistance in the steam condenser, éecourse
must be had to the use of forced-convection refrigerant
flow, i.e. one of the third and fourth possibilities.

| The third possibility requires no re-~circulation and is
represented in Fig,S by eliminating both re-circulation
ducts, D. There is re-circulation in the fourth possibility,
which caﬁ be represented in Fig.3 after eliminating the left-
hand duct, D; ‘ '

' The choilce beﬁween natural- and force&-convection is a

difficult one because of the lack of satisfactory_ formulae .
for the evaluation of the natural-convection forces required
~ to re-circulate the refrigerant in the steam condenser.
This lack is due chiefly to the difficulty of accurately pre-
dicting preésure dfops due to friction and acceleration for
two-phase flow. In this investigétion it is pessimistically
assumed that natural-convection forces are inadequate, and
that forced convection must be resorted to in order to cir-
culate the refrigefant. ‘This assumption will be acceptable,
provided that the 6ver;estimated circulating pump power,

accruing from the application of the assumption, has a small
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effect on the merit of a cooling system, As this can only

be determined after'carrying out numerical calculations in -

later chapters of the thesis, the justification of the fore-
going assumption isjacco;dingly deferred till later.

A forced-convection refrigerant flow arrangement having been

decided upon, a choice between the third and fourth possi-
bilities need not bé made at this juncture, nBy adopting

the fourth possibility, treating the amount of re-circulation
as a design variable and then calculating the amount required
for an optimized cooling system, the decision will be made
automatically. Fop example, if the required amount of re-~
circulation is small, the third possibility is better; for

a large amount, the;fourth is to be preferred.

1.4.5 Pfeliminggx choices of surface steam condenser

configsurations

The following §ariations in condenser configuration are
considered possiblei
i). extended surfaces on one of the sides,
11) steam flowing outside tubes with refrigerant
insidg,.or vice-veréa. ;
1ii) one or mbré passes on either the steam- or the
refrigerant side,
iv) tubes either straight or serpentine in layout and -
v) tubes at any angle of inclination to the horizontal.
- If the heat-trﬁnsfer coefficients on the steam- and
refrigerant-side aré similar, there is no need to depart

from the conventional practice of having the steam in the
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condenser shell, and the réfrigerént flowing through hori-
zontal bare tubes surrounded by the steam. However, if the
two heat-transfer coefficients differ appreciably, the |
overall heaf-tranéfer resistance can be decreased by em-
ploying fins to increase the tube surface area on the side
having the smaller heat-transfer coefficient.

In the event of the refrigerant-side heat-transfer
coefficient being the smaller of the two, the use of inter-
nal fins 'giires rise to manufacturing difficulties and large
flow resistances in the tubes, These disadvantages can be
overcome by deﬁarting from convention in having the refri-
gerant'on the shell-side and the steam flowing through the
tubes; the fins can then be more conveniently attached to
the external surface of the tubes.

In the present investigation it is assumed that the
difference between the two heat-transfer coefficients is not
large enough either to warrant the use of extended surfaces
or to re-roﬁte the steam through the coﬁdenser tubes, The
validity of this assumption can only be tested in a later
chapter of the thesis after calculating the steam condenser
heat-transfer coefficients for optimized cooling systems.

As the refrigerant pressure drop must be kept low in
order to preserve the near;isothermal nature of the Spalding-
systeﬁ. the length to diameter ratio of the condenser tubes
will be relatively small, This, coupled with the fact that
the condenser operates with the same efficiency as a counter=-

flow heat exchanger, leads to the conclusion that there is no
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need to consider a serpentine tube layout or more than one
pass on either side.

Examination of the calculated stéam-condenser dimen-
sions, e.g. length of tubes, after having optimized the
Spalding-system, will reveal whether the adoption of straight

tubes and only one ﬁass is reasonable or not.

1.4.6 Discussion of tower heat exchanger alternatives

The alternatives consist of choosing the best type of
heat exchanger, the optimum number of fefrigerant-side passes
and the best way of fitting the heat exchanger around the
base perimeter of the cooling tower.

Decisions regarding the number of refrigerant-side
passes can be made now. Since the Spalding-system operates
unaer practically isothermal conditions, the tower heat
exchanger has the same thermodynamic efficiency as a counter-
flow heat exchanger; Consequently, there is no need for
more than one refrigerant-side pass. This viewpoint is
endorsed by the fact that the use of more than one pass poses
problems of condenséte drainage.

A possible towér heat exchanger arrangement, closely
resembling that of the Heller system as used at Rugeley, 1s
shown in Fig.3. The refrigerant vapour pasées into the
vertical tubes of a single-pass towervheat exchanger via a

distributiqh duct encircling the tower shell. However, as in

the case of the Heller system, no tower heat exchanger

decisions can be made yet; the chalcesof the best type and
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arrangement are accordingly deferred to later chapters of

the thesis.
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2 ESTABLISHMENT OF CRITERION OF MERIT FOR COOLING SYSTEMS

2.1 Deduction of merit-factor

Now that the chosen cooling system circuits have been
déscribed, the next step 18 to establish a suitable criterion
'for determining the merits of the considered cooling systems
80 thgt comparisons- between thém can be made. In establish-
ing the merit of a cooling system in ref. 39, Spalding re-
commends that a cooling system be thought of as having the
following requirements: |

i) a temperature difference given by subtracting the
atmosﬁheric dry=-bulb temperature from the turbine exhaust-
steam temperature and which pfovides the necessary driving
force for removal of power-station waste heat; |

ii) power to ciréuldte the intermediary heat-transfer
medium round the cooling-system circuit;

iii) capital expenditure in providing the ,cooling-system
components,

Spalding also submits that if these requirements did not '
exist the generator output could be increased. In conse-
quence, these requifementa can be regarded as constituting
an overall power loés, the value of which would be equal to
the gain in generatﬁr output were there no cooling-system
requirements. This overall pover loss can bebused to indi-
cate the merit of avcooling sistem since the best of a number
of cooling eystemé will incur the smallest overall power loss.

The overall power loss 15 the arithmetic sum of the

individual power-loss contributions arising from each of the



21 | 68

cooling-system rquirements previously enumerated. In
formulating an expression for the mé:if-factor. Spalding
introduces coefficients to convert the cooling system require~
ments to thelr corresponding power-loss contributions. In
addition, each power-loss term is rendered dimensionless by
dividing it by the:waste-heat rejection rate.

Consequently, the overall power loss per unit waste-heat
rejection rate for one cooling tower, hereafter referred to
as the merit-factor, is the sum of the three itemized power-

loss contributiors, i.e.

p/a = (B /a), + (P/a), + (Pr/a)gs (2.1-1)
where

(P/a),= a"(t, o = tg 40 (2.1-2)
(P, /a),* B"(P/a), (2.1-3)
(P /a),m (g, /a) (2.1-4)

PL/q is the meritffactor, or overall power loss pexr unit
waste heat rejection rate, in dimensionless units.

(t = t, ,) is the difference between turbine exhaust

8,S G,1’

steam temperature and atmospheric dry-bulb temperature,

in deg.F.

P is required pumping power per cooling tower, in Btu/h.

£ca is total capital price of cooling system components per

cooling tower, in pounds sterling.

q 1q the waste-heat rejection rate per cooling tower, in
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a*, B* and c* are coefficients which convert cooling system
requirements to power-loss contributions.
Spalding uses a modified version of (2.1-1) so that the
power-loss contribution due to all pumping requirements can
be more easily obsefved by inspection of a singie term,

Accordingly, the capital price of the circulating pump and

motor is included in (2.1-3), so that

(pL/Q)z =3 b*(P/Q)' (2-1-5)
(P/a)y = ¢ (£.,/a - £,./a) (2.1-6)
and |

b* = 8* + c*(tpm/q)/(P/q)- (2.1-7)

(£pm/q) is the capital price of circulating pump and motor

per unit waste-heat rejection rate, in pounds sterling

per (Bfu/h).

The merit-factor can thus be evaluated from the

expression.

Pi/a = a%(t, gt y) + B (R/a) + M(E/a - & /a),
(2.1-8)

provided that a*. b* and c* are known. The following sec-
tions of this chapter contain the derivations of formulae
suitable for the estimatién of these coefficients; in
addition, representative numerical values are calculated.
The meth&d of using (2.1-8) in optimizing the design of
a particular cooling system is first of all to choose the

independent &esign variables characterizing the cooling Syqtem.
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This done, each of the temperature difference, pumping power
and capital price térms in (2.1-8) must be expressed as
functions of the chosen design variables. Both of these
tasks are undertaken in the following chapter. After sub-
stitution of the reSultant functions into (2.1-8), the merit-
factor will be a function of the chosen design variables..
The single set of design variable values giving the minimum
merit-factor value muét then be determined, since it is this
set which characterizes an optimum cooling system design.
The optimum merit-factor thus obtained can then be compared
with similarly determinéd optimum merit-factors for bther
cooling system types; the best one will have the smallest

optimum merit-factor value.

2.2 Evaluation of temperature difference coefficient, a¥. .

2.2.1 Derivation of basic power-loss equation.

As can be seen from (2.1-2),

a® s (P /a),/(t, ¢ - t 4)»  (2.2-1)
vhere (PL/q)l is the loss of useful generator output per unit
waste=heat rejection rate, due to the necessity of having

t > t

8,S G,1°
power-station is affected by changes in exhaust-steam tempera-

In evaluating (P;/q);, the manner in which a

ture must be determined.

According to Bartlett, on page 5 of ref. 7, an increase
in turbine exhaust-steam temperature decreases the energy
available, thereby. decreasing the generator output and also

detracting from the station thermal efficiency. Thts means
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that, for a chosen generator putput, #n increase in turbine
exhaust temperature represents, firstly, a power loss equal
to the potential decrease in generator output. Secondly,
there is additional capital expenditure equal to the present
worth of the increase in fuel expenditure resulting from thé
decrease in plant fhermal‘efficiency.

The additional capitaleapen&iture can be converted to an
equivalent power ldss after assigning a capital value td
power, Such an assignation can be carried out according to
the procedure recommended on page 41 of ref, 34 a ratio,
defined as the capital cost of peak power, is formed by
adding the overail power-station capital cost per unit gen-
erator output to the present wqrth, per unit generator output,
of the management, insurance and other works costs and the |
capital cost of the transmission connection. The additional
‘capital expenditure can consequently be regarded as directly
prop§rtional to its equivalent power loss, the coefficient
of proportionality being the previously mentioned ratio.

Of the two items constituting the capiﬁal cost of peak power,
the one involving station capital cost can be obtained from
published tables, e.g. on page 5 of ref,. ll, whereas the
present worth item has a current value of 18 pounds sterling
per kW generated, according to page 36 of ref. 3. ‘

In accordance with the foregoing remarks, (P /q); is

given by the sum of two terms, viz.
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(P/a) 1= I, (B /a) (aP /P )+3, (P /a) (£, /P )" (B g 01 /7).

(2.2-2)
JK(#Shlj) is a coefficient converting kWh to Btu.

Pu is generator output per cooling tower, in kW,
q is waste-heat rejection rate per cooling tower, in Btu/h.

APu is decrease in generator output due to necessity of

having t t in kW.

8,S > tg,i?

£cap/pu is capital cost of peak power, in pounds sterling

per kW.
Acfuel is present worth of increase in fuel expenditure
due to necessity of having tB S:>tG i° in pounds sterling.
? .

The reason for the algebraic manipulation of terms in pre-
senting (2.2-2) is to formulate groups which are comparative-
ly easy to evaluate. The next step is to outline methods

for the evaluation of each of these groups.

2,2.2 Evaluation of P /q

An expression for Pu/q may be derived from thé definition
of station net thermal efficiency, i.e. the ratio of electrical
power sent out to total power suppliedbto a power station,

This definition can be expressed as

nTH is station net fhermal efficiency expressed as a fraction.
I (= 3813) is a coefficient converting kWwh to Btu.

"y is boiler efficiency expressed as a fraction,

(p

u,B * Pu'A)/Pu is the ratio of the sum of the boiler - and
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all other auxiliary power requirements - to generator
output, in dimensionless units.

qs/Pu is the heat supplied to steam by the boiler per unit
generator output, in Btu/kWh.

According to page 68 of ref. 7, qg is obtained from a
heat balance by subtracting the heat added in fhe boiler feed
pump from the sum of the following items: mechanical and
generator power losées, heat loss to steam-seal systen,
generator outpuf and waste-heat rejection rate. Further-
more, heat balénces'for typical power-station turbines oﬁ
pages 53 and 68 of gef. 7 indicate that the effect of the
foregoing subtraction is to practically cancel out some of

. ‘ ——————
the power-loss items, thereby enabling dg to be accurately
evaluated from the‘following simplified equation:
qgz = q * JKpu;
q 1is the waste-heat rejection rate in Btu/h. The substi-

tution of this equation into (2.2-3) results in

P/a = (Mpy/Ig)/ (ng- gy - nB(Pu,Bwu,A)/Pu} . (2.2-3a).
In order to obtain numerical values for Pu/q, the power
ratio in the final term of this equation need not be computed
accurately as Pu/q ﬁill‘only be increased by about 10 per
cent.if it is ignored; a fixed value of 0.04 is recommended
on page 69 of ref. 7. |
According to page 373 of ref.28: "Boiler efficiency for

a given steam condition, feed water-heating cycle, and steam

output will not change with exhaust pressure or turbine
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exhaust size. Generally 85 to 90 per cent efficiency may
be used in making économic studies." In accordance with .
this quotation, a fixed value of boiler efficiency will be
used in the presenﬁ investigation. |

Station nett fhermal efficiency, on the.other hand, does
vary with exhaust pressure; the manner in which it varies
must be determined in order to evaluate Pu/q from (2.2-3)
for various exhaust-steam temperatures, The most accurate
metﬂod of doing this would involve the preparation of opti-
mized overall power;station heat balances for a range of
turbine-exhaust pressures, so that é graph of station thermal
efficiency vs exhaust=steam temperature could be drawn.
This 1s a difficult and tedious task which can, however, be
made easier by using existing simplified methods for the
prediction of changes in power-station behaviour. These
methods owe their existence to the_faéf that some power-
station variables are relatively unimportant when predicting
changes and can therefore be ignored.

In one such méthod, outlined in pages 160 to 195 of
ref, 7, graphs andssimple equations are provided so that the
variation of station heat rate with exhaust-steam temperature
can be éstimated. The variation in station nett thermal
efficlency can then be determined since

ny = Jx / (station nett heat rate, in Btu/kWh). (2.2-4)

The procedure is first of all to choose a representative power-

station layout operating under typical conditions and to cal-
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culate the turbine intermal heat rate. .Then, for various
values of exhaust pressure, the graphs and simple equafions
will indicate correéponding changes in turbine internal heat
rate, exhaust loss, throttle flow and condenser flow. The
new values so obtained can then be used to calculate—;hanges
in station nett heat rate and station nett thermal efficiency.

A basic featuré of this method is that the initial and
reheat steam conditions and turbine exhaust area are fixed.
This represents a mhjor disad#antage in that the predicted
variation of thermal efficiency with exhaust pressure will
p;obably not be indicative of that for optimized values of
initial and reheat steam conditions and turbine exhaust aresa,
and it is the latter variation which is required for present
purposes. According to the argument in the next paragraph,
the turbine exhaust area must be optimized whereas initial
and reheat steam copditions, being less impdrtant, can be
fixed at representafive values.

A method of carrying out economic comparisons between
steam turbines is esteblished in ref. 29, and the effect of
turﬁiné exhaust area is mentioned on page‘364 as being more
important than that of the initial and rehat steam conditions.
This statement is endorsed by noting, on pages 123 to 130
of ref. 7, that the changes in turbine performance which
accrue from changes in initial and ?eheat steam conditions
are only slightly dependent on exhaust pressure. Therefore,
it is assumed thaet optimum values of initial and reheat steam

conditions are approximately equal to the fixed design values
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of a representative, optimized power-station. The optimum
turbine exhaust areé. on the other hand, is St:ongly depen-
dent on exhaust pressure, being governed by the following

approximate relationship, presented on page 9 of ref. 7.

A= (generator output, MW)/(ave.exh.pressure, in Hg abs),
(2.2-5)
where Aan is the_optimum turbine exhaust afeg, in sq.ft.

- From the knowledge in thé previous paragraph, the varia-
tion of stat;on theimal efficiency with exhaust-steam tem-
perature can be estimated by means of the previously des~
cribed simple mefhod; the only modification required is to
célculate the optimum exhaust area from (3.2-5) instead of
treating it as a fixed quantity. The purpose of the follow-
ing calculations is to carry out the simple method by eval-
uating quantities which will enable n,,, and Pu/q to be
numerically evaluated from (2.2-4) and (2.2-3a) respectively.

The first stepfis to choose a turbine type, generator
output and operating conditions which are pepresentative of
present practice. Important quantities chosen here_are
tabulated in the final section of this chapter, the purpose
of which is to summarize the main results of the'present
chapter.

According to pége 5 of ref. |}, turbines first commission-
ed in 1964 for the U K. have an output of about 350 MW,
initial steam conditions of 2400 psig and 1050 deg F with

one rehsat to 1050 deg F, a design station nett thermal
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efficiency of 38.9 per cent and a station capital cost per
unit generator outpﬁt power of 35 pounds sterling per kW.

In additiori, the turbine type is assumed to be cross-
compound, double-flqw, 3600/1800 rpm with last-stage bucket
lengths of 43 in and an exhaust area of 247.6 sq ft, since
this type has the desirable feature of low furbine nett heat
rates at 350 MW; this can be seen from pages 175 to 180 of
ref. 7. A final feed-water temperature of 470 deg F, 7
feed-heaters‘and other representative minor assumptions, des-
cribed on page 153 onwards of ref., 7, are adopted, An
exhaust preséure of 1.5 1n Hg is chosen since the resultant
optimum exhaust area value of‘233 sq ft, ensuing from
(2.2-5), is in fair agreement with the originally specified
value of 247.6 sq ft.

By making use of the foregoing values in following the
procedure for evaluating turbine internal heat rate, as out-
lined on page 188 of ref. 7, the following table can be con-

structed.
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net turbine heat rate, (Btu/kWh) 7480
h.p. and 1l.p. mechanical losses, kVW 820
| 850
h.p. and 1l.p. generator losses, kW 1730
A | 1810
throttle flow, 1b/h 2.11 x 10°
boiler feed-pwnp power,AkW 8680
condenser flow, 1lb/h 1.44 x lO6
exhaust loss, Btu/lb 12,0
corrected exhaust:loss, Btu/1b 9.33
. corrected exhaust‘loas, kW ' 3942
turbine internal heat rate, (Btu/kWh) | 7120

Then, the turbine internal heat rate having been cal-
culated under typicalbconditibns, variations in turbine
performance with changes in exhaust-steam temperature can
be evaluated according to the procedure set out in the
following table. The sources of information required to

do this are given on pages: 188 to 190 of ref. 7.



turbine exhaust pressure, in. Hg
exhaust-steam temperature, deg F
turbine internal heat rate, (Btu/kWh)
optimum exhaust area, sq ft.
throttle flow, 1b/h

condenser flow, 1lb/h

specific volume of steam (cub f£t/1b)
'§apouf end quality, fraction '
exhaust velocity, ft/sec

exhaust loss, Btu/lb

corrected exhaust loss, Btu/lb

corrected exhaust loss, kW
total mechanical losses, kW
total generator losses, kW
generator output, kW

internal output power, kW
turbine gross heat rate, (Btu/kWh)

station nett heat rate, (Btu/kWh)
(assuming‘1B=O.868,Pu’B=O.OhPu)
station thermal efficiency, fraction

x 10

x 106

x 10

x 106

0.5
58.7
6760

700
2.03
1.35
1250

0.869

579

8.5

6.35

2502
1670
3540

3.5

3.577
6916

8300

0.411

1.0
79.2
6976

350
2.08
1.4

648

0.893

645
10.6
8.06

3323
1670
3540
3.5
3.585
7153
8590

0.397

1.5
91.8
7120

233
2.11
1.44

Lis

0.904

692
12,0
9.33

3942
1670
3540
3.5
3.592
7313
8780

0.389

108.8
7302
140
2,17
1.51
275
0.921
760
1k.7
11.6

5157
1670
3540
3.5
3.604
7526

9oho

0.378

3.5
120.6
7424

100
2.30
1.62

200

0.931
8h4o
18.1
14,5

6886
1670
3540
3.5
3.621
7688

9220

0.370

A A4

6L
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In evaluating station nett heat rate, a numerical
value of boiler efficiency must be adopted. The calculation
of such a value is complicated and varies with the type of
fuel used. A typical boiler efficiency value can, however,
be deduced by stipulating that the calculated station thermal
efficiency, at the repfesentative exhaust pressure of 1.5 in
Hg, should be equal to the value specified for U.XK. power-
stations commissibnea in 1964, viz. 0.389. This simple
approach is only permissible if the resultant boiler effic-
iency value, obtained from the tabled quantities for the
adopted power-statioh characteristics, 1s representative of
recently commissioned power-stations.

The foregoing §tipulation is s#tisfied for a boiler
efficiency of 0.868. This‘vﬂue lies between the previously
mentioned limits pf10.85 and 9.90, and is also close to the
modern boiler efficiency valués given on page 542 of ref. 12,
e.g. 0.88 for coal with a gross calorific value of 10,000
Btu/1lb. N'Consequently, the simple approach is regarded as
being satisfactory and a boiler efficiency of 0.868 is
accordingly adopted.for numerical calculations in the present
investigation.

The tabled results are used to produce the curves shown
overleaf. Both stgtion nett thermal efficiency and station
nett heat rate are éeen to exhibit an almost linear relation-
ship with exhausf-séeam temperature.

Having reached this stage, numerical values of Pu/q can

‘be calculated from (2.2-3a), with ng = 0.868, a power ratio
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of 0.04 and a Mgy Velue read from the accompanying graph.
For example, exhaust-steam temperatures of 90 deg F and 110

deg F result in the following réspective values of Pu/q:

L]

Pu/q = 2.62 x 10’“ , . (2.2-6)

P/a = 2.79 x 107 | (2.2-7)

2.2.3 Evaluation of (APu/Pu)

According to ref. 23, the decrease in generator
output due-to the temperature difference (1:s s - 'tG i) is
» [ ]

related to station nett heat rate by the expression

ary/ry =fmR) - (mR), B/QER), (2.2-8)

(NHR)t is the stétion nett heat rate, in Btu/kWh, and
8,8

calculated at exhaust steam temperature, t, ., whereas
’

NHR) is calculated at atmospheric dry-bulb temperature,
¥%,1
?

G'i.
The graph presented in 2.2.2 can be used to provide

station nett heat rate values for use in (2.2-8), e.g. if

t i1 = 57, exhaust temperaturesof‘90 and 110 deg F result in

G,
the following respective wvalues:

APu/Pﬁ = (8760 - 826&)/8264 = 0.060, (2.2-9)

AP /P = (9060 - 8264)/8264 = 0,0963 (2.2+10)

2.2.4 Evaluation of .f.cap/Pu

As mentioned before, the capital cost of peak power is

equal to the sum of the overall power-station capital cost
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per unit generator output and a present worth value, currently
equal £o 18 pounds sterling per kW generated. Values of the
forﬁer quantity are contained in published literature, e.g.
for U.K. power stations commissioned in 1964 and with 350 MW
generators, a value of 35 pounds sterling per kW generatgd

is given on page 5 of ref. ii. Furthermore, it is recommeﬂded
in the same reference that t£is value, valid when the Wet-
system is employed for cooling purposes, be increased by L
when dry cooling syétems are employed. Therefore, zcap/Pu

takes on the'fbllowing corresponding wvalues:

s:cap/pu = 53, | (2.2-11)

/P = 57, | (2.2-11a)

£
cap’ "u

2.2.5 Evaluation of (&fs .1/P,)

The first step in evaluating this quantity is to deter-

mine the annual price of fuel from an expression of the form

(zfuel/pu) wal = (price of fuel per unit gross calorific
value, pounds sterling per Btu) x (1oad
factor, fraction)x (hours/year) x

(station nett heat rate, Btu/kWh). (2.2-12)

The present worth of the fuel price for the useful life of

- the power-station can then be calculated from
n

Y
(Sfuel/pu)present worth ~ (Efuei/pu)annual {(I’l) -1}/
{1 (1e1) 7}, (2.2-13)

where I is the interest rate, expressed as a fraction, and
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n, is the assumed power-station life, in years. According
to ref. 10, (2.2-13) is used by the Central Electricity
Genegating Board together with ny = 30 and a present interest
rate of 0.075 due to financial obligations arising out of the
April 1961 Government White Paper.

In assigning a numerical value to load factor, account
must be taken of the fact that 1t will decrease with age of
a power station. Bartlett, on page 249 of ref. 7 recommends
doing this by employing a curve, indicating the variation of
load factor with time, in order to estimate a weighted load
factor correspondiné to a typical year in the life of a
power station. The required load factor, weighted for pre-
sent worth, is obtained by reading annual load factors from
the curve and substituting them into thé following equation:

n
Weighted load factor ={ YY (annual load factor)(is+I)™}/

n=1

ZZ (1+1)™™ . (2.2-13a)

Thg provision of a suitable load factor vs time curve is a
difficult task involving predictions into the future. The
best approach is to assume some representative curves based
+on past experience and to determine whether the shape of
curve significantly:affects the value of weighted load factor.
For the representative curves A and B shown overleaf, given
on page 249 of ref. 7 and page 41 of ref. 3 respectively,

the weighted load factor takes on corresponding values of
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0.59 and 0.57. The closeness of these two values indicates
that thé value of weighted load factor is not greatly depen-
dent on shape of curve. However, the initial and final
values of annual average load factor will greatiy affect the
weighted load-factor value. For the purposes of numerical
éalculatiOns in the present investigation, curve A will be
chosen togéther with its associated weighted load-factor
value of 0.59.

If the price of fuel per unit gross calorific value is
known, (2.2-12) and the station nett heat rate curve in 2.2.2
can be used in o'bta:l%ning ngmerical va:lues of (r'fuel/Pu)pmesmtwmlh
from (2.2-13), for any exhaust steam temperature. In parti-
cular, stfuel/Pu) is the difference between the two present
worth values compgted at the exhaust-steam temperature, ts,s'
and the atmospheric dry-bulb temperature, fG,i' Unfortunately,
the price of fuel per unit gross calorific value varies accord-
ing to type of fuel, station locality, etc., thus making it
difficult to assign a fixed value to it. However, use can
be made of the predicted U.K. national average prices of coal
delivered to power étations, as presented on page 3894 of
ref. |8. These are 1.57 x 10”7 and 1.75 x 10”7 pounds sterling
per Btu for the years 1965 and 1980 respectively. On page
250 of ref. 7, Bartlett recommends that the typical-year
fuel price be substituted into (2.2-12). For curve A, the
twelfth year of operation is the typical iear and this corres-
ponds to 1976 for the adopted commissioning year of 1964.

If it is reasonably assumed that coal cost increases linearly
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with time, the typical year fuel price is equal to‘1.7 x 10”7
pounds sterling per Btu.

With the representative values in the previous para-
graphs and an atmospheric dry-bulb temperature of 57 deg F,
values of'(A£fuel/Pu) for exhaust-steam temperatures of 90

and 110 deg F are respectively calculated from (2.2-13) as
(824 01/Py) = 5-15 (2.2-14)

(Asfuel/pu) = 8.27. | (2.2-15)

2.2.6 Representative numerical values of a¥

‘ These values are calculated from (2.2-2) and (2.2-1)
for tG 4 = 57 and two exhaust-steam temperatures, viz. 90 and
1 4

110 deg F, to give the following values:

a® = (0.6536 + 0.0868)/33 = 0.00k25, (2.2-16)

a® = (0.0916 + 0.1485)/53 = 0.00453, (2.2-16a)
2" = (0.6536 + 0.0808)/33 = 0.00407, (2.2-17)
a¥ = (0.0916 + 0.1380)/53 = 0.00433. (2.2-17a)

(§;2-16) and (2.2-16a) refer to wet cooling towers at 90 and
110 deg F whereas (2.2~17) and (2.2-17a) refer to dry cooling
towers at 90 and 110 deg F. a® is seen to be relatively
insensitive to variations in exhaust-steam temperature.

This insensitivity is advantageous since it enables a* to be
given a fixed value, thereby reéulting in simpler differential
forms of (2.1~-8) for use in optimization procedures. 1In

fact, an error of 5 deg F in guessing the optimum exhaust-steam
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temperature will nbt affect the value of a* by more than 2
per cent. v |

| A few comparis&ns with published data can be made in
order to check the validity of the foregoing numerical values
of a®. On page 684 of ref.3s, Weinlich derives a formula
involving the rate of change of output power of a given tur-
bine with exhaust-steam temperature. This formula, claimed
to be valid for normal vacuum ranges encountered in steam

turbines, can be presented in the form

JK‘l (Pu/q)(APu/Pu)/(ts's -'tG,i) = 0.001783 n_,, (2.2-18)

where st is the steam turbine efficiency; expressed as a
fraction. The exp:ession on the left hand side is seen to
be the first term in (2.2-1), after the substitution of
(2.2-2). In order to evaluate it from (2.2-18), a turbine
efficiency yalue mugt be obtained. The ddopted turbine in
the present 1nvest1gation, being approximately comparable

to the turbine investigated on page 618 of ref. 8, will have
a similar efficiency, viz. 0.85. With this value, the left
hand side expression in (2.2-18) is equal to 0.00152. ' Iir,
however, the numerical values obtained in the previous sub-
sections of this chapter are substituted into it, the value
of the expression is 0.00162, for an exhaust-steam tempera-
ture of 90 deg F; this temperature is regarded as lying
-wi£h1n normal vacuum ranges. The reasonably close agreement
between these two values serves as an indication that the

method derived in.the present ihvestigation gives feasible

+
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values of the first term in (2.2-1). It is emphasized
here that tﬁe method of Weinlich is conceptually the less
accurate of the two?because’it applies to a fixed turbine,
and there is no attémpt to predict the change in optimum
exhaust area with vacuum. |

A check on the variation of the station nett heat rate
with exhaust-steam temperature, as predicted by the curve
appearing in 2.2.2, can be made by comparing it with typical
published values for fixed turbines operating over a range
of exhaust pressures. The curve in 2.2.2 represents a
variation of 1.73 per cent per deg F, using 1.5 in Hg as
the base exhaust pressure. According to data on page 109
of ref. 33, the variation is approximately 1.5 per cent
per deg F for large exhauét areas whereas page 168 of ref. 9
specifies a variation of 2.0 per cent per deg F. It can
thus be concluded that the variation predicted in the present
investigation seems to be reasonable, even though the wvalues
~are not directly comparable because the published figures |
apply to fixed turbines.

of coursé, another rough check on the validity of the
adopted method of estimating a* is to compare the optimum
exhaust-steam temperatures accruing from its use either with

those existing in practice or those predicted for the future.

2.3 Evaluation of capital price coefficient, ¥

As can be seen from (2.1-4),

ot = (P /a)5/(&  /a)s - (2.3-1)
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where (PL/q)3 is tﬂe loss of useful generator output power
per unit waste-heaf rejection rate, due to the capital expen=
diture involved in broviding cooling system components.

This powe; loss can be determined‘by rélating the actual
capital cost of peak power to that potentially obtainable
were the cooling sttem to cost nothing. The former quan-

tity, already defined in 2.2.1, can be represented as

£cap/pu = (Erest/Pu) + (£cs/pu) (2.3-2)

whereas the latter quantity is given by

£°ap/(pu)pot = £rest/pu’ ' (2.3-3)

£cap is the sum of 6vera11 power-station capital cost and the
present worth 6f the management, insurance and other
works cqsts and the capital cost of the transmission
connection,in pounds sterling.

£

is equal to £.a minus the capital cost of cooling

rest p
. system components, in pounds sterling.

.5 18 the capital cost of cooling system components, in
pounds sterling. p

P and (Pu)pot are the respective actual and potential
generator outputs, in kW.

All of the above quantities refer to one cooling tower.

(2.3-2) and (2.3-3) can be combined and manipulated

algebraically to form the expression
- -1
JKZ{(Pu)pot- Pu'}/q - JK(scs/q)(Ccap/ﬁrest)(ncap/pu)' *

(2.3-4)
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Since the left hand:side of this equation is an algebraic
representation of the definition of (pL/q)3 in (2.3-1),
(2.3=4) can be substituted into (2.3-1) to give

* -1

¢ = Jy (scap/xrest)(‘cap/Pu) (2.3-5)

* from (2.3-5), use can be made of the

In evaluating c
(scap/pu) values already presented in 2.2.4. The ratio
(scap/srest) will be close to unity since the cabital price
of the cooling systém components represents a small fraction
of the total station capital price. In order to assign
numerical values to: this price ratio, itemized'capital prices
of the components comprising optimum or near-optimum power- '
station designs are:required. A table containing such
prices is given on page 65 of ref. 34 and the foregoing price

ratio Iis aeeﬁ to have the values

(2e0p/Erest) = 1:06 (2.3-6)
and |
(zéap/srest) = 1.15 (2.3=7)

for ﬁet- and dfy-systems respectively. These values should
be regarded as estimates only and should be checked after
optimizing the merit-factor. This can be done by calculating

cca’ subtracting this from the £cap value -~ obtainable accord-

ing to the procedure outlined in 2.2.4. - to get £ then

rest’

the (£ ¢) value determined from these values must be

cap/sres ‘
compared with those given by (2.3-6) and (2.3-7) to see

whether the latter pair of values are sufficiently accurate.
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With the values given both in this section and in

2.2.4, c* is given as

*

c* = 3413 x 1.06/53 68.2, | (2.3-8)

c* = 3413 x 1.15/57 68.9. (2.3-9)

for wet and dry cooling towers respectively.

2.4 Evaluation of pumping power coefficient.‘b*

As can be seen from (2.1-3) and (2.1-7),

p* = (P /a)y/(R/a) + <*(£ ,/a)/(P/a), (2.4-1)

where (PL/q)2 is th; loss of useful generator output per
unit waste-<heat rejection rate, due to the necessity of
driving the intermediary heat=-transfer fluid round the cool-
ing system. This ﬁower loss is equal to that supplied by
the generator to the pump motor and is accordingly related

-

to the required pumping powér by the expression

(P /a)y / (R/a) = Y/ng,. (2.4-2)

n is the efficiency of the pump-motor combination, expressed
as a fraction. According to ref. 16, modern pumps for cooling
system purposes have efficiencies of approximately 0,85.

This value, in conjunction with a representative motor effic-

iency of 0.98, results in
(P /a), / (P/a) = "1.2. (2.4-3)

The wvalidity of the foregoing procedure, resulting in
(2.4-3), can be checked by comparing it with the method of

determining pumping wosts autlined on page 168 of ref. 9 .
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In this reference, auxiliary power is said to be charged
"at the rate earned‘per kw", This implies that power;station
auxiliary power 1s équal to a ldss of useful generator out- |
put as supplied to consumers and therefore constitutes an
approach identical to that adopted in the present investiga-’
tion. | |

An accurate relationship between required pumping power
and combined price of the pump-motor combination 1s diffi-
cult to ascertain bécause the pump price, unlike the motor
price, 1s dependent on volume flow rate as well as power.
However, the combined price will be approximately propor-
tional to required power 1f the motor price is considerably
greater than that of the pump. This situation 1s, in fact,
nearly achieved since the motor and pump prices are given
respectively as 12,000 and 8,000 pounds sterling, in ref. 7,
for the Heller-system pumping power requirement of 1480
horsepower specified in ref. 2. In consequence, the second
term in (2.4-1) can be approximately evaluated according to

the expression

* (£, /a)/(®/a)

20000 c*/(1840 x 2544)

= 0.00531 c*, | (2.4-4)

The substitution of (2.4-3) and (2.4-4) into (2.4-1)

results in

v¥ = 1.2 + 0.00531 c*. (2.4-5)

If the typical c* values in (2.3-8) and (2.3-9) are sub-

stituted into (2.%-5), b® takes on the values
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b = 1.2 + 0,362 = 1.562 (2.4-6)
and
b* =1.2 +0.366 = 1.566 (2.4=7)

for wet and dry cooling towers respectively. Since the
second term in these equations is relatively small, any error
caused by assuming the combined pump-motor price proportional
to required pumping pbwer will have a small effect on the value

of b*. |

2.5 Summary

This section has been included in order to summarize
the @ain points ariéing out ¢of this chapter. In addition,
important quantities chosen or calculated in the previous
sections are presenfed in tabular form &0 that they can be
easily referred to at later stages in the thesis. Where
applicable, the validity and probable variation of some of
.these quantities are discussed.

In evaluating the temperature difference coefficient,
a*, in the merit-faétor equation, it was necessary to pre-
dict the variation of station nett heat rate with exhaust-
steam temperature. ' In order to do this, choices of numer-

ical characteristicé considered to be typical of present-

day steam=turbines énd.power stations were made as follows:

Country: United Kingdom

commissioning year:. 1964

initial steam temperature, deg F: 1050
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initial steam pressure, psig:
single rcheat temperature, deg F:
generator output, kW:

turbine type:

final feed-water temperature, deg F:

last stage bucket lengths, inches:

number of feed heaters:

boiler efficiency, fraction:

ratio of all auxiliary power requirements
to generator output: |

station nett thermal efficiency at
1.5 in Hg exhaust pressure, fraction:

other minor features:

station capital cost per unit generator

output, pounds sferling per KkW:

present worth value‘additional to
previous item, poundé sterling per'kW:

interest rate, fraction:

power station life, years:

price of delivered coal, pounds sterling

per Btu:

2400
1050
350,000

cross-compound,'
double~flow,
3600/1800 rpm.

k70
b3

7 .
0.868

0.389

pPg.l153 onwards,
ref. 5

35 (wet system)

39 (dry systems)

18
0.075
30

1.57x10"7 (1965)

. 1375x10'7 (1980)

In addition to the above information

operating conditions were adopted:

the following typical
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atmospheric pressure, psf: 2117 (14.7 psia)
atmospﬁeric dry-bulb temperature, deg F: 57
atmospheric wet-bulb temperature, deg F: 52
load-factor curve A shown in 2.2.5. -

From the above values and the tables in 2.2.2, the
following quantities were calculated for wet- and dry-systems

and exhaust-steam temperatures of 90 and 110 deg F:

L]

weighted load factor. fraction: 0.59

typical year is the twelfth year of operation.
‘ |
typical-year delivered-coal price, pounds

sterling pér Btu: | ' 1.73:10-7

P /4, kWh/Btu: j | 0.000262 (90.deg F)
0.000279 (110 deg F)

AP /P : | : ' 0.0600 (90 deg F)
0.0963 (110 deg F)

Scap/Pu' pounds sterling per kLW: 53 (wet system)

57 (dry system)

Asfuel/pu. pounds sterlihg per kW: 5.15 (90 deg F)
8.27 (110 deg F)

a®, per deg F (wet system): | . | 0.00425 (90 deg F)
0.00453 (110 deg F)

a¥*, ger deg F (dry system): | 0.00407 (90 deg F)

0.00433 (110 deg F)

The tabulated values of a* can be used to show that a®

increases with exhaust-steam temperature by 0.33 and 0.32

per cent per deg F for wet- and dry-systems respectively,
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using a© at 90 deg F as the base value. The a® values for
the wet system are equal to 1,045 fimes the dry-system
values.

Some comments fegarding probable variations of é* from
the foregoing values would be useful at this stage.
Examination of the bonstifuent terms of a™ in (2.2-2) and
(2.2-1), and the eqﬁations from which these terms are eval- .

uated, reveals that a™ is given by

a* = JK{‘A(NHR)/(tS’S—tG’i)} (p,/a) {1/(N1~m)tG .

+ (coefficient)/(ccap/pu)} . (2.5-1)

a(NHR) = (NHR), - (NHR), .
s G

'S o1

coefficient = (price of fuel per unit gross calorific value)

x (welghted load factor) x (hours/year)

x § (I+1)ny -13}/1§ I(I+l)ny}.

The ratio A(NHR)/(ts - ) is a constant due to the linear

t
’S G,1
relationship between station nett heat rate and exhaust steam ’
temperature, as shown by .the curve in 2.2.2. For a constant

value of the previously defined coefficient, a”™ will increase
in value as turbine units get larger. This is deduced from .
the table on page 5 of ref.ll in which station thermal

efficiency and the reciprocai of station capital cost pér

k¥W generated - and hence P /q, 1/(NHR)tG s and 1/(£cap/Pu) -

?
are seen to increase with increase in turbine eapacity.

a* will also incfeaée with increase in value of the coefficient.
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Due chiefly to the dependence of this coefficient on in{tial
and final load factor and interest rate - these being quan-
tities subject to considerable variation in value - it is
impossible to specify tolerances (for a* values) which are’

sufficiently small to be of practical use.

In evaluating c” from (2.3-5) the following quantities

have been adopted:

Wet system Dry systems
scap/r.rest 1.06 1.15
£cap/Pu' pounds sterling per kW: 53 57
c*, (Btu/h) per pound sterling: 68.2 68.9
¥*

c will increaée with increase in turbine capacity due

to the dependence of £ on turbine capacity as indicated

cap/Pu
in the table on page 5 of ref.ll. However, the fact that

this dependency is relatively slight, combined with the

knowledge that £ is almos% constéht; means that

c* is subject to much smaller variations in value than a*.

cap/£rest

In evaluating b¥ from (2.4-1) the following quantities

have been adopted:
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pump efficiency: | 0.85

motor efficiency: % 0.98

(P, /a),/(P/a): } 1 1.2

spm/p, pounds sterling per (Btu/h): 0.00531 -

b’ ‘ 1.562 (Wet system)
1.566 (Dry systems)

b* will increase with increase in turbine capacity due

* on turbine capacity., The increase

to the dependence of c¢
will, however, be very slight because the term involving

c¢® in (2.4-1) is relatively unimportant. The fact that any
errors in evaluating this term have little effect on the
value of b* means that the adopted wvalues of b* are probably
accurate and, moreover, not szJect to as mﬁch variation as

* *
¢ or a .,
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3 PRESENTATION OF MERIT-FACTOR AS A FUNCTION OF COOLING

SYSTEM DESIGN VARIABLES.

3.1 Introduction

Now that a basis for comparing cooling systems has been
established, the temperature difference, pumping power and
capital price terms in (2,1-8) must be expressed as functions
of the chosen design variables. In choosing design variables
the following decisions have to be made.

i) Which cooling system characteristics are to be fixed,
éither because they are considered to have a small effect on |
the merit-factor, or because of other reasons, e.g. being
forced to use standardized items of equipment supplied by
manufact&rers? |

11) VWhich are fhe characteristics whose values contri-
bute significantly to thé value of the merit-factor and,
therefore, should be regarded as variables in order to study
the effects of changes in their values?

A preliminary answer t§ the fifst question is given in
the next section, viz. 3.2. ' Then, a first attempt at
answering the.secon@ question is made in section 3.3lby ar-
bitrar11§ choosing quantities which seem suitaﬁle for adop- -
tion as design variables. The individual cooling system
requirements in theémerit-factor equation (2.1-8) are then
separately expressed as functions of the preliminary design
variables, for each of the.considered cooling systems, in
sections 3.4, 3.5 and 3.6 respectively. Finally, the resul-

tant expressions are examined in 3.7 with the fol#?ing objects:
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1) to see whether there arefany further quantities

which can be fixed for comparlson purposes, and
11i) to make decisions regarding the final choice of

design variables.

3.2 Preliminary choice of fixed characteristics

The former que;tion has already been partially answered
bf virtue of the fact that many of the cooling system com-
ponents have. been chosen in chapter one.” It will be even
more fully answeredjat a later stage in the thesis when
debisions regarding the deferred cholces of cooling system
components, including thelr dimensions and materials of con-
struction, are made. However, there are still a fed addi-~
tional cooling system characteristics which are chosen to
be f;xed and they are outlined in the following paragraph,
together with reasons for choosing them where necessary.

The lengths ofjthe ducts coupling the steam condenser
ta the cooling tower are considered fixed and equal.for each
of the considered cooling systems. The Wet-system packing
depth 1is assumed fixed since manufacturers construct packing
sheets according to standardized dimensions. The diameters
and thicknesses of éteam-cnndenser tubes are also assumed to
be fixed because of standardization by tube manufacturers.
However.‘cﬁre should be taken, when assigning a numerical

value to tube diameter, that the length of tube required does
not fall outside the range covered by the adopted condenser

price formulae. The temperature variation of the intermediary
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heat-transfer medium, during circulation round the cooling
sysfem, is considered sufficiently small for physical pro-
perties to be1calcu¥ated at a single temperature which is
close to the mean oﬁerating temperature of the cooling system
concerned. The vaﬁour quality of turbine exhaust steam,
necessary for evaluating heat-transfer coefficients as is
seen in (D.3-4), is fixed since it is relatively invariant

as shown in the table appearing in 2.2.2.

3.3 Preliminary choice of design variables

Having made a preliminary choice of fixed charactéristics;.
the next step is to decide on the design variables govefning
the cooling systems under consideration. Design variables |
possess the propertf of being able to be varied independently
of one another; a designer is thus free to choose any one
of an infinite number of combinations of design variables in
order to specify a cooling system, provided that the rénges
of validity of associated performance formulae are not ex-
ceeded.

Difficulties in satisfying this provision can be exper-
ienced if the desigh variables are so poorly chosen that
.their acceptable values vary greatly with changes in operating
conditions such ab waste-heat rejeétion r#te; a designer
might then have to make many guesses before finding a satis-
factory combination. To avoid such difficulties, use can
be made of another property of design variables, i.e., a set

of design variables;specifying a cooling system can be trans-
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formed to another set, serving the same purpose, merely by
mul tiplying or div;ding any of the original design variables
by one or more of the others, in any desired combihation.

In consequence, this property can be used in the present
investigation'to specify design variables‘as ratios and/or
products of certaiﬂ quantities so that they will be insen-
sitive to changes in operating conditions. For example,
the ratio o} tower throat diameter to tower base diameter
would be a better design variable than tower throat diameter
alone, as its acceptable values will be less sensitive to
changes in operating conditions such as waste-heat rejection
rate.

With the foregoing knowledge, a first attempt at choosing
design variables is made by giving the following tentative.
list of the remaining unfixed quantities required to specify
the considered cooling syétems:

i) nuﬁbers of steam-condenser and heat-exchanger
tubes;

i1) léngths of steam-condenser and heat-exchanger
tubes;

iii) velocities of intermediary heat-transfer medium
and air through the'various cooling system components;

iv) diameters of ducts connecting steam condenser to
cooling tower;

v) linear cooling tower dimensions;

vi) temperature of intermediary heat-transfer medium on

entering tower heat exchanger or packing;
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vii) temperature variation of intermediary heat-transfer
medium;
viii) temperature variationof air flowing through the
cooling tower;
i*) vapour quality of Spalding-system refrigerant at
e xit of steam~-condenser;

x) number of rows of heat-exchanger tubes in direction
of air flow;

xi) blanking factor for Wet system;
xii) mass flow rate of steam.

These items were deduced after formulating and examining
equations from which the temperature difference, pumping
power and capital cost terms in the merit—factorvequation,
(2.1-8), can be evdluafed. The equations are not presented
at this stage as they will be derived in the next sections
as functions of more suitable design variables, obtained by
modifying some of the foregoing tentative ones as follows:-

Of the tentative design variables, those appearing in
1), 11), 4v), v) and xii) will vary appreciably with changes
in waste-heat rejection rate and should thus be replaced by
less sensitive quaﬁtities where possible, There appear to
be no convenient modifications which will decrease the sen-
sitivity of the duct diameters in iv) and the tower base
diameter in v). However, with regard to items i) and ii),
there are three insensitive quantities which can be used to
replace numbers and lengths of tubes and, for the sake of

convenience, velocities as well. These gquantities are C,
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Q and W.

Q

(= q/mcr) is a heat-capacity factor with units of deg F.
Q (= a/A,) 4s heat-flux with units of Btu/(h sq ft).

W (

mc, /A )is a loading-factor with the same units as a
heat-tranéfer coefficient, viz. Btu/(h s8q ft deg F).

q is the waste-heat rejection rate, in Btu/h . |
m 4is mass flow rate, in 1lb/h .
Cy is constant—preésure specific heat of 1liquid, in Btu/

(1b deg F).
A, is total heat-transfer surface area, in sq ft.
Ac is total minimum free-flow area, i.e. total cross-sectional

area of tubes, in sq ft.

These three quantities are seen to be valid replacements

for numbers and lengths of tubes, and also velocities of fluid
flow, by examining the relationships formed from the fore-

going definitions and the continuity equation for fluid flow,

i.e,

n = hg/(rna%cW), | : (3.3-1)
L = aov/(k), (3.3-2)
s = wW/cgp. i ~ (3.3-3)

n 1is number of tubes.

.

is length of tubes, in ft.
is velocity of fluid flow, 1n‘ft/h .

n

d is fixed inner diameter of tubes, in ft.

v 1is specific volume of fluid, in cub ft/1b.
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C, Q and W virtually suggested themselves as replace-
ment design variables since similar quantities have been found
convenient for use in comparision studies by other investiga-
tors, e.g. Kayes and London in ref. 22, In conducting the'
present 1nvestigat16n, some other alternatives were also con-
sidered but increased familiarity with the equations involved
in the present inveétigation confirmed that C, Q and W are
more suitable. )

Since the remaining linear cooling tower dimensions in
item v), viz. axial length of tower shell, entrance height,

' packing-base height:and throat diameter - all of which are
given in feet - are sensitive to changes in waste-heat rejec-
tion rate, they should be replaced by less sensitive design
variables. This is easily accomplished by respectively

dividing each of them by the tower base diameter, Dl’ to give

J
8 (5 Dt/Dl)'

At this stage, the tentative design variables having

r, - r; (= zs/D1 - #1/01). r; (s zi/Dl), T, (= zp/D;) and

Béen modified where possibie, the important question of whether
they really are lndependent of each other must be answered.

In other words, are there any supplementary conditions to be
satisfied which mighf relate one or more of the tentative list
of design variables to any of the others? An appraisal of the
considered cooling systems reveals that there are, in fact,
four such supplementary conditions, viz. three heat-balaﬁce

'equations governing the transfer of waste-heat from exhaust

steam, from intermediary heat-transfer medium and to atmos-
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pheric air respectively. Finally, there is the buoyancy
equation which stipulates that the draught-induced forces
must of necessity be equal to the alr-flow resistance through
a natural-draught éooling tower,

It is here that further advantages offered by using
the heat-capacity C as a replacement design variable are seen.

For example, the heat-balance equations

q = msxshfg’s, (3- 3-4)
1 = mpCe pitpr - (8.3-3)
q = chGAtG, : (3.3-6)

can be used to replace the mass flow rate of steam in. xii)
and the temperature differences oty and At, in vii) and viii)

by CS’ C_. and C, respectively, where

F G
Co = W/(mgeg o), . ' (3.3-7)
Cp = q/(chf'F). (3-3-8>
Ce = a/(mzej), (3.3-9)
Also the buoyancy equation can be used to replace
(r5 - rl) as a design variable as will be shown in the last

section of this chapter.

By using the above replacements when expressing the
merit-factor as‘b.function of the design variables, unaccept-
able duplication offdesign variables 1is easily avoided,

The temperaturé of the water entering the packing, indi-
cated in item vii),:is a convenient design variable for the

Wet system, due to the form of the adopted empirical packing
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performance equations. However, for thelﬂeller- and
Spalding-system it is better to replace this temperature by
the partial number of transfer units, referred to the air-side

of the tower heat exchanger, viz.

Mg 8 % An,e/ (G | - (3.3-10)
which, on making use of (3.3;9) and the previously given |

Q definition, becomes
G = u.C./Q;- ‘ (3.3-11)

nh,G has been used by many investigators to present
thermodynamic performances of various heat-exchanger flow
arrangements,'ther¢by avoiding the calculation of log mean
femperatures which were a featufe of older methods of pre-
sentation. It possesses the advantages of being both dimen-
sionless and relatively insensitive to changes in waste-heat
rejection rate.

Now that modifications and replacements for the tentative-
ly chosen design variables have been suggested, the next step
is to derive equations from which the cooling system require-
ments in the merit-factor equation, (2.1-8), can be evaluated
and, furthermore, to present these equations as functions of
the modified design variables. This is done in the three
following sections for the temperature difference, pumping
power and capital-price terms respectively. Then, the
resultant equations are inspected invthe final section of
this chapter with a view to making final recommendations re-

garding design variables and fixed characteristics.
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3.4 Derivation of temperature difference term in merit-

factor equation

This section is separated into three sub-sectioné which
are reserved for the Wet-, Heller-~ and Spalding-systems
respectively. For each system a basic equation is pre-
sented. The constituent terms of this equation are then
expressed as functions of design variables. A final equation
is then formed by gfouping together all the newly obtained

- expressions.

3.4.1 Wet system

The temperature difference term in (2.1-8) can be sub-

divided into a number of constituents as follows:

ts,s™ ¢ = (b5 gty o) * (b o7, 3) * (b y-t5 3) (3.4-1)
. [

An expression for (ts,S - tH,o) can be derived as

follows:

ts,S - tH,o

(ty, 07 ty, 1) (1/By - 1)

(Nh,H ‘QH/UH) (l/EH - 1)

(Nh'HQH/UH)(l/Nh’H - 0.5 + 0.0833 Nh'H)

2
QH/UH —O.5CH + 00,0833 UHCH /QH' (3.4=2)

(3.4-2) is arrived at by using the information in E.3 and
incorporating both the equations in E.4 and the following

definition for overall number of transfer units:

N (3.4-3)

n,a = YuCnu:
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The subscript H refers to the region inside the steam-

condenser tubeg, viz. the Hot-side. UH is the overall heat-

transfer coefficient in th9 steam condenser, referred to the

Hot-side, '
Negligible heat loss to the atmosphere from the ducts

connecting the steﬁm condenser to the cooling tower'can be

reasonably asSumed% Therefore,tH.o - tC,i = 0, (3.4=l)
The substitution of (3.4-2) and (3.4-4) into (3.4-1)

results in the final equation

| 2
ts’s—tG’i = (QH/UHfO.SCH+O.0833UHCH /Qn)+(tc’i-tg.i). (3.4-5)

U;, can be evaluated from the expression

1/Uy = (1/0.85) {1/uH+l/um’H+(QS/QH)/uS} . (3.4-6)
The denominator 0.65 is an assumed cleanliness-factor, the
value of which is Qecommended in ref.13 and on page 90 of ref.
24. The inverse héat—transfer coefficients for the Hot-side,
condenser-tube wali and Steam-side can be respectively cal=-

culated from

1/uy = au’H-l wH'°-§ | (3.4-7)
where | .
. 3 -0.8 -0.4 . -0.2
u,H = °'°18ukf,n(“f,n°f,u) (Npr,n)f dy ’
1/u_ , =a . ~t (3.4-8)
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where
2 H & 2km,H/ {dﬂ(au - ;)} ’

1/ug = a, ¢ (o) ™0 %97 (cg/ay) e3P (3.4-9)
and

u,s = o'6h7kf,S{goéf,S(QH/QS)/(xS“f,Svf,gaﬂdﬂo.5 q0'25)}.%’

(3.4-7) and (3.4-9) are standard equations presented in D.1
and D.3 respectively. Their ranges of validity are also
presented in these sections and, in expressing (D.1-1) as
(3.4-7), the following Reynolds number definition is incor-

porated:

(NRe,H)f dH"H/(Pr,H°f,H)' (3.4-10)

3.4.2 Heller system

The temperature difference term in (2.1-8) can be sub-

divided into a number of constituents as follows:
ts,s'tG,i = (ts,s"tn,o)*(tn,o"tc,i)+ {tc,i‘ (tm,G)o}

+ {(tm’G)° - tG,i} . (3.4-11)

(t is the air-side tube-wall temperature at air-flow

m.G)o
e xit from the tower heat exchanger.

The Jét steam~-condenser temperature approach,
(ts,S-tH,o)’ is considered to be a constant in the present
investigation. However, it is difficult to assign a numer-ﬁ
ical value to it as there is no published information for

Jjet condensers of the size associated with power-station

cooling systems. A<cording to Cheshire and Daltry on page
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160 of ref.9, it should be close to zero since the use of a
jet condenser eliminates "the temperature drop associated
with the use of tubes in a conventional condenser". For
counterflow barometric jet condensers, in which the tem-
perature approach is probably comparable with the vacuum
type considered here, Kern states on page 397 of ref.2h4
that the temperafure approach is taken as 5 deg F. For
the jet condenser émployed in the geothermal power station
at Wairakei in NewiZealand, described in ref.l7, the tem- >§f
peraturé approach is 11 deg F according to a private commu-
nication from the consulting engineers responsible for its
design and consﬁruction (ref.l43). In this reference it is
aléo suggested that a temperaturé approach o6f 7 deg F repre-
sents a valué which can be reasonably expected under prac-
tical conditions. Due to the uncertainty displayed by the
foregoing figures, a range of constant temperature approach
‘values will be adopted when carrying out numerical calcula-
tions at later stages in the thesis.

As in the Wetesystem,.the assumption of negiigible heat

loss from the connecting ducts results in

tH,o - tC,i

= 0. | | (3.4-12)
The temperature difference between water at entry to
the tower -heat exchanger and tube outside-surface temperature

at the same point can be evaluated from the following stan-

dard'heat-transfer‘formula:

to,1 = (ta,6) = (Q/R)(W/ug + 1/uy glag  (3.4-13)
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vhere Q. = Q/Ah,C' Q; = q/Ah.G .
The last temperature difference term in (j.h—ll) can be

expressed in terms of air-side heat-capacity factor and

partial effectiveneés as

(th,6)o ~ tg,1 = QG/GG ’ (3.4-14)
since

Cc = a/myeg | - \¢(3‘“‘15)
qQ = chG(tG,o - fG.i)' (3.4-16)
eG’ = (tG,o - tG,i)/ {(tm,G)o = tG’i}‘ ' (3‘1‘-17)

The substitution of (3.4-12), (3.4-13) and (3.4-14) into

(3.4<11) results in the final equation

ta;s—tG.i =.(ts.s-tn’o)+(QC/QG)(l/uc+u;}C)QG+CG/eG. (3.4-18)

The inverse heét-transfer coefficients for the Cold-~side

and heat-exchanger tube wall can be respectively calculated

from
ag = ay,o™ W0 (3.4-19)
where
- -0.8 0.4 2
8,c = 0:0.184k,  (np cep () (Npp,cle™ d¢ o
1/u =a 1 (3.4-20)
m, C m, C ¢
and

an,c =2 o/ idc(ﬁc'l)s .
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(3.4-19) is a standard equation taken from D.1 and is of the
same form as that for the Hot-side. |

Dependiﬁg on whether one or two Cold-side passes are
eventually adopted, CG/eG can be respectively calculated

from the following équations:

Cy/e; = 1.02 cG[z/nh,Gw.s {(cg/c) +11] , (3.4-21)

Cy/e, = 1.02 CG{(l/nh'G'bO.5+0.0625n.h’G)+(0.5-0.125nh’G)

(ce/Cg) ’0'0625"1;,3(00/%)2 }. (3.4-22)

These equations are approximations to those originally
derived in section E.Z, the approximations being deemed
necessary to simplify optimization studies. In arriving
at (3.4-21) and (3.4-22) the same procedure as used in
deriving (E.2-5) and (E.2-6) was adopted, except that the
small, last term in (E.2-4) was omitted. The multiplying
factor of 1.02 has been introduced to compensate for the
omission, with the result that (3.4-21) and (3.4-22) are
accurate to within 0.5 per cent for expected Heller-system

values of n, =1 and Cg/Cq® 0.5.
]

3.4.3 Spalding system
The adopted teﬁperature differences making up the total

temperature term in (2.1-8) are:
ts,S-tG,i ='“;s,s"(t‘ux,l{)al + {(tm,H)o' (ts,H)c}
+ {(ts,H)o' tC,i} + {tc,i = (tm,G)o}

+ {6y 0)om tg 3} -+ (3.4-23)
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The temperature drop from exhaust stéam to tube outside
wall temperature at refrigerant exit from steam condenser

can be calculated from the following standard formula:

t - (tm H) = QHjil/um H + (QS/QH)/uS} (3.4-24)
’ o ’

8,5

where Q, = Q/Ah’ﬂg Q, = Q/Ah,s‘

The‘derivation of the temperature approach between tube
outside wall and refrigerant, [(tm,H)o - (ts,H)o}' is fully
outlined in section E.5. There are three possible equations,
viz, (E.5-4), (E5-6) and (E.5-8) from which this quantity may
be evaluated. Decisions as to which one is most suitable
can only be made in conjunction with the choice of refrigérant.
and this has been deferred until after the completion of this
chapter. It is to be noted, however, that the variation of
saturation pressure on the Hot-side, viz. Ats,n’ where
at

o,n 2 (g3, = (tg y)¢ o | (3.4-25)

appears in each of these equations. Before the foregoing
temperature approach can be evaluated, a method of determining
Ats,H must be found. In order to do so, use is made of the
relationship between refrigerant pressure and temperature
under saturation conditions. Numerical calculations based
on the physical property equations in appendix ‘A indicate

that the relationship is approximately linear between 90 and
110 deg F, i.e. over the temperature range in which practical

refrigerant temperatures are considered to lie. Moreover,

the linear equation governing the relationship is
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ts,n = 2t,u P, (3.4-26)

vhere a is equal to 0.00207, 0.00379, 0.00238 and 0.00410

t,H

for ammonia, freon 12, freon 22 and methyl chloride respec-

tively. (3.4-26) can be used in relating 8t_ . to the total
: 4

Hot-side pressure drop according to the expression

Ats,H = at,HﬂAPH * (agrav/go)zR/vf,H} * (3.4-27)

~ ¢
ApH is the sum of the Hot-slide frictional and accelerative

pressure drops whereas Zn is the effective difference in height
between the Hot-side inlet and outlet. -

Now, returning once again to the evaluation of tempera-

ture differences in (3.4-23),

(t -t = 0 (3.4-28)

B,H)o C,1

due to the assumption of negligible heat loss from the con-
necting ducts to the atmosphere.
The fourth and fifth temperature difference terms in

(3.4-23), like the Heller-system, can be calculated from the

equations
to,4- (ty ¢)o= (Qg/Q;) (1/ug + /v, o) (3.4-29)
(tm'G)o - tG,i = C;/e5- | (3.4-30)

The substitution of (3.4-24), (3.4-25), (3.4-29) and

(3.4<30) into (3.4-23) results in the final equation

ts,57%,1 = QH{I/“m,H*(Qs/QH)/“s} + {(tm,H)o - (ts,ﬂ)p}
*+(Qp/Qp ) (1/uger/u, ()QgeCi/e; -

(3.4=31)
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The inverse heat-transfer coefficients for the condenser-
tube wall and steam-side are evaluated in the same way as for
the Wet system, viz. from (3.4-8) and (3.4-9). As mentioned
previously, (tm,H)o - (ts.H)6 is calculated from E.5 and
(3.4-27).  (3.4-20) is suitable for the calculation of.the
inverse heat-transfer coefficient, l/um’c, for the heat-

L

exthanger tube wall,

In order to achieve a high condensiﬁg heat=-transfer co-
efficient on the Cold-side, the refrigerant vapour is assumed
to enter the tower heat exchanger at a high velocity. An
applicable formula, with its associated ranges of validity,'

is derived in D.2 and can be re-expressed as

1/u, = (1/au’c)wc‘°'932 , (3.4=32)
where |

_ -0.0683
a,c = 0.00238 {kf;c/("r,ccr,c)}{ dc/(ug'ccf’c)}

1 0.5
{ve,cMpr c)e/ve, ¢l .

A large design safety factor has been imposed on this
formula since the investigators responsible for the corre-
lation - apparently the only one in existence = upon which
the formula is based, emphasise that their correlation is only
preliminary in nature.

An equation derived in E.3 is suitable for use in eval-

uating CG/éG according to the expression

Co/ey = Cg(1/ny o+ 0.5 + 0.0833 ny (). (3.4-33)
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3.5 Derivation of pumping-power term in merit-factor

equation ‘
As in 3.4, this section is separated into three sub-

sections which are reserved for the Wet-, Heller- and Spalding-
systems respectively. The pumpingfpower term, i.e. the re-
quired pumping power per unit waste-heat rejection rate, is
expressed as a funcfion of the various pressure drops occurring
in each coolinge-system circuit. Then, equations are derived
in order to express the pressure drops as functions of design

variables.

3.5.1 Wet system

In evaluating fhe total pressure drop it is assumed that:

i) the flow is incompressible;

ii) the diameters, lenéths and fluid velocities relating
to the two ducts connecting the surface steam condenser to '
the cooling tower are 1dentica1;

iii) with the exccéption of the head required to pump watér
up to the height of the spray, i.e. 23. potential head effects

may be ignored.

In consequence; the total pressure drop is given by
ZAP = APpp y * prfr,T + (agrav/go)ZB/vf,T . (3.5-1)
Since the circulating pump is situated on the B-side

of the cooling systeh, the pumping-power term in the merit-

factor equation is given as follows:
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P/q = appAp m vf B /(Ja),

~P/q = (aP,B/CD) {Aéfr,H’ZApfr,T*(agrav/go)zjlvf,T}' (3'5-2)
where ap , = apvf,B/(ch,B) and Cy 5 mpeg a/a-

In deducing (3.5-2) it is assumed that the extra pumping power
required due to the losses incurred by bends, entrances and
exits can be taken into account by introducing the constant
multiplying factor, ap.

The Hot-side frictional pressure drop is given by

- -1, 3 |
8Pern = 2p,ufr,n0iu lw (3.5-3)

where
a B Ve /(Zg c. 2)
PsH f,H ’?
after substituting (3.3-2) and (3.3-3) into the standard
frictional pressure drop equation, (C.1-1). f. y can be

. ]
evaluated accurately or approximately from (B.2-1) and (B.2-k4)
respectively, provided that the indicated ranges of validity
are not exceeded. (B2-1) and (B.2-4)can be respectively

presented as

-0.5 - 74
feon -l.73721n{0.27027(6H/dn)+1.2)5/(NRe utr, H )}

(305-!“)
where
Npe,u = % H/(“f 1, 1)
and
£ = a W -0,.224 , (3.5_5)

f,H £, H



3.5.2 ' 120

where

ap iy ® 0.06 {dy/ (ke yep )]

The T-side frictional pressure drop is given by

=0.224

APgr,r = % 7T, 2%r 9 (3.5-6)
where
ap’T = 3.2“ vf’TLTq @ch.T ).

after substituting for W, and Sj in (C.1-1) from (3.3-1)

and (3.3-3) respectively, noting that n, = 1. fq ., like
. ]

fe ys can be evaluated accurately from (B.2-1). However,
’

A
the relatively high value of dT is expected to result in

values of NRe T sufficiently high to warrant the use of the
[ |

simplified equation, (B.2-2), viz.
-2
T, = [-1.7372 1n f0.27027 (ep/ap)¥ 1l © (3.5-7)

subject to the indicated range of wvalidity.

3.5.2 Heller system

' For this cooling system, the assumptions 1) and i1),
enumerated in 3.5.1 for the Wet system, are also applicable,
In evaluating the total pressure drop, account must be taken
‘of the extra water-turbine pressure drop, Apx, which is
imposed in order to ensure that the cooling-system circuit
will always be above atmospheric pressure. Most of the
energy lost due to this pressure drop is recovered by utilising
the water turbine t6 assist in driving the circulating pump.

wve

In consequence, the effecq\total pressure drop is given by

= (1- Ap_ +& A A -
Zap = (1=n ) 8p, +8py + oo, p +4Pp (3.5-8)
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Ny i the efficiency of the pump-turbine combination and
ApH'is the total Hot-side pressure drop, due both to fric-
tional 1§ases and the energy lost in creating a suitable
spray for direct-contact heat transfer in the jet steam
condeﬁser.

With reference to the accompanying diagram, Ap, may be

represented as
Ap = - . - - #
Px = Patm {ps.s*ApH*Apfr,Bfo 5805, = (8,0av/60) (2 zu)/vf;c},
(3.5-9)
where z, is the effective height of jet-condenser water level

above ground, z, is the cooling tower entrance height and

Pg g is thg pressure in the jet‘condenser.

PRESSURE —

8,
LEGEND
a static pressures only
b static pressures with friction - no turbine
C e [ ] LY a e - v’ith turbine
1 ©

°~

.

Y

o

q
Paim_ + .

- [

£l l= T

o -

: 2 q

v @4 i/

a __/_____ _r

4 ]

+

a

4
H-side T-side H-side
Pss . ‘ . i i |

—— —— ——— —_— —————e

COOLING-SYSsTEM REGIONS —=




3.5.2 | | 122
The substitutién of (3.5-9) into (3.5=-8) results in
Zap = oy bpye(1-noy) [PagnPs, s* {25ray/ (govf,c)}(zl-zﬂ)]_
*(1*"pt)(°pfr,T*°'5 8per,c) (3.5-10)

noting thaf the T- énd B-side frictional pressure drops are
identical.

Since the circulating pump is situated on the T-side of
the cooling system,‘the pdmping-power term in the merit factor

equation is given as follows:-

P/q a, Zapmpve o/ (Jq),

.. P/q aP,TCG-l(CT’/CG)-l ZAp (3.5-11)

where a, 5 = a Ve o/(Jee 1)s Cp = afngeqs  Cpo= afbmpey o)
and ap is a multiplying factor accounting for additional
pumping power due to bends, exits and entrances.

Equations for the evaluation of the individual terms in
(3.5-10) are developed as follows:-

‘ An accurate evaluation of the Hot-side pressure drop is
difficult to achieve because of the absence of published in-
formation relating to the performance of jets or sprayers in
jet condensers. However, for the jet condenser employed in |
the geothermal power station at Wairakei in New Zealand,
described in ref.17, the pressure drop across the jets is
about 500 p.s.f. (8ft.head) according to a private communica-
tion from the consulting engineers responsible for its design

and construction (ref.43). 1In this reference it is also

suggested that this value could go up to 624 p.s.f. (10 ft.
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head). Thesé values are in close agreement with those gifen
in another private communication (ref.41), in which a
pressure droﬁ of 500 or 562 p.s.f. (8 or 9 ft. head) is
suggested ashbeing a reasonable practicai value, Because
these figures are reasonably close to each other it is con-
sidered that a value close to the midpoint between the two
extremes will be suitable for adoption in the present in-

vestigation, viz.

The efficiency of the pump;turbine combination is given
by the pfoduct'of the separate pump and turbine efficiencies.
Each of these are quoted in ref.42 as being about 0.85 for
the Heller- system cooling plant in bperation at Rugeley.
These figures are confirmed b& ref .43 as being practically
attainable, with the proviso that the optimum design con-
ditions must be éccurately predicted or the separate effi-
ciences can fall to as low as 0.70, or less, For numerical
calculations in the present work, it is assumed that effi-

ciences of 0.85 are‘feasible, and therefore,

ps’s may be evaluated at a constant representative
exhaust-steam temperature of 100 deg F, say, without signifi-
cant loss of accuracy since it represents a small fraction of
the squre-bracketed terms in (3.5-10).

. .The evaluation of the T-side frictional bressure drop

is identical to that for the Wet-system; equation (3.5-6)
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is therefore applicable. It can be re-expressed as
' _ -2 -2. =5 -
8 Pep o = 2, qfe 1%  (Cp/Cg) "dp (3.5-14)

ghere ap.T and ff,T

(3.5=6).

The Cold-side frictional pressure drop can be evaluated

are presented in the text following

from an equation identical in form to (3.5-3). The equation

can be conveniently expressed as

= -1, 3 -
8Per,c = 2p,cfr,c%(Cc/%)% Ve (3.5-15)
where ‘
‘ 2
ap’c = vf,C/ { 250cf,c (QC/QG) 3 *

In addition, f can be evaluated accurately or approximately

£,C
from equations (3.5-4) and (3.5-5) respectively, provided
that the sub-script H is changed to C.

A single numerical value cannot be assigned to the effect-
ive height of jet-céndenser water level above ground, since
i§ depends, among other things, on the topography peculiar
to a particular site. Its value will, however, have a sig-
nificant effect on total pressure drop. Therefore, numerical
calculations will be carried out for a range of z 6 values to

H
see how the merit-factor is affected.

3. 5.3 Spalding system

In evaluating total pressure drop for this system the
following assumptions are made:=

i) The refrigerant flow is incompressible except for the

liquid-vapour mixture undergoing nucleate bbiling in the steam-
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condenser tubes, i.é. on the Hot-=side.
ii) The lengths of the two ducts connecting the steam
condénser to the cooling tower are equal, |
iii) There is negligible frictional pressure drop in the
condenser re-circulation circuit since a large duct can be
employed without cohtributing significantly to capital

expendi ture.

iv) There is no hydrostatic-head gain due to the down-
wvard flow of condensate in the tower heat-exchanger tubes

as the tubes will only run full of liquid near the bottom

of the tubes, if at 'all.

The overall pressure drop is given in terms of its con-

stituent pressure drops as
IAp = apy + Apfr.iT * 8Pprp * APpp g ¢ (3.5-16)

ﬁhere APy is the sum of the Hot-side friction and accelera-

tion pressure drops.

The pumping-power term in the merit-factor equation is

given by the following equations:

P/qa = a,Zp my v, ,/(Ja),

= -1 [
P/q = a’p’ HCH (A pH"'A pfr’rr"' ﬁPfr. B+ Apfr’ C ) ’ (3 o 5=17 )

where ap g S apvf’H/(ch’“), Cy = q/thf’H) and a, is a
multiplying factor accounting for additional pumping power
due to bends, exits and entrances. ,

Equations for the evaluation of the individual pressure
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drops in (3.5-17) are developed as follows:i—

The flow of refrigerant through cOndepser tubes‘ié con-
sidered to fall int§ the category of forced convectioh, two~
phase, single-component fluid flow, accompanied by nucieatg
boiling. A suitable equation for calculating Hot-side
frictional pressure drop under these conditions is derived
in C.3. For values of refrigerant vapour quality at exit
from condenser, xn,fless than 0,5, equation (C.3-8) must
be used. However, for values of X & 0.1, (C.3-8) can bé
replaced by the simﬁlified equation (C.3-8a) without sig-
nificant loss of accuracy. On substitution of (3.3-2),

(c.3-8a) becomes
- 0.25 a_ 4. -1, 2.776
Apfr.H = 0.25 ap.HdHJHCHQH lwn (3.5-18)
where

J g 0.409b

2, 1.45 0.723
H +1.16b_ X, +1,

p,H

0.224)/(g°c 1.776 dﬂl.224)'

a, y= (0.12v, . » £

£,1 £,H

- 0.407 0.0911
bp, 2 3:85 (Vg y/Ve u) (v g, 1/ e, 1) -

The range ofvalidity of (3.5-18) is given immediately after
the presentation of5(C.3-8a) in C.3.

The Hot-side acceleration pressure drop is evaluated

from the equation recommended on page 699 of ref.27, viz.

o, ~
APa,H 22,1 *H"H (3.5-19)
where

8a,H = (Vg,n = vf,H)/(gqcf,H ).
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The equations from which the frictional pressure drops

in the connecting ducts may be evaluated are similar to

(305"6) [ ViZ.

— -2, =5 _ -

APer,1 = ®p,1ig, 1T r (3.5-20)
‘where

a = 3.24 V a?/(g.c.2)

p, T = 3¢ , T oSf,T
A = -5 .

Per,B = 2p,8%f, BCB dp , (3.5-21)
.where

a = 3.24 v g /(g 2 ).

p,B = £,B"B . B

The friction factors can be accurately evaluated from (B.2-1),
bu;, as in the Wet system, the Reynolds numbersare expected
to be sufficiently high to warrant the use of the simpiifiedt
equation, (B.2-2).

The flow of refrigerant through tower heat-exchanger
tubes is considqred?to fall into the category of forced con=~
vection, two-phase,lsingle-componeht fluid flow, accompanied
‘by condensation. A suitable equation for calculating Cold-
side frictional preésure drop under these conditions is
(c.2-2), the derivation of which appears in C.2. After

incorporating (3.3-2), (C.2-2) becomes

- -1 -1 - 3 L
bper,c = 0.25d,(Qe/Q;) " CR; (0.333ap'cwc +0.0833b oW, )
' (3.5-22)
where
. T2
a,c = (0.012vg'c)/(gocf'cdc)
bp,C = (0.00025v C f c W)/(g c C C)
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The range of validity of (3.5-22) may be obtained by referring
to (C.2-2) and (B.3-1). The investigators responsible for
the friction factor correlatien, which is employed in sec-
tions B.3 and C.2 in order to derive (3.5-22), stress that
their results are p#eliminary in.nature. However, in the
absence of more recent information, (3.5-22) is regarded as

the best equation for use in the present investigation.

3.6 Derivation of capital-price term in merit-factor

,éguation

As in the previous sections, this section is separatéd
into three sub-sections which are reserved for the Wet-,
Heller- and Spalding-systems respectively. In each case,
the capital-price term is expressed in texrms of constituent
cooling-system component prices. Equations from which these

constituent prices can be evaluated are then derived.

3.6.1 Wet system

The capital-price term can be presented as

(scs- Spm)/q = £5/q + 28./q + £ /q. (3.6-1)

£S is the total surface steam~condenser price per cooling
tower, in pounds sterling.

ST is the price of each of the connecting ducts per cooling

tower, in ﬁounds sterling.

SD is the price of one cooling tower and its associated

equipment, in pounds sterling.

(¢

cs'£pm) is the total capital price of cooling system com-
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'ponents per cooling tower, excluding the capital price
of the circul#ting pump-motor combination, in pounds
éterling. |

q 1is the waste-heat!rejectionfrate for one cooling towér,

| in Btu/h.
A methodof evaluating surface-steam condenser prices is

'presented in appendix H. Thé total price per unit bare

tube surface area 1s assumed to be the sum of two constituent
items, viz. a base price and the price of tubeé, and it can‘

therefore be represented by

"

P [ ] " _
s = %s,base * £S, tubes”® (3.6-2)

The fact that two Hot-side passes have already been assumed,
together with admiralty-brass tubes of fixed diameter and
thickness (0.75 inches o.d. and 16 S.W.G., say), enables
(H.1-2) and (H.2-1) to be substituted into (3.6=2) to give
=1. =1
= (2.33 + 66700 q"1*%q, ), 7Y, (3.6-3)

where Q = q/Ah,H and (Qg/Q,) 1s the ratio of inside to out-
side heat transfer area. For approximate calculations,

(3.6-3) may be simplified to

which over-estimatesj£s/q by not more than 3 per cent, pro-

vided that the bare-tube surface area, A, &» 18 not less than
‘ ’ - .

50,000 sq.ft.
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A check on the validity of these two equations can be
made by comparing the value of the éonstant contained in
(3.6-4), viz. 2.33, with that obtainable from the published
values of bare-tube surface areas and prices of steam-
condensers appearing in ref.34. A 1963 condenser price of
196,000 pounds sterling, for a bare-tube surface area of
100,000 sq ft, is arrived at by substracting a circulating
pump and motor price of 20,000 pounds sterling, as recommended
in ref.42, from the published condenser price which is in-
clusive of circulating pump and motor. Then, by using the
price vs time graphjin H.1l, together with a QH/QS value of
1.11 computed from the published fube dimensions, the 1964

value of the constant i1s given by

(1964price/1963price) (£5/a)Qy = 0.9958./A,

0.995(Qy/Rg) /Ay, o

'
0.995 x 1.11 x 196,000/100,000

= 2.17.

The fairly close agreement befween the values of the two
constants indicatesjthat'(3.6-3) and (3.6=4) are suitable for
the estimation of present-day, surface steam-condenser
prices.

(I.1-2) is an equation suitable for the evalﬁation of
connecting-duct priees per unit length and 1is derdived in

appendix I. It can be used for estimating the duct prices
in (3.6-1) after re-arranging it to give

£/a = (LT/q)(O-BdT2 - é.65dT + 5.3). (3.6-5)
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The range of validity is presented in (I.1-2).
The derivation of a formula for estimating the price of
a cooling tower and its associated equipment (inclusive of
packing) is outlined in J.3. The formula is given by
(5.3-1), 1.e.
-1 2. 2 0.5
£y/a = q [a,+a,D,“+d, tD, +d3D1{1-(1-t) 1§dunl
2
+d./Dy *d6A+d7A'{rbD1*°'5(zz‘zp)}
+d tD 2{ r D+ (z -z ) + 14.91] (3.6-6)
871 P 1l Z °p ¢ * . *

The sub-scripted d symbols are price coefficients to which
numerical values can only be assigned after the best packing
~has been chosen, and this is done 1ﬁ a later chapter of the
thesis. Accurate and approximate formulae for evaluating

the cooling tower surface area, A, are derived in J.l'and J.2

respectively.

3.6.2 Heller syétem

The capital-price term is presented as

(£

cs

-£op)/a = £g/av2ty/ario/arip/arty /e 0| (3.6-7)

where the individual price items refer respectively to jet
steam condenser, connecting ducts, tower heat exchanger,
.cooling tower and, finally, water turbine.

A suitable pri¢e formula for jet condensers is difficult
to.derive because of their rarity in power-station applications .
and consequent lack of published informatioﬁ. However, ref.

43 gives a value of
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£,/a =. 0.000148 | (3.6-8)

for the Jjet COndensér employed in the Wairakei geothermal
power station described in ref.1l7.

A rough check on the validity of this value may be made
by assuming that the price of a jet condenser is equal to
that of the shell of an equivalent surface condenser, i.e.
the so-called base-price. This assumption implies, fairly
».feasonably, that a jet condenser is a surface condenser-
without any condenser tubes. An estimate of'base-prices
for surface steam‘cbndensers can then be made from published
information as follows:-

For large two-pass surface condensers, (H.1-2) can be
employed to give |

-1
- "
£5,base’? = L5lpasels

~ 1.7t | (3.6-9)

after ignoring the second term in (H.1-2) as it will be
small for large condensers. For two-pass condensers, 0.875
inch o.d. condenser tubes, a turbine exhauststeam vapour
quality of 0.91 and an overall cleanliness factor of 0.85,

page 20 of ref.l3 states that Qs will be close to the value

Qg = 8h80. . (3.6-10)
Sinte an equivalent surface condenser for the Heller system
would operate under clean conditions, a cleanliness factor

of 1.0 may be assumed. The foregoing Qg can therefore be

modified by dividing it by 0.85. The substitution of the

modified value into (3.6-9) gives a base-price of
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ss'base/q = 0.000151 - (3.6-11)

which should Be fair}y close to the price of a jet condenser.
Comparison of (3.6-8) and (3.6-11)‘shows that this is indeed
the case. Consequeﬁtly, (3.6-8) is considered to be suitable
for estimating jet condenser prices and is accordingly

adopted for use in the present investigation.

The price of connecting ducts is governed by the same
formula as that for the Wet system, viz. (3.6-5).

Formulae suitable for the evaluation of tower heat-
exchanger prices per unit air-side heat-transfer area, £G",
are derived in appendix XK. The total tower heat-exchanger
price per unit wastelheat rejection rate caﬂ then be obtained
from |
t/a = £5"/Q, | o (3.6-12)
where Q. = q/Ah,G' % £;" is a function of the number of tube
‘rows in the directidn of air flow. It is given either by
(K.2=7) or (K.3-5), depending on whether the heat exchanger
consists of circular tubes with helically wound fins (or
wires) or continuous fins. Before assigning numerical
values to the termsiin (K.2-7) and (X.3-5), a choice is made
in a later chapter és to which of a number of tower heat-
exchanger types is ﬁost suitable for adoption by the Heller

system,

A price formula for the cooling tower and its associated
equipment is derived in J.4 and given by (J.U4-1) as

-1 :
£D/q = q (do + dA s d2ArlDl). (3.6-13)
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The values of the coefficients are given in J.4 and the cool-
ing tower surface area can be evaluated accurately or approxi-
mately from the equations in J.1 and J.2 respectively.

Since the watér-turbine price constitutes a relatively
small fraction of the whole capital-price term, a rough
estimate of ité‘value will be acceptable for the prescnt

investigation. Accordingly a value of

L¢urbine’q 4'55 x 107~ (3.6-14)

will be used on the basis of recommendations outlined in

ref. b2,

3.6.3 Spalding system

The capital-price term is presented as

(ﬁcs-ﬁpm)/q = £S/q+£T/q+£B/q*£G/q+£D/q+$R/q ’ (3.6~15)

where zn/q is the tbtal price of refrigerant per upit waste-
heat fejection rate; The prices of separator and re-
circulation ducts are ignored as they are considered.to re-
present a negligible fraction of the total capital price of
cooling system compqnents.

The surface steam condenser price is given by (H.1-3),
the derivation of which appears in appendix H. After in-
corporating_(H;l—l)iin (H.1-3) = since the condenser has been
assumed to have one refrigerant or Hot-side pass - and making

use of the fact that
£ = oon -1 :

there results
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T 10 =2.5 2.5 & " -1
Ss/q = (QI{/Qs)(1'55*1‘68x10 q )QS )“"‘S,tubes)QH *

Numerical values can only be assigned to (QH/QS) and
sS?tubes after the tube material and dimensions have been
decided upon. This is done in conjunction with the choice

of refrigerant in a later chapter. For approximate calcu-

lations, (3.6-16) can be simplified to

sg/a ® (Q/Qg)(1.55 + £5" 0 o0) (3.6-17)

which over-estimates £S/q by not more than 3 per cent, pro-
vided that the bare-tube surface area, Ah,S' is not less
than 60,000 sq ft. |

No recent published prices for single-pass steam con-
densers have come té light in order that the validity of
these equations may‘be checked numerically. Nevertheless,
they are considered to be reasonably accurate since the
method of derivatioﬁ and sources of information are didentical
to those employed in arriving at the two-pass steam conden-
ser equations,—ihe accuracy of which has already'been shown
to be satisfactory in 3.6.1.

The single equation (I.1-3) may be used in evaluating

connecting-duct prices. Therefore

£/qa = (LTJq)(0.7d,i‘2 - 1.3dy + 3.2) (3.6~18)
and | | ,
gg/a = (Lp/a)(0.74% - 1.3d, + 3.2), (3.6-19)
since LT tlLB.

The equations for evaluating prices of tower heat
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exéhanger and cooliﬁg tower and its associated equiﬁment

are identical to those for the Heller system. Therefore
equations (3.6-12) and (3.6-13) and the related comments

are applicable to the Spalding system as well.

In deriving a price formula for the refrigerant used in
the Spalding system, it is assumed that the steam—condenser
and B-side duct are flooded, whereas the tower heat exchanger
and T-side duct are assumed to contain wvapour. A common
temperature of 100 deg F is assumed for fhe whole coupling
circuit in determining the mass of refrigerant required, the
subscript F being introduced to denote: "coupling circuit
in general". The simplifying assumptioné are permissible
since the price of refrigerant is a small fraction of'the "
total cooling system capital price. In consequence, the

price of refrigerant per unit waste-heat rejection rate is

given by
£o/a = 0.25ay [{(ay/ve DIegt+(@p/g) H(ag/v, p)agtl
+ (uLT/q)(dBZ/vf.F + de/ve’F)], (3.6-20)

vhere ap is the price of refrigerant in pounds sterling per
1b, For the four refrigerants under consideration, viz.

ammonia, freons 12 and 22, and methyl chloride, ap is given

as
ap = 0.0625, 0.125, 0.30 and 0.075 (3.6-21)

respectively, according to ref.20,
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3.7 Final choices of fixed characteristics and design

variables

In this section, the physical quantities appearing in
the previously derived equations are examined with a view to
eliminating some of them from consideration as design var-
jables. This done, a list of final design variables is
presented at the eﬁd of the three following sub-sections,

each of which is reserved for the Wet-, Heller- and Spalding-

systems respectively.

3.7.1 Wet system

After perusal of the equations in 3.4.1, 3.5.1 and 3.6.1,
the following quantities are unfixed and appear to be design
variables: |
Qs Wys Cps Cgo tc’i, Cps dps Zgs Cps Dy t, rs;'l, s and
The

However, a number of these are either dependent on, or
apprbximately equal to, one or more of the others and can
therefore be eliminated as design variables as follows:-

It has been previously assumed.that the constant-
pressure specific heat of intermediary heat-transfer medium
is approximately constant throughout the cooling-éystem
circuit. Thi; assumption, combined with the knowledge that
the mass flow rate of water is constant, canbe used to show
that ‘ |

C = C = C

H T F (3.7-1)

after examining theifollowing definitions:
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g a/(myee 1)y Cp'= a/(mgep 1), Cp = a/(mgep ) and
= o/ (mgep 1)
In consequence, C},jC and C, can be replaced by the single

1 T B
design variable, CF’ viz. the heat-capacity factor referring

o @
moou

to the coupling circuit as a whole, The heat-balance equa-~

tion (3.3-5) can be used to show that

Cp = M. = te,1" tc, o - (3.7-2)

Cg 1s a design variable which can be seen from (3.3-4)

and (3.3-7) to be given by

Cg = Xthg’s/cf'sf (3.7-3)

Due.to the insensitivity of the bhysical properties to
changes in exhaust-éteam temperature, and the fact that XS -
the éxhaust-steam vapour quality - has been assumed constant,
CS is practically constant. In consequence, CS is assumed
constant for the present investigation and is calculated at

the representative values of ts g = 100 and XS = 0.91, using
’

(A2-4) and (A.2-9). Therefore,

cg = 9hh.0. ’  {(3.7-4)

Z5 may be elimindted as a design variable after assuming
that the maximum hpight'of spray is four feet above the top
of packing. This Yalue is close to that normally used in
practice as indicated on page 955 of ref.32, Therefore,

Zy = rle + (22 -'zp) + b, (3.7-ba)

(rs'- rl) can 53 eliminated as a design variable by

introducing the buoyancy equation, one of the supplementary
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conditions referradjto in 3.3 subsequent to the presentation
of (3.3-3). This is done by substituting (F.5-5) into

ry -1 = (rs-rp) - 0.5(z2-zp)/D1 . (3.7=5)

to get ‘ .

- ] 2 - -1
ro-r) = 1.62 {(D)chil/x} D, 5(Nh’G +0.5)7 EN,

- 0.5 (z,-2,)/D, - (3.7-6)

(F.5-5) is fully derived in F.5.1 and (D) can be eval-

chil
uated from (F.5-4) after substituting the heat-balance

equation

a = mgep o(tg 3 = tc )

into it to give

f- — -1 105 0-5

(D) pga/x = (aleg )= fous(ny ;4 )-hg 37°7(8) 407 -
(3.7-7)

According to Spalding and Singham (ref.4 in appendix F) the
value of x = introduced to account for loss in tower per-
formance due to non-uniform air distribution across the
packing - is approximately 0.8625. (3.7=-7) is a function of

as can be seen by examining

the design variables C; and tC

o
(E.1-2), (E.1-4) and (3.7-2).

1

Ny g im (3.7-6j can be seen to be a function of Cp and
 J

t after equating the transfer-unit equation (E.1-6) to the

C,1
following empirical performance equation - for the tower

. packing - in order to eliminate GC/GG:

(3.7-8)

xh,G = ‘Nh.pack + N‘h, spray
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where

Ny, pack = %h,p (z, - zb)/(denominator), (3.7-9)

: (o] "'1
~ h,p
denominator = {bh,pSGC/GG) + dh,p}

h
+ ey (Ge/G;) P, (3.730)

Nh _ bh,s
pspray = ay (Go/G,) 7. | (3.7-11)

The forms of the above equation-have been adopted by
Lieberam in ref.25 as they enable a large number of packing
types to be classified, the constant values of the sub-
scripted a to £ symbols changing from one packing type to
the next.

EN_ in (3.7-6) is dependent on the design variables and
can be evaluated frbm (F.2-2) and the subsequent equations
in F.2.1. ‘

No more elimination of probable design variables is
possible and the final choice of Wet-system design variables

is présented as follows:

QHu WH' CF’ tC,i' dTv Dli rpo 8, t.

In so far as fixed quantities are concerned, numerical
values must be asgigned to the as yet undetermined tower
price constants and the tower packing heat-transfer and pressure-
drop performance constants appearing in (3.6-6), (3.7-9) to
(3.7-11) and (F.2-3) to (F.2-4). This can only be done
after the best packing type has been chosen in a later chap-

ter. The following table summarizes the -numerical values
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which have already been adopted for the remaining fixed
‘quantities:

Quantity value [‘equation source
23-22,’ft L F.2-3 ref.32
a ‘3.1 F.2-5 ref.32

VeC
a 00853 F.2-6 SGCt.FQZ-l
v,i ‘
b -2.2 F02-6 seCt.nggl
v,1 |
av,misc J 2.3 Fo 2-8 refo 32
zz-zp, £t 7.125 3.7-9 arbitrary
dg, £t (x107%) 5.183 | H.2-1 ref.h,app.H
60 £t (x1070) | |5.33 H.2-1 ref.h,app.H
k, o Btu/(hftdegF)| 55.6 A.6-2 ref.2,app.A )

' +
Ly (=Lg), Tt - 300 3.5=6 arbitrary
Cgs deg I ol 3.7-4 calculated at 100degF
x .8625 3.7=7 ref.4,app.F
mean water .
temperature, degF; 80 arbit'rary
cleanliness '
factor g :0.85 3.4-6 ref.13 and ref.24
a, 1.2 3.5=2 arbitrary
er (=€) 0.001. | 3.5=7 ref.l,app.B
av s 0016 F02"“2 v F.Z.l and ref-25

1 4

1.32 F.2-2 F-2.1 a-nd ref.25
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3.7.2 Heller system

After perusal of the equations in 3.4.2, 3.5.2 and
3.6.2, the followihg quantities are unfixed and appear to

be design variables:

Qs Wio Cpo cC/cG,gnh’G, cT/cG, dps By Dy, Ty, 8, T =T .
However, some of these quantities are dependent oﬁ the
others and can therefore be eliminated as design variables
according to the following procedure:

QG can be seen to be a function of CG’ nh.G and r.
by substituting the tower heat-eichanger performance and
geometrical relationships presented in appendix F, viz.

(F.2-9) and (F.2-1h), into the transfer unit definition.

"h,e = Y% C Q™ (3.7-12)
so as to eliminate WG. The end result is

3y ‘
% = 8,6 Cc ™, . (3.7-13)
where

=3 -(1+3,) - =(1+5;)

25,6 = Pyu,q { vg/(60cg)S (“rAﬁ,G/lc)
and |
i, = 1/B.

As in the Wet system, the heat-capacity factors for the
intermediary heat-transfer medium are practically equal and

can thus be represented by the single factor CF‘ Therefore

C/Ce = Cp/C = Co/Co (3.7-14)



3.7.2 : | 143

where CF is the heat-=capacity factor referring to the coupling
circuit as a Qhole.g |

After noting that ry
(rs- 1) can be eliminated as a design variable by introducing

= rp for the Heller system,

the buoyancy equatibn (F.5=-6) or its less accurate version,

(B.5-7), to give
r.-r; = {0.81v; ,/(g, 2a /€)% 4 EN C 2D'5/(p - )
5 y1 e gra 1 G,1"%,0

(3.7-15)

where

P - P

G,i ~ "G,0 ~ pG,ii‘l-(tg’i+h6o)/(cG*tG’i+h60)} ,

or
T -r) = {438v, i/(go G grav/go)}q Zch;3D1) . (3.7-16)

An equation for the evaluation of sz is derived in F.2.2;
its final form is given by (F.2-18).

| No more eliminétion of probable design variables is
possible and the final qhoice of Heller-system design wvar-

iables is presentéd;as follows:

wc’ C

o Cp/Cqo ny,6* Pyr dpr Dy Ty, 8.

In so far as fixed quantities are concemed, numerical
values must be assigned to the as yet undetermined con-
stants relating to the tower heat-exchanger price, performance
and geometrical characteristics appearing in (3.6-12),
(x.2-7), (¥x.3-5), (3.7-13) and (F.2-18). This can only be
done after the best tower heat-exchanger typé'has been chosen

in a later chapter. The following table summarizes the
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numerical values which have already been adopted for the

remaining fixed quantities:

Quantity value equation source
a 0. 167 F.2-19 app.F, F’. 2. 2
v,1i
bv’i 0 Fo 2-19 app.F’ Fu 202
av,misc 2.3 F.2-21 app.F, F.2.2
Lp (=Ln), ft 300 3.5=14 arbitrary
mean water
temperature,deg F ; 20 arbitrary
ap 1.2 3. 5«11 arbitrary
o (=€B) 0.001  3.5=14 ref.1, app.B
ﬂpt 0.72 3.5=13 refs. 43 and 42
ApH, psf 576 3.5=12 refs.43 and 41
Patm® psf 2116 3.5=10 sea level
P, v PST 137 3.5=10 at 100 deg F

’

£./4, pounds
sterling per Btu/h)|1.48 3.6-8 ref.43
(x10-4)
a, 36600 3.6-13 app.J, J.b4
dl o. 582 3.6-13 app.J. J.l“
d, (x10‘3) 1.11 3.6=13 app.J, J.b4
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3.7.3 Spalding system

After examination of the equations in 3.4.3, 3.5.3
and 3.6.3, the following quantities are unfixed and appear

to be design variables:
Qp Crr Wy Cs0  Zpe Xy Qe Cor Voo Ty o0 Ty

C B.. dB. &R, CC. Dl’ r1’ rS"rl’ So

Howevef, some of these quantities are dependent on the others

d c

T* T?
and can therefore be eliminated as design variables accord-
ing to the following procedure:

Since the mass flow rates of refrigerant outside the
steam condenser are equal and the refrigerant temperature
is practically consfant throﬁghout the coupling circuit,

the following relationships can be formed:

CT = CB = CC = CF . (3-7-17)

where C_ 1is the general heat-capacity factor referring to

F
the whole of the coupling circuit external to the steam con-

denser. By making use of the definition

Cp = o/(mpep g)

and the heat-balance relationship

a = mF hfg,F ’

CF is seen to be given by

Cp = hg, p/cp pe (3.7-18)
Examination qf the physical property equations in

appendix A reveals:that hfg,F/cf;F is relatively insensitive
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“to variations in temperature and, in consequeqée; Cp may be
regarded as fixed;l it can therefore be eliminated as a
design variable. A representative coupling circuit temf
perature of 100 deg F will be used in evaluating CF‘

Therefore

Cp = 412, 232, 208 and 397 h (3.7-19)

for ammonia, freon 12, freon 22 and methyl chloride respec-

tively.

CH is not a désign variable as it is dependent on CF

and XH‘ This can be shown by relating the Hot-side

mass flow rate relationship
my = mp/Xy
to the definitions

Cy = a/(myep ) and Cp & a/(mpey o)

to get

Cy = XyCpe . (3.7-20)
CS can be fixéd at

Cg = ohh | (3.7-21)

and is therefore eliminated as a design variable according

to arguments similar to those used for the Wet system in

3.7.1.
Zp is not a design variable as it depends on the number
of condenser tubes, and hence on CF and WH. This dependency

may, however, be ignored with negligible loss of accuracy by
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assigning a fixed value to Zne This course of action is
permissible since the value of zZp has only a slight effect

on the value of {(t - (ts H)o] in (3.4-23), as can be
R 9

m,H)o
seen from (3.4-25), (E.5-4), (E5-6) and (E5-8). Therefore,

the representative wvalue

zp =15 : (3.7-22)

is chosen for use in the presenf investigation.

Both Q; and (rs-rl) can be eliminated as design variables,
according to the arguments leading to the adoption of equa-
tions (3.7-13), (3.7-15) and (3.7-16) in 3.7.2 for the Heller
systeh. ‘

No more elimination of probable design variables is possi-

ble and it is concluded that the Spalding-system design var-

iables are:

Qs Wyo Xy dpe dpe Wew Coy My 1y g0 Dy 1, s
In so far as fixed quantities are concerned, numerical
values must be assigned to the as yet undetermined constants
relating to the tower heat-exchanger price, performance and
geometrical characteristics appearing in (3.6-12), (X.2-7),
(X.3-5), (3.7-13) and (F.2-18). In addition, the best re-
frigerant must be chosen. These tasks'are carried out in
later chapters. The following table summarizes the numerical
values which have already beeh adopted for the remaining

fixed quantities:
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Quantity value equation source
av,i 0.167 F.2-19 app.F, F.2.2
bv’i O Fo2"l9 app.F. F.2.2
av’misc 203 F.2—21 apqu’ F.2.2
Lo (=Lﬁ), £t 300 3.5=20 _ arbitrary.
mean refriéerant ‘ '
temperature,deg F; 100 arbitrary
ap 1,2 3.5=17 arbitrary
ET (:eB) 0,001 3.5-20 ref.l, app.B
at n’ deg F per psf see
’ .
(2.4-26) 3.4-26 app.A
ap, pounds ' g . see
sterling per 1b (3.6-21) 3.6=20 ref,20
d, 36600 3.6-13 app.J, J.4
d, 0.582 3.6-13 app.J, J.b
d, (x1072) 1.11 3.6-13 app.J, J.b
dye Tt (xlo-z) 5.183 H.2-1 re:.u, app.H
GH’ ft (x10-3) 5433 H.2-1 ref. 4, app.H
XS 0.91 3. 7-1# table.sect.2.2.2
Cqs deg F oLl 3.7=21 calculated at
100 deg F
zps £t 15 3.7-22 arbitrary
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4 CHOICE OF TOWER PACKING FOR WET SYSTEM AND TOWER HEAT

EXCHANGERS FOR HELLER- AND SPALDING-SYSTEMS

4,1 Introduction

Now that a cdoling—system merit-factor, and the equa-
tions froﬁ which it can be evaluated, have been presented,
attention can be paid to choosing the best packing and heat
exchangers for useEin natural-draught cooling towers. The
obvious way of ascértaining the best of a number of types
would be to predict optimum design conditions for each of
'fhe possible types and then to calculate the optimum value
of the adopted merit-factor from (2.1-8). The most suitable
.type of packing and/or heat exchanger will be that one which
results in the smallest optimum merit-factor value.

However, the prediction of optimum design conditions for all
of the possible types involves so much labour that the ob-

vious way is impractical.

.

A more fruitful approach would be to estimate the merits
of the various types of packing and heat exchanger by means
bf simplified methdds which are, nevertheless, sufficiently
accurate to eliminate most of the possible types from further
:ponsideration.

The following sub-sections are concerned with the choice
of suitable packing and heatqexchangef types by means of
simplified methods ﬁnd, in the case of the Heller- and
Spalding-systems, the development end application of one such

method, applicable to the present investigation.
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4.2 Best tower packing type for Wet system

A simplified method of determining the suitability of
types of packing for use in natural-draught cooling towers
has been devised by Spalding in ref.37. Using this method,
Lieberam (ref.25) has examined many different packing con-
figurations, cohstructed both from treated wood and asbestos
cement. Lieberam concluded that packing No.2l1, referred
to on page 937 of ref.26 and consisting of corrugated asbestos
sheets, afforded tﬁe best compromise between heat transfer,
pressure drop and p¥ice.

As a first step in deciding whether this conclusion is
valid, a brief out;ine of the foregoing method is given as
follows:

By making use of the empirical heat-transfer and velocity-
head performance equations given in (3.7-9) and. (Fr.2-3),
and the costs both‘of packing and coupling-circuit pumping
power, curves of (N

k) versus (C"'/N ) are

v,pack/Nh,pac h, pac

drawn for a number of different packing types, over ranges

of GC/GP and (;_ values liable to occur in practice. cm
T

C

in. this instance represents the total cost of packing and
. 4

pumping power per unit volume of packing. In addition,

curves of constant C™ are drawn, it being possible for the

graph to have the following appearance:
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i

;::>, curves of consfant C

~Packing A

\_~Packing B
,/\ Packing C

Nu,pack/ Nh,pack

One of the chief reasons for choosing the foregoing
quantities as co-ordinates.is that they will have low values
for promising packing types. Of course, being interrelated,
the merit of a packing type cannot be ascertained by exam-
ining just one of tﬁe co-ordinates in isolation, hence the
need for a graph to display their combined effect.

The claim advapced is that the most promising packing

i

- types will have areas of operation - created by the ranges
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of possible GC/GG and G, values - near the curves of lowest
constant C"'values; The following comments, concerning
the three fictitious packing types in the graph, serve to
illustrate the appiication of the method:

Packing B cannot be said to be more promising than
packing C, even though this appears at first sight to be the
case, since its merit at optihum cooling-system operating
conditions, e.g. point b, could be worse than the corres-
ponding merit for packing C, e.g. point c, However, pack-
ing B will always bé better than pacﬁing A since its worst
possible merit value can never be poorer than the best value
for packing A,

- As mentioned before, the describéd method is a sim-
plified one. The original unsimplified version would re=-
quite the use of the co-ordinates sz/Nh,G and (PL/q)/Nh’G
- from (F.2-2), (3.7-8) and (2.1-8) - together with the
superimposition of curves of constant PL/q values. Exame
ination of the adopted and the original co-ordinates reveals
that the accuracy of the simplified method is dependent'on
the validity of the‘following inherent assumptions:
is constant in value,

i) t -t

S,5 G,1

ii) The sum of the IN_ constituents, apart from Nv,pack’

is constant.

iii) The contribu tion of Nh,Spray to Nh,G is negligible

with respect to that of Nh,pack’
iv) The cost of pumping is chiefly dependent on the
height to which the water must be raised before passing down-

wards through the pécking.
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The first assumption would be walid 1if, for a fixed
atmospheric dry-bulb temperature, the exhaust steém tempera-

ture were to be fixed. The second assumption would hold
egood for cooling towers of uuvarying proportions, viz. con-
stant values of r, s and t, particularly since the value of
Nv,spray is negllgibly small, The third‘and fourth éssump-
tions can be seen from Wet-system deésign dalculations, e.g.
those appearing in chapter 9, to be generally wvalid.

in view of thg foregoing comments, the simplified
. method established by Spalding is concluded as being suit-
able for the selectlion of promising packing types provided
that optimum exhauét-steam temperatures and cooling-tower
proportions do not vary significantly with different packing
types. These provisions are consildered to be satisfied in
practice to within fairly narrow limits and it is therefore
further concluded that tﬁe simplified method successfully
fulfils its purpose, at least insofar as differentiating
between very pood and very poor.packing.types is concerned.

On returning once again to the choice of a particular
packing type, Liebéram (ref.23) states that packing No.21
bears the same relationship te the next best type as'packing
B does to packing A in the foregoldny graph, viz. it will
always be better, whatever the optimum operating conditions

are,
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Accordingly; packing No.21 is adopted for the pres;nt
investigation. The associated heat transfer and pressure
drop characteristics can be represented by equations similar
in form to (3.7-8) to (3.7-11) Qnd'(F.z-g). These forms
have been adopted by Lieberam in ref.25 as they enable a
large number of packing types to be easily classified. The

constants in these equations relating to packing No.21 are:

0.5 ,, dh,p = 0,052

*n,p = 16.13, by _ = °f°°96' ®h,p
eh,p = T1e6 4 £, = -0.25, &, = 0.347, by = 0.5
a,,p = 23-55 b, [ =0.0192, e, =0.5 , d, = 0.104.

These values have been obtained by Singham in ref.l4,
app. F and are in reasonable agreement with those obtained

by Lowe and Christie in ref.26.

4.3 Best tower heat-exchanger types for Heller- and
Spalding-systems.

h,3.1 Factors affecting choice of heat-exchanger types.
" The suitability of a particular type of heat exchanger

for use in the Heller- or Spalding systems is chiefly depen-
dent on its effect on the overall merit-factor in (2.1-8);
the lower the optimum merit-factor, the more suitable the
heat-éxchanger type will be.

However, a low PL/q value is not the sole criterion of
merit sinée it is also important to choose a heat-exchanger
type which, after optimizing a cooling system, will lead to

the satisfaction of the following requirements:
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-

i) The optimum%length of heat-exchanger tubes must be
such that it will be possible tb construct individual heat-
exchanger units having dimensions close to the previously
adopted values of 16 feet long by 9 feet wide, in order
to remain within thé 1;mits of applicability of the heat-
exchanger price formulae presented in appendix K.

ii) The optimum physical dimensions of the whole tbwer
heat-exchanger must be suitable for convenient insertion
of the individual héat-exchanger units into and around the
base of the cooling tower. In particular, it is desirable
that the tower heat-exchanéer frontal area should be greater
than or equal to the tower inlet area in order to avoid the
necessity for blanking off some of the tower inlet, thereby
increasing inlet air-flow losses through the tower.

iii) The indicated value of the optimum number of heat-
exchanger tube rows, arising from optimization techniques,
ghould be close to gn integer. This 1s desirable since the
number of tube rowsfis chosen to be an integer in practice;
if the indicated opfimum value is not sufficiently close to
the chosen integer value, the tower heat exchanger may operate
under conditions which are so far removed from its indicated
optimum conditions that its effective merit-factor will be
worse than that of another type of heat exchangér which
appears at first sight to be slightly the poorer of the two.

iv) In the case of the Heller system, the choice of the

number of tube-side passes must be such as to result in con-
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venient sizes of individual heat-exchanger units after opti-
mization, bearing in mind that the greater the number of
passes the more thermodynamically efficient the heat exchanger
will be. The choiﬁe of the most suitable number of passes
thérefore depends on the application of engineering intuition
in compromising between increase in efficiency, convenience

of fitting into tower base and cost of manufactuging indi-
vidual heat-exchanger units.

In this section, an attempt is made to choose the best
of a number of considered heat-exchanger types, bearing in
mind the comments in the previous pﬁragraphs. The adopted
procedure is to eliminatg from the overall merit-factor
equation, (2.1-8), the terms which are unnecessary for a
comparison of heat-éxchanger types. In addition, some of
the remaining temms are found to be relatively unimportart
and are therefore elther fixed or ignored in order to simplify
the merit-factor equation still further, care being taken
not to destroy tren&s. In carrying out this latter task,
two tube=side passes for the Heller-system tower heat- -
exchanger are assumed. This done, the resultant, simpiified
merit-factor equation is minimized with a view to determining
its optimum value for each of the considered heat-exchanger
types. The opiimum valuesvso obtained are then examined
and the least promising heat-exchanger types are eliﬁinated
from further consideration.

Finally, an attempt is made to differentiate between thg

remaining promising types by determining which of them best
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satisfy the previously enumerated requirements. Iﬁ parti-
cular, a method of predicting the optimum number of tube
rows is derived in order to ascertain accurately how well
each of the heat-eichanger types satisfies the requirement

in item ii).

4.3.2 Establishment of simplified merit-factor

Investigation of the Heller-~- and Spalding-system merit-
factor equation, formed by substituting the power-loss terms

derived in chapter 3 into (2.1-8), reveals that.

P /a = ¢ (terms containing heat-exchanger characteristics)
+¢, (terms not containing heat-exchanger
characteristics). (4.3-1)

Furthermore,

@y = ¢ (terms‘bontaining design variables appearing

in wl) + b, (terms not containing design variables

appearing in wl). (4.3-2)

In so far as choice of tower heat exchgnger is concerned,
only the following proportionality need be considered:
P /q < ¢ +¢;. (4.3-3)

%, and ¢, are.bresented in the following paragraphs for
both the Heller-.ﬁnd Spalding-systems by examining the equa-
tions in chapter 3. The relative magnitudes of the terms
constituting wl andj¢l are then discussed with a view to
fixing or eliminating unimportant quantities in order to
derive a simple merit-factor suitable for comparing heat-

. exchanger types.
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For the Heller system,
%* vf..=1 =1 #* -1 -1
9y = 2 (Qp/Qg M ug ™ +u )R, +0. 507 ay, (140, )8p,, Co™(Cp/Cp)
®( o e ’. =
and the design variables involved are:
Wos Cqs cF/cG, n, go Dy Dy» T, s.
Also,

* * -1 -1
o, = &'Cg/legs blap 4CC (cp/Cg) [ﬂptApH + (1"bt) [P ey =

ps's"' iagrav/(govf,c)} (zl-z}{)] +(l+“pt)Apfr,TJ .

(u03_5)‘
For the Spaldiﬂg system,
* -1, -1 % -1
9 = A/ ugTHuy 0)Q * DTap Oy APer ¢
+ *(gy/a +2p/q + £p/q) (4.3-6)

and the design variables involved are:
Wc, CG' n_ XH' Dl,‘r, 8, nh,G'

:Also,

#* * -1,.-1
o) = a'Ci/eq+bTey LCoiXy" (8pg+ 8pp . o* Bpp. p)e  (.3-7)

In order to determine the rglative orders of magnitude
of the terms in the foregoing equations it is necessary to
arbitrarily choose a heat-exchanger type, the number of water-
side passes in the ﬁeller-system heat exchanger and a refriger-
ant and to minimize:PL/q in (2.1-8) in order to obtzin optimum

values of the design variables. Only then can numerical values
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be assigned to the £erms in equations (4.3-4) to (4.3-7).
This oourse of aétién has been followed after arbitrarily
adopting ammonia as;the refrigerant, two water-side passesi
and heat-exchangef fype SGl, details of which are given later
in ihis chapter. fo avoid repetition, the resultant.numeri-
cal values are not presented here but can be seen in the
graphs appearing in the general result chapter, viz. chapter.
nine. .
¢
The results reveal that the sum of the terms containing

b* 1is less than 10 per cent of the sum of all the terms con-
stituting 9y and by In consequence, the terms containing

5*

are considered unimportant and will be ignored for heat-
exchanger comparisop purposes, The same applies to‘£R/q,
the refrigerant cost. as- it is a very small fraction of the
total cooling system cost. The ignoring of these terms
results in the adoption of the following criterion of merit,

valid for both the Heller- and Spalding-systems:

PL/q < a*{(QC/QG)(u51+u;fc)QG+CG/eG} +c*(£G/q+£D/q).

(4.3-8)
From (3.7-13), Q. can be represented as
1ej, J, -(1+Jl)

Q@ = (2560 ? ® "™n,¢ "r y (4.3-9)

From (3.4-22) and (3.4-33), cG/eG is given by
cG/eG = 1.02 Ccil/nh,c*o'5’°f°625"h,c*(°'5'0'125"h,0)(CF/CG)

+ °'°625"h,G(CF/CG)23 | (4.3-10)
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and
Cs/eq = CG(l/nh'G + 0.5 + 0.0833nh'G) (4.3-11)

for the Heller- and Spalding-systems respectively.

It is to be noted here that, in adopting (4.3-10), two
water- or tube-side passes have been.assumed for the Heller-
sysfem heat exChanger. Upon investigation, there appears
to be no simple method of dete¥m1ning the optimum number
of passes, thereby justifying'thq statement in the fourth
requirement of the brevious sub-gection that: "The choice
..« depends on the application of engineering intuition."
However, the assumption of two passes was backed up numer-—
ically by noting from the results, previously referred to
in the text between (4.3-7) and (4.3-8), that two water-
side passes result in convenient optimum sizes for individual
heat-exchanger units. The reasonability of the assumption
is aléo endorsed by the fact that two water-side passes are
employed for the Heller-system cooling plant in operation at
Rugeley.

From (3.6;12); £G/q is given as
g./a = £8/Q; f ' (4.3-12)

where {} can be evaluated from (K.2-7) or (K.3=5). The
substitution of (J.2-2), (3.7-16) and (F.2-18) into (3.6-13)
- results in ‘

g/a = a7t {d, + (d; + dyr;D;) A} (%.3-13)

where
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A = (2.195+0.982) {h38v 1/(goc§agrav/g }q EN cG3 13
(4.3-14)
and |
jo | =1 2,2
IN = n,G™h,c (0.25nq CGD1) voo™v, 1Ny misc

(4.3-15)
Examination of the magnitudes of the terms in the fore-
going equations reveals that (4.3-8) may be further simpli-
fieq by calculating‘uc at représentative, fixed values of

d and W.; this islpermissible because the air-side of the

c c’
heat exchanger is controlling. Also, the terms containing
CF/CG are sufficiently unimportant for CF/CG to be fixed at
a representative value,. Furthermore, since £D/q is only
about 50 per cent of £G/q, the following quantities in
equation (4.3-13) té (4.3-15) can be fixed at representative
values:

2 1Py 5' (N v,0 * Nv,i)'

The end result of the eliminations and simplifications
carried out in this sub-section is that (4.3-8) is reduced

to the following function:

P /a «4(C,, D, nh’§G. n_). (4.3-16)

4.3.3 Adopted method of determining the merits of heat-

exchanger types.

The merits of heat-exchanger types can be determined

according to the following procedure:
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Differentiate (4.3-8) with respect to each of the

design variables in (4.3-16) and solve the following set of

equ;tions for each of the heat exchanger types:

a(pL/q)/axi = 0, i=0,1, 2, 3 ' (4.3=-17)

and xo = CG, x, = Dl' X, ='nh,G’ x3 =n_,

in ordgr to arrive at the optimum values of the design

variables. Then substitute the values so obtained into

(4.3-8); the heat-exchanger type giving the smallest value

of PL/q is the most promising type fpr use in cocling towers.
The foregoing procedure was attempted but, due to the

nature of the set of equations in (4.3-17), a solution was not

forthcoming. Since the equations are non-linear, an itera-

tive method of solving for the design variables seemed

suitable. However, no matter how the equations were

arranged, the values of the design variables aiways diverged.
In consequence it was decided to use the numerical "steepest-
descent" method, briefly described in appendix G, in order to
find minimum values of P,/q in (4.3-8). This method proved
successful and the results obtained thereby are presented in
this section, after describing the tower heat-exchanger types

which have been chosen for analysis.

L.3.4 Description of considered heat-exchanger types

Details of a number of possible tower heat-exchanger
types have been obtained from manufacturers. Performance

data, physical dimensions and prices of each of the types -
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as supplied by the manufacturers - are presented on the
following péges in the form of graphs and tables 1l and 2.

The various types are classified as follows:

i) Type CD consists of circular mild-steel tubes,
electrical resistance welded, and spirally wound Qith wire
coils; the tube rows are staggered. High tube-side
operating pressures are permissible since the test pressure
is at least 1060 p.s.1i.

ii) Type LU consists of circular seamless, grooved mild-
steel tubes with spirally wound aluminium fins; a staggered
arrangement is employed with equidisfant tubes. The opera-
ting pressure is in excess of 300 p.s.i.

iii) Type SG consists of circular copper tubes with
spirally wound aluminium fins; the tube rows are staggered
with equidistant tubes. The operating pressure is in excess
of 200 p.s.i.

iv) Type ST consists of circular copper tubes with
spirally wound copper fins soldefed in position; staggéred
tube rows are employed. The spiral fins are corrugated to
assist break-up of the air-side boundary layer and a working
pressure of 200 p.s.i. is permissible.

v) Type HG consists of grooved, circular mild-steel
tubes, electrical resistance welded, with spirally wound
aluminium fins; the tube rows are staggered. Working
pressures in excegs of 300 p.s.i. are permissible.

vi) Type TR differs from the foregoing types in that

continuous plate fins and circular tubes are employed.
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D¢ & Dg bp n'g 1. 1.
TYPE|TUBE | FIN [f¢ | £t | £t | £t [et™1 | £¢ | £t
x10~2 |x10™3 |x107! [x1073 x10~1|x10"1
CD 1 |MILD-|GALVA-!5.208](5.333|1.562 - 61.2(1.667{1.4473
2|STEEL |NIZED |6.250 \ 1.667 - 61.211.771|1.533
3] } |soFrrT |8.333 1.680| - | 48.0/1.875/1.458
L IRON [8.333 1.680 - 4g.0|2,083|1.458
6 b |5.208 1.374| - 48.0/1.562|1.198
7 5,208 1.37h4 - 48,0(1,.667[1.198
8 6.250 J 1.478 - 48.0{1.667|1.250
9 ! 6.250|5.333|1.478 - kg.0(1.875|1.250
LU 1|MILD=- 8.33318.667(1.875|1.333(132.0|2.187}1.897
STEEL ,
s 1| cu | A1 |5.208(5.333|1.562(1.333|156.0|1.583|1.371
ST 1 Cu 7208 5.333(1.458 - "48.,0[1.875]1.624
2 Cu 5.208|5.333(1.458 - 60.0|1.875]1.624
HG 1|MILD=| Al [8.333(6.000{1.665|1.167|132.0]1.771|1.771
2 } I8.333 1.845|1.667|144.0(2.021|1.750
3 8.333 1.875(1.667|120.0({2.021|1.750
L 8.333 1.840(1.667| 96.0{2.021|1.7%50
5 5,208 1.56211.333| 96.,0{1.667|1.4l43
6| STEEL 5.208(6.,000(1.562{1,.333(|120.0{1.667|1.443
Y .
TR 1| Cu Al  |5.208]5.333| =~ }1.667|144.,0}1.250}1.250

TABLE 1




4.3.4 165
TYPE| =§y | =31 |Pu,c|Pp,c|*h,c| Yc [®mc| % |WR6|4E,; tu]S,ba
ft ft ft §/sq £t |4/sq £t

(18-1{18-¢|  [.31 1072 1072 182

Ch 1| .44|2.91|2.45]|>.22|2.94{1.67|30.6{L4.14{22.6]| 5.68] 3.72
2|4.72|2.,49(3.00|5.49|3.53|1.77| § |s5.18|21.7| 4.85| 3.10
3|1 5.50(3.05(2.11}{7.47(2.74]1.87 8.33|12.0| 6.40| 3.99
Ll15.99(3.04(1.89{2.16|2.74| 2.08 8.33|12,0| 6.40} 3.99
51 5.2712.88{3.37|4.53|1.72|1.46 4.,14113,.2(11.62] 6.36
6|l4.9412,75(3.>4|4.82[1.72]1.56 L.i14{13.2{11.62| 6.36
715.12|2.8013.28[3.54]1.72|1.67 h,14|13.2(11.62| 6.36

8 3.68 3.14|2.69|5.67|2.04| 1,67 5.18(12.5{11.03| 5.36
9/6.:8|3.42|1.97|{2.00|2.04}1.87 5.18[12.5111.05| 5.36
LU 1{3.50{2,00|6.08{18.7|4.81{2.19|30.6|6.60 25.2 5.00] 2.27
SG 1|2.77|1.79|6.10(25.2|5.07{1.58|218 |L.14|39.0] 4.51] 2.16
ST 1|10.4(5.19|0.46]|0.52|2.23{1.88{218 |4.14|17.1] 9.89| 5.36
2|10.3{5.19|0.46|0.73|2.74|1.88|218 |4.14(21.1| 8.58| 4.36
3{10.3]5.19{0.46/1.17|3.25|1.88 218 h.1h{25.1) 7.69| 3.67

HG 1{3.99 z.hj 2,06|15.4(4.57]1.77|30.6]7.14|20.4| 3.27| 2.39
214.3712.66|1.54|17.116.38]|2.02 7.14|28.4| 2.70] 1.72
3{3.59]2.2412.35/18.4}5.59[2.02 7.14124.9( 3.51| 1.96
his3.76|2.342.21|15.4{4.32|2.02 7.14119.3| 5.16}| 2.53
5|3.86{2.04(3.30{2.10|3.44]|1.67 k.,01{27.3]| 4.29| 3.18
6|3.76/1.98(3.86|2.46|4.25]1.67[30.6{8.01]33.7| 3.79| 2.57
za,st
i/sqft

x.2

10
TR 1|3.49}2.07]5.00}20,.6 1.25[218 [4.14)28.7 - 10.5

3.73

TABLE 2
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The construction is gimilar to that-used at Rugeley Power
Station except that provision is méde for breaking up the
boundary layer on the air-side by.making the plate fins
wavy instead of having punched slots. The tubes are of
copper, the fins of aluminium and thevtube rows are in line.

The operating pressure is in excess of 200 p.s.i.

4.3.5 Presentation of merit-factors

In evaluating the minimum merit-factors for the con-
sidered heat-exchanger types, the following values of fixed

quantities were adopted:

¢

Quantity Value
a¥ 0.0042 .
* X 68.5
q 5x108
u. 800
CF/CG 0.4
d2r'lDl 0.02
s 0.6
Nv,o+Nv,i 13
a1 57

*
tG,i 52
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‘The minimum values of the merit-factor in (4.3-8) are

presented in the following table:

P, /q P, /q
Type Type
Heller Spalding Heller Spalding
ch 1 .224 .215 ST 1 . 308 .290
2 .223 .213 2 .281 272
3 .223 .212 3 .281 .272
4 .223 .217 HG 1 .213 .203
5 .235 .22h 2 .207 .197
6 .233 .222 3 .213 .203
7 .232 .221 L .226 214
8 .230 .220 5 .222 .212
9 .231 .220 6 .217 . 206
LU 1 «220 .211 TR 1 .256 246
SG 1 .219 .210
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4,3.6 Choice of tower heat-exchanger type

Comparison of the results in the foregoing tablé

- indicates that types CD, ST have relatively high simplified
merit-factor values and can therefore be eliminated from
further consideration. Of the remaining types, the five
most meritorious are HG2, HGl, HG3, HG6 and SG1, in des-
cending order of merit for both the Heller- and Spalding-
systems, fhe reasons for the HG types occupying the first
four places are considered to be chiefly due to the fact
that their tubes are constructed of cheap mild steel.

The SG1 type, is considered to owe its relatively high sta-
tus to the improvement in heat-transfer performance result-
ing from its unique feature of having'an extremely high
?utside to inside.heat-transfer surface ratio, in spite

of having expensive copper tubes,

Choosing'suitable heat-exchanger types for cooling-
system applications does not only involve merit-factor
considerations. The chemical compatabilities with possible
heat-transfer fluids and corrosion characteristics in
moist, polluted atmospheres of the constructional materials
must also be examined. For example, the choice of alu-
minium fins renders all five of the highemerit types suit-
able insofar as atmospheric corrosion in industrial areas
is concerned. That this is so can be seen on page 1020
of ref.36,’provided that the aluminium is of greater than
99 per cent purity. However, in this context, the heat-

gxchanger types employing mild-steel tubes are regarded as

’
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unsuitable, mild steel being stated on page 1020 of ref.
36 as having restricted applications in industrial areas.
This disadvantage of mild steel can, at first sight, be
offset to some extent by the use of various coatings oﬂ
the outside of the tubes. For example, on page 655 of
ref.14 it is stafed that: "The long 1ife of,sprayed:.alu-
minium coatings on steel even in bad atmospheres is ime '
pressive"‘andv“steel hot-dipped in aluminium is now being
produced oﬁ a large scale", Howe#er, the extra cost in-
volved in "hot-dipping" steel tubes in aluminium can be
seen from ref.4 in appendix H to bring the tube cost
nearly up to that for a copper tube, In other words, the
extra cost of producing mild-steel tube coatings, such ¢
processes being further complicated in the preéent instance
by the presence either of the aluminium fins or their seat-
ing grooves, almost completely offsets the apparent advan-
tage offered by the use of mild-steel tubes,

| In view of the foregoing comments it is concluded that
the merit-factor values for types HGl, HG2, HG3 and HG6
should be made more representative by adjusting them to
include the oost of cladding, assumed to be thé difference
in cost between a mild steél and copper tube. This can

be done approximately by making use of (4.3-8) and (X1-1)
in deducing that the extra quantities to be added onto the

merit-factor values are given by

c*a £./a = bc*/ f(eg/ei)e,t
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‘where b is temporarily defined as

b = difference in cost between mild-steel and copper tubes
per unit bare tube surface area, £/sqft.
By using b = 0.273, evaluated from ref.4 in appendix
H,.c* = 68.9 from a table in 2,5, QC/QG values from table
2 in 4.3.4 and QG valucs associated with the merit-factors

appearing in the foregoing table, the following table can

be constructed:

HELLER SPALDING
% *
TYPE cag, /q PL/q cA xG/q PL/q
HG1 .0121 . 225 L0115 .215
2 .0109 .218 .0102 . 207
3 .0106 .224 .0101 . 213
6 .0112 .228 . 0106 .217

These adjugted merit-factor values indicate that type
HG2 is still the best but is now so closely followed by
type SG1 that they can be regarded as equivalent for prac-
tical purposes. Type SG1 is chosen in preference to-HGl
for calculations in the present investigation because the
larger QC/QG value associated with SGl will result in a
smaller frontal area for the whole tower heat-exchanger,
This will be advantageous as it eases the awkward task of

fitting the heat-exchanger into and around the cooling=-
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tower inlet area. In fact, if the frontal aréa is
sufficiently small, the need to resort to a structurally
inconvenient zig-~zag or concertina formation, as employed
in the Heller system tower at Rugeley (see ref.9), can be
eliminated.

The use of cépper tubes does not pose any chemical
compétability or atmospheric corrosion problems for the
Heller system as’can be seen from pages 1020 and 1021 of
ref, 26, In the Spalding system, however, copper cannot
be used should ammonia prove to be the moét efficient heat-
transfer medium. This is not considered to be serious
since the tube can be made from mild-steel (page 1013, ref.
36), this material also being suitable should methyl
chloride be contemplated (page 1019, ref.36). If freon
is desirable in the Spalding system or if, for some obscure
reason, copper is not considered suitable for the Heller
system, aluminium tubes can be resorted to acéording to
pages 1020 and 1021 of ref.36.

Since copper 1s expensive, the use of the foregoing
alternative materials will either cause the price of the
SG1l type to remain virtually unchanged or to be slightly
reduced,

Table 1 in 4.3.4 shows that, along with a number of
other heat-exchanger types, type SGl has the smallest dia-
meter tubes, The variation in optimum tower~heat exchanger
"dimensions is conéidered to be of practical interest.

Therefore, type LUl, having tubes of larger diameter than
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type SG:1 i1s adopted for a restricted number of calculations
in' the present investigationiso that the foregoing varia-
tions can be studied, Another reason for choosing type

1Ul 1s that it is practically equivalent in merit to the

SG:1 type; after optimization of (2.1-8) it will be possible
to see whether the merits of tyﬁes SG1l and LUl are as close
together as the simplified method of distinguishing between
them indicates.

Finally, no conclusions can be drawn here as to the
ability 6f either type SG1 or type LUl to satisfy the other
heaf-exchanger requirements enumerated in 4.3.1. This
task must be deferred until the results of optimizing tech-
niqués have been presented in a later chapter of the thésis.
However, it can be stated here that an expression for the
optimum number of tube rows is derived in appendix L, in
order to provide a means of testing whether the third of

the enumerated requirements is satisfied.
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5 CHOICE OF ‘SPALDING-SYSTEM REFRIGERANT AND MATERTALS FOR

STEAM~-CONDENSER TUBES AND TOWER HEAT EXCHANGER

5.1 Proposed method of choosing refrigerant

Now that the constituent terms of the merit-factor
equation have been completely derived, an attempt can bhe
‘'made to choose the most suitable refrigerant, the use of
which will result in the lowest merit-factor, subject to

. considerations of chemical compatability, toxicity, etc.

" The simplest method of approach is to gather all the
groups iﬁ the power-~loss equation which Qontain refrigerant
physical properties, ensuring fhat each .gro‘up is propor-
'tional to the merxit-factor. These groups are then
evaluated for each of the four possible refrigerants after
‘choosing an operating temperature, condenser-tube inside
diameter and tower heat exchanger tube inside diametex
which are representative of tﬁe Spalding system.

If one of the considered refrigerants has smaller
wvalues for all of these groups than any of the remaining
.?efrigerants, it will be indisputably the best choice.

'it is evén possible to come to a decision when a few of

fhe physical property groups of an otherwise ideal refri-
éerant are slightly larger than those of a rival refrigerant,
;rbvided that the of?ending groups play a sufficiently |
gmall role in fhe.evaluation of the merit-factor.

The next sub-section contains information leading to

. the presentation of a table of numerically evaluated
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phy#ical property groups. It is hoped that one of the
possible refrigerants chosen in 1.4.3 will be of sufficient
merit to respond to the simple method of approach outlined

in this sub-section.

5.2 Evaluation of physical property groups
The required groups containing refrigerant physical

properties are found by examining the equations presented
in chapter 3. An English alphabet capital letter is used
to designate each group as an aid in the compilation of

tables. In addition, the reference numbers of the source

equations are quoted for every case, Hence,
0.4, 1
A = §0.0184 (kf’H/dH)(NPr’H)f 1 (D.1-1)

B = at,H/vf,H
2

C at,Hap,HCFbp,H

D = a, y8, yCpbp,u | (3-4-27),(3.5-18),(3.5-19)

..E = at,Hap,HCF

F = at,Haa,H

¢ = a"?,  (E.5-5)
-1

H = 2, (D.Uu=l)

I = a %, (3.4-32)

: u' C. * N

J o= v p®, w/Cr p

K = vf’Fap'pr’H/cf’F (3.5-18)

Ve Fop,iPp, 1 Cf, F



After assuming the values d

H

5.2
. -1 ) o
Moo= ve g8 1O /ee pr (3.5-19)
N vf,FCF vg,F/cf,F’ (3.5-20)
- - 3

0 = Vf,FCF vf’F/cf P (3.5=21)
P = ve gl o/Cep

(3.5-22)
Q = Vg pb, o/Ce p

R = ap/vep

(3.6-20)

S = aR/vg F *

= 0.,0518, dg

180

= 0.0414

and a representative Spalding-system operating temperature

of 100 deg F, appendix A may be used to calculate refrig-

erant properties necessary for the compilation of the

following tables:

TABLE 1

Legend Ammonia Freoﬁgggiggzzg;l Chloride | Freon 12
¢ 1 2.07,-3 2.38,-3 4,10,-3 3.79,-3
a .| 1.93,-10 6.29,-10 9.07,=-10 1.52,=9
b ou 13.84 9.20 13.49 10.32
Cp kiz 208 397 232
2,1 2.48,-9 4.78,-9 1.36,-8 1.,22,-8
a,.c 8.42,-9 1.29,-8 3.59,-8 3.04,-8
L 1.11x10™2% 1.83,-22 2.06,-22 1.12,=21
an 0.0625 0.300 0.0750 0.125
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TABLE 2
Refrigerant
Legend Ammonia Freon 22 | Methyl Chloride | Freon 12

A 7.45 34.2 22.9 44.0
B 0.0753 0.170 0.227 0.298
c 3.15,-8 2.63,-8 2.69,=7 1.42,-7
D 2,28,-9 2.86,-9 2.00,-8 1.37,-8
E 1.65,=10 3.11,-10 1.48,-9 1.33,-9
F 5.13,=12 |. 1.,14,-11 5.71,=11 h.62,-11
G '0.0100 - 0.0204 0.0278
H - 4,35 2.58 5.11
I 51,2 139 67.5 122
J 4,.57,-12 2.55,=11 4,20,-11 8.00,-11
K 8.76,=-10 2.16,-9 7.64,-9 8.52,-9
L 6}33,-11 2.34,-10 5.67,=10 8.26,;10
M 1.42,-13 | 9.31-13 1.59,=-12 2.77,-11
N 3.58,-10 9.49,-9 4.30,~9 2.25,-8
0 6.93,-12 5427,=10 8.80,-11 9.25,-10
P 2,00,-10 5.22,=10 1.66,~9 1.61,-9
Q 2.63,-26 7.41,-24 9.54,-24 5.91,=-23
R 2.27 21.4 k.15 9.83
S 0.04Y4 1.19 0.085 0.406
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5.3 Choice of refrigerant and cooling-system materials

Table 2 shows that the physical property groups for
Ammonia are smaller than those for the other refrigerants
in all but one of the cases, viz. item C. After referring
to the source equation of item C, i1.e. (3.4-27),it is noted

that At is involved. Additional references to (E.5-4),

s,H
(E.5-6) and (E.5-6) indicate that the value of 8%, s which
calculations show to be about 2 deg F, affects the value

of the merit factor so slightly that the higher value ofv
item C causes negligible detraction from the obvious merit
of ammonia. In consequence, ammonia is regarded as the
first choice with regard to thermodynamic performance.

" This simple method of comparison does not provide an
answer as to which of the remaining refrigerants is the
next best. Inspection of table 2 shows that both freon
22rand methyl chloride are probably better than freon 12.
Moreover, if the cost of refrigerant is a relatively un-
important item, as calculations indicate, then freon 22
érobably has the edge on methyl chloride. In the event,
however, of ammonia being unsuitable for some reason, it
would be advisable to obtain minimum values of the merit-
factor for both freon 22 ahd methyl chloride; only then
would it be possible to decide which of the two is best
for use in the Spalding system.

In the following paragraphs the chemical compatability

of ammonia in relation to possible nooling-system materials

is discussed.
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As stated in 4.3.6, ammonia is chemically compatible
with mild steel. Therefore, the use of mild-steel duct-
work together with mild-steel stecam~condenser and tower
heat-exchanger tube§ is not only permissible but also
desirable because of the cheapness of mild steel. Two
precautions to be observed are that copper alloys are to be
évoided at all costs and that the outside surface of the
heat-exchanger must be clad with aluminium to ensure long
life (page 1015, ref.36 and page 655, ref.14). The use
of mild-steel tubes is not cxpected to pose any problems
whenin contact with steam and condensate on the Steam-side
according to the information on page 1021 of ref.36.

The effects of another contingéﬁcy must be considered
before finally choosing a Spalding-system refrigerant.
Namely, what happens if there 1s a leakage of refrigerant
into the Steam-side due to condenser-tube or sealing failure?
According to pages 182 and 183 of ref.lhk this occurrence
is not necessarily disastrous, if ammonia 1s the refrigerant,
as the presence of some ammonia in boilers can actually be
beneficial; it is apparently sometimes added to destroy
unwanted acidity due to the presence of carbon dioxide,
However, on page 465 it is stated that if copper or copper
alloys are used in the boiller plant,_the ammonia content
in the boiler feed water must not exceed that amount
necessary to combine completely with the carbon dioxide;
this is found in practice to be less than 5 ppm, Therefore,

il copper materials are used in the boiler circuit only a
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sméll amount of ammonia leakage is‘permissible; if copper
1s not present a failrly large leakage 1s .permissible.

Ammonia pas is fairly toxic, being of the same order
of toxicity as carbon monoxide, chloroform, methyl chloride,
but does not constitute a danger to life if its concentra-
tion in the atmosphere does not exceed 1 pgrt in 10,000
(see page 277, ref.h). However, the fact that it is used
in refrigeration plants indicates that it is séfe to be
used in.the proximity of living creatures provided that
reasonable precautions are taken to prevent excessive leak~
age. A fortunate feature in this context is thét the
pungént odour of ammonia makes 1t easy to detect when, and
in many cases, where leakages occur.

In view of the foregoing comments, it is concluded
that, in view of its obviously hipgh thermodynamic effic-
iency, ammonia is the best of. the considered refrigerants
for use in the Spalding system, provided that:

i) the presence of copper is entirely eliminated'in
the coupling circuit, and restricted in the boiler circuit;

. 41) excessive leakage of ammonia is eliminated.

Accordingly, ammonia is adopted for use in the preéent

investigation.
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6 METHODS FOR THE PREDICTION OF OPTIMUM-DESIGN CONDITIONS FOR

THE WET SYSTEM

6.1 Introduction

As has been stated previously, a realistic comparison
of differenf cooling-system types is possible only aftexr the
design of each one,ﬁas been optimized. Since the criferion
of comparison in the present investigation is the so-called
-merit-factor, established in chapter two, optimum design
conditions will prevail when the merit-factor is at its
minimum value. The classic method of determining the asso-

ciated optimum values of the design variables is to solve the

following set of equations:

3P, /q)/3x; = o. . (6.1-1)

This set is derived by differentiating (2.1-8) with respect
to each of the n design variables xl, x2. csese xn. ‘
Unfortunately, the equations (6.1-1) are so complicated -
that they cannot be easily solved unless they can be con-
siderably simplified. In consequence, the aid of an alter-
native, numerical method of accurately ascertaining the opti-
mum values of the design variables is enlisted, so that the
orders of magnitude of the terms in equations (6.1-1) can be
examined to see whether simplifications are possible.
Acoordingly, this chapter is devoted, first of all, to
describing the alternative numerical method which has the
disadvantage of requiring the use of an automatic digital

"computer. Then, the numerical results resulting from the
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application of this method are used in simplifying the
equations (6.1-1) in such a manner that they can be easily
solved, thereby providing an approximate method of deter-
mining optimum values of the design variables which can b;

easily carried out without the aid of a digital computer.

6.2 Accurate method of predicting optimum values of_design

variables. |

The optimum vaiues of the design variables are déter—
hined by the so-called "steep-descent" technique, briefly
outlined in appendix G. The procedural requirements of
this method, ip the present context, are briefly outlined
as follows:

i) Prepare a computer program which consists of the
following two subsidiary programs:

a) a slave program which will calculate a value
‘of the merit-factor from (2.1~-8) and the most accurate ver-
sions of its constituent equations in chapter 3, given values
of the waste-heat rejection rate, operating conditiohs, fixed |
characteristics and design variables;

b) a master program which will use the slave pro-
gram to calculate merit-factor valﬁes f&f various, internally-
generated combinations of design-variable values in a system-
atic search for that combination which will result in the
minimum value of the merit-factor, this final combination
représenting'the optimum values of the design variables.

ii) Choose a range of waste-heat rejection rates.
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1ii) Choose typical operating conditions such as appear

in the second table in 2.5.

* and other fixed quan-

iv) Choose values for a®, bv¥*, ¢
tities such as fixed characteristics, constant physical Promwtg
groups, performance constants and price constants.

v) Choose initial guesses (together with practical upper
and lowér limits) of the optimum values of the finally adop-
ted design variables appearing in 3.7.

| v;) 'Specify the upper and lower limits of the ranges of
applicability of the various formulae used in analyzing the
cooling system.,
vii) Insert the‘numerical values of the quantities men-
tioned in steps ii) to vi) into the automatic digital com~
puter. |
viii) Allow the computer program mentioned in step i) to
find the optimum values of the design variables and to check
whether the ranges of applicability of any formulae have
been exceeded.

ix) Finally, cause the optimum values of the design
variables to be printed: out, tOgéther with the associated
minimum value of the merit~factor and any other auxiliary
quantities which are considered important for future reférence.

x) Go back to step ii), repeating steps ii) to x) until
the range of waste-heat rejection rates has been exhausted.

The foregoing procedure was carried out over a range of
waste~-heat rejection rates for operating conditions, fixed

characteristics and prices considered to be representative
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of the United Kingdom in 1964, Values of these quantities
and the results accruing therefrom are presented in chapter
nine in the form of tables and graphs.

Notice is taken both of the numerical values and the
trends, indicated by the use of this accurate numerical
method of optimization, when establishing an approximate
method of determining optimum values of design variables in

the next section.

6.3 Approximate method of predicting optimum values of

desigsn variables.

6.3.1 Establishment of method

The first step in establishing an approximate method is
to differentiate the merit-factor equation, (2.1-8), with

respect to each of the Wet-system design variables finally
adopted in 3.7.1, viz.

QH’ wn, CF’ té,i’ dT' Dl’ rp, s and t

in order to arrive at the set of eguations represented by
(6.1-1). Having done this, the solution of nine simultan-
eous, non-linear equations appears to be involved, chiefly
because the design-variable, CF’ appears in nearly all of the
individual equations constituting (6.1-1). However, further
examination reveals that if a fairly rough estimate of the
optiﬁum value of CF is known beforehand, then the three equa-
‘tiqps

8(PL/q)/3QH =0, a(PL/q)/awH = 0 and a(PL/q)/adT = 0

(6.3-1)
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can be regarded as independent of the remainring equations
in (6.1-1). 1In fact, optimum values of Q, and W, can be
obtained by solving simplified versions of the first two
equations by an iterative méthod, whereas dT can be obtained
directly from a simplified version of the third equation.
This approach is considered suitable.for doing this and the
relevant equations are derived and presented in the follow-
ing sub-sections.

Even though the three equations in the foregoing para-
graph are regarded as independent of the rest, there is
still no easy solution for the remaining six equations in

(6.1-1). The reason for this is as follows:

The formulation of the equations

3(Pp/q)/QCF =0 and Q(PL/q)/atC,i =0 (6.3-2)

involves obtaining analytical expressions for 3(r5-r1)/3CF
5—1‘1 )/atC, i;

(rs-rl) is a term appearing in the merit-factor equation, as

and 9(r this becomes evident upon noting that
indicated in 3.7.1. Furthermore, (rs-rl) can be seen -
from statements subsequent to the presentation of (3.7-6)
- to beqr such a complicated relationship to CF and tC,i
that if would be impracticable to try to formulate equatiogs
(6.3-2).

Consequently, it is concluded that unless optimum or
near-optimum values of CF and tC,i are known beforehand, no
easy method of predicting optimum values of the remaining

design variables, Dy Toe 8 and t exists. Therefore,
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attempts at egtablighing an approximate method in the pre-
sent investigation are restricted to the case where Cp and f
tc,i are both fixed at values considered to be close to
their optimum values.' Such values are easily obtained for
present purposes since they are provided by the accurate
numerical method described in the previous section. From
graphs 3 and 4 of chapter 9, tc,i and C, are seen to remain

eseentially constant with respect to q, the waste-heat

rejection rate, although it is conceded that this applies

to only one set of operating conditions t and
o only on P 4 (Patmr tc,1
* :
tG,i)' | |
The fixing of C, and t does not constitute a serious

F C,1i
departure from reality as the Central Electricity Generating
Board, when calling for cooling-tower design tenders, spe-
cifies fixed values of C, and t .
F C,1
which these design variables can be calculated.

or fixed quantities from

The simplifigation afforded by f;xing CF and tC,i is
considerable. For example, in the (rs-rl) equation, given
by (3.7-6), the factor (D)chil/k can be directly estimated
from (3.7-7) and (E.1-4). Also, Np,g can be evaluated from
equations (3.7-8) to (3.7-11), (E.1-6) and (E.i-u).

The establishment of an approximate method of obtaining

optimum values of the remaining design variables, Dl' r 8

p'
and t now becomes relatively easy. First of all the equa-~

-

. tions

9(p,/q)/3D; = o0, a(pL/q)/arp = 0,



63.2 - | | | 191
3(p,/q)/3s = 0, 3P /q)/2t = O, - (6.3-3)

are formulated.“-Then they are simplified after examining
the orders of magnitude of their constituent terms in the
light of results obtained by the accurate numerical method
described in the previous section. Each equation is then
manipulafed algebraically into a convenient final form so
that an iterative method of solving for the design variables
will result in rapichonvergence.

The relevant equations are derived and presented in the
following sub-sections. In all instances, wherever such
choices exisf, the least accurate forms of the formulae
" presented in 3.4.1, 3.5.1, 3.6.1 and 3.7.1 are employed;
this is done to arrive at tractable ;quations. .In the in-
terests of brevity, explanations of the steps involved in

the derivations are deliberately curtailed.

6.3.2 Optimum Hot-side heat flux, Qy» and loading factor,

My _

In differentiating PL/q with respect to Q, and W,, only
those terms which are functions of QH and WH need be con-
sidered. Thus, after perusing the equations in 3.4.1,
3.5.1 and 3.6.1, the expressions to be differentiated may be

represented by the following proportionalities:
* .
P /qa= a {QH/UH-CF(O.5-0.0833 UHCF/QH)}

* -1 *.
+ b aP,BCF Apfr,H*c Ss/q, . (6.3-h)

* * -1
P /a e a'Qu /Uy +b a, Cordpe, g (6.3-5)
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The last term in the ordinary brackets in (6.3«4), being

small, is given the constant value, 0.067, After using

(6.3-4) and (6.3-5) in formulating
9(P, /q)/3Q, = 0 and 3(P./q)/3W, = © (6.3-6)

respectively, these two equations can be combined and re=-

arranged to give

. 0.5
Q, = Rc*/a*)Sg(QH/QS)/{0.8h/uH+1.18/um’H+1.sh(QS/QH)uS}}
(6.3=7)
and
Wy = (a/b)3 (6.3=8)

wheré the temporary symbols a and b are defined by

b

c*£8(Q,,/Q5){0.0833(Qg/Qy) /ug+0.8/u,} ,

0
]

*
b aP’Bap,Hff,H{l.98/uH+2.78/um'H+3.62 (Qg/Qy)/ugl

Optimum values of QH and WH are obtained by solving
(6.3-7) and (6.3-8) iteratively, provided that representa-
tive numerical<§alues of q = 109 and CF = 18 are used in
evaluating u.; 8ince these quantities occur to the one-

twelfth power, u_. will be accurate even for large variations

S

from the chosen values.

6.3.3 Optimum inside diameter of coupling-circuit duct,

ay

&n formulating

3(P; /q)/3d;, = © - ; (6.3-9)
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the required proportionality,

* -1 *
PL/qcﬂ 2b aP,BCF Apfr’T+2 c"£./q, | (6.3-10)
can be used to give 1 1
/6 /6 -
-l -
dp ={(b*/C*)aP,Bap.TLT qCFB} (a) (6.3-11)

where the temporary symbol a is defined by
-1 :
a = (ff’T)[S-Z{ In(0.27¢,/d.} ]/(l.6dT-2.65) (6.3-12)
After assuming a roughness factor of €p = 0.001 for bitumen-
lined ducts, after examining the table on page 138 of ref.l4,
(a)l/6 can be shown to be closely fitted by the expression
1/6 ~0. 30k
(a) = 0.63dy » for d;23.0. (6.3-13)

The substitution of (6.3-13) into (6.3-11) results in the

following explicit expression for dT:

3 0.128

qc? } g (6.3-14)

= LR -
dp = 0.702{(v"/c*)a, sa Lo

T is independent of LT as may be

seen by referring to (3.5-6). A noteworthy point is that

The optimum value of d

dT must not be permitted to be greater than six feet in
accordance with the restriction imposed by Stewarts and

Lloyds in appendix I.

6.3.4 Optimum tower-base diameter, D,

In formulating
9(P /q)/3D;, =0, (6.3-15)

the required proportionality,
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* . -1 #*
PL/qec b aP,B{(agrav/go)/vf-,T} Cp rle+c (SD/q), (6.3-16)
can be used to obtain
= (c*/q) [dj{ 1-(1-¢)°* 5}+dh-2d5D1-3+d7Arp+2d1D1
2
+ 3d8rptnl+2{d2+d8(zz-zpuh.9)} tn,
+[d6+d7{rpD1+0. 5(22—zp 1] [3A/3D1]]
* -1 .
+b aP,BCF {(agrav/go)/vf,F} rp ’ (6'3'1%)
3A/3D1 is given by

34/3D, = (2.195+0.982) [1.62{(D) , , /x}* (N, ~ +0.))3

(0%, 4 (0/0g) ™ “rymamn 07"} 0,50z, 72,1

(6.3-18)
Numerical estimates of the orders of magnitude of the
terms in the two foregoing equations indicate that:
i) Some ofthe terms in (6.3-17) are so ’.small that they
can be calculated at the representative values of t = 0.75,

D, = 300, A = 2.1 x 107, r, = 0.06 and z,-z = 7.125 so

A 2
that
d,§1-(1-t)%"5} +a,~2d,_D. "3 + a Ar_ = 14 (6.3-19)
3 4 571 7°p ’
d, + de(gz-zp+1h.9) = 1.65, (6.3=-20)
d, { r D;+0.5 (ze-zp)} = 0.023. (6.3=-21)

t

11) Some of the terms in (6.3-18) are negligibly small

and may be ignored so that
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-3 by,s |
D, av’B(GC/GG) T, ® 0, : _ (6.3-22)

0.5 (zz-zp) & 0. | . (6.3-23)

After incorporating (6.3-19) to (6.3-23) in (6.3-17)

and (6.3-18) and re-arranging, the optimum value of D, can
be evaluated from
D, = (a/v)0:35 (6.3-24)
the temporary symbols a and b are defined as
a s (10 6lis + 4 77) [{(p) /x}?'(N'l +0 5)3 N_]

= . . chil/ X3 \Ny g +0. vd ?
b = (dg +0.023)71 [14+2d,D, +3d.r t, 2+3.3tD

= \dg +0. 191 ¥0%gTt0; +3.3tD,

*, * ~l¢¢
+ a(v7/c )aP,BCF {(agrav/go)/vf,T’}rp] *
6.3;5 Optimum under-pack height to tower diameter
ratio, T,
In formulating
3Py /q)/3r, = o, (6.3-25)
the required proportionality,
P,/q< b a C-li(a v/ Y/ v }r D
L/ 4 P,B°F Eran Go £, T pl
#* : 3
+ (c/q) [d6+d7{rpnl*°'5(2'2-'zp)}A*d8rptD1 ],
(6.3-26)

can be used to form
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* -1
0 = bap pCpi(a, ., /68,)/ Ve p1D)

+(c*/q)[[dé+d7{r.ppl+o,5(22-zp)}](BA/Br'I))+d7ADl+d8tDl3] ;
| (6.3-27)

BA/arP,is given by

3a/3r, = (2.19540.982)[1.62{(D)chil/x}z(Nh:é+0.5)3

2 Py, s 3 3 4

- ' - - -
{Dllav,s(GC/GG) - 2Dy ay,1%p =3™,D, }]'
The relative insignificénce of certain terms in these two

equations makes it permiseible to estimate them at the fixed

representative values of GC/GG = 1, D, = 300, r, = 0.06,
= = = ) -
that
d7{ Dy ¢+ 0.5(22-zp)} ~ 0.023, ; (6.3-29)
3 5 _
d,AD; + dgtD;” % 1.3 x 107, (6.3-30)
2 bv s 6
- , -
Dy av,s(GC/GG) = 1,8 x 10" . (6.3-31)

In addition the fN_ term in (6.3-28) is negligibly small

and may be replaced by

BENVDI.
After incorporating (6.3-29) to (6.3-32) in (6.3-27)
and (6.3-28), and then re-arranging, the optimum value of

rp is given by

r = (a/b)~% ; (6.3-33)




6.3.6 : 197

the temporary symbols a, b, ¢ and d are defined as'follows:

a = (c/d) +» 1.8 x 10-6,

b = 2av,:l.D1-3’
c = (4 +0.023)'1[(b*/c*)qap'Bcgl{(agrav/go)/vf'T}Dl+1.3x105],
-1
d = (3.558 +1.59){(D) gy, /x}* (NTG + 0.5).
6.3.6 Optimum throat to base diameter ratio, s.
In formulating
(P, /q)/3s = 0, (6.3-34)

the required proportionality,
*
can be used to obtain

0 = {(2.194)/(2.195 & 0.982)}

~6.48(2.195+0.982){(D) 1.y , /x}?D7 7 (N, "5+0.5) 767,
(6.3-36)

The incorporation of (3.7-6) in (6.3-36), after ignoring the

chil

relatively small (za-zp) term in (3.7-6), results in the

following expression for the optimum value of s:

-1/5
s = {0.5475N /(2,198 + 0.982)} . ' (6.3-37)

6.3.7 Optimun blanking factor, t.

In formulating

3(p /a)/3t = o, ‘  (6.3-38)
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the required proportionality,

PL/qec (c*/q) [dztnii»dj{l-(l-t)po 5}1)11» [d6+d7{rpDi+0. 5( zg—zp)}] A

+ dsth{‘npD1+(zz-z?)+lh.9}] y ( 6.3-39)
can be used to give
2 =0,
0 = (c*/q) [d2D1+0.5d3D1(1-t) > +[d6fd7{rpD1+0.5(22-zp)}](3A/3t)
+ d,D 2{r D,+(z,~2 )+1h.9}] : (6.3-40)
gP1 1Tp 1*\%27%, ;
' 9A/3t is given by
an/at = -(7.1843.18)[{(D) _, ;,/x}*p]2 (N, 0 5)3
° * chil 1 h,G °
(nv,pack+nv.elim)t-3] . ‘(6.3—h1)

Some terms in (6.3-40) are so small that they may be estimated
at the fixed representative values of D1 = 300, t = 0.75,

T, = 0.06 and (zz—zp) = 7.125 so that

o.5d3D1(1-t)"°'5 & 2000, (6.3-42)
- 2

dSDi {rpD1+(zz-zp)+1h.9} = 0.129D 7, (6.3-43)

d.{r D; + 0.5(z,-z )} = 0.023. (6.3-%)

After the substitution-of (6.3-42) to (6.3-44) into (6.3-40)
and subsequent re-arrangement, the optimum value of t is

given by

t = (a/0)3, (6.3-45)

where the temporary symbols a and b are defined as
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(7.1s+3.18){(D)chil/x}ZDIS(Nh'G+O.5)3(n

(d6+o.023)'1{(d2+o.129)D12+2ooo} .

199

v, pack’nv, elim )e



7 | | 200

7 METHODS FOR THE PREDICTION OF OPTIMUM-DESIGN CONDITIONS FOR

THE HELLER SYSTEM

7.1 Introduction

The prodedure followed in developing optimization methods
for the Heller system is similar to that in the previous
chapter, viz. for the Wet system. In the first instance,
the accurafe numerical méthod ~ the application of which has
been described in 6.2 - is used to obtain optimum values of
the following.Heller—system design variables, finally adopt-

ed in 3.7.2:

Wos Coo CF/CG’ n,gr Npo dr» Dy, T; and s.

Then, after noting the numerical values of and the trends
displkyed by various quantities, a method of determining
approximate values of the design variables - not requiring
the use of digital computer - is established in the same
way as for the Wet system. o

Attention is drawn here to the fact that, in following
the above procedure, one of the design variables, viz. the
number of tower‘heat—exchanger tube rows, n_y is fixed at
én even-integer value. This restriction on n_ is necessary
otherwise optimizing procedures will generally result in non-
integer values for n_, and this does not happen in practice
according to the requirementa for tower heat exchangers
ennumerated in 4.3.1. The assumption of an:even—integer

value for n. arises from the fact'that two Cold-side passes
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have been assumed for the Heller system in chapter 4; the
choice of an odd-integer value, not being a multiple of two,
would give rise to construction problems.

In order to determine the required numerical value of
n. the following procedure is carried out:

i) Choose a range of even-integer values for n_.

ii) Use the accurate numerical method of optimization
in determining the minimum value of the merit-~factor in
(2.1-8) for each of the chosen n  values. The required
numerical falﬁe of_nr is that one which results ;n the
smallest value of the merit-factor.

Numerical results éccruing from the applicationvof the
accurate numerical method are given in chapter 9. The esta-
Kblishment of the approximate method, and the derivation of
equations pertaining thereto, is described in the next

section.

7.3 Approximate method of predicting optimum values of

design variables

7.3.1 Establishment of method

The first step is to derive the set of equations,
given by
(P, /a)/dx; = O, (7.3-1)
for each of the design variables listed in 7.1 -~ except for

n, - making use of the least accurate forms of the formulae

presented in 3.4.2, 3.5.2, 3.6.2 and 3.7.2 in order to arrive
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.at the most tractable equations.,

After formulating the equations (7.3-1), ré—arranging
them and then attempting to obtain optimum values of the
design variables by an iterative method, no solution was
forthcoming. Examination of the cquations under considera-
tion revealed that they were ill-conditioned, due chiefly to

the fact that the forms of the two equations

3(PL/q)/8nh’G = 0 (7.3-2)
and
3(P /q)/2r; = © | (7.3-3)

were such that simple iteration generally resulted in values
of r, and oG which would not converge rapidly enough to

?
prevent values of the remaining design variables from di-

yerging.

One established method of increasing the probability of
ultimate convergence is to obtain more accurate values‘of
nh.G and ry, for a particular iteration cycle, by carryihg
out a few iterations on each of the individual equations
represented by (7.3-2) and (7.3-3). Unfortunately, this
coursé of action requires more calculation as it involves
iterations within an iteration.

Examination of the results in chaptexr 9, obtained by
the accurate numerical method, reveal that insofar as nh,G
is concerned the course of action suggested in the previons

paragraph is unavoidable. However, the value of the merit-
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factor can be seen from the results in chapter 9 to be re-

latively insensitive to the value of r even although ry

1?
does have an optimum value. This occurrence is explained
by the fact that the increase in cooling tower price,
accruing from an increase in Ty is almost completely com-
pensated for by the accompanying decrease in inlet velocity-
head loss of ailr flowing through the tower. The occurrence
is a doubly fortunate one in that:

i) It enables r; to be fixed at a representative value,
thereby eliminating it as a design variable; (7.3-3) can
therefore be removed from (7.3-1) and will no longer be an
obstacle to iteration processes.

ii) The‘ability to assipgn to‘rl numerical values which
caﬁ_vary over an appreciable range, without significantly
affecting the value of the merit-factor, enables the inlet
height of a cooling tower to be changed. This, in turn,
gives a designer a certain amount of freedom if the optimum
dimensions of thevadopted heat exchanger are such that the
tower inlet height has to be changed from its originally
chosen value in order to ensure a successful fit into the
tower base,

In view of the foregoing comments, it is assumed that

r, can be fixed when establishing the approximate method of

1
optimization in the present investigation.

Upon adopting the proposed modifications concerning

n and r,, the equations in (7.3-1) did respond to 4n

h,G 1
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iterative method of solution but, unfortunately, gave values
of phe optimum design variables which compared unfavourably
with the values obtained by the accurate numerical methdd.
Detailed examination of the equations revealed that the moétv
likely source of error lay in the adoption of the approxi- -
mate area equation (J.2-2) which, while proving satisfactory
fof the Wet system, was not suitable for the Heller system.
In consequence, it was decided to adopt the more“éccurate
equation (J.2-1). However, because it is considerably moke
complicated than (J.2-2), an attempt was made to restrict
its use to the smallést possible number of equations in
(7.3-1) consistent with required accuracy. In fact,.it was
found necessary to use (J.2-1) only in tﬁe formulation of

the equation
B(PL/q)/as = 0, (7.3-4)

The derivation of equations from which approximate
optimum values of the design variables can be evaluated now

follows.

7.3.2 Optimum inside diameter of coupling-circuit duct,

dr

In formulating

3(P, /a)/3d, = o (7.3-5)

the required proportionality,

| 4 -1 |
P /q = -2b*ap’TCG (cp/Cs) Apfr’,ch*i'.,r/q , (7.3-6)
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can be used to obtain

. -1 , 0.128 -0.384 -0.384
dp = 0.702{(v*/c")a, pa L7l ¢~ (cp/cy)

(7.3-7)
after following a procedure analogous to that in 6.3.3 for
the Wet system.

The optimum wvalue of dT is independent of L _, as may be

T
seen by referring to (3.5-6). In applying (7.3-7), dp

must not be permitted to be greater than six feet in accord-
ance with the restriction imposed by Stewarts and Lloyds in

appendix I,

7.3.3 Optimum heat=-capacity factor ratio, CF C..

' In formulating
(P, /a)/3(c/C;) = O ' (7.3-8)
the required proportionality is
P, Aq « a.*cG/eG+b*aP Tc(;l(cF/cG)‘l{d+(1+npt)Apfr T} ;
s ’ ’
(7.3-9)
the temporary symbol d is defined by

d = r‘P'lgspﬂ*(l-'.'pt)[patm"ps‘,S"{agx-a\r/(govf,c)}(’7'11)1‘214)] ’

after noting that r; = zl/Dl‘
After differentiating (7.3-9) and then re-arranging,

the following expression for the optimum value of CF/CG

results:

- o.r'A
cF/cG = cal[p.5(d/a)+{o.25(d/a)2+(c/aﬁ°'J] ); (7.3-10)
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the temporary symbols a -and c are defined as

P
N

{1.02a*/bfap,T)up.5-0.125nh’G+o;125nh,G(cF/cG)}

-5
Bap,T(1+npt)ff,TdT .

[¢]
}]

7.3.4 Optimum Air-side heat-capacity factor, C

G
In formulating

3(p /a)/dc, = 0 - - (7.3-11)

the required proportionality,
.
P /aw a¥fig o=t o) 1+ co/e;]

+b¥a ap ¢ G (c /c ) 1}:Ap+(c*/q)(d +d 'lDl)A+c*£anl,

(7.3-12)
can be used to obtain the following expression for the

f
optimum value‘: C.:
= )

- 0.5
Cq = [(o.s/a){f+(f2+hag)°f9}] . (7.3-13)

The temporary symbols, a, d, ¢, f and g are defined as follows:
J

L Rfe e SR
asa (QC/QG)(1/uC+1/um,C)aq,Gnh,G +a /GG ,
d = TlptApH+(l-npt)[.patm-ps,s*{agrav/(govf,c)}(rlDl-zII)]
ez (d 14,1 D )(2.19s+0.982){h38v /(b cG grav/go)}
f = b*a, .d(c./c )-1+0.5b a (1+n )£ w3
LT P G PT8p 135, ¢%,6 pt’tr,c¥chn, g
: 3, -1 -9,
+0.0625n c*(e/q)a n, Cec¥era iy

n, G l h,G G q,G h, G
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g s b ap qap o(1engy)fe pdn 2(cp/Cg) ™

* -3 r
*+ 3c qul (Nv,o*Nv,i*kv,misc)f

7.3.5 Optimum Cold-side loading factor, Wc

In formulating
(P, /q)/3VW, = 0 (7.3-14)
the required proportionality,
P /q e« a™t, ,-(t_ ) }+0.50%a; ~cot(c/c )T (1en )8
1./ Coi™Vom, 6703772 %p 1% G pt’ “Prr,C?
(7.3-15)

can be used to obtain the following expression for the

optimum value of WC:

W = (a/b)0-28, (7.3-16)

The temporary symbols a and b are defined by

-1

a g 0.576a" a,. ¢ 2q,

23,
G(Q /9 )CG“h G °*
b = b a, (1en,)
= b 3p 18,c%,c' T pt /e

7.3.6 Optimum tower-base diameter, Dy

In formulating
9(P; /q)/3D; = 0 A ' (7.3-17)
the relevant proportionality,

P/a e ey (0ot (0p/00) T (A ) A/ (Ve )Y 7Dy

* (c*/q)(dl+d2rlDl)A | (7.3-18)
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can be used to arrive at the following expression for the

optimum value of Dlz

D

; = a%? (a/b)0:25 (7.3-19)

the temporary symbols a, b, d and e are defined as

+ N

- \
azN + l\v,:l. v, misc

v,0 ’

J
2 o
(qud/e)/(3d1+2d2rll)l)+ 0.206 an',CGn] G

b*

[oA
1]

ap, 1% (Op/Ce) ™ (1=n5e) § 2grav’ (EoVe,c)d

2 -
c*{hBBVG’i/(gocgagrav/go)}(2.195+0.982)CG3 .

[+}
]

In deriving (7.3-19) it is assumed that the ratio
(3d1+2d2r1D1)/(d1+d2rlDl) is equal to 3, an acceptable
assumption in view of the fact that the terms containing

d2 are relatively small.

7.3.7 Optimum throat-to base-diameter ratio, s
As mentioned in 7.3.1, the area equation (J.2-1) is used

in the formulation of

- 3(p/q)/3s =0 ' (7.3-20)

instead of the less accurate (J.2-2) in order to obtain
sufficiently accurate optimum values of the design variables.

The use of the required proportionality,
‘ .
PL/q < (C*/Q)(dl"'dzrlDl)A’ (7-3"21)

then results in the following expression for the optimum

value of s:
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s

= (a/b)?? (7.3-22)

The

by
1]

a(p

the

temporary symbols.a and b are defined as
[{B -AA(s—l) }s+ Cy ],

AA(s-l)(Bs-l) + 3, .

7.3.8 Optimum partial number of Air-side transfer

units, nh,G

In formulating

/a)Rny o = 0 _ (7.3-23)

required proportionality,

x -1 -1
P /q e aﬂ&c,i'(tm,c)}’CG/eG]*O'Sb ap p(1en,)C 7 (Cp/Co) " ans, o

can

mun

The

.
]

*  nn=1
+(c*/q)(d;+d,r D )A + Fgget (7.3-24)
be used to form the following expression for the opti-
1 3 :
value o "h,G
1/(3,-1)
o ={(1.62aq)/(c*5 da (D))} . (7.3-25)
temporary symbols a and d are definédAby
l+J )
-1 * 3 -(
313q,510-50%ap p(len )a £ Wiec"seYn "h,G
Jl

- a"(Qy/Q,) (L/ug+1/u_ ,c)di18q,c Gnh G

2

.1.025.*02{0.0625-%"G -0.125(C,/C,)+0.0625(Co/C; )%},
’ ¥4

(438vg /(84058 ray/80)} (2-195+0.982) (a, +d,riD) ).
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As mentioned in 7.3.1, (7.3-25) requires to be iterated
a few times in order to obtain a more accurate value of

n g for use in the overall iteration cycle.
T '



8.1 _' 21

8 METHODS FOR THE PREDICTION OF OPTIMUM~DESIGN COND1LTIONS FORf

THE SPALDING SYSTEM

8.1 Introduction .

The accﬁrate numerical method of determining the values
of optimum design variaﬁles for the Spalding system is
carried out in a similar fashion to thaf for the Heller
system.

The number of tube rows, n_, is fixed at an integer
value for the same reasons and according to the same proce-

' dure as outlined in 7.1. However, because one.Cold-side
bass has been previously adopted for fhe Spalding system,
the integer.valué need not be an even number as is required
for the Heller system. |

Numerical results in chapter 9, accruing from the appli-
cation of the accurate numerical method, indicate that there
is nb optimum valﬁe of ry for the leller system. The form
of the tower price equation (J.4-1) is such that the increase
in price occasioned by an increase in Ty is more than com-
pensated for by the accompanying decrease in inlet velocity-
head loss of the air flowing through the tower. The end
result is that the merit-factor continues to decrease inde-
finitely with increase in Ty until the tower-pfice equétion
and the inlet velocity-head formula are no longer valid.
This situation - which does not arise in the Heller system
due to the increase in pumping power with z, as shown in
(3.5-10) and (3.5-11) - cannot happen in practice and some-

thing must be done to prevent rl.frgm increasing to unaccept-
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able wvalues. Fortunately, the situation is not serious

as numerical results obtained from the accurate numerical
method and displayed in chabter 2 indicate that the merit-
factor is relatively insensitive to changes in r. There-
fore, r, can be eliminated as a design variable by fixing

it at a value suitable for convenient fitting of the tower
heat exchanger into the tower base. This procedure, appli-
: Eable to both the accurate and approximate methods, is thus
the same as that applied in the approximate methaod for the
Heller system.

The application of the accurate method also shows that,
for the chosen refrigerant, viz. ammonia, the optimum value
of the design variable W, (see 3.7.3) 15 so high that:

i) an impermissably high Cold-side pressure drop:‘
results, thereby causing a variation in saturation temﬁera-
" ture along the tubes which will decrease the tower heat-
exchanger efficiency to a significantly lower value than that
forrno variation; ) -

11) the range of applicability for (3.5-22), given in
C.2, is exceeded.

Therefore wc must also be removed as a design variable by
fixing it at ; value which will not give rise to the itemized
situations. Tﬁis is done achrding to the following pro-
cedure: |

By examining (E.2-4) - with n,=1 - and (E.3-4), it
can be seen that, for a representative value of nh,G = 1.3

obtained from the resu;ts in chapter 9, the cross-flow effect-
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iveness is practically equivalent to that of the counter-
flow case for values of CC/Cg_s 0.20. Therefore, if the
efficlency of the Spalding-system tower heat exchanger is
not td fall significantly below the value resulting from
the use of (E.3-4) - thereby invalidating the use of (E.3-l)
in preference to (E.2-4) - Cgo m;st obey the relationship

ccs O.ZOCG. As C_, represents the variation of refrigeration

C
saturation temperature on the Cold-side, and & represen-
tative value for CG can be seen from the results in chapter
9 to.be about 16, it can be said that the saturation tempera-
ture variation should be kept to a maximum of (0.20 x 16) =
3.2 deg F. This corresponds to a pressure drop of approxi-
mately IS00 psf for ammonia according to the physical pro-
perty equatibns in appendix A. '

The substitution of representative values accruing

from the application of the accurate numerical method into

(3.5-22) reveals that a value of

W, = 1.53x 10° ' (8.1-1)

Gill give a Cold-side pressure drop of about I500 psf without
any of the ranges of applicability relating to (3.5-22) being
exceeded, Accordingly, WC is removed as a Spalding-system
design variable in the present investigation as a result of
adopting (8.1-1). |

There is some doubt as to which formula to use when
calculating heat-transfer coefficlents from the tube inside

walls to the refrigerant in the surface steam-condenser,i.e.
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the ﬁot-éide. Since ammonia has been chosen as the most
suitable refrigerant, the choice of formulae is restricted
to two, §iz. (D.1-1), which is re-expressed in (3.4-7), and
(p.4-1). The former formula is applicable to single-phase
forced convection, whereas the latter refers to saturated-
boiling conditions.

- Due to the large variations in boiling heat-transfer
coefficients for ammonia obtained by various investigators,
as may be seen on page 439 of ref.19, it is considered un-
wise to consider (D.4-1) as providing more than just a qual-
itative esfimate of the liot-side heat-transfer coefficient.
In cohsequence, (B.h-?) is adopted for the evaluation of the
Hot-side heat-transfer coefficient in the approximate method
of optimization. Results in chapter 9, accruing from the
‘accurate method of.optimization, indicate that this pessi-
misfic choice results in heat-transfer coefficients com-
parable in value to those given by (D.4-1), at the expense
of greater recirculation of refrigerant and a resultant
increase in pumping power requirements. However, since
the Spalding-system pumping power is small in any event,
the merit-factor remains praétically unaltered, The fact
that there will be an increase in heat transfer rate, under
practical conditions, due to agitation caused by bubble
formation may be regarded as a design safety factor,

| The derivation and presentation of equations for use

in the approximate method of predicting optimum wvalues of
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design variables are carried out in the next section.

8.2 Approximate method of predicting optimum values of

design variables.,

8.2.1 Establishment of method

Having fixed the design variables n., Ty and WC and
having decided to use a single-phase equation for predicting

the Hot-side heat-transfer coefficient, the equations
a(PL/q)/ax1 = 0 (8.2-1)

were derived for each of the following remaining Spalding-

system design variables:

Qps Wy Xyr dps dps Cgs 1y, s Dy and s,
making use of the least accurate formulae appearing in
chaptér 3. However, an attempt to re-~arrange the equations
in such a manner as to permit an interation procedure similar
to that for the Heller system met with failure due to the

ill-conditioned forms of the following equations:

3(p; /a)/aQy = O, (8.2-2)
a(pL/q)/awH = 0, | ) | (8.2-3)
a(pL/q)/axH = 0. (8.2=4)

It was found that the success of an iterative method

could only be ensured by solving for QH’ W.. and XH according

H
to the following procedure:

i) Substitute (8.2-4) into (8.2-3) and re-arrange in
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order to arrive at an equation suitable for the direct evalua-
tion of Q. |

ii) Re-arrange (8.2-2) and (8.2-4) in such a manner
that WH and XH can be evaluated by means of graphical inter-
polation. The details of the method of interpolation are
given igvthe next sub-section after deriving and re-arranging
the relevant equations.

Having carried out the above procedure, the same itera-
tive procédure as employed in the Heller system - including

internal iterations of the

3(P /a)/ony o = O (8.2-5)

equation for each overall iteration cycle - was successfully
used in arriving at a solution. However, the optimum values
of the design variables were found to be in poor agreement
with those resulting from the accurate method. As in the
Heller system, the approximate tower area equation (J.2-2)
was found to be the source of error and the more accurate

equation, (J.2~1), had to be resorted to in formulating

3(p /q)/3D; = 0O (8.2-4)
and
3(p,/a)/ds = o (8.2-5)

in order to obtain satisfactory results.
The derivations of the equafions represented by (8.2-1)

afe carried out in the following sub~sections.
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8.2.2 Optimum lot-side heat flux, Q.,, loading factor,

xXd

¥y _and exit vapour gquality, X, .
In formulating
3(p, /q)/ 2q,; = o, (8.2-6)
3P, /q)/ 3uy = © i (8.2-7)
and
3(p,/a)/ 3%, = © | (8.2-8)

the relevant proportionalities are, respectively:
' -1 *,
Pp/ae a*Qfuz +(Qg/Qy) /ug} +a™( e, ) - (ts,H)o}
* -1_-1 * *
+b aP,HCF Xy B py+c £g5/qtc £R/q, (8.2-9)

* e #* -1,-1
P, /q= a*Qy (Rg/Qy )ug *gw(tm,n)of(ts,u)o} tbhay, 4Cr X4 APy

PL/qtﬁ same as (8.2-10). , (8.2-11)
After using (8.2~9) to (8.2-11) in formulating (8.2~6)
to (8.2-8), and then substituting (8.2-8) into (8.2-6),

the following expression results:

2 : '
aQ,” + bQu-c = 0, (8.2-12)

where the temporary symbols a, b and ¢ are defined by

-1 -1 -1
a 2’7763*{“m,u +1.303(QS/QH)uS + 0.712uy },

1,.-1

o
mn

* -1, - #*
zaaoH(b apoHCF xﬂ + 0.5a at,l[) x}[wuzt

e}
]

2,776 (Q/Qg) (1.55 +£8 o 10 )+0.694c ap(a /vy 1)
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@

On substituting representative Spalding-system values
into these definitions it is noted that b is so small that
it can be ignored. In addition, the.cost of ammonia is so

small that the a_ term in ¢ can also be ignored. In con-

R
sequence, the optimum value of QH may be obtained from the

following expression:

oS
Q= [{(ca* NQuMaNIs5+£5 s e umy +1303(Qg/@)ug +0F12uy/ 1] (8.2-13)

With regard to the determination of Xﬁ and W it has

H!

been found convenient to re-arrange (8.2-6) and (8.2-8) as

follows:

2.776 d/e, , (8.2-14)

, wH

where the temporary varibles d and e are defined by

-1 ' -1 =1,.2
d = a*{um’ufl.BSB(QS/QH)uS suy }QH-O.zsc*aR(dH/yf'F)

*
-c (QH/QS)(1'55*£§,tubes)'

* -1_-1 *
e g 0.25 ap’HdH(b 8y HCOp Xy *0.58 at’H)cFJHxH
and
w 2-776 L ~
H = £/6, 4 (8.2-15)

where the temporary symbols f and g are defined by

= 0‘0833 a.(Qle ")ug' Qu‘.’ b*dP,H CE' Xﬁ' (APfr’T*A Pfr,s-i‘ A Pf l',c) ]
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g€ = 0-125a Hdu[ﬂ at’HCF(bP HXH "'prux'o_‘-’za-i-') XH
‘45‘7 0-835b on ?23)] Q;‘

P
-0 (] .
fOSa atHaauwaH *? "
The following procedure is adopted when solving for

+2 b*a (o-ssa

W, and X, from (8.2~14) and (8.2-15):

1) ‘Choose an arbitrary X, value.
ii) Calculate W,, from both (8.2-14) and (8.2-15).
iii) Go back to i) and repeat i) to iii) until sufficient

values have been recorded to plot a graph of WH vs XH as

follows:

xH,m

!
p o
I

iv) The values wH,m and XH’ﬁ shown on the graph are the

required values of WH and XH'
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8.2.3 Optimum inside diameters of coupling«circuit

ducts, dT and dB.

In fornmulating

3(P, /q)/3d;, = 0 | (8.2-16)
the relevant proportionality,

P. /q« b*a_ _C 1Ap +c*e /q ¢+ *£_/q (8.2~17)
L/ 4 p,H°H %Pfr,T T 'R/ .

can be used to form
1 1
-l «J.=1
dp = {(b*/c*)ap’ﬁap’TLT qcF3xH } /6 (a) /6, (8.2-18)

where the temporary symbol a is defined by

| -1 -1 1
a = [[5-2{1n(0.27027eT/dT} ]/[fg'T{(l.th-l.B)ﬁ-O.SnaRvg’FdT}]] .
With the assumption of a roughness factor €ep = 0.001, given

on page 138 of ref.4, a can be closely approximated by the

formula

a = 0.561 dT'°°253.

Substitution of a into (8.2-18) results in the following

expression for the optimum value of dT:

[0.63 (p*/c*) c 0133 8.2-1
-63 ¢ apnp'r'qu 7%, 7] .| (8.2-19)

An expression for the optimum value of'dB can be derived

in precisely the same way, so that

0.137

- * ;% 1 =3.=1
dg = 0.49[(v*/c )aP,ng'BLT aCp~ Xy ] .| (8.2-20)

(8.2-19) and (8.2-20) are both independent .of Ly and are

restricted to values of d less than or equal to 6 feet, as
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for the other two cooling systems.

8.2.4 Optimum Air-side heat capacity factor, CG

In formulating
a(pL/q)/aCG =0 | | (8.2-21)

the required proportionality,

4

x _ * -1 =1
P /a= aXft; ;-(t, ) 3+C/ec]+v™ay O X an, . ¢

+ c#(£n/q +£G/q + £R/q), (8.2-22)

can be used to form the following expression from which the

optimum value of CG can be obtained:

acG“ -bc® - e = o, (8.2-23)

the temporary éymbols a, b, ¢, d and e are defined as

- J
a = a*(Qq/QG)(“c c) qsG hla*a*/e
- - J
b= {b*a, cplxzlasceneo. 25¢%a (a/Q,) 1(dC/vg F)}aq g

J
- * o
1.235(c*/q)e an,Gnlnh,G ,

= 3c*equvD1‘3,

(o]
|

(o}
L

Apfr,CQG’

g (d;+d,r;D,)(2. 19s*0.982){438v6 i/(go grav/g )}.

®
fl

(8.2-23 can be treated as a quadratic in C;, with a, b

and ¢ as constants; therefore,

G

c.? ={-b+ (v°-bac)®3}/(za). | | ~ (8.2-24)
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8.2.5 Optimum tower-base diameter.;gl, and throat -

t0 base-diameter ratio, s.

As mentioned in 8.2.1, the area equation (J.2-1) is

used in the formulation of

a(pL/q)/aD1 = 0 (8.2-25)
" and |
a(pL/q)/ 38 = O ' (8.2-26)

instead of the less accurate (J.2-2) in order to -obtain
sufficiently accurate optimum values of the design variables.
n
The use of the proportionality,

P;/a= (c*/q)(d; + d, r; D;) A, | (8.2-27)

being of the same form as that for the Heller system in

7.3.7, results in an identical expression for the optimum

value of s, viz.

s = (a/b)°-2, . (8.2-28)

where the temporary symbols a and b are defined as

weN U [{p, - A,(s-1)% s + c, T,

a =
b = AA(s-l)(js-l) + B,.
" The use of the proportionality,
P]_/q"c C*(£D/Q)v (8.2-29)

in conjunction with (8.2-25) results in the following expression

for the optimum value of Dlz
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0.25

D, = [r(a/c)(Nv’o+Nv'i+Nv’misc)/(b+0.25a)] | (8.2-30)

the temporary symbols a, b and c are defined as

= dl[{7AA(s-l)2 - 38,}s - 3¢,]

a =
' 2
+ dzrlnl[{SAA(stl) - 28, }s - 2C,],
2
b = (<11+<12r1r>1)[{n.A - 4,(s=1)%}s « cA],
c 5 0.25(nC./ )2 a_ .n Jo
= T ¢’ ®n,6"n,¢ °
8.2.6 Optimum partial number of Air-side transfer units,
n .
h,G )
In formulating
a(PL/Q)/anh,G =0 : ' (8.2-31)

the required proportionality
P./qe« a®[ft, .-(t_ )} * 11,
L [ C,i”''m,G’0J+C /e.] + b aP,HCF X 8Ppr
+ c*(L /a + £ /q + £p/a), (8.2-32)

can be used to form the following expression for the optimum

value of ny, G:
’

1/(3,-1) -
* .
"o S {(1.62aq)/(c Jodan’GDl)} . (8.2-33)
The temporary symbols a and d are defined by
- -(1+4,)
- =1¢ % -1.,~-1 T ( 1
a & §ya GivYap LCTX AP, Rpteel Iy

*(Q./0,) (1/u +1/ ) o2n 17 *c2(0.08 -2
~a™(Qp/Q5 ) (1/ucsl/wy o)3ya, Ceny g =8 €5(0.0833-ny ),
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a2 2, o
a4 2{838v,", /(8,502 1ay/Bo )} (2.19840.982)(d; +d,r D).

In presenting a, the term containing aR has been ignored
due to the fact that the relative cheapness of ammonia
makes it negligible. As mentioned in 7.3.1 and 8.2.1,
(8.2-33) requires to be iterated a few times in order to
obtain a more accurate value of nh,G for use in the overall

iteration. cycle.
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9 PRESENTATION OF RESULTS

9.1 Abstract

The achievements of this chapter, and the manner in
which they are carried out, are enumerated as follows:

1) The previously described accurate and approximate
methods of determining optimum design-variable values, and
thelir associated optimum merit-factor values, are usedvto
obtain general results for each of the considered cooling
systems over a range of chosen waste-heat rejection rates.
Thq adopted operating conditions and fixed characteristics,
considered to be applicable to the United Kingdom in i96h, |
are summarized in 9.2.1 together with pertinent decisions
made in previous chapters of the thesis. | The results them-
selves are presented in tablesl to 17 and graphs 1 to 32
in 9.3.1 and 9.4 respectively. The form of presentation
is designed to permit easy comparison of values resulting
from the accﬁrate and approximate methods, In the tables!.
where two values of the éame quantity appear, the former
‘(or upper) value always derives from the accurate method;
where only a eingle’value occurs, it aiways derives from
the accurate method unless stated otherwise.

1i) In obtaining the above results, r; is eliminated
as a design variabie in both the accurate and approximate
methods for the Spalding system, and also in the approximate
method for the Heller system, by being given a representa-
tive numeric#l value, The fact that this does not lead

to an appreciable error in determining the optimum merit-
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factor value is shown in graph 34.

111) In order to obtain the results mentioned in item 1),
numerical values had to be arbitrarily chosen for two fixed
characteristics oflthe Heller system which can conceivably
vary over a range of values, The sensitivity of the opti-
mum merit-factor to variations in these characteristics,
viz. t. o~ (ta,H)o and z,, is shown in graphs 20 and 23 and
graph 34 respectively.

iv) The resulté in item 1) are based on the choice of
the.SGl heatecxchanger type described in chapter 4. The
effects of chobsing a heat-exchanger type of similar poten-
tial merit but of larger tube diameter, viz, LUl, are cal-
culated for the Heller system at q = 5 x 108 and shown in
table 21 and the following graphs: 20, 21, 22, 23, 28, 29,
30 and 31.

v) The Hot-side heat-transfer coefficient for the
Spalding system is pessimistically assumed to be due to
single-phase forced convection in obtaining the results men-
tioned in item i). Values resulting from the assumption
of an over-optimistic nucleate boiling heat-transfer co-
efficient are shown in tables 22, 23 and 24 and graphs 20,
2l, 22 and 23, Of importance 1is the_emergent fact that no
significant improvement in optimum merit-factor value re-
sults from the ovef—optimistic assumption.

vi) Graph 33 contains curves of Pu vs q so that genera-
tor outﬁut can be determined from a knowledge of waste-heat

rejection rate for each of the considered cooling systems.
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In addition, for the sake of general interest, tables 18,
19 and 20 are included to show the variation in Wet system
results with atmospheric. wet-bulb temperature.

vii) Finally, the results are examined and discussed

in chapter ten.

9.2 Summary of decisions and values of quantities used in

obtaining results

9.2.1 General decisions and values of quantities

Insofar as operating conditions are concerned, the

values p = 2117psf (= 14.7 psia), t

atm = 57 deg F and

Gy1i

* = 52 deg F are chosen as being representative of some

G,1
regions in the United Kingdom. Results are then obtained

t

for each of the cooling systems for a range of waste-heat

rejection rates ranging from q = 2.5 x 108 Btu/h to

qQ = 15 x 108 Btu/h.

* are chosen by guessing the exhaust steam

Values of a
temperature to be 80 deg F and 100 deg F for the Wet- and
Dry-systems respectively, and then applying linear inter-
polation to the a* values given in 2.5. The result is

that the following values of a*, b* and c¥* accrue from 2.5

a*= 0.0041, b*= 1.562, c*= 68.2 for the Wet-system;
a¥= 0,0042, p*e 1,566, c*= 68.9 for the Dry-systens.

The equations appearing in'chapter 3 are used in cal-
cﬁlating results and most of the numerical values of fixed

quantities contained therein are summarized in the tables
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N

given in 3.7.1, 3.7.2 and 3.7.3 for the Wet-, Heller-~ and
Spalding~systems respectively. The numerical values and

decisions not covered by these tables are given as follows:

a) Wet system. Values of the performance constants

of Packing No.21, the choice of which is made in chapter 4,
are given in 4.2, 'The constants in the tower-price equa-
tion 3.6-6, inclusive of packing, can then be obtained from
J.3. The value of (f) ., can be seen from the graph in

F.4.1 to be (f)chil = 1.058 x 10“.

b) Heller system, The characteristics and performance

constants of the SGl heat-exchanger type, the choice of
which is made in chapter 4, appear in tables 1 and 2 in
4.3.4, The tube material is assumed in 4.3.6 to be con-
structed of aluminium, the thermal conductivity of which is
given in (A.6-3), and two Cold-sides passes are adopted.
The value of ;C/dc is assumed to be ey/d, = 0.0001 after
referring to page 138 of ref.h.. The price of the water
turbine is given in (3.6-1&).as £turb1ne/q = 4,55 x 1077,
After carrying out the procédure for determining the opti-
mum number of tube rows outlined in 7.1, the value n_ = 2
was’chosen. The representative value of r, = 0.15 was
chosen for the approximate method as mentioned in 7.3.1.
Finally, the values ts,S - tH,o = 7 and zy = 20 were adopted.
As mentioned in 3.4.2 and‘the latter part of 3.5.2 respec=-
tively, it is difficult to assign accurate values to these

two quantities and, in consequence, calculations are carried
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out for values differing from those arbitrarily adopted
above in order to note the effect on the merit-factor.

The chosen ranges of values are given in the next sub-section,

¢) Spalding system. The SG1 heat-exchanger type is

also used here except that the tube material is assumed

in 4.3.6 to be constructed of mild steel, the thermal con-
ductivity of which is given in (A.6-4), and a single Cold-
side pass is adopted. The value of sC/dC is also the same
as that for the Heller system and the value of'nr resulting
from the procedure outlined in 7.1 is n_ = 2, The repre-
sentative value of r, = 0.1? was chosen in both the accur-
ate and approximate methods and an upper limit of WC =z 1530
was imposed on the'Cold-side loading factor according to
the procedure outlined in 8.1, The intermediary heat-
transfer medium was chosen to be ammonia in chapter 5 and,
in coﬁsequence, CF is given the value.CF = 412 according

to (3.7-19). The stecam condenser tubes are assumed to be
constructed from mild-steel, the dimensions and price con-

stant, Lt being given by (H.2-3). Finally, the

S, tubes’
mode of heat transfer on the Hot-side is pessimistically
assumed to be due to single-phase forced convection.

The next sub-section contains details of other numeri-

cal values and decisions which are used to obtain results

which justify some of the choices made in this sub-section.

9.2.2 Additional decisions and values of quantities

ry is given values ranging from 0.09 to 0.21 in order

to determine the variation of the merit-factor for the
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Heller- and Spalding-systems (at'q = 5 x 108), conditions
otherwise remaining unchanged.
are given values over the ranges

t - (¢t and z

S,S s,H)o H '
0 to 15 and 10 to 50 respectively in order to ngte the sen-
éitivity of the Heller- system merit-factor (at q = 5 x 108)
to changes in these quantities; these have had arbitrary
values assigned to them in the previous sub-section.

The accurate method 1s used in obtaining results for'
the Heller system (at q = 5 x 108) after employing a tower
heat~-exchanger type similar in potential merit to type SG1
but with larger diameter tubes, viz. type LUl, By carrying
out’the procedure in 7.1, the value n, = 2 was adopted. as
being the optimum number of tube rows.

For the Spalding system, the nucleate~boiling equation
(E.5-6) is used in the accurate method in order to compare
the ensulng results with those obtained from the use of the
more pessimistic equation (E.5-4); the latter equation is
used in the previous sub-section.

Finally, t is varied from 48 to 56 deg F at q = 107

*
G,1
to note the variation in Wet-system results with wet-bulb

temperature.,

The results obtained by the use of the foregoing values

and decisions are tabulated in the next section.

9.3 Tabular presentation of results

A contents list of the tables, followed by the tables

themselves, is given as follows:
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1,2,3: Design variables

4,58 '~ Temperature-difference constituents

6,7 Pressure~drop constituents

8,9,10: Cooling-system price constituents

11,12: Merit-factor constituents

13,14,15: IN,, constituents and miscellaneous quantities
16,17: Miscellaneous quantities ,

18,19,20: Effect of variation in atmospheric wet~bulbdb
temperature, t;ii' on the Wet-system results
at q = 10° (based on accurate method)

21: ' Results for Heller system at q = 5 x 108 with
LUllheaf-exchanger type (based on accurate
method)

22,23,24: 'Results for Spalding system assuming nucleate
boiling on the Hot-side and using equation

(E.5-6) (based on accurate method).



9.

9.3.1 General tables

3.1

a) Design variables

Wet system (table 1)

232

e U | ¥y | 92| S |%,a| 22| T s t
108 | 103 106 1072 {1071 | 1071
15=] 5,65 1.86]| 6.00| 12,2 | 74.1 | 495 6.66 | 5.80 | 8.33
| 5.31 | 2.24 | 6.00{| 13,0 75.0 | 503 6.51 | 5.73 | 8.42
10z} 6.32 | 1.91 ] 5.01 ]| 13.0 | 75.2 | 403 6.44 | 5.54 | 8,28
=/ 5.311 2,24 | 5.65| 13.0 ] 75.0 | 419 7.41 | 5.91{ 8,78
7.5=| 6,30 | 1.77 | 4.39 | 13.7 | 75.9 | 351 6.97 | 5.75 | 8.26
=| 5.31 | 2.24 | 5.06 | 13.0 | 75.0 | 363 8.00 | 6.00 | 8.96
5,0:=| 6.43]|1.85] 6,00 | 10.1 | 74.4 | 289 | 7.38 | 5.74 | 8.28
=| 5.31 | 2.24 } 4.33 | 13.0 | 75.0 | 300 8.68 {6.10 | 9.12
2,5=16.7511.88 | 4.30 1 11.3 | 75.3 | 225 | 7.76 | 5.86 |{8.10
=|5.31}12.24 | 3.32|13.0 | 75.0 | 225 9.19 |6.15 | 9.09
Heller system (table 2)
q dr | &% | %% | Ve D; s el 1
108 1071 109 107} 107t
10=| 5.78 | 4.86 | 16.3 ] 1.79 | 505 6.64 | 1.19 | 1.44
=z 6.00| 4.85]16.1|1.77 | 552 6.24 | 1,21 |1.50
7.5z 6.00 | 4.08 16,6 | 1.87 | 435 6.67 | 1.21|1.47
z| 6,00 4.30 | 16.7 | 1.74 | 488 6.20|1.23]1.50
5,0z 6,00 | 4.09 | 16.8 | 1.70 | 358 6.6811.25]1.67
= 6.00 | 3.63 |17.3 |11.74 | 403 6.0711.28 |1.50
2-5: 5-1& 3'17 1803 1083 263 6.62 1132 1.61
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Spalding system (table 3)
a | Q [ Yy | X% | 9% | % | % | Por| % |"ne
108 | 103 |10° | 1077 ' 10”1
10: - - * ol - - ° - - - -
2| 4,38 { 4.79| 2.69 | 2.21 | 4.80| 15.2 | 565 | 6.43 | 1.25
7.5 4.89 | 7.90| 3.38 |'1.97 | 4.26| 15.5 | 478 6.66| 1.21
=l 4. 40 | 4.79] 2.70 ]| 1.96 | 4.28 | 15.6 | 495 | 6.36| 1.28
5.0=| 4.93 | 7.91] 3.40 | 1.66 | 3.63| 16.2 | 396 | 6.54| 1.25
= 4.43 | 4,81 2.71 | 1.66 ] 3.64 | 16.L | 410 | 6.24| 1.32
2.5 4.96 { 7.89| 3.48 | 1.24| 2.75| 17.6 | 286 | 6.37] 1.33
= 4,47 | 4.83] 2.75 | 1.24 | 2.75| 17.7 | 299 | 6:11 | 1.39
b) Temperature-difference constituents
Wet-and Heller- systems (table &)
WET HELLER
q 8,5 tH,o- ts,S- ts,S- tH,o- (tm,G)o s,S°
tH,o tG.i t('r.i tH,o (tm,G)o -tG,i tG,i
108
15| 3.86 17.1 21.0 - - - -
10 | 4.37 18.2 22,6 7.00 3.45 26.7 37.1
7.5 4.36 18.9 23.3 7.00 3.37 26.4 36.8
5.0 5.38 17. 4 22.8 7.00 3.46 26.3 36.7
2.5 5.15 18.3 23.5 7.00 3.24 27.2 37.4
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Spalding system (table 5)

234

a ts,s (tm,H)o' (ts,H)o- (tm,G)o- . ts,S'
(tm,H)o (ts,H)o (tm,G)o tG,i tG,:L
108
10 - - -
7.5 3.39 6.06 5,26 22,1 36.8
5.0 3.33 6.09 5.19 22.8 37.4
2.5 3.21 6.15 5.05 24,0 38,4
¢) Pressure-drop constituents
The following temporary definitions apply:
A= (agrav/go)ZB/vf,T
BE Mpglry + (1-1,4) (Pappmpg,s)
¢z (-ny)aa/6,)(2-2)/ Vs ¢
D s (1+qpt)Apfr,T
E = 0.5(1+npt)6pfr'c
Wet- and Heller-systems (table 6)
WET HELLER
108 10> 100 | 102 107
15 1.39 481 2.75 | 4.62 - - - - -
10 1.41 486 2.31 | 4.21 | 987 923 | 534 835 3.28
7.5 1.21 486 2,22 3.92 | 987 766 | 336 | 823 | 2.91
5.0 0.99 80 2.03| 3.09 987 | 694 | 145 | 668 | 2.49
2.5 1.12 88 1.79| 3.79 9871 394 | 114 | 701 | 2,20
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Q.31
Spalding system (table 7)
a AP, APgr 1 8Ppy B A Pry ¢ LAD
108 10 107
10 - - - - -
7.5 681 26 20 1.53 2.26
5.0 687 27 21 1.55 2.29
2.5 703 28 26 1.59 2.35
d) Cooling-system priée constituents
Wet system (table 8)
q £s5/a 2¢n/a £,/a £../a-
Lom/a
1o8 10‘“ 10‘6 10‘“ 10’“
15 L1k 7.29 5. 59 9.80
10 3.71 7.26 5.83 9,61
7.5 3.72 7.27 6.00 9.80
5.0 3.67 21.9 6.38 10.3
2.5 3.57 20.9 7.94 11.7
, Heller system (table 9)
For this table
As Ly bine’
q £5/a 2ep/a | &p/a | &/ A £.5/a"
£’ a
108 10”4 1077 10°% | 10” 1077 | 1073
10 1,48 1.00 3.85 9.17 4,55 1.51
7.5 1.48 1,46 4,18 9.23 k.55 1.55
5.0 1.48 2.18 h.§7 9.66 4,55 1.65
2.5 1,48 3.07 5.67 9.79 h.s55 1.77
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'Spalding system (table 10)

For this table

A s ST/q +

£p/a + £p/q

q £5/q A £/a £./4 L. g/
Lom’q
108 1074 10”7 107% 10~* 1073
10 - - - - -
7.5 L, 58 1.48 L, 50 9.96 1.92
5.0 4,55 1.59 4.90 10.1 1.97
2.5 k.56 1.89 5.92 10. 4 - 2.10

e) Merit-factor constituents

For the following tables

»*
A=sa (ts,S-tG,i)
B = b*P/q
.
¢z *(e/a - £, /q)
Wet system (table 11)
q A B c PL/q
108 1072 10‘2‘ 10~% 1071
15 = 8.59 1.46 6.68 1.67
x 8.29 T 1,72 6.89 1.69
10 = 9.25 1.25 6.55 1.71
z 8.26 1.64 7.20 1.71
7.5 = 9,54 1.10 6.68 1.73
= 8.36 '1.60 7.35 1.73
5.0 = 9.34 1.18 7.00 1.75
& 8.“9 1.55 7.67 1.77
2.5 = 9.62 1.02 7.99 1.86
- 8-57 lcus 8.78 1088
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Heller~ and Spalding-systems (table 12)

q A B c P, /q A B c P./q

-1 -1

108 | 1071 10™® | 1071 | 1071 | 1071 | 1073 | 10 10

10'-' 1056 1460 loou 20 76 - - - -
= 1053 1067 1006 2.76 1153 8086 1037 2.99
7.5=| 1.54] 1.66 1,07 2.78 1.55 8,67| 1.32 | 2.96
=] 1.55| 1.59 1.08 2.78 1.55 8.91 1.40 3.03
5.0={ 1.54 | 1.40. | 1.14 2,82 1,57 8.73 1,36 3.02
=| 1.54 1] 1.55 1.13 2.83 1.57 9.00 1.43 3.09
2.5 1.57 { 1.41 1,22 2.93 1.61 8.76 1.45 3.15

1.57 | 1.46 1.24 2.95 1.62 9,02 1,51 3.22

anu

f) EN ~constituents and miscellaneous quantities

For these tables

B = N, pack
C= Nv,elim
DN
Vv, Spray
E Nv,miac
Wet system (table 13)
q | Uy A/q B c D E Nv'i N, o ENy
108 107"

15| 666 | 4,19 | 26.4| 4. 46| 7.33| 2.30| 17.0| 8.81 ] 66.3
10| 675) 4.47 | 29.7| 4.52 ]| 3.46 | 2,30 | 18,3 | 10.6 | 68.8
7.5]| 660 | 4.48 | 29.9| 4.54 | 2,90 | 2.30 | 15.4( 9.12| 64.2
5.0 674 | 4.52 | 30.4 | 4.52 | 4,56 2.30| 13.4| 9.20 | 64.4
2.5 694 b.59 | 31.4 | 4,72 | 3.34 | 2.30 | 12.0 8.49 | 62,2




238

9.3.1
lHeller system (table 14)

a UG QG A/z NV,G Nv,i Nv,o E 8Nv
108 10~

10| 7.00] 120 | 5.26 | 23.9| 8.02 | 5.15| 2.30| 39.3
7.5]1 6,98 | 119 | 5.65] 23.4 ] 7.68 | 5.05]| 2.30 | 38.4
5.0 6.74 | 114 | 6.06| 22.7 | 5.96 | 5.02| 2.30 | 36.0
2.5 6.56| 112 6,69 26.9 | 6.43}| 5.20| 2.30 | 40.8

Spalding system (table 15)

a UH UG QG 4/q Nv,G Nv{i yv,o E ENv
108 10'“

10 - - - - - - - - -
7.51599 | 6,11} 110 | 6,08 29.3 | 7.42 | 5.08| 2.30| 44.1
5.0 1607 [ 6.Q0| 109 | 6.44 | 30.9 | 7.42 | 5.46| 2.30| 46.1
2.5 {618 5.81] 106 7.09 33.7 | 7.42 | 6.08] 2.30| 49.5

g) Miscellaneous quantities

It i8 to be noted here that the values of N

GC/GG accruing from the

at fixed values of tc
]

constant at N

h,G

= 1.5

i

Wet system (table 16)

4 and GC/GG = 0.769,

h,G

; . ' 2,
a [ 1y | My,6| % %] 5| 25| 2z | Dy/a
108 | 1072 10°1 10'“
10| 7.31{1.55]| 7.82] 1.26 538 1 29.5 | 1.62
7.517.99| 1.54|7.60] 1,22 Ls6 | 28.1 | 1.64
5.0 8.60|1.70]| 10,9 1.22 377 | 25.0 ]| 1,67
2.5]19.35|1.65}9.79] 0.99 243 |1 21.0 ] 2.03

and

approximate method, being computed

and Cp (= tC,i'tC,o)’ are themselves
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9.3.2
Heller- and Spalding-systems (table 17)
2
qQ [rg=ry| .Zg| 2 LC/n Arr. | ®01%) Dl/q
q qQ
108 ] 1071 10~k 1074 | 1074
| 101 8.36 | 4951 72.8}) 15.7 | 1.30 1.16 | 2.55
§ 7.5 9.14 | u62|63.8] 14. 1.31 1.16| 2.52
g 5.0 9.66 | 406 | 59.7| 13.7 1.37 1.34| 2.56
2.519.90. | 303 | 42.5]| 12.6 1.39 1.1 2.77
o 10| - - - - - - -
Gl7.5]8.03 | 456 | 71.7 | 161 1.41 1.544 ] 3.05
; 5.0 | 8.39 392 | 59.4 | 163 1.43 1.48 | 3.14 .
Hl12.5]19.00 | 300 | 42.9| 167 1.47 1.54 | 3.27
9.3.2 Additional tables
a) Effect of variation in atmospheric wet-bulb
temperature, td*i' on Wet-system results at
]
q = 10° (based on_accurate method).
Table 18
t ¥ Q W d c t D r 8 t
G,1 H H T F C,4i 1 p
103] 10° 1072 | 1071 | 1071
48 7.38| 2.09{ 5.18} 13.9}| 72.4 | 447 | 7.22| 5.33| 7.46
52 6.321 1.91} 5.01| 13.0| 75.2] 403 | 6.44 | 5.54 | 8.28
54 5.941 1.88] 5.361 11.7| 76.3 | 382} 6.94 | 5.76 | 8.54
56 | 6.16] 1.77 ) 5.99114.1| 78.21398| 7.39 | 5.36 | 9.02
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Table 19
* ¥* * *
a1 a’(tg g b P/q c (£,./a P, /a
= tG,i) -‘me/Q)
1072 10”2 1072 1071
48 8.49 1,32 6.54 1.63
52 9,25 1.25 6.55 1.71
54 9.6"% 1.34 6.51 1.75
56 10.4 1.09 6.60 1.81
.Table 20
t * U A/q| =N r N G z z
Gyl H 1 h,c| ¢ 5 1
Gg
10 b ;0'2 10”1

ug | 687 4.69| 74.1| 8.01| 1.49| 6.81| 519| 35.8
52 | 675 4.47]68.8]| 7.31]| 1.55| 7.82| 538 29.5
54 | 673) 4.28| 63.41 7.86| 1.60] 8.87 | 533] 30.1
%6 | 656 4.09] =9.7| 8.29f 1.49] 6.89 | 509 | 33.0

-

b) Results for lleller system at g = 5 X 10% with

1.Ul heat-exchanger type (based on accurate method).

Table 21

dn = 5.76 ¢ cF/cG = 0.426 C, = 18.1
W, = 1.62 x 10 D, = 333 s = 0.637
Ny ° 1.46 r, = 0.173 n_ =2

*

a’(tg g-t;,3) = 0.153 v"P/q = 0.0135
c"'(’ch/q-élpm/q) = 0,114 P,/q = 0.281
Us = 7.97 QG, = 124 2NV = 39.7
z, = 469 W F =578 L/mg= 35.7

: i _ ? - )

fr,G/q =1.83x10 "D,z /q = 1.2x10 r -Ty= 1.235
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c) Results for Spalding system assuming nucleate

boiling on the Hot-side and using equation (E.5-6)

(based on accurate method).

Table 22

a | Q| Yy | X |9 [ 9 | G | D2 S | Bh.c
! 108 102 [ 107 | 1071 107t
10 - - - - - - - - -
7.5 5.00) 1,14 2,56 1.37]3.11] 15.3| 486} 6.49 ] 1.23
5.0 4.93| 1.12} 2.86| 1.21|2.63| 16.1| 4o1}| 6.47]| 1.27
2.5| 5.37} 1.29| 2.20| 1.07{1.92} 17.2)] 293 6.11| 1,34
Table 22
) * # - *
q a”(t, g b P/q c(£,./a P, /q
-tG,i) -spm/q)
10° 10~1 10-3 1071 10~1
10 - - - -
7.5 1.60 1.01 1.34 2.95
5.0 1.62 0.92 1.38 3.00
2.5 1,67 1.19 1.46 3.14
Table 24
q UH UG QG Nv Z z; Lc/np Afr.G nDlzl
q q
108 | 1074 1074
10 - - - - - - - - -
7.5 475 6.10| 107 | .44.8| 453| 72.9 166 1.47 1.48
5,0 4781 5.93| 105| 46.0| 384 60.1 169 1.49 1.51
2,51 495 5.81| 103| 51.6 | 306 | 43.9 | 173 1.52 | 1.62




9.4 , A 242
9.4 Graphical presentation of results
A contents list of the graphs, followed by the graphs

themselves, is given as follows:

QH and W,, for Wet- and Spalding-=-systems

H
Duct diameters, dT and dB

t and t for Wet System

C,1
Heat-capacity factors, CF and CG
cF/cG and W, for Heller System
D) and ny o
and s for all systems

I Y R T e )

Ty

7a Xy for Spalding System

o

Temperature~difference constituents for Wet System

9 Temperature~difference constitueﬁts for Heller System
10 Temperature-difference constituents for Spalding System
11 Pressure-drop constituents for Wet System

12 Pressuré-drop constituents for Heller System
13 Pressure-drop constituents for Spalding System

14 Cooling-system price constituents for Wet System
15 Cooling-system price constituents for Heller System
16 Cooling-system price constituents for Spalding System
17 Merit-factor constituents for Wet System

18 Merit-factor constituents for Heller System

19 Merit-factor constituents for Spalding System
20 Temperature-difference term in merit-factor equation
21 Pumping-power term in merit-factor equation
22 .Capital-priCe term in merit-factor equatibn

23 Merit-factor



24
25
26

27
28
29
30

31

32

33
34

9.4 | o | | | 23

Nh,G and GC/GG for Wet System
Overall Hot- and Air-side heat~transfer coefficients
Air-side heat flux and ratio of tower surface area

to waste-heat rejection rate

ENV constituents for Wet System

ng constituents for lleller- and Spalding-systems

r, - v, and height of top of tower '
Tower inlet height and length of tower heat-exchanger
unit

Ratios of heat-exchanger frontal area and tower inlet

area to waste-heat rejection rate

Exhaust steam temperature and Df/q

Genexratoxr outpnt vs waste-heat rejection rate
Merit-factor vs Zy for Heller system and merit-factor

vs r, for Heller- and Spalding-systems
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Qy, Btu/(hsqft) —

XIO3

GRAPH | : Q4 and Wy for Wet- and Spalding-systems
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'GRAPH 2: Duct diameters, dr and dg
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GRAPH 3: t¢; and t for Wet System
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Ce/Cq, dimensionless — |
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GRAPH 5: Cp/Cq and W, for Heller System
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GRAPH 6: Dy and npq
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GRAPH 7a: X, for Spalding Sustem
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GRAPH 8: Temperature-difference constituents '
for Wet System
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(ts,s - tG,i) constituents, deg F —

GRAPH 9 : Temperature - difference constituents

for Heller System
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(ts,s - tG,i) constituents, deg F—

GRAPH 10: Temperature-difference constituents

" for Spalding System
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S Ap constituents, Ibe/sqft —

X0

GRAPH II: Pressure-drop constituents

for Wet System

1 1 | ¥ I I I LI i

- e
= Based on accurate TA
~ optimization methed P\
-

o » pd

F—
Kl A
u - @, _
N o
> a.
o 4
E +
L 1) '— ]
g e
~ 9.
o
q
e O —-—
® /
)
® A
o)
M
A
©
© .
L o _ -
X
C
[T 5%
- n. -
4
b |
1 ] 1 1 A 1 1 1 1 1
-2 8 3 4 6 8 10 8 3 20
x10 x10

255



~—— uy/mag ‘b

o1X
st B ol

o2

ZAp constituents, lbc/sqft —

x103 | x103

[+] -— [\ w
|

Mpt 8Py +
i (- qpt)(Patm—Ps,S\ ©

- - A\
A

= ®
[

G -th)(agravlgo)(zl -z Vec

poyzaw uorzoziwizdo

2jpdno2p uo pasog

21 Hdvdd

wa3shg J9jj2H Jo03

S3UBN3135U0d doJp - 3Jdnssauyg

95¢



XIO3

ZAp constituents, Ib;/sqft —

xio3

GRAPH 13 : Pressure- drop constituents

for Spalding System
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£../q constituents, pounds sterling per (Btu/h) —
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GRAPH 14: Cooling-system price constituents

“for Wet Sgstem
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GRAPH 15: Cooling-system price constituents

for Heller System
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GRRPH 17: Merit-factor constituents
for Wet System
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Merit-factor constituents, dimensionless —

x10

GRAPH 18: Merit-factor constituents

for Heller System
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Merit-Factdr constituents, dimensionless —=
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GRAPH 19 : Merit-factor constituents

for Spalding System
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(tss-tﬁ'l)' dimensionless —=

a*

GRAPH 20 : Temperature-difference term

. in merit-factor equation
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GRAPH 21 : Pumping-power term
in merit-factor equation
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X110

c*( £cs’q. - ipm/q) , dimensionless. —=

GRAPH 2.2.: Capital-price term

in merit-factor equation
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X110

P _/q, dimensionless —»

X110

GRAPH 23 : Merit -factor
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GRAPH 24: Npg and Gc/Gg for Wet System

1N

-0

NhG and GC/GG'D dimensionlegs —»

0§

00

acc o
app
o]
Nh.G
N Fo—— A
0
- GelGeg
N N —_ __Q_
f T T I 1
6 -} 10 15
-9
(o)
Btulh —e *!

20

268



Btu/(hsqft deg F)—

Uy,

GRAPH 25: Overall Hot- and Air-side

heat-transfer coefficients
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Qg, Btu/(hsqft) —=

270

GRAPH 26: Air-side heat flux and ratio of tower -
surface area to waste-heat rejection rate
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ZN,, constituents, dimensionless —

GRAPH 27 : LNy constituents for Wet System
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LN, constituents, dimensionless —

GRAPH 28: XN, constituents for
Heller~ and Spalding- systems
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GRAPH 30: Tower inlet height and length of

tower heat-exchanger unit
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" GRAPH3I: Ratios of heat-exchanger frontal area

and tower inlet area to waste-heat rejection rate
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GRAPH 32 : Exhaust steam temperature and Df‘/q.
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GRAPH 33: Generator output vs waste-

heat rejection rate
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GRAPH 34: Merit-factor vs =z, for HeLLER SYsTEM
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10 DISCUSSION OF RESULTS

In this chapter, a comparison of the three considered
cooling systems is left until the final section, viz. 10.9.
The prcceding séctions are devoted, among other minor items,
to justificationS’of-ghe various assumptions, decisions and
chosen numericai values necessary ﬁd the establishment and
application of the écqura&e\and apbroxiﬁaté methods of

.optimizationf It is left to the reader to decide which

sections take priority.

N

30,1 Calculation of results

The reéults appearing in the previous chapter were
calculated‘by the Mercury automatic digital computer of the
University of London;' the programs were written in CHLF3
program language. Although, as has been stated before,

a computer is not essential in applying the approxiﬁate
méthods, the Mercury computer was used, nevertheless, in
order to eliminate the tedium of carrying out iterative
calculations for a large number of cases by hand."

When applying the approximate methods, the design-
variable values were considered to have converged sufficiensly
closé to their optimum values when the folloﬁing formula
was‘satisfied for all of the d;sign variables:.

t

h iterstion) -
th
)

(design-variable value at n

(design-variable value at (n+l iteration)

where

a = one per cent of design-vafiable value at nth iteration.
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The times taken by the computer to satisfy this formula
for eéch case and to print out the resuits were about 15,
30 and 40 seconds for fhe Wet-, Heller- and Spalding-systems
respectively.

" Due to various administrative reasons, only a small
amount of computer tiﬁe was avallable when applying the
| accurate methods. In consequence, the'searching technique.
inherent.in the aécurate "steep~descent" method had to be
stopped at a certain stage in each case so that it was not
poséible to obtain optimum design-variable values to the
same degree of accurécy as in the application of the approxi-
mate methods. However, on printing results at various
stages up to and including the last stage, the calculating
time was seen to have been sufficient for the merit-factor
to have converged rapidly to a value very close to its
optimum.value.-

Since the prime object of both the accurate and approxi-
mate methods is to provide design-variable values which i-es_ult
in optimum or near-optimum me;it-factor values, the shortagé
of computer time did not constitute a serious disadvantage.
In fact, the scattered points in some of the graphs in 9.4
- arising ffom the non-convergence of some of the design |
variables - are useful in that they serve to show that opti-
mum merit-factor values are relétively insenstti&e to the
values of certﬁin design variables, This point is enlarged
upon in the next suﬁ-secfion. A final noteworthy comment

is that the calculation times for each case, up to the
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stopping points, were about 7, 3 and 4,5 minutes - these
valués’constituting computer calculating times of approxi-
mately 30, 6 and 7 times greater than those for the approxi-

"mate methods - foxr the Wét~, Heller~ and Spalding-systems

respectively., - , .

10.2 Appraisal and discussion of methods of determining

optimum desipgn-variable values

As can be seen from tables.ll and 12‘and graph 23
(chaptef 9), the substitutions éf the design-vgfiable values
resulting from the approximate methods into the accurate
versions of (2.1-8) give merit-factor values which exceed
the accurately obtained optimum{values by not more than
1.2, 0.7 and 2.4 per cent of the Wet-, Heller- and Spalding-
systems ;espectively. Therefore, these design-variable
-values are considered to be sufficiently accurate for the
prediction of optimum merit-factor values,

The foregping small errors in merit~factor values are
a little surprising, especially after noticing in graphs
1l to 7a that the accurate and appfoximate methods give
widely differing design-~variable values in several instances.
An an illustration, the following table shows the maximum

percentage differences occurring between design~variable

values:
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3 I I 7S R P T 8 t
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The'explanation for the small errors in merit-factor
values is considered to be that PL/q must be relatively
in;ensitive to changes in value of several of the desipgn
variables, It would, of course, be'advantagcous to know
what these relatively unimportantldeéign variables are.
However, the classic method cf fiﬁding this out is a diffi-
cult and, in the present circumstances, an impractical task
which involves differeﬁtiating the- merit-factor equation
twice with respect to each of the design variables, thereby
arriving at expressions indicative of ¢hc.sensitivity.of
PL/q to changes in design-variable values,

TFortunately, some of the relatively unimportant design
variables can‘ce.detected by examining the amount of scatter
diaplafcd in graphs 1 to 7a.by the results accfuing from the
accurate.methcds. It 18 contended that the importance of.
a design variable is probably indicated by the amount of
scatter displayed.by its values; the less important the

design variable, the greater will be the scatter. ' This
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contention afises from the knowledge that: in generating

a design-variable value, the-séarching technique inherent

in the accuﬁate "steep-descent" method produces fluctuations,
the magnitudes of which are inversely proportional to the
effect of the design variable on the merit-factor. The
conclusion is that a design variable is unimportant if if
displays widely scattered results. However, thé absence

of scatter does not necessarily indicate an important

design variable; the reason for little or no scatter could
merely be that the initial choices of design-variable values,
necessary in applying the accurate methods, are so close to
their optinum values that little change in their values is
deenmed necessary by the searching technique. ‘

The design-variables which can be seen from graphs 1 to
7a to have widely scattered values are: .dT and CF for the
Wet system and d, C./C,, W, and r; for the Heller system.
In view of the comments in the previous paragraph these
design-variables are considered to be uninmportant. That
this is true for dT is easily confirmed by the knowledge
that.values of dT affect the prices of ducts and the pump-
ing power, the values of both of which can be seen in graphs
ih,llﬁ, 17 and 18 to constitute a very small contribution
to fhe merit-factor. For the same reason, dT and dB in
the Spalding system are also considered unimﬁortant although
this cannot be divined by observation of écatter. The

initially chosen dT and dB values were those resulting from

the approximate method and, as can be seeﬁ from graph 2, are
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so ciose to-the values resulting from the accurate method
that the special case.referred to in the previous paragraph,
where no scatter occurs, is considered to apply here, The
conclusion that WC is unimportant also seems reasonable N
since 1ts value affects the Cold-side heat-transfer coeffi-
cient and the pumping power, both of which have a small
effect on the merit-factor. ry has also been shown to be
unimportant in both the Heller-~ and Spalding-systems by a
different method as can be seen in graph 34. - The fact that

. C,, for the Wet system and CF/CG for the Heller system are

F
unimportant is not so evident but can probably be explained

as follows:

| If CF and CF/CG are fixed at values which are differ=
ent from their optimum values, then, duriné the course of
optimization, the values of the remaining design variables
will be re-adjusted so as' to negéte most, or all, of the
effects on the merit factor occasioned by the differences
between fixed and optimum values of.CF and CF/CG. The

~ is relatively unimportant serves as an addi;

r
tional assurance that the fixing of CF in the approximate

fact that C

method of optimization for the Wet system does not constitue
a serious source of-erfor. . A

The reason for paying soAmﬁch attention to the weeding
out of unimportant designvariables in the previous para-
graphs 1s that a designer can assign fixed values to them,
thereby cOnsideraﬁly easing the task of finding the optimum

values of the remaining design variables, For example, the

r
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fixing of a design variable results in one less equation
to be iterated in‘the approximate method; ' if the accurate
method 1s used, a cénsidefablg saving in computér time is
enspred since caleulating time is roughly proportional to
thejcube of the number of design variables,

In comparing the accurate and approximate methods inso=
far as convenience of application is concerned, the goﬁclu-
sion is reached that if a computér is available, the accurate
methods are to be preferred_as they involve the least amount
of effort on the part of a designer. In particular, it is
unnecessary to obtain and re-arrange the differentiél forms
of the merit-factor equation, these being processes which
have to be repeated should it be necessary to replace éxist-
ing formulae by new onés of different form. .

.0f course, if a computer is unavailable, the approximate
methods must be used. In such events, unléss fairly good
initiélnguesses of the optimum design-variable values are
made, it may be necessary to carry out more than four com-
plete iterations before the design variables converge
sufficiently close to their optimum values.

Attempts at simpiiinng the equations appearing in
chapters 6, 7 and 8 still further in order to reduce the
number of calculations per itération cycle did not meet
with succe;s. The design-~variable values which Qid emerge
aftér‘aimplification wére so far removed from their actual
optimun valﬁes that the ranges of validity of some of the |

various heat-transfer, pressure-drop and price formulae
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appearing in the merit-factor equation were exéeeded.

This situation stems from the fact that PL/q is relatively
insensitive to changes in value of several design-variables,
From the mathematical pdint of view, this insensitivit&
makes it easy to predict optimum merit-factor values to a
high degreerf accuracy, but difficult.even to make. approxi-

mate predictions of optimum design-variable values.

10.2 Variation of quantities with waste-heat rejection

rate

Tt would be advantageous to be able to make fairly
accurate predictions of désign—variable values, and those
of various other impoftant quantities, at different waste-
heat rejection rates from a knowledge of the values at a
particulaf waste-heat rejection rate, This'can be done
after noting the trends in the graphs in 9.4 and making the
following. observations: '

The designvariables which can be regarded as having

4

values which do not var& with q are:
QH’ WH, CF' tC,i’ t and s for the Wet system;‘
wC, ry and 8 for the Heller system and
Qo WH' Ty, 8 and XH for the Spalding system.,
For the remaining design variables, the folloﬁing relation-
-ships appear to have values which are sufficiently invariant
with respect to g to be adopted as constants:
2, 2 - 2
dy/a, dp/q, dC,/dq, d(C./C,)/da, D]/q (see graph 32),

dn, ./dq and dr;/dq. (for the Wet system).
. % 4 .
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In additibn,‘the following important'auxiliary quane
tities can be regarded as constant with respect to q for
all practical purposes: |
s and, to a lesser

tg, 5 %, 40 TNys lo/Mpr App /A b

extent, QG’
A noteworthy comment is that both (£;s/q-£pm/q) and

PL/q decrease as q increases, thereby emphasising that

there are gains to be made, insofar as both cooling-system

capital price and power-station merit are concerned, by

making cooling systems as large as is practically possible,
The wvariation with respect to q of several other

quantities which are considered tb be of interest to a

designer can be seen in graphs 17 to 3A4.

10.4 validity of assumptions made in carrving out methods

of optimization

‘The values of the design variables obtained by both
the accurate and approximate methods do not cause any of
the ranges of validity of the various adopted heat-transfer;
friction factor and pressure=-drop formulae to be exceeded.
Sqfficiently rood guesses of the exhaust-stéb témperatures
are considered to have been made for the evaluatiop of a¥
since their values, viz. 80 and 100 deg F for the Wet- and
two Dry-systems respectively, are close to the values cal=-
culated after optimization, viz. 80 and 95 deg F. Also,
the physical properties of the intermédiary heat-transfer

fluids are considered to have been evaluated sufficiently
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" accurately at the guéésed mean temperatures of 80, 90
and 100 deg F for the Wet-, Heller-.and Spalding=-systems
reépeétively, the corresponding calculated temperatures
being 70, 80 and 8% deg F.

The assumptions made in deriving the equations for the
approximate optimization methods in chapters 6, 7 and 8,
and the adoption of the various approximate equations in
chapter 3, are justified since the optimum design-variable
values accruing from the use thereof give accurate estimates
of optimum merit-factor values. In particular, the fixing

of r, for the approximate Heller-system method, and both

1l
Spalding~system methods, is justified by the fact that ri
values have little effect on optimum merit-factor values.
as is shown in graph 34.

Tables 12 and 23 and graph 23 show that the choice
of a single-phase, forced-convection Hot-side heat-transfer
coefficient formula .for the Spalding system does not give
rise to optimum merit-factor values significantly different_
from those #rising from the use of a more optimistic
nucleate=boiling heat-=transfer coefficient formula. With
regard to optimum design variable vélues, the only notice-
able differences are in WH and XH, the use of the latter
formula - " resulting in smaller values of Hot-side
refrigerant velocity and recirculation. Accordingly, thé
choice of the former single-phasé formula in the present

investigation is considered to be justified.

Graph 34 illustrates the variation of optimum merit-
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factor with effective height of the waterilevel in the
Hellér-system steam condenser. The ﬁlotted.curve makes it
possib;e to determine whether the arbitrary adopted assump-
tion, viz.,zH = 20, is a possible source of serious error
in evaluating optimum merit-factor values. As expected,
PL/q decreases with increase in zy i that this should be so
can be deduced from (3.5;9), (3;5-8) and (3.5-11) wherein
it 1s seen that increased Zy values are accompanied by |
decreases in extra pressure drop and, in consequence, re;
‘quired pumping power. The smallest possible value of PL/q
occurs when z; has increased to the point where né extra
pressure drop need be imposed by a water turbine, i.e. for
the condition where Ap, = 0 in (3.5-9). By substituting
values obtained from tables 6 and 17 (at q = 5 x 108) into
(3.3-9), the value of Zy for the foregoing condition: is
found to be 76 feet. After linearly extrapolating fhe
curve in graph 34, PL/q can be éhown to decrease by 2 per
cent when.zn is increased from 20 to 76 feet. This, of
course, represents a maximum decrease in PL/q as no allow-
ance has been made for the extra cost which would be in-
volved in elevating the steam condenser up to the greater
height. The fbregoing poséible maximum error in PL/q is so
small that the assumption of Z, = 20 in the present inves-
tigation is considered to be justified,

The adopted assumption for the Heller-system Hot-side
"temper@ture approach", wviz, ts,s-tH,o = 7 deg F, 1is rggarded

as a possible source of significant errors in evaluating
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optimum merit-factor values. This 1s deduced as follows:
An error, At; in the adopted value of t_ _~t can be

8,5 H,o .

seen .from the merit-factor equation to result in a corres=-
poanding error,t&PL/q;ain the merit~factor valué, according

¢

to the expression
AP . /q = a*at,
L
In donsequence, the percentage error in PL/q corresponding

to an error of'l deg F 1s given by

{ap /a)(100) 3/ (P /a)(at)} = 100a*/(P /q)
2 1,68
for 2¥ = 0.0042 and the reference vaiue, PL/q = 0.25, -
This means that an error of only 3 deg F will give an error
in PL/q of about 5 per cent. o
The foregoing comments, coupled with the fact that
various sources of information indicate that (ts.S-tH;o)

could be anywhere between O and 11 deg F (see 3.4.2), lead

to the conclusion that the Heller-system optimum merit-factor
values in chapter 9 can only be regarded as accurate to

within +6.7 and -11.8 per cent.

10.5 Appraisal of tower heat exchanger, type SGlh

In deriving simple merit«factor equations in 4.3.2 to
indicate the merit of tower heat-exhhanger types it is
assumed that: of all the terms comprising ¢, and ¢1 in
(4.3-3), those containing b* make a contribution of less than
10 per cent. Since the maximum value of E*P/q, viz. 0.0167,

carl be seen from table 12 to be less than 9 per cent of the
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minimum simplified merit-factor value, viz. 0.197, in the -
second table in 4.3.5, this assumption is éertaihly valid.,
As a justification for meking several other assumpﬁions it
is also assumed that £D/q.is only about 50 per cent of
£,/q; this is seen to be true in tables 9 and 10.  There-
fore, the conclusion is reached that the simplified merit-
factor eQuations;derived in 4.3.2 are sufficiently accurate
to be used in determining the merits of tower heét-exchanger
types.

As mentioned in h.B.}. a tower heat-exchanéer type must
satisfy the enumerated requirements in 4.3.1, in addition
to having a low merit-factor value, before it can be regarded
as suitable for use in the Heller- and/or Spalding-systems,
The ability of the SGl heat-exchanger type, chosen for the
Heller- and Spalding-systems in the present investigation,
toﬁsatisfy these requirements is examined as follows:

i) The optimum overall lengths of tower heat-exchanger
tubes, per unit number of Cold-side passes, are seen from
:graph 30 to be almost invariant with respect to waste-heat
rejection rate, and have ;alues of approximately 14 and 164
feetAfbr the Heller- and Spalding-systems respectively.
These values are'such that the first requirement in 4.3.1,
viz. that individual heat-exchanger units should have tube
lengths close to 16 feet, is satisfied. For example, tube
lengths of Heller-system units can be 14 feet long whereas

those of the Spalding system can be 18,2, 16.4 or 14.2 feet

in length depending on whether 9, 10 or 11l units are to be
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preferred in making up the total tube length of 164 feet,

ii) . A requiremeﬁt stipulated in the second item in
4.3.1, viz. that the tower heat-exchanger frontal area
should be greater than or equal to the tower inlet area, can
be seen from graph 31 to be satisfied for‘the Heller systemn.,
For the Spalding system, on the other hand, Afr,G.is a little
less than "“zlnl‘ However, as mentioned before, the value
of r; (fixed ,at 0.15 in the present investigation) can be
varied without significantly affectiné optimum merit-factor
values. In consequence, r, can be adjusted by the small
amount necessary to make Afr,G”tzlpl and the SGl1 héat-
exchanger type is, therefore, considered to satisfy the fore-
going requirement for both the Heller- and Spalding~systems,
In fact, the values of the frontal and inlet areas are so.
close to each other that the whole tower heat exthanger can
be fitted exactly into the hollow cylinder representing the
tower inlet area. There is therefore no need qu the
avkward zig-zag or concertina arrangement as employed in the
cooling system at Rugeley (see ref.9), the latter arrange-
ment being made necessary by the fact that the heat-axchanger
frontal area is nearly twice that of.the tower inlet,

Anotherrequirement'ptipu;ated in the second item in
4.3.1 is that: "the optimum physical dimensions of the whole
tqwer heat exchanger must be suitable for convenient insertion
of the individual heat-exchanger units into and around the
base of the cooling tower". It is claimed that the SG1

heat-exchanger type does fulfil this requirement and the two
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possible arrangements sketched intthe following pages are
given in support of this claim,

As can be seen from the Heller-system sketch, a number
of individual heat-exchanger ﬁnits are stacked in a vertical
column so that the tubes are horizonteal, Assuming that the
units are about 9 feet wide, the choice of six units per
column in' the sketch would be suitable for an inlet height
~of about 54 feet; for greater inlet heigﬁts, a larger
number of units per column would be fequired. Heated water
from the steam condenser passes into the header of each ﬁnit
via inlet ducts situated on the inside of the tower-base
perimeter, After flowing through the two Cold~side passes
the water, now cooled, returns to the steam condenser via

outlet ducts situated on the outside of the tower-=base

perimeter.

In- the Spalding-system .sketch a number of individual
heat-exchanger units are stacked in vertical coluﬁns so that
the tubes are vertical. Assuming that the units are about
16 feet long, the choice of three unifs per column in the
sketch would be suitable for an inlet height of about 48
feet; as in the Heller system a larger number ofunits per
column would be required for greater inlet heights. Since
the length of the Cold-side flow path , being about 164 feet,
is much greater.than the inlet height, more than one vertical
columﬁ of stacked heat-exchanger units is required in order
to make.up the total lengtﬂ of flow path. The number 6f

coiumns required is given by the integer nearest to the
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nuniber represented by the ratio (Lc/np)/zl; for an inlet
height of 48 feet the integer is 3. Therefore, a single
Cold-side flow path is obtéined by connectiné'together
three of the vertical columns of stacked units,.e.g. A, B
and. C in the sketch, by means of vapour connecting ducts,
.:e.g. D and E. Of course, this.arrangement necessitates the
provision of three separate condensate drainage ducts, e.g.
F, G and H, at the base of each column.

Refrigerant vapour from the steam condenser passes
vié a vapour inlet duct into the uppermost headers of the
first of the sets of three columns comprising Cold-side
flow paths, e.g. column A. After flowing downwards through
the tubes the remaining vapour passes into the uppermost
headers of the second columns in each set, e.g. column B,
via the vapour connecting ducts, e.g. D, and the condensate
is drain;d by duct H. ™ This process is repeated for the
second and third columns in each set until all of the vapour’
is condensed, the condensate thereafter being returned to
the steam condenser via the cnndeﬁsate drainage ducts F,
G and H.

iii) The third requiremeat in 4.3.1 to be satiéfied is
that,tﬁe fixed integer values chosen to represent the opti-
‘mum number of tube rows, viz. n = 2,for both lleller- and
Spalding-systems, should be close to those values which
would result from optimization were n, to be regarded as a
variable and not restricted to integer values. This would

be so if the;values of n., obtained by substituting values
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from the tabulated regults into the equation developed in
appendix L, were to agree closely with the previously
adopted integer values, viz. n, = 2. After cérrying out
this substitution for q = 5 x 108; n values of 3.2 and

2.% were obtained forrthe Helle;— and Spalding-systems res--
pectively. Unfortunately, the fact -that these values are
not very close to 2, eépecially for the'Heller system, leads
to the conélusion that the conditions under which the SG1l
heat-exchanger type operates are such that its potential
merit is not fully exploited. The possibility therefore
exists that there is another type of heat exchanger, of
equal potential merit, which will result in a lowering of
the Heller system and, to a lesser extent, the Spalding
system optimﬁm merit-factors, subject to the satisfaction
of the ;ther héat-exchahger requirements. However, it is
contended that,Aiﬁ this context, any decreases in merit-
factor values are likelf to be small aﬁd thatvthe foregoing
discrepancies in n, values.do not render the SGl heat-
exchanger type unsuitable,

iv) Finally, the fourth requirement in 4.3.1 is satisfied
since the choice of two Cold-side passes for the ﬁeller
system does result in convenient'sizes of individual heat-

- exchanger units.
In view of the foregoing comments, the SGl heat-
exhhanger type is concluded as being suitable for use ip both

ithe lleller- and Spalding-systems since, in addition to being

of high potential merit, it satisfies all but one of the
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as relatively unimportant.

10.6 Appraisal of tower heat exchanger, type LUl

As mentioned in 9.3.1 the accurate method is used in
obtaining results for the Heller system (at q = 5 x 108)'
for the LU1 heat-exchanger type in order to note the effect
of using another heat-exchanger type which has a potentiél
merit similar to that of the SGl type, but with 1argef |
diameter tubes. By comparing values~in table 21 with those:
in tables 2 and 12 (chapter 9), no significant differences '
in the values of design variables or merit-factor values
agree to within 0.36 per tent.  However, further examination
of table 12, tables 14 and 17, and the graphs subsequent
to graph 27, reveals that the values of Ty-Ty4 Zss I.JC/np
and Afr,G/q for the LUl heat-exchéngef type are all appre-
ciably greater than their counterparts for the 5Gl type,
whereas the value of nzlnl/q'is only slightly smaller,

. The results are used in discussing the suitability of
the LUl heat-exchanger type, in relation to type SGl, as
follows:

i) The LUl type is at a disadvantage because, as is
shown in graph 31, the heat-exchanger frontal area is nearly
twice that of the tower inlet area and, therefore, necessi-
tates the use of a lesé convenient zig~zag or concertina

arrangement in order to accommodate the whole heat éxchanger

in the tower inlet area. ,
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ii) The LUl type is also considered to suffer slightly
in thet Ly/n, is approximately 36 feet. For example, the
use of the Heller-system arranéement as proposed in the
sketch in the previdus secfions“(except for the inclusion
of a zig=-zag heat-exchanger layout in the plan view) will
result in the tower-inlet air striking the finned tubes
at an angle of appreciably less than 90 degrees wifh respect
‘to the longitudinal axes of the tubes, thereby altering
the'heat-transfer and pressure=drop performance character-—
isticsaf the heat-exchanger. Furthermore, the inlét.
height c;n be seen from graph 30 to be greater than Lc/np .
for all values of q greater than q = 2 x 108. so tﬁat the
arrangement. as used for the Heller system at Rugeley (see
ref.9) cannot be employed as an alternative in this instanée.
" 4ii) The LUl type does, however, possqés an éﬁvantage
in that the number of tube rows evaluated from the eQuétion |
in appendix L, viz. n, = 2.4, is very much closer to the. e
fixed ihtegral number adopted during optimization, viz,
n_ = 2, than is the case for the SG1 type. This 1ndicafes
that the LUl type operates under conditions such that its
potential merit is more fully exploited than that of'thé
SG1 type. The better exploitation of the LUl type explains
the fact that, althougﬁ the potentiai merit of the LUl type'
15 0.46 per cent worse than that of the SGl type as can be
seen from the second table in 4.3.5, the overall merit-factor
resulting from its use is 0,36 per cent'better than that

for the SG1 type,. Incidentally, the'foregoing small decrease
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in merit-factor value lends more weight\to the contention
in item iii)'of'the preQious sectibh that any improvements
_ in merit-factor values, arising from the befter explaité—..
tion of one'of a number of heat-exchanger types of equal
potential merit, will be small, at least insofar as the
fixing of nr'at integer values is concerned. |
iv) The LUl type is considered unsuitable for use in .
the Spalding system because the results of calcuations,
not shown in the present investigation, indicate that Lc/np
would be approximately twice that'for the SG1 type. The
‘total Cold-side flow path would then have to be made up of
slx colunns of stacked heét-exchanger units as opposed to
the three columns proposed in the sketch in the previous
section. This arrangemenf is considered to be more diffi-
cult to construct without offering any significant advantages.
In view of the foregoing comnents the LUl heat-exchanger
type, employing tubes of larger diametér than the SGl type,

18 considered to be less sultable for both the Hel;er-~

and Spalding-systems.

10.7 Surface steam condenser considerations

~10.7.1 Wet system

In order to see whether the steam-condenser dimensions’
at optimum operating conditions are suiteble for construction
purposes, optimum Wet- system design variable values are sub-
stituted into (3.3-1), (3.3-2) and the equations for deter-
mining shell radius in D.3, to get L, = 50.8 feet, n, = 1906

and shell diameter = 12 feet. The length of the condenser
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'shell - resultiﬁg from the adoption of two Hot-side passes
in 1.2, as recommended by Ellingen in ref.13, and 3/4 inch
0.d. tubes - is therefore given as (50.8)/2 = 25.4 feet..
That éhe propoftions represented by these dimensions do
occur in practice has been observed by the author and can
be further authenticated by referencg to various sources
of information such as ref.24, The choice of two Hot-
side passes and B/h‘inch o.d. tubes is therefore regarded
as justified. -

Furthermore, the adopted heat-transfer coefficient
formulae are considered toAbe accurate because the predicted
Hot-side_overall heat-transfer coefficient, viz. UH = 675
in table 13, compares favourably with the value U, = 640,
which is obtained from the graph of the Heat Transfer

Institute on page 308 of ref,24,

10.7.2 Spaldinyg system

In determining whether the steam~condenser dimensidns
are sultable for éonstructién purposes, the same procedure
as employed in the previous sub-section results in the follow=~
ing valﬁes (at q = 5 x 108) for one Hot-side pass, 3/
inch o.d. horizontal tubes mmd assuming single-phase, forced

convection heat transfer on the Hot-side:

*  Length of condenser (=LH/1.O) = 29,1 ft
number of tubes (=nH) = 21,7300
diameter of shell = 12.8 ft

lHot=side overall heat-transfer

coefficient (=uy) = 607 Btu/(hr sq ft degF)
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The corresponding values resulting from the use of the
optimistic nucleate-boiling heat-transfer coefficient for-

mula are similar to the foregoing ones and are calculated

- as

34,6 £t, 18,000, 11.8 £t and 478 Btu/(hr sq £t deg F)

respectively.
The foregoing dimensions, like those for the Wet system, .
are considered to constitute no difficulties insofar as
construction is concérhedl Therefore, the assumptions
made in 1.%.5 that there is no need to consider the use of
a serpentine tube layout or more than one pass are justified.
Furthermore, the fixing of Zpo viz. the effective height
of refrigerant liquid level above the Hot-side entrance,
at 15 feet in 3.7.3 in order to calculate the total Hot-
side pressure drop seems reasonable as the shell diameters,
being about 12 or 13 feet, allow for a duct 2 or 3 feet in
length to carry liqﬁid refrigerant containing vapour up to
the separator. | |
NB reliable published values of heat-transfer coeffic-
ients have been found for ammonia under conditions of forced-
convection nucleate boiling in order to check'which of.thé
foregoing two UH values -1s the more accurate, lowever, as
stated before, the point is not important as merit-factor
values are essentially the same whichever of the two Hot-
side héat-transfe? coefficient formulae are used. After

separating the respective UH values into their constituent
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Steam- and Hot~-side partiel heat-transfer'coefficients the

following two sets of values follow:

ug . = 1670, u, = 702.

The similarity between ug and u, in the former set means
that the use. of extended surfaces on one of the steam~
condenéer sides need not be considered should the single-
phgse, forced convection heat-trénsfer coefficient formula
53 the more reliable formula for the Hot-side. However,
éhould the qpcleate—boiling formula be better, then it is
just feasible that the use of extended surfaces might be
of some ddvantage; l However, any discussion on these lines
would be pure conjecture at this stage due to the absence
of a formula which is known to be accurate.

One final comment is that the adbption_of a reofrigerant
flow arrangement allowing for recitculation of the refri-
gerant, viz. the fourth possibilitf in 1.4.4, appears to be
justified in view of the fact that the results indicate that -

large amounts of recirculation are required.

10.8 Validity of adopted methods of predicting a*, b¥

and c® values

An approximate check on the validity of the adopted
methods of estimating a*. b* and c¥ 1s to compare the opti-
mum values of exhaust-steam femperatures and cooling tower
dimenions, obtained in the present investigation, with those

for compikrable cooling systems already in existence. This
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stafement is An expanded'version of that appearing atlfhe
end of 2.2.6. of course; comparisons can only be made if
the following requirements are satisfied: .
i) The existing cooling systems must be of similar
design to the ones adopted in the present‘investigationl
ii) They must have been recently commissioned so that
both the a*, b* and c¢* values and the various price formulae
employed in the present investigation can be regarded as
‘ equally applicable to them.
| The first of the foregoing requirements is not satis;
fied in the case of Wet systems because the cooling system
adopted in the present investigation incorporates a number
of novel design features, e.g. blanking and a cha".nnel' in-
creasing the efficiency of air-flow, which are likely to
introduce unforeseeable changes in the valges of qptimum
cooling tower dimensions. It is therefore contended that.
the Wet system results cannot be used in order to aécertain

¥* * . *

the validity of the adopted a”, b and ¢~ values.

The results for the Spalding system are no good for
this purpose either as thére is no cooling system in exis-
tence which is bésed on the Spélding-system design, |

Fortunately, there is one cooling system in existence
which is considered fo satisfy the foregoing requirements
sufficiently well to allow for comparisons, viz. the cooling
syatem ‘at Rugeley which is based on Heller-system design
principles (see ref.9). This cooling system,commissioned

as recently as 1962, is similar in design to the adopted one
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.in the present investigation, except fof a different tower-
heat exchanger layout. The"cooling system 's.e"rw.esa turbo-
generator unit with a generator outbut of 120 MW, i1.e,
P, = 1.2 x 10° kW, and the atmospheric dry-bulb temperature
is given as tG'i~= 52 deg T. These values, together witﬁ

the following optimum values, are given on page 4l of ref.2:

D, = 325 ft, r; = 0,148, s = 0.63, =z = 350 ft,

1

- = . y = i
tays o1 S 33 deg F, b, o 8% deg F.

In obtaining corresponding values from the results in the
_present investigation, a value of P = 1.2 x 10° kW is seen
from graph 33 to be equivalent to q = 4.5 x 108 Btu/hr.

sraphs 6, 7, 29 and 32 thereupon show that for t. , = 57
. ' .

deg' F’
D, = 336 ft, r; = 0.15, ? = 0.665, =z, = 380 ft,.
ts,S - tG,i 37 deg T, ts,S = 94 deg F.

‘Comparison of the physical dimension values indicates that
the Rugeley cooling tower is only slightly smaller than that
obtained ig the present investigation. As the adopted
value of tn,i is 5 deg F greater than thé Rugeley value,

the value of té’s should also be greater by an approximately
equivalent amount. In fact, the indicated difference is

9 deg FF but it is to be remembered that a Hot-side tempera-
ture approach of 0 deg F has been assumed for Rugeley (see
ref.f) as opposed to 7 deg F in the present ihvestigation.

The effective difference in exhaust-steam temperaturesis
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therefore 2 deg F. The fact that this value differs by
only 3 deg.F from the expected value, coupled with the.
fact that the cooling tower dimensions are very similar in.
both cases, provides an e#cellent indication that the

- adopted methods of estimatingAa*, b¥ and c* values are valid.

10.9 Comparision of considercd cooling systems

Overall merit-factor and cooling~system price consti-
tuents.are considered to be of chief interest to a designer
and, theréfore, compariéons of the considered cooling system
types are restricted to considerations of these two quan-
tities.  Since the rates of change of PL/q and (£cs/q -
xpm/q) with respect to q can be secen in.graphs 23, 14, 15
and 16 to be simila? for all three systems, only one q |
value need be considered for comparison purposes. There-
fore, a repreéentative value of q = 5 x 108 is chosen in

presenting the following table to illustrate the differences

in merit-factor and cooling-system price values.

Wet Heller Spalding
P /a, (1) x10~% 1.75 2,82 3.02
£oe/ S0/ %102 1.03 1.65 1.97
T/(Btu/h)

These values show that the Wet system is far better
than the other two systems, both with regard to overall

merit and cooling-system price. There would therefore have
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tto Lc Vt{y’E?WA\Cﬂﬁhﬂ”*dd’“%0r¢.°h0051n8'one of the other
two types in preference to the Wet system. For example,
the capitalized price per unit waste-heat rejection rate of
providing make-up water for thé Wet sfstem, temporarily

identified by'the'letter a, would have to satisfy the rela-

tionship

a 2 {(P/a) pper = (Pr/a)yeg} /o

for one of the other systems to become competitive, The
tabled values indicate that, for c® = 68.2, a would have
to exceed the respective values of 0,00157 and 0,00186, i.e.
1.7 and 1,8 times the price of coolihg system components, v
. for the lleller- and Spalding-éystems to0 become competitive.

Irf the above values are found‘to be exceeded for a
éhoseﬁ'power-station site,::?;;;:;::;;:;;;;’;;ﬂbe made
between the Heller- %nd Spalding-systems, In making this
choice, an examination of the local climate must be con-
ducted in order to find out whether there is a possibility
of wétef freezing iﬁ the Heller-system heat-exchanger tubes.,

If such a possibility does not exist, the inclusion
of de-icing facilities in the Heller system is not necessary
and the tabulated cooling-price value remains valid. The
tabulated Heller- and Spalding-system price values can then
be directly compared, the conclusion being that the price of
cooling-system: components for.the Spalding system is 1.19
times greater than that for th; Heiler systém.

When comparing merit-factor values it is to be remembered
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that the tabulated Heller-systenm PL/q value has toleﬁances
of +6.7 and -11.,8 pexr cent according to the conclusion ét
the end of 10.4%, Therefore, the worst ﬁL/q value for the
Heiler system is 0.301. This value; when compared with
the tabulated Spalding-system value of 0.302, leads to fhe
conclusion that, where de-icing facilities are not necessary,
the Heller system will/;I;;;;\;;\BEEEE;~EE;;~;;;\§§EIEIE§
system, e#en if only by a small amount.

However, if de-icing facilities are necessary for the
Helier system, the capitalized price of de-icing facilities
pér unit waste-<heat rejéction rate, temporarily identified

by the letter b, must satisfy the relationship
*
b2 {(PL/Q)spaldgng - (Pr/9)jer1er § /07 -

- If the most“optimistic Heller-system merit-factor value,’
viz. 0.249, is attainable in practice, without introducing
extensive modifications to the jet steam condenser and

thereby invalidating the adopted price formula, then b 1is

civen by
b = (0.302 - 0.249)/68.9 = 0.00077, .

or 46.%5 per cent of the value of tabulated cooling-system

price for the Heller system,

Alternatively, the most pessimistic value of the Heller-

system merit-factor, viz. 0.301, results in

b = 0,0000145

or 0,38 per cent of the tabulated cooling-system price,.
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It can therefore be concluded that, where de-iciﬁg ~
faciiities are neceséary, the Heller~system will always
have better merit-factor values than the Spalding system
if the capitalized price of de-icing equipment 1s less
than’0.88 per cent of the price of cooling;system components
fof the Heller system; whereas the converse is true for
values greater than 46.5 per cent. These two limitiﬁg *ﬁ
percentages, arising from the tolerances on the Heller-
system PL/q value, Are considered +to be too widely variant
to be of much practical use.

In an effort to obtain a percentage value which can
be reaspnably expected in practice it is assumed that the
Heller-system Hot-side temperature approach'of 7 deg F adopted
in the present investigation, and which.is recommended by’
consul tants responsible for the conitructian of large power-
station jet condensers in New Zealand (refs, 43 and 17),
does in fact congtitute a fairly accurate value, In this

instance the associated lieller-system merit-factor value,

viz. 0.282, results in
b = 0.00029

or 17.6 per cent of the fabulated cooling system price.-

It is thereupon concluded tﬁat the Spalding system can
be reasonably expected to be better than the Heller system !
if the capitalized price of de-icing facilities is greater’
than approximately 17.6 per cent of the price of cooling

system components. Unfortunatély, thefe is no published
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d;d/ Lyl,u a0

information available to indicate what this percentage is
for the Heller system at Rugeley. It is, however, cén-
sidered that the percentage 1s not likely to be as large
as 17.6 per cent and that the Heller system will therefore

‘alwvays be slightly better than the Spalding system,
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11 SUGGESTIONS FOR FUTURE RESEARCH AND GENERAL CONCLUSIONS

11.1 Suggestions

The various suggestions.ére given in point form as
"follows:

a) Heller system

i) The merit of the Heller system is appreciaﬁly
affected by errors in evaluating the Hot-side temperaturé
~approach, i.e. ts,S -.t“’o. Thié, coupled with the fact
" that little is known about the relationship between per-
formance and cost of jet steam céndensers large enough
for power;station applications, means that a worthwhile
pro ject would be toSpfédict this relationship accurately.

ii) Due to insufficient published information‘the
capitafized price of de-icing'facilitieS‘has,not been
evaluated in the present in?estigation. 4'It is, however,
considered important to conduct an independent survey in
' the future with the object of assigning a capitalized
-value to the additional equipment, controls and incon-
fvenience caused by the necessity of providing de-icing
facilities, in Qrder to estimﬁte how much the’Spalding
syst¢m~prof;ts by not requiring such facilities.

‘b) Spalding system

i) The empirical formulae for predicting Hot-side
heat transfer and pressure drop in the presént investiga-~
tion, while appearing to.be the best currentiy available,
are regarded b& their formgiatoré as of limited applica-

tion and to be used with care. Therefore, a fruitful
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field of investigation is considered to be the cherking of
the adopted correlations, or the derivation of more accurate
ones, using.thé results of experiments conducted with
refrigerants at saturation temperature under conditions
applicable to the épalding system, viz. forced convection,
two-phase fluid flow through tubes with high liquid refrigérant..
recirculation rates. Furthermore; this investigation could
well be extended to the obtaining or derivation of éccurate
heat-transfer.and preséure-drdp correlations for steam

flowing through; and refrigerant flowihg past, condenser
tubes. Possession of such correlations would enable a
designer to predict with precision the merits of various other
'steam-cdndenser-configurationS'in addition to that adOptéd

in the present investigation.

ii) The comments in i) regarding limited application of
correlations also applj to the formulae for predicting Cold-
side heat transfer and pressure drop adopted in the present
investigation. ‘It is therefore suggested that the obtain-
ing or derivation of Cold-side correlations known to be
accurate for possible Spalding-system refrigerants is also
a worthwhile project. Furthermore, the extension of such.
correlations to include the effects.of making the tubes non-
vertical, or even horizontal, wquld help a designer in
choosing between various tower heat-exbhanger configurations.

The suggestions in the feoregoing two items are worthy
of consideration, particularly with regard to heat-transfer

correlation, since even small errors in heat-transfer co-
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fefficient predictions can have a significant effect on the
Spalding-system merit-factor wvalue.

¢) General

i) There is thought to be considerable scope for
improving on the steam-condénsér and tower heat-éxchanger #
price formulae adopted in the present investigation by
taking into accbunt more of thé(many factors which signifi-
céntly affect prices.

ii) The derived, simplified method of cieterminipg the
potential merits of tower heat-exchanger types, so that
theleest promising of them can be eliminated from further
c;nsideration, requires the use of a computer in applying
it. This is no good when computers are unavailable and,
therefore, there is considered to be ;cope for the establish-

ment of another method not requiring the use of a computer,

11.2 Conclusions

These are given in point form as follows:

1) The gpproximate optimization methods compare favour-
ably with the accurate ones in estimating design-variable
valueﬁ for tﬁe purpo;e'of evaluating accurate optimum
merit-factor values, _

14) The various assumptions adopted both in deriving and
applying the accurate and approximate optimization methods,
and the simplified method 6f choosihg promising tower heat-~
exchanger types, are Jjustified.

iii) The choice of the SG1 heat-exhhanger type for adoption
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in the Heller- and Spalding-syétems is a good one in view
both of its high merit and the relative ease with which
it can be fitted into and around the inlet area of a cool=-

i

ing tower.

iv) Ammonia is the best of the refrigerants considered
for use in the Spalding system.

. v) The fact that, for the Heller system, the accurately
‘calculated optimum values of cooling-tower dimensions, and
difference between exhaust steam and atmospheric dry-bulb
tempefatures, are close to the corresponding values for a
comparable cooling system already in operation indicates
that: |

a) the use of the novel criterion of merit, i.e.
the so-called ﬁerit-factor, in predicting optimum design
conditions is justified; ' '

b) the estimated value of the fixed coefficients
appearing in the merit-factor equation are valid for the
place and period assumed, viz. the United Kingdom in 1964,

%i) For the adopted price and atmospheric conditions,
considered to be representative of some regions in the
United Kingdom in 1964, the Wet system has by far the high-
est merit-factor of the considered cooling systems. The
Heller system will only be competitive if the cgpitalized
value of supplying Wet-system make-up water exceeds 1.5 to
1.8 times the total price of cooling-system components.
On the other hand, the merits of the Heller- and Spalding-

systems are much closer together. However, the Heller

«
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system can be reasonably expected to be -always slightly
the better of the two unless the capitalized value of the
Heller-system de-icing facilities‘exceeds 17.6 per cent of

the total price of cooling—system“components.

vii) Finally, it is concluded that further research is
required with regard to refrigerant heat-transfer and pressure-
drop formulae and, in particular, to the relationship between
the cosﬁ and performancé of large jet.stéam éondensers, in
order to predict‘ the Spalding- and Heller-systém merits

more precisely.



2

10.

REF ‘ 316

MAIN TEXT REFERENCES

Anon. "ASHRAE Guide and Data Book,-Fundamentals and
Equibﬁent". American Soc. Heating, Refrigerating
and Air-conditioning Engrs., New Yark, 1961.

Anon. "Britain's first dry cooling tower", World Power
Engng., Vol.l, No.5, Feb., 1956, p 41.

Anoﬁ. "Budgetary Control Procedures: Notes for
Guidance", Central Electricity Generating Board,
Great Britain, 1963. |

Anon.  "A Guide to Current Practice, 1959", The Instn.

| of Heating and Ventilating Engrs., 49 Cadogan

Sq., London, W.1l. '

Anon. "Quality Technical Tubegn,'Serck Tubes Ltd.,
Warwick Road, Birmingham 11, 1962, -

Anon, "To fiéure condenser costs", Chem. Engng., Mgréh,
1955.

Bartlett, R.L. "Steam Turbine Performance and Economiqs“,
- McGraw-Hill Bk. Co., New York, 1958. .

Brown, F.H.S..and Dore, J.W.H. "Reheat practice in
British power stations", Proc. Instn. Mech.
Engrs., Vol.172, No.16, 1958, pp 585-625.

Chéshire,bL.Jﬂ and Daltry, J.H. "A closed circuit
cooling system for steam generating plant", The

South African Mech. Engr., Feb.1960, pp 159-175.

Cooper, A.R. Private Communication, Central Electricity

Generating Board, London, 1964.



1l1.

12,

13.
14,

15,

B 16.

17-'

18,

19.

20.

REF | '_ | ', 317

Coopef. A.R. ﬁSteém in Central Poﬁer Stations: ‘
CentralﬁElectricity Génerating Board Practice",'
Instn. Mech., Engrs., Convention on Trends in
~ Steam Power Plant, session 4, paper 11, May 1963.
Davis, R.F. "The development of the large assisted-
circuléfion boilef in England", Proc. Instn.
Mech. Engrs., Vol.177, No.20, 1963, pp 537-570.
Ellingen, W.E, "Selecting Steam Surface-Condensers",
Allis-Chalmers Elec. Rev., First Quarter, 1955.
Evans, U.,R. "The corrosion and oxidation of metals®,

Edward Amold (Publ.) Ltd., London, 1960.

- Fong, J.T. "Handy way to size surface condensers",

Power, Vo0l1.99, Nov. 1955, -
Gilbert, Gilkes and Goxdon, Ltd., Water Power Engineeré.
. London, Private Communication, 1963,
Haldane, T.G.ﬁ. and Armstead, H.C.H., "The geothermal
power development at Wairakedi, New Zealand®,
Proc. Instn; Mech. Engrs., Vol.176, No.23, 1962,
pp 603-648,
Hinton, Sir C., Brown, F.H.S. and Rotherham, L.
"The economics of nuclear.pover in Great Britain“,
World Power Conference, Madrid, paper IvB/8,
9 Jun., 1960, pp 3887-~3910.
Hofman. "Handbuch der Kaltetechnik®, edited by Plank,R,
Springer-Verlag.‘Berlin, ﬁol;j, 1959, _
Tmperial Chemical Industries, Ltd. Price Quotation,

London, 1964,



21.

22.

23-

27.

28.

REF ' - : | 318

Ioannides, J.P. '"Resistances to_Air-flow throuéh
Cooling Towers", Ph.D. Thesis (to be presented),
Imperiai College of Science aﬁd Technology,
Lohddn;

Kajes, W.M. and London, A.L. "Compact Heat Exchangers"“,
McGraw-Hill. Bk.Co., New York, 1958.

Xeller, A. and Downs, J.E, "“Effect of exhaust pressure
on the economy of condensing turbines", Trans.
A.S.M.E., Vol.76, 1954, p Lh5,

Kern, D.Q. "pProcess Heat Transfer", lst Ed., McGraw-
Hill Bk.Co., New York, 1950.

Lieberam , A.' Ph.D. Thesis (to be presented), Imperial
College of Science and Technolﬁgy, London.,

Lowe, H.J. and—Christie. D.G. "Heat Transfqr and
Pressure ?rop Data on Cooling Tower_faékings,
and Model Studies of the Resistance of Natural-
Draught Towers to Airflow", A.S.M.E.,
International Heat Transfer Conference, part 5,
section A, paper 113, Aug./Sept., 1961.

Martinelli, R.C. and Nelson, D.B. "Prediction of Preésure
Drop during Force?-circulation Boiling of Water",

Trans. A.S.M.E., Vol.,70, Aug., 1948.

Miller, E.H. and Sidun, A. "Economic determihation of

condenser and turbine-exhaust sizes", Trans.

A.S.M.E., Vol.77, 1955, pp 373-383.

i
‘



REF o 319

- 29. Morgan, D.W.,R, and Fulton,VS.D. “The economics of
large reheat turbine exhaust-end size selection",
‘Trans. A.S.M.E.. Vol.77, 1955, pp 363-371.

30. Perry, J.H. "Chemical Engineers Handbook", 3rd Ed.,
McGraw-Hill Bk. Co., New York, 1950.

Si. Prockter, C,E. "Kempe's Dngineef!s Yeaf-Book for 1957"!

' ' 62nd Bd., Morgan Bros. (Publ.) Ltd., London, 1957.

32. Rish, R.F. "The Design of a N#tural-draught Cooling
Tower} A.S.M.E.. International Heat Transfer
Conference, part 5, section A, paper 114, Aug./
Sept., 1961.

33. Rish, R.F. and Steg;. T.F. "Design and Seléction of
Hyperbolic Cooling Towers", Proc. Amer. Soc.
Civil Engrs., Jrnl. Power Div., Vol.85, No.PO5,
Oct. 1959, pp 89-117.

34. Ritchings, F.A. and Lotz, A.W. "Economics of closed vs
open cooling water cyclés - part 2",>Power
Engng., June 1963, pp 64-67;

35. Schroder, K. "Grosse Dampfkraftwerke, Planung,
Ausfuhrung und Bau", Zweiter Band, Springer-
Verlag, Berlin, 1962. ‘

36. Smithells, J. ."Metals Reference Book", Vol.2, 3rd Ed.,
Butterworths, London, 1962..

37. Spalding, D.B. Unpublished work concerning best choice
of‘packiné for natural-draught cooling towers,
Imperial College of Séienée and Technology,

London, 1962,



38.

39.

uo.

Ly,

h2,

ll'go

REF = ' - ' 320

Spalding, D.B, Unpublished work concerniﬁg blanking,
water-distribution channels and'packing arrange-
ments for natural-draught cooling towers, Iﬁperial
College of Science and Teghnology‘ London, 1963.

Spalding, D.B. Unpublished work cdhcerning the eétablish-
ment of a merit-factor for comparing poweg—station
cooling systems, Imperial College of Science and
Technology, London, 1963.

Stewarts and Lloyds Price Quotations, ref.nos. M.02838/
62/JMe/AWD and M.02427/63/JMe/BTD., Glasgow,

1962 and 1963 respectively.

Thomas, T;F. Private Commumication, Associated Eleétrical
Industries Ltd., Turbine-Generator Div.,
Manchester, 1964. |

Toogood, G.D, Private Communication, International
Combustion Ltd., Power Station Engrs., London,
1964,

Wood, B. Private Communication, Merz and McLellan,

Consulting Engrs., London, 1964.



Al 321
A PHYSICAL PROPERTIES OF COOLING SYSTEM MATERIALS.

A.l1 Introduction.
Data necessary for the evaluation of physical proper-

ties encountered in the deaign of cooling systems are fully
sumnarized in this appendix. The data are presented in
equation form to auifnthe requirements of automaéic digital
computers, of which extensive use was made in carrying out |
numerical calculations. - Since works of reference usually .
‘specify physic#l prOpérty information in tabular fbrm, the
reqﬁisite'qquations were obfained by drawing graphs, postu-
lating a suitable form of equation and then applying stan— .
dard curve-fitting techniques to determine the eﬁuation
‘constants. ' : : | .

Iifofder to arrive at simple equations it is assumed
that pressure has no effect on viscosity, thermal 6onduc—
tivity, specific-enthalpy or constant pressure apectfié-'
heat under non-saturation conditions. This 13'3 justifié
able.assumption for the ranges of pressure and temperature
encountered in the present work.

Where applicable, the physical property equations are
gpcompanied:by the range of validity, the maximum deviation
bLetween calculated and tabulated values, and the reference
number and page of the source of_iﬁformation. A complete
list bf the source references appears at the end of this

appendix.
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A.2 Vater.and its vapour.
. E 05
\np_ = ~6.24+ {402,.8-4x10" . ( -93& u) 3 .
’

32- 150 deg.F ; 1.0%; ref.6, p.9. (A.2-1)
| -8, 2 -6

veu = 2.101x1070¢ .5, ~1.303x107%,  + 0.01602.

32- 212 deg.F; 0.1%; ref.6, p.9.  (Al2=2)

\ < 16. 4= 4‘ ux10™% (¢ . -846.1)2) 03,
n Vs'w L3a dn dud {33 . T= &W . .

32 =150 deg.t; 1.0%; ref.6,p.9; small superheating. (A.2-3)

k

?rg.w = «1.949 x10 mts'w—0.5386 t,,w * 1093.0, .

32 =212 deg.F; b;5$; ref.6, p.9. (A.2-4)

Bey = (1 207x10 5tf W ¢3.863x10'3t;f'w +o.99k61)'1

32 -212 deg.F. 1.0%; ref.13, p.62. (A.2-5)

.' - -5 . M .

. ”g.w, b.946 x10 tg,w + 0,02112.

32 =400 deg.F; O0.5%; ref.1l0, p.47l. . (Ae2-6)
=0 .

e v = k.722 x10 te v +0.3149. .

32 =176 deg.F; 0.2%; ref.9, p.800. (Ae2=7)

- -5 -3

kg.w 2.233 x107 "¢, o * 7.945 x107-.

32 =392 deg.F; 1.0%; ref.l13, p.199. (A.2-8)
-6, 2 A

cpw = 1.337 x10 tf w ~3.374x10 tf'w+l.018.

32 =212 deg.F; 0.3%; ref.13, p.l51, (A.2-9)

gy # 5.14 x 1072 (water against air).
60 deg.F; approximate spot value; ref.9,p.376. (A.2-10)
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c . = 3.5 x1079t . + 0.4431.

8o W 80“ )
10 =190 deg.F; 0.3%; ref.8, p.ll2, (A.2-11)
+ 1062,0.

+ h = 0. 4467 tg.

(he w + Beg.w) W | | |
32 - 212 deg.F; 0.3%; ref.6,p.9; small superheating. (A.2-12)

1

A.3 Dry-air (one atmosphere).

By = -2.673x10'8£A2+6.819x10'5tA+o.03936.

(-io) - 242 deg.F; 0.1%; ref.7, p.62. (A.3=1)
=9, 2., ro1<10=5e ot

k, = =6.154x107"t,“+2.591x10" ¢, +0.01313.

(-10) - 242 deg.F; 0.1%; ref.7, p.70. . : (A.3=2)

eA = 7.5u0x10'6tA+o.2u01. -

(-10) - 242 deg.?; 0.2%; ref.7, p.39. (A.3-3)

h, = 0.2406 t, - 7.698, ’ |

32 -212 deg.F; 0.2%; ref.8, p.h. (A.3=4).

A.4 Moist air (one atmosphere).

A.L4,1 Use of water-vapuur mixture-fraction.
According to page 271 of ref.l2, moist-air can be

regarded as an ideal gaseous mixture for présént purposes,
Its physical properties may be aaceftained according to pro-
portional representation by mass of the water-vapour and air |
constituting a moist-air mixture., The following equation
can thus be formed: _ |

(moist air‘physical.property) = FG (water-vapour physical

property) +(1-FG)(dry-air physical property),
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where
P, = (mass of water-vapour in moist-air mixture)/(total

mass of moist-air mixture). | (A.b-1)

In ref.l1l2, FG is referred to as the "water-vapour

mixture-fraction".

A.4.2 Physical ergertz equations in terms of water-

vapour mixture-fraction.
The physical property equations presented here follow

directly from the previous sub-section and are functions of

FG and the dry-buldb temperature tG‘

N = Fg Aoy * (1FglMa . (A.4-2)
kg = Fg kg y * (1-FG5 Ky | | (A.4=3)
cg = Fg cg’w}+ (l-rc) C,pe (A;h-h)

h, = T, (hf’v + hfg'w) + (l-FG)hA

' (small superheating). (A.b=5)

The épecific-volume of moist-air can be calculated

from the following thermodxnahically derived equation:

6 = (Ry/Paen)(t; + 460)(1 + 0.611 F),

where R, (% 53.35) is the individual gas-constant for

dry-air and p is the atmospheric pressure.

atm

A.L.3 Determination of water-vapour mixture-fraction.

The deduction of FG is outlined on page 283 of ref.l2,

the result being
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3 -
Fo.= Fg -(1-FRIN W cG(tG-tg)/(hfg.w)E; (R.4=7)

where F; is the water-vapour m?xtube fgaction at the corres-
ponding wet-bulb temperature t:: NLa.w 1s_the Lewis Numba?
for water and has a value of 1.167 for moderate concentra-
tions of water-vapour.

Fg is implicit in (A.4=7) since e =<&(FG t.)
However, examination of (A.4-k) shows that little error will
ensue by placing EG:a'O in (A.4-4) to give

c = C

A® (A.#-B)

G .
In fact, the error in < will be less than 2% for dry-bulb
temperatures up to 85 deg. F, even if the moist-air is
completely saturated. |

The substitution of (A.4-B) into (A.4-7) and evalua-
tion of the Lewis Number term results in the following

~explicit relationship, from which FG.may be directly deter-

mined:
* * *
Fg = Fg - 0,902 cA(lfFG)(tG-tG)/(hfg.w)tg (A.4=9)
Fg“can be deduced by assuming saturated-air conditions

and manipulating (A.4%-1) thermodynamically to give the

following fundtign of t;':

Fg = {1.611 (p,4,/Pg ) - 0.6111} -t (A.1110)

A.5 Refrigerants and their saturated-vapours.
A.5.1 Introduction. ]
Investigations indicate that the four refrigerants
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| reférred to in this sub-section‘ahow the greatést promise
for adoption by fhe Spalding-system. The physical property
equations are applicable to saturation, or near-saturation
conditions, in accordance with Spalding-system raquireﬁants.
In applying the standard curve-fitting techniques men-
tioned in A.1, it was noted that a single equation was |
suitable for the prediction of all the physical properties
‘heeded for the present investigation, viz. _
\n(physical property) =a+ bt + ct ? + dt83,

where a, b, c and d are constants and t_ 1is the saturation

‘temperature. -

| The advantages offered by this simple eqhation'madé
possible the development of a single cohputer-progrgm to
calculate the constants in the above equation for every
physical property of the refrigerants.under consideration,~
The Mercury computer of theﬂvniversity.of London was used
to calculate the constants appearing in the following sub-

sectibns.

A.5.2 Ammonié.

\np_ = 8.385¢0.02407¢_=5.570x10 >t _%+9.025x107"

t 3
-]
0 - 120 deg.F; 0.1%; ref.6, p.20. (A.5=1)

ln,vr a -3.721+9.796x10'hts+3.hshx10'6t82-4.197x10'9t83

0 - 120 deg.F; 0.2%; ref.6, p.20. (A.5-2)

In vé = 2.210-0.02266t_+5.086x10 "t _2-1.026x10"7¢_>

O, = 120 deg.F; 0.2%; ref.6, p.20. ' (A;S-B)
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6,2

o o - i 6.3
In hy = 6.344-1.363x10 t ~2.314x107 "t -1.536x10 "t

0 - 120 deg.F; 0.1%; ref.6, p.20. ( A.5=4)

g = -0.5029-2.002x10_3ts-1.896x10-6t§-3.962x10'9t2

40 - 100 deg.F; 0.1%; ref.1l, p.275, table 3. (A.5-5)

3

\nyp, = -3.876+2.021x10" ts+2.667x;o'7t§-2.218x10'9t2

40 - 150 deg.F; O0.1%; ref.l, p.275, table 4. (A.5-6)

f
5-86 deg.F; constant value given; ref.l,p.275,
table 5. (A.5=7)

n kg= -h.565+h1h9x10_3ts-7;985x10-6t§+1.281x10'8tg

122 - 302 deg.F: 0.1%; ref.l, p.275,,table 6. (A.5-8)

In ¢, = 0;07691+u.uoux10'“t8+2,662x10'6t§

0 - 120 deg.F; 0.3%; ref.3, p.30. (A.5-9)

' 77 deg.F; constant value given; ref.l1l, p.274,

table 2. (A.5=10)

A.5.3 Freon 12,
_ = -5,2 -8,3
in Pg = 8.1h2+0.0211hts-h.8)6x10 ts+8.137x10 tB

3

In v = -4.510+1.314x10" ts-3.296x10-7t§+1.703x10-?t2

0 - 120 deg.F; 0.2%; ref.6, p.22. (A.5=-12)
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v, = o.h756-o;01981t8+u.132x10‘5t§-8.696x10'8t2 '

0.- 120 deg.F; 0.2%; ref.6, p.22, (A.5713)

In b, = 4.230-1.609x10"7¢_-1.687x10"%t3-2.913x1078¢3

fe

' ' -3 -5,2 -8.3
in v’f = -0.2102-—1&.6951:10 ts+2.097x10 t8-6°,133x‘10 ts

O - 120 deg.F; 0.4%; ref.l, p.275 {A.5=15)

Iy, = ~3.600+1.109x10™7¢ _+6.427x10™6¢2-k.05Ux10"8+3

0 - 120 deg.F; 0.2%; ref.l, p.275 (A.5-16)

-6,2

In k, = -2.977-2.604x10"7¢t_~2.801x10"°t2-1.102x1075+¢3

£
0 - 120 deg.F; 0.1%; ref.l, p.276. (A.5=17)

6

n k_ = -5.42343.036x10 ¢ _-k.388x10"Ct%45.760x1077t2

0 - 120 deg.F; 0.1%; ref.l, p.276. . \ (A.5-18)

L 6

In e, = -1,.538+4+6.165x10" ts+5.667x10- t§-5.037x10-9t2

0 - 120 deg.F; 0.1%; ref.l, p.277. (A.5-19)

an = "‘7.391.
50 deg.F; constant value given; ref.l, p.274. (A.5-20)

A.5.4 Freon 22.
\ L =-5.2 -8.3
np, = 8.628+0.02102t8-h.781x10 ts+7.677x10 ts

0 - 120 deg.F; 0.3%; ref.l, p.305. ~ (A.5=21)

n v = -u.u30+1.376x10‘3t8+h.155x10'7t§+2.15hx10'8t2

0 - 120 deg.F; 0.1%; ref.l, p.305. (A.5-22)
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\n v, = o.3170-0.01986ts+3.861x10'5t§-9,605x10'8t2.

In b = h;5h9-1.670x10-3ts-5.693x10-6t§-h.76hx10-§t2.
0 - 120 deg.F; 0.1%; ref.1l, p.305. (A.5-24)

In = -0.3511-3.668x10'3ts+1.289x10'5t§-3.oh8x10‘8t2.

0 - 120 deg.F; O0.4%; ref.1, p.275. ' (A.5-25)

inp, = -3.712+1.679x10'3t8+8.315x10'7t§;1.891x10'8t2.

0 - 120 deg.F; 0.8%; ref.l, p.275. (A.5-26)
In k= -2.766-2.hh2x10'3ts-2.603x10-6t§-8.227x10'9t2.
0 - 120 deg.F; 0.1%; ref.l, p.276. (A.5=27)
n k= -5.236+3.051x10°3t8-u.338;10‘6t§+5.389x10'9t2.
0 - 120 deg.F; 0.1%; ref.l, p.276. ‘ (A.5-28)
6

In Cp= -1.jo9+1.985x10'3t8-5.969x10‘ t§-1.119x10'8t2.

0 - 120 deg.F; 0.1%; ref.l, p.277. (A.5-29)

lng = - 7.591

1

77 deg.F; constant value given; ref.l, p.274. (A.5-30)

A.5.5 Methyl Chloride.

n ﬁsg 7.909+0.02265ts-5.170x10'5t§+7.287x10-8t2. ‘
* 0 - 120 deg.F; 0.1%; ref.l, p.299. (A.5-31)

In v= -h.127+1.058x10-3ts+1.966x16'7t§+7.0h9x10-9t2.
0 ~ 120 deg.F; 0.1%; ref.l, p.299. (A.5=32)
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‘n %sé1.603-o.ozllotafu.ueaxlo'Sti-G.759:10‘8t2.

0 - 120 deg.F; 0.2%; ref.l, p.299. o .(A.5-33)
in h 5> 5.203-1 277x10™3¢ o=2e 548x107 642 ey u58x10’9t3

0 - 120 deg.F; 0.1%; ref.l, p.299. (A 5=34)
-6,2 3

Inp s -0.3273-3.u27x10‘3t8+8.083x10 t2-1.297x10" t

0 - 120 deg.F; o.z%; ref.l, p.275. . (A.5=35)

'1ngg= -3.78u+i.8u6x10'3t -1. 321x10'6t2-u 868x10710¢3.

0 - 120 deg.F; O0.5%; - ref.1, p.275. (A.5=36)

n k= -2.186-2.420x10 "¢ g3 085:10'6t2-h.h96x10°9tg.

0 - 120 deg.F; 0.1%; ref.ih, p.459. (A.5=37)
-6

n k= -5.38744.866x10-3ts-9.291:10 t§+1.152x10°8t2.

0 - 120 deg.F; 0.1%; ref.l, p.276. (A.5-38)

ln C o= -1.002+6.356x10‘“

0 - 120 deg.F; 0.2%; ref.l, p.277. (A.5=39)

ts-2.792x10-7t§+7.352xlo-l°tg.

68 deg.F; constaﬁt value given; ref.l, p.274. (A.5-40)

A.6 Thermal conductivities of metals and alloys.

Cooling water for the Vet-systeﬁ steam surface-condenser
is usually in the form of river, lake, or similar natural-
water, for clean natural-water, 70/30 brass condenser tubes
ére suitable, according to page 8, ref.2. Where the natural

water is brackish or polluted, the more expensive admiralty
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brass tubing offers a slightly better corrosion resistance.
For a temperature of 68 deg.F, page 18 of ref.2 gives thermal

conductivity values of

k= 67.7 ' (A.6-1)
and
k =55.6 . (A.6-2)

.for 70/30 brass and admiralty brass respectively.

From the data on pages 1015 and 1021 of ref.ll and dis-
cussion with Hart of ref.5, it 1s éongluded that considera-
fion of materials for use in the Heller-:and Spalding-systems
can be restricted to aluminium (99.5%), mild steel (En3A) |
and stainless steel (304). The respective thermal con-

' ductivity-temperature equations are:

km = 128.7 - 0.013 t.

ref.k, p.22. " (A.6-3)
k_ = 31.22 - 0.0081 t.

ref.4, p.22. ' (A.6-4)
k, = 8.17 + 0.0057 t.

ref. 5. . ) - (A’6-5)
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B FRICTION-EACTOR FORMULAE FOR FLUID FLOW INSIDE TﬁBESr

B.l Definition.
The friction-factor used in the present 1nvosfigation
is the so=-called Fanning ffictlon—factor, defined by the

‘following relationship:
f=(2q,aps.d)/(4pS% L), o | (B.1-1)
B.2 Single-ghaooi_olngle-comggnent.'turgggont fluid flow

N
in tubes.

B.2.1 Accurate fornulae for tfansitlon and completely

turbuloqt re es.
According to page 134 of ref. 1, the following
Colebrook-White forwula represents the best theoretical
approach in determinlhg f for the whole turbulent flow

regime:“

-0°5, _.. I '
£ 1-¥372 In {o.2702(e/d) +i 255 NRe. £7773, (B.2-1)

valid for: Ng, < 3000.
For the completely turbulent regime where f approaches
a constant value, fh, NRe values are so large that the last

term in the foregoing equation cah be 1gnored to give

£,9%= 17372 Info-2vo2?(e/d)}, -
valid for:’(F/fy) <1 01,
For the transition regime, the implicit nature of

(B.2-2)

(B.2~1) renders it unsuitable both for calculating f directly
and in applying theoretical optimization techniques involve

ing £ calculations. In the former case, direct mumerical

calculation of £ can be, and usually is, achiovod by repro-
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senting (B.2-1) graphically, For the latter case, the best
solution is to replace (B.2-1) by approxinate, explicit
formnlae which are valid for the ranges covered during

optimization investigations.

B.2.2 Aggroxiuate formulae foxr tranaition regimé;

For the present investigation, preliminary calculations
show that approximate, explicit friction-factor formulae are
required for the transition regime bounded by 10“5 NR§¥ 106.
Furthermore, these formulae must apply to exﬁrﬁded tubes 6fb
about 0.5 inches inner=diameter, for which the relative
roughness is €/d = 0.0001 according to page 38 of ref. 1.

 Examination of the graphical representation, on page.
137 of ref. 1, of £ vs N with ¢/d as parameter, suggests
the use of two approximaﬁe formlae of the following linear

form:

{' = Q&NRQ) ‘ ‘ . (3'2-3)

where a. and bf are constants calculated during curve-

fitting procedures.
Thus, for €/d = 0.0001, there results

f = 006Np, ora2a

valid for: 10%¢ Nge & 0% | (B.2-4)
nd .
f=0022N °"37',

valid for: \o'fe Ngei 10€. | (B.2=5)

LY

>Both of these formhlae over-estimate f with a maximum error

not exceeding'2.5 per cent, o ' .
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B.3 Forced convectioni two-phase, siggle-coggggeﬁt fluid
flow occurring during condensation in vertical tubes.

On page 28 of ref. 2, Bergelin et al., present a graph
of vepoufbphaee f vs Nne' rroﬁ which f may be evaluated for
condensation in vertical tubes with annular flow of con-
densate. The.authors stress that their results are pre-
liminary in nature but, due to the absence of mofe recent
informatioo. their graph will be ueed as a basis for calcu-
latione in the present inveatigatioh. ' . |

Bergelin's graph is.in the form of a family of

4 vs NRe.g curves with ae as the parameter, where
=(025V B.J=1
[ J4 (o-25 {.P{_Twld")NRe,{: o _ ( )
‘and NRe g is the vapour-phase Reynold's number at any tube
]

crose-section, based on the local mass flow rate of vapour,

and N is similarly defined for the liquid-phase.

Re,r
It is8 desirable to specify the family of curves as a
single equation, so as to permit the derivation of formulae

. during optinization procedures, Since each curve exhibits
a maximum value of f, accomoenied by non—symmetrical-verio-
tions in slope, this is difficult to do. One way round

the difficulty is to remove the dependence of f on Nn°. for
the purposes of the present investigation, by replacing each

£ vs N_ curve, associated with a particuler value of ay,

Re, g
by a straight line giving a conetent f value equal in mage-

.nitude to the maximum f£ value for that curve,
This assumption results in over—eetineted P wvalues,
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»

thereby introducting a design safety factor. " After plotting

a curve of (f) V8 ag., as shown overleaf, it is seen that

max
an almost linear relationship. exists, given by

(f-)mm't-o-oos +0:0005 & ¢, | (B.3=2)

valid for: o, €100 . | (B.3~-2a)

- B.4 References.

1. Anon. "A Guide to Current Practice", Inst. Heating and
Ventilating Engrs., W.P. Griffith and Sons,

2nd Edition, 1959.
2. Bergelin, 0.P, et al. "Co-current Gas=Liquid Flow. 2.

Flow in Vertical Tubes", Heat Transfer and
Fluid Mechanics Inst., published by A.S.M.E.,
1949,
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C FRICTIONAL PRESSURE-DROP FORMULAE.

C.1 Definition and basic equations.
If the Fanning friction~factor is known, the frictional

pressure-drop can be dgduced'by‘re-arranging (B.l-l) to
egive .
Apg=(4Fp5*L)/(2g,d). - (c.1-1)

The differential form of (C.1-1), giving local pressure

gradient, 1is

(dpg./dx) = (45p52)/(2q,d).  (c.1-2)
The substitution of the c&hfinuity equation,
SaWv/cg, ' | " (C.1-3)

results in

(dpg, [dx) = (4 vE W) [(2g,cgd). T (ca-h)

C.2 Forced convection, two-phase, single-component filuid
flow occurring during cdndensation in vertical tubes.

| The overall frictional pressure-drop cannot be calcu=-
lated directly b& substituting (B.3-2) into (C.1-1), due to
the changes in flow conditions produced by progressive con-
. densation along the tubes. Instead, the local gas-phase
pressure gradient, (dpfr/dx). must first be determined by

the substitution of (B.3-2) into (C.1-U4) to give

(dp.ldx)= ap,cw; + bp,c\sl;‘\»l{_,- - (C.2-1)
where

a,c =(0-012 va)/(3,c6d), * (c.2-1a)
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bp,ce(o'-ooozs Va Vg "'w)/(SoC?: o), (c.2-1b)
after inserting the following definitions:
NRE,%E(de)I(P'S Cf) . NRQ,‘F E(d WF)I( P‘-f- C.F) .

The dependence of W, and wg on x/L, the fractional dis~

" tance along the tubes, must be ascertained before (C.2<1)
can be integrated. The theoretical pressufe gradient cal-
culated from (C.2-1) agrees ciosely with the experimental
profile, for a typical éoﬂdenser-tube, presented in fig.9
on page 28 of ref. 2, if the condensate mass flow rate is
assumed to increase linearly along the tubes.

The adoption of this assumption, together witﬁ condi-
tions of no liquid At entry and ﬁo vapour at exit, results
in o
Wo=W(i-x/L), We=Wx/L, where W=W+W,
and ' ! .

v ol o |
Apg.= aP,CLWaL(’I -x/Ly*d(x/L) +bp,c_LWSJ‘Sx[L)u-le)zd(le).

The above equation can be integrated to give
‘ 2 3 :
- . . . C. -
Apg.=0333a, (LW + 00033 bP)C_LW , (c.2-2)
valid for: o € 100,
where a,,c ‘and bp’C are defined in (C.2-1) and ar;sgiven by
(B.3-1).
C.3 Forced convection‘ two-phase, single-component fluid

- flow occurring during nucleate boiling in tubes.
Accoxrding to page 696 of ref. 4, the overall frictional

pressure gradient at any section x, during forced convection
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boiling in a tube, is given by .
dpefdx = ¢ (dpg [dx)g, (Co3-1)
where (dpfr/dx)f is the local one-phasé frictional pressure
gradient calculated as if the local liquid constituent alone
flows through the tube and ¢, is a multiplication factor, |
Before (C.3-1) can be integrated to give the overall fric-
tional pressure drop, the terms on the right hand side must
be expressed as functions of x according to the following
proceduré. .

.?reliminary calculations applicable to the present in-
vestigation indicate that the ‘li-qu:l.d-phase Reynolds Number,
based on total mass flow rate, lieslin the range 10“:5

(N < 10° and that friction factors may be evaluated

Re)f :
with sufficient accuracy from (B.2-4). The substitution

of (B.2-4) into (C.1-4) results in
(dpf;rldx); =f(on2 vy pz'uﬂ/(goc 3364 "?'2'4)3W¥"176, (c.3-2)

where W, refers to the local liquid constituent alone.

b
According to page 698 of ref. 4 and page 45 of ref. 3,

¢f can be evaluated from an empirically determined expres-

sion,

¢ =4 (X, operating pressure types of flow r'egimes),"

where

X= (V{-/"g)ll(a-n)( P{/Ps)nl(a-n)(wf/ws)] | (C-B'B) |

with wg based on the local vapour constituent alone and n

being the exponent in (B.2-4). Therefore



c3 : 32

Y= ()™ gl g™ = (W /W) - N CEE
¢T can be reduced solely to a function of X if the operating
pressure is assuned to be one atmosphere Qnd the flow re-
gimes for liquid and vapour are both taken as turbulent.

The resultant single curve, shown on page 698 of ref. 4,

can be fitted by an equation of the form s
¢g=3-05 X‘°',’za +1, : - (c.3=5)
the use of which will result in an over-estimate of overall
frictional p#essure drop, thus prbviding a safqty margin for
design calculations. The substitution of (C.3-4) into

.407( pslp{)o-osu(wsl wf)°'7a3 + ‘ . | (C . 3-6)

In establishing wf_and wg as functions of x, it is

b =385 (/)

assumed that the mass flow rate of vapour increases linearly
with distance along the tube, in accordance with the proce-
dure in ref. 4. This 1is a‘reasonable assumption, in the
absence of specific information, as the tube wall and bulk
liquid temperatures remain nearly'conétant in the present
investigatibn.-' Thus, for conditions of no vapour at entry
and a dryness fraction of X at the‘tube exit,
Wp=(1-XX/L)W, WgzX(x/L)W for WaWp+Wg.

The substitution of these equations into (C.3-2) and:

(c.3-6) and subsequent inclusion in (C.3-1), together with

a transformation of variable, reaulfs in
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dpgldy= apu W' (L 0Dbpyd -9 P2y G- 002
*(‘_5)|’7?6],
where
apy = (o2 Vg p 24 (g cd T
and : | | ,
ys Xx/L . | o (€.3-7)
After binomial expansion of the (1 - y) termﬁ, the

~foregoing equation can be presented as the analytically
integrable ex'presaion-

' X

o723 l°'|‘23)

o
+2bpp(y -losy -¥ey+ 13 dy,

which, after integrating, becomes '

g =apuW T Libgy X Y0409 -0-090 X~ 0025 X*)

+2.b,  X°*23(0.58-0-39 X) +(1-0-82X)3. (C.3-8)

For values of X not exceeding 0.1, the terms containing X

in the small brackets can be ignored to give

I'¥%6
Apg.= “p,Hw L3y, |
where
Iua 00403b:’“x|.45+ 16 br)“xo';zs -+ { . l (CQS-BE)

b 5
£ 'NRe £ .10 where .

(c.3-8) and (C.3-8a) are valid for 10
Npe = :(dw/pfcf); afp.H and bp.H are defined in (C.3-7).
Errors in using (C.3-8) to evaluate Ap, . are small for

X< 0.5 because of the properties of binomial expansions.
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-Eor higher'valuea of XH the errors become significaﬁt and
reach a maximum at X = 1. ' Calculations based on (c.3-8a)
compare favourably with theoretical calculations both for
water on page 698 of ref. 4 and for freon 22 on page 195 of
"ref. 1; for operating preséures not exceeding 200 psia,
(C.3-8a) over-estimates the frictioneal pressure drop by less
tﬁan 25 per cent. However, an over-estimate of 100 per
cent is obtained when using (C.3-8) for freon 22 at X = 1
and an operating pressure of 200 psia; for X = 0.5 the over;
estimate is 45 per cent.

. The foregoing figures indicate that (C.3-8) should be
used with caution for X>0.5. However, bearing in mind the
difficulties 1nvqlved in ﬁostulating a satisfactory frice-
tional pressure drop formula for:two-phas§ flow, (C.3-8)
is a usefui equation for design purposes, even for X>0.5.

It also possesses the desirable feature of being pessimistic,

thus rendering ‘it safe for design calculations. -

C.4 References
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D HEAT-TRANSFER COEFFICIENT FORMULAE

, A
D.1 Single-phase, single~-component, turbulent liquid flow

in tubes.

Since the wall to bulk liquid temperature differences
are small'in the present investigation, the Dittus-Boelter
correlation as presented on page 219 of ref. 4 is applicable.
On re-arranging the equation and multiplying the constant

by 0;8, the heat=-transfer«coefficlent is given by

u= °'°|e4(k$ld)(NRQ)E.G(NPP)§.4)
valid for: (Ngele > lo4',
L‘/d 60,
0-#<(Np)g < I20, (D.1-1)

where all the liquid physical properties are evaluated at

the bulk liquid temperature,

D.2 Forced convection, two-phase, single~component fluid
flow océurrigg during condensatioh in vertical tubes.

In the present investigation it is advantageous to
increase condensation heat-transfer~coéfficiehts by operating
under conditions of high vapour velocity. An applicable
heat~transfer correlﬁtion, accurate to within 40 per cent,
is presented on page 6 of ref. 2. After re-arranging the
' given equation and multiplying by 0.6 to introduce a design
safety factor; heat=transfer coefficients may be evaluated
from _
u=0-016 (k{_/d){vs(Np,)F‘Fs/V_F}wS( NRelg)

6 : e
valid for : 2X%X\10 édsé 2.X10 ;
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where (Ng.)c = {dW/(pecol, (NRQ)3 ={dW/(p a<P},

Ag= (017 H:/dz)fs(NgP_)g ) | (p.2-1)
and fg is a supgrficihl vapour-phase friction~factor com-
puted as if there were no condensation, Preliminary

calculations indicate that the vapour-phase Reynolds Number,

based on total mass flow rate, lies in the range 10° < (N
é

from (B.2-5) .

Re)g

£ 10" and that :t‘g may be evaluated with sufficient accuracy

The substitution of (B.2-5) into (D.2-1) results in
u=2-30x107 (he/d)iuy(Np e Vg3 (Ng ¢ (Ngely ™ 203
"valid for: 2x10° a4 < 2x10%,
|o5s(NRe)gé 109
where
,ags(o.oos?él-vs pzlda)(NRe); 864,

(NRG)Faidw/(P{-C'F) ’. (Nge)SE{dWI(FSC‘)} " (D. 2-2)

D.3 Two-phase, si_x_xsle-comgoﬁent condensation of steam on
- axially horizontal tube bundles.

A formula recommended for the evaluat:l.qn of average’
heat-transfer .coefficients on the steam-side of plain or
low-fin surface: cohdensers. presented on page 464 of ref.3,
is of the form
17

-\/6 ‘42

Ug = 09222 & ' Ug (1= 0395« ' + 0315 ), (D.3-1)
>

where a is the ratio of condenser-shell radius to tube-~
pitch and u s.1 is the average condensing heat-transfer

. » ’
‘goefficient for the uppermost condenser tube, determined

from
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ug A= 651 ka{aWSO(QH/QS)/(Ff 5\’.;.5 Pu)}‘ S(NRe){- g
valid for: (NRe){-,S‘ 2.1 ’“03;.

where
(Needg,s =12mdyXs/(pg s o)t Cs' Qus .
Cs=gq/msces);, Qu=q/Apn- - (p.3-2)

QH/QS is the ratio gf outside to inaidé heat transfer

area. .

Xg is the steam dryness fraction at condenser inlet.

ﬂH is.the ratio of outside to inside bare tube

diameter.

S refers to steam-side.

H refora to tube-side.

(D.3-2) is a re-arrangement of Nusselt's single tube result,
presented on page h§1 of ref, 3, after aubstituion of the
.heat balance vs heat rate equation for steam.

Although (D.3-1) applies to square pitch arrangements
it can be used fo; the more commonly adopted triangular
pitch arfangements when slight under-estimates of heat-
transfer coefficient will accrue, a desirable feature for
design calculations,

In deducing a formula for o it is assumed that the tube
pitch is 1.5 dH and that the summated areas of all the squares,
of aide 1.5 dH’ represent the condenser shell cross-sectional
area, This is a reasonable assumption especially since any
errors in g ;ncurred thereby are rendered insignificant for
the following reasons:

i) PFor the present investigation, a values are so large
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that the last two bracketed terms in (D.3-1) may be ignore&;
thus rendering thé bracketed expression insensitive to efrora
ina. '

ii) As the remaining @ term has an exponent of -1/6,
errors are greatly diminished.

After deducing the radius of the condenser shell and
dividing by the tube pitch, there results

=(nyIm)°?,
where n, is the number of tubes. This equation can also be

expressed as

o=f2 q,_°'5/(trdH)} (CH\J“)""S | (D.3-3)
after incorporating .
nH=_q,/(_o-zs1rdﬁCH\d“),

which fbllows from the tube-sidé definitions
Ch=q/(myce ), \‘JH'mHCfH/Ac,H"

Therefore, after the subst:l.tuk'l.on of (D. 3-2) and (D.3-3),

(D.3-1) becomes

us:quﬁtsuvmyh;(csz )Us
valid hr (Nge)‘_s < 21 x10°,

where

Aus = 0647 k518, s(QuiAs) (Xs iy s vés pudg 2> =N (p.3-4)

and (Np,)p o is defined in (D.3-2).
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D.4 Heat transfer during forced convection nucleate
boiling under saturation conditiqns.

D.4.1 Maximum heat-transfer coefficients inside

horizontal tubes for Ammonia, Freon 12, and

Methyl Chloride.

The results of various investigators are presented in
graphical form on page 439 of ref. 5. |

For Ammonia, the results of Cleis, Danilowa and
Masukewitsch, applicable to boiling inside and outside ver-

tical tubes, give the highest heat-transfer coefficients

and can be correlated by the single express':lon

- 05
uy=toQy 7,
valid for: d, =~o0-0¢,

300« Q“4104. ' ' | (D.4-1)

(D.4-1) may be used as a guide for boiling inside horizontal .
tubes, in the absence of specific information, provided that
the fiu:l.d velocity is high enough to prevent a build-up of
vapour inside the tubes. _

For Freon 12, the highest heat-transfer coefficients

for boiling inside horizontal tubes are given by the equation

.5
Uy= 60 Ql? ’

Valld for: dy=o-06,

| 2006 Q€ 5000 . (D.h-z)

From indications in the overall review on page 438 of

ref. 5 and the experimental results presented in the graph

on page 439, the following equation is adopted for methyl
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chloride:

uy=+o @37,
valid for: dy= 0.0,
| 3000 Q€ 10,000, (D.h-j)
These equations should be used'only as rough guldes
‘due to the uncertainty of the experimental results and the
fact that they were obtained for vapour quality changes
much larger than those encountered in the present investiga-

tion.

D.4.2 General heat transfer correlation for Freon 12,

22 and Methyl Chloride flogggg.throggh'horizontal
tubes.

 An equation for the determination of heat-transfer-

coefficients, for incomplete vaporization, is presented on

page 194 of ref. 1. Obéeﬁ#ation of th§ scatter of experi-

mental points around the curve plotted from the equation

suggests the'adoption'of a multiplication safety factor of

0.7, After substituting the heat‘balance-hoat rate equa=-

tion for the refrigerant and incorporating the definitions

Qu=q/AnH, Wusmycey/Acy,
the equation finally becomes
Uy = 8, 4 (QuWi)° 0-3%3,
valld for: 2.5x10 s{s 1X10 (C$HFPH) dHQ“\JH}< 15x10'2

where

Gy = 032 “N(Cful“m)
and the subscript H refers to the tube-side.

o -0-625
03'-1'5d 062 (D.h-u)
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This equation, like those in the previous sub-s;ctidn,
should be used with caution since tﬁe experimental results
leading to the correlatioﬁ were for higher vapour quélity
changes than those encountered in the present investigation.
(D.4-4) 4is not applicable to boiling Ammonia, giving gross

over-estimates for the bolling heat-transfer coefficient.
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E TRANSFER UNIT-EFFECTIVENESS AND ASSOCIATED PERFORMANCE

RELATIONSHIPS

E.1 Wet-system tower packing.
E;l.l Presentation of general transfer unit equation.

The heat-transfer potential between water and air in

the wet-system tower packing is universally accepted as being
proportional tp enthalpy difference rather than temperature
difference, a fact first recorded in 1925 by Merkel (ref.z)..
The postulates and assumptions of Merkel are outlined on
pages 401 onwards of ref. 3 in deducing an expression for

the number of overall air-side transfer units, given by

he,i :
. -l N
Nh,G= (Gl GG)J ghm‘h&_’{ *(GCIGG)(hc,"hc)‘\)} Clhc_, (E.1-1)
: C,o _
where (G,/G;) is the ratio of water- to air-side loading,

hG and h, are moist-air and water enthalpies

Cc
respectively,
i and o refer to inlet and outlet respeétively
and hM is the enéhalpy of the layer of saturated_air
adjacent to and at the same.temperature as the water surface.
hM is related to the wate:'gurface temperature accord-.
ing to (A.4-5), evaluated for saturated air. Using 32 deg.
F as the enthalpy_base-tempnratﬂre, the relationship between
h,, and h, can be established by incorporating thé following

enthalpy-temperature expression for water,

he=te-32. | (B.1-2)
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As the resultant hM vs h, relationship is complicated,

C
(E.1-1) cannot be integrated analytically unless some sim-

plifying assumptions are made,

E.1.2 Approximate hM - hc relationships.
The most widely accepted approximation is that of

Merkel, whereby the hM vs hC relationship is linearized by

postulating an average enthaipy difference, given by
hm" hG= 05 i (hM,i.+ hM,O) "’(he’i + hG,O)} . (E.]_..B)

A more accurate approximation is obtained by replacing

the actual hM vs hc relationship by a quadratic expression,
valid over the range of enthalpies encountered in the pre-
sent investigation. qu one atmosphere, the equation
' . 2
hy = 8124 + o-os7s4,hc+ooqoa74a he,
valid for: 30<h <60, (E.1-4)
gives h, values accurate to within 1.0%.

E.1.3 Transfer unit equation and other relationships
using,Merkel‘s approximation.

The substitution of (E.1-2) and (E.l1-3) into (E.1l-1)
and the incorporation, after integration, of the heat

balance relationship,

GC/GG =(hﬁ,o-hﬁ,i)/(hC,i-hC,o)J ' (E.I-S)
results in
Npa={w/(GclGg) - 0537, | (B8

where o= {°"(hM,i“'hM,o) - hG)i'}/(tc,i-tc,o)- (E.1=7)
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(E.1-6) can also be expressed as

Eei-t&=( Eé)-l{(ﬁclacd(tc,i“fc,a)(N.; grotos(hy-hy Y, (£.1-8)
" where EG*E (hM,i-hG,i)/(tc,r.tg)i)' (E. 1-9)

The asterisk super-script denotes conditions at wet~bulb

temperatures.

c; can be accurately determined by substituting (E.1-4)
and (E.1-2) into (E.1-9), after noting that the enthalpy of

unsaturated air is equal to the enthalpy at the associated

wet-buldb temperature. Thus,

Eg = 0-009%43 (tc‘-‘-t-t;,i)— 0-5S257, (E.1-10)

E.1.4 Accurate transfer unit equation using gquadratic

approximation.

After substituting (E.1-4) and integrating, (E.1-1)

becomes
059~ 05 hcli
Ny o= [2(Gc1Gg)/by " larctanf(ebohe +b) / bS’ }]h .
valid for: 3o<h¢s 6o, ©0
where |
ba = 4 bobl - b%,

bo = 8-I?.4-h(,,i "'(GCIGG) hC,o )
b, = 0-09784 - (G([Gg),

b,=o0-009743, (E.1-12)
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E.2 Heller-system tower heat exchanger.

The tower heat exchanger is of the cross-flow variety
where the water floving.through the tubes fallé into the
category of "umiixed-flow". On the air-side, the flow pro-
bably falls somewhere between the categories of "completely-
mixed" and "completely-unmixed® flow. For the range of
operating conditions encountered in cooling towers, the
choice of either of these extremes leads to almost identical
transfer unit-effectiveness relationships. . Since algebraic
analxéis is easier for the‘former extreme, the tower heat
exchanger is considered to fall into the cateory "cross-flow,

’

one fluid mixed".

According to page 13 of ref. 1, the aire-side partial

effectiveness, defined as
€q E‘té,o"te,t)/ {( t.,,,c,)o-tc,,-‘i , . (E.2-1)

where (t G)o is the air-side metal temperature at the heat~

exchauger-ai:-side outlet, is given by

eq=[{(CclCq)a-bif(a-b)] ',

whcre
a=(i- eﬁ,p)np , b i("eéi-,ch/CG)np; _
Cemq/(mece), Cg = q/(mgeg) ; 4 - (E.2-2)

subscripts G and C refer to air- and water~-side respectively,

np is the number of water-side passes and

is the partial air-side effectiveness per pass.
can be derived by a procedure similar to that out-

e
G,p

eG'p

lined on page 151 onwards of ref. 1, the final result beiné
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-\ _ -a\-|
GG)P-(I"C )

where |

a E(CCIC&)_lil- e-‘cclcb'\hh:G/hP} | (E.2-3)
and.nh'G is the air-side partial number of'transfer units,
defined by

Ph g 2 “GAh,Gl(“'G:‘G)'

(E.2-3) can be accurately represented by the truncated series

expression '

-l ‘ ' '
eq,p = (nplny Q)+ o5 {CICQHIT +ing g/12 npu(cc/ce)z-n- 13, (E.2<4)
with negligible loss of accuracy for cooling tower appiica—'

tions.

For two water-side passes, (E.2-2) and (E.2-4) become

ea =legy ~(CclCQHiz ey ~(CclCa) -1} (E.2-5)
and

ea',"; =2 “;\,‘a"‘ o-s{(CclCq)+13 "'°'°4'57"‘h,qi(cclcé)1 1}.  (E.2-6)

E.} Spalding-system tower heat exchanger.

A feature of the Spalding-system is that the tempera-
ture of the refrigerant flowing through th;'tower heat- '
exchanger tubes remains practically constant. Since the
temperature drop through the metal wall is relaéively small
in cooling tower applications, little error'will be intro-
'duced by assuming that the air-side metal femperature also

remains constant. Under these conditions, the heat
exchanger can be theorefically treated as lying in the cate-

gory of "counterflow with constant temperature on one side",

13
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The associated transfer unit-effectiveness relationship

can be derived according to the ﬁrocedure outlined on page

11 of ref. 1, the final result being

e hGy~! |  (EB.3-1)

-=|.
. eG=(|-— »

where e., the air-side partial effectiveness, is defined as

eq=(teota ) tmad ~tail (E.3-2)

(tm' G)o is the air-side meta11 temperature at the heat=exchanger air-
. ) it .

units defined as
(E.3-1) can be represented by the following truncated
series expansion with ﬁegligible loss of accuracy for n G
1
values encountered in the present investigation: ’ ’
-1 - i
_ (E.3-4)

{
eq = nh)q+-o-s +0:0833 N h,Ge

E.4 Wet-system surface steam condenser.

Since the steam temperature remains practically con-
stant, the condenser can be theoretically treated as lying
in the category of "counterflow with constant temperature

on one side", as is the casé in the previous sub-section.

Similar procedures lead to the expression
- Ny 3 -t :
Eg=(1-¢ mHy™ _ (E.4=1)

where EH’ the hot-side overall effectiveness, is defined as

Ey=(tyo-tyd/lt,g-tud . (E.b-2)



E.5.1 | ' | | 359

Ny, H?

is defined as

the overall number of hot-side transfer units,

Ny Un Apud(myee ) - (E.4-3)
the subscripts H and S referring to the hot- or water-side

and steam-side. respectively.

E.H Refrigerant-side temperature approach for Spalding-

sxstem steam surface condenser.
E.5.1 Introduction.

Little error is incurred by assuming that the refrigerant-
side metal temperature, tm H* like the stéam temperature,
?

t » Temains practically constant along the tubes as the

s,S
resistance to heat'transf;r through the steam and tube wall
is small. This assumption does not apply to fhe refrigepant
saturation-temperature, ta.H' which will vary dué to changes
in total pressure, with respect to tube 1engthf

The first step in determining the refrigerant-side

temperature approach is to equate the heat-rate equation to

the heat balance equation for a typical elemental section of

the condenser. Thus

uH(tm,H-tS,H) dAh,H = dq, ) ' (E.5-1)
where dAh,HIdx = Ah,H/LH 3 dq[dx. = QILH .

dx and L, are the respective elemental-section and total

tube lengths.
Linear decrease of refrigerant saturation-temperature

with respect to tube length is assumed, this being reasonable
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for the small temperature variations encountered in the
present investigation. This assumption, together with

the condition of no vapour at inlet, results in
(o ~tep ={(tmp— (T i3 +atgy x /by, | (E.5-2)

. where x/LH is the fractional distance from tube inlet and
AtsHE(thi—(tgﬂo- (E.5-2a)
After subatituting_the foregoing equationé, (E.5-1) becdmeé

. Ly
q= (Ah,HILH)jouH[{(tm,H)o'(ts,H)i} +AtS,H IILH] dx. ‘ (E. 5=3)

E.5.2 Temperature approach for single-phase, forced '

convection flow condition.

This condition applies if the tube wall to fefrigerant
temperature difference is insufficient to initiate nucleate
boiling, the heat transfer then being that due to forced
convection, given by (E.l-l). As the heat-transfer-
coefficient is independent of distance along the tubes,
(E.5=3) can be integrated and re-arranged to give the tem-

peraturé appfoach
-] ’
(tm,“)o -(tS,H)o = UH Q“ +0-5 At S,H ) | : (E. 5_1‘)
where QH = Q/Ah,u
and uH-1 is evaluated from (D.1-1).

E.5.3 Temperature approach under conditions of nucleate

boiling heat transfer, independent of fluid velocity.
This condition pertains when (D.4-1), {D.4-2) and



E.5.4 ‘ S . 361

(p.4~3) are valid for the refrigerant side. These equations

can be transformed into the single form

Uy = °z{(tm,ﬂ)o "ts,H}) ' (E.5-5)
where a=10,6 and ¥

. for Ammonia, Freon 12 and Methyl Chloride respectively,

after substituting the heat balance-heat rate equation
Qu=uyllt o -tsud. |
After substituting (E.5-5) into (E.5-3), integrating and re- .

arranging, the temperature approach is given by

-2 2 105
(‘l‘m,“\o -(tS,H)o = o-SAt%H +o5[4a°Qy- o333t s,H] . (E.5-6)
This equation can be accurately represented as

-1 OS5
(tlﬂ,H)o- (ts;H)o = 0-5 AtS,H +a QH ) (E.5-6a,)
for the small values of Ats H encountered in the present
1 4
investigation.

E.5.4 Temperature approach under conditions of nucleate
boiling heat transfer dependent on fluid velocity.

For these conditions, (D.4-4) is applicable and can be
transformed into |
_ 16, 08 06 :
Ug=aup Wi it -Tsul | (E.5-7)
The substitution of (E.5-7) into (E.5-3) results in the tem-
perature approach being given by

0625

(tm)ﬂ)o" (ts,H)o = [(Q“ u;')l-é + O'B{Ats)‘d {(tm).‘)o - (t S,H)O}O' 6] ] ( E.5=8 ) )

where u, 1s calculated from (D.4<h}.
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''F DERIVATION OF TERMS IN BUOYANCY EQUATION.

F.1l Deduction of buovancy equation.

The total pressure drop through the tower must be
exactly counter-balanced by the draught induced pressure -

difference, i.e.

APp ;'(Z'S"zp)(PQ,i'Pé,o)(qgrnvlgo) =0, (F.1-1)
where the first and last terms are called the pressure-drop
term and the density-difference term respectively.

(25 - zp) is the effective draught length of the tower with

z. as the height of the top of‘the tower. For Wet- system

5
cooling towers, ip is the height of the packing base
whereas, fqr dry cooling towers, zp is assumed to coincide
with z,, the height of the tower base.

(F.1-1) can be rewritten'in.tefms of the dimensionless

parameters r5, rb and the tower base diameter, Dl’ so that

s =rp= 2Py /{1D1(pg; ~Pq,0)(9grav/ o), (F.1-2)

where rg=z4/D,, rPEzP/D|°

F.2 Determination of pressure-drop term.

F.2.1 Wet-systen.

The preséure-drop term can be conveniently defined

according to the velocity head convention as

apy = £N, (05 vﬁ,,i/go){ mG/(o-zser,a)}z,'. (F.2-1)

where LN is the arithmetical sum of all local velocity

head losses through the tower, after they have been trans-
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formed to the same referenée plane, here chosen as the tower
base cross-sectional area. BNV can be expressed in terms

of local and transformed velocity head losses after modify-
ing the equations of Rish in ref.3 according to the sugges-

tions of Spalding and Singham in ref.4. Therefore
= -2
ENy= (nlf,pack"'nv)_elim)t +nv,sprag+N\!,i+N\r,o"' Nv,misc . (F.2-2)

and n are the local velocity head

Ny.pack® Pv,elim v, 8pray

losses due to the packing,:eliminator and spray respeétively.
t; the blanking ratio, is the ratio of touer;base free=flow
area to total tower-base cross-sectional area; its incor-
poration in (F.2-2) transforms local velocity head losses

by referring them to the common reference plane represented
by the towér;baae crosg—sectional area, . Nv,i' Nv,o and

N are tower inlet, outlet and miscellaneous velocity

vymisc
head losses respectively.

According to Spalding and Singham, the respective velo-
city head losses can be evaluated from formulae of the

following forms:

Nypack = Qyup (22-zpH bv,.p(CTc/ Ga)c“’p *dv,p3 ) (F.2-3)
N uspray™ Gus 7D+ (Es-20} (G [GG) ™, (F204)
Puelim = Cyve, ._ (F.2-5)
Nyg = agi(rp™) +byg, - (f.z-56)
Nuo= 5;4, | | (F.2-7)

Nv,nisc = &y misc - : (F.2-8)
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(GC/GG) is the ratio of water to air loading.
(zz-zp) is the thickness of the packing, in feet,
rle is the height of the underside of the packing, in feet.
<(z3-z2) is the effective height of spray above the top of
the packing, in feet.
rp is the ratio of fhe height of thé underside of‘the packing,

z to the tower base diameter, Dl‘

p’
s is the ratio of tower throat to tower base diameter.
The sub-scripted letters a, b, ¢ And d aie constants obtain-
ed by fitting curves to experimental results for parti;ular
tower configurations and packing tyﬁes under consideration.
Experimental 1nvestigatiéné by Lieberam at Imperial
College, London; indicate that the asbestos sheet packing,
referred to as type 21 by Lowe and Christie in ref.2, 1s one
of the best backing types for cooling tower applications.
The valﬁes of the performance coﬁstants pertaining to type

21 and thosé for the eliminator and miscellaneous items are:
Qyp™ 23-55 . bv,’p= 0-0192 , ¢y, = 05, dyp=0-194,

Ays= 016, (23-Z) =40, by = 132,

Gye=3t , %y misc™ 3.

In determining thé inlet velocity head loss, loannides,
also of Imperial College, has conducted experiments on cool-_
ing tower models which suggest the use of
ayg=0-0853, byj= -2-2,

valid for : 0085 erps 0:-0FQ.
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F.2.2 Heller- and Spalding-systems.
The Wet-system pressure drop equation, (F.2-1), is also

applicable to dry cooling towers, but the total velocity

head loss is given by

2 2 '_
ZN\! * WG (025 wD, /Ac,&) "'Nu,o+ No,i + Nv,misq

where n is the local velqcity head loss and A G is the
' ’

v,y G
free flow area for the tower heat-exchanger.,
_Ac G may be eliminated by substituting the following

? .

definitions into the foregoing equation:

Ce= qltmgey),  Wg= chG/Ac,G,
so that

ZNU = nu’GWé(oozan.| CGD'Z )z+N\’,°+Nv’i + N\r,misCo (Fn 2-8“)

In order to evaluate nv,G sz,use must be made of the
empirical heat-transfer and pressure-drop performance data
on the air-side of heat-exchangers suitable for cooling
toﬁer.applications. ". These data are usually provided by
manufaéturérs in the form of cuﬁves which cén be easily and

accurately converted to equations of the following form:

| .

ug=auaWe o, (F.2-9)
b+2 . v
spg=apat Wg (F.2<10)
where '
a, o = by givaog/(60c )}BH (F 2-11)
u,&— U)G G G G ) *
2

bu G* bp G* B and b are the necessary curve-fitting para-
’ hd -

meters.
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u, is the air-side heat-transfer coefficient, referred to

G
. the air-side, in (Btﬁ)/(hr sq £t deg F).
AP is the air-side pressure-drop through the heat-exchanger
in (1b,)/(sq £t). |
We is the air-side loading factor, in (Btu)/(hr sq ft deg F).
n_ is the number of tube rows transverse to the direction
of air-flow.
% is the ratio of air-side free-flow area to heatlexchangef
frontal area.
e and v, are physical property symbols defined in the
thesis nomenclature.

By incorporating the air-side partial numbexr of transfer

units and velocity head definitions‘

- 2
Y “GCGQG‘> Lpg= “v,&wct/(aﬂocg [vg)

and introducing the foliowing heat-exchanger geometrical

relationship:

' l B
'4"‘h,G/°'G=4lrlc/Ah,c;-, ’ (F.2-13)
where

-| -1 .
4"‘h,c=54“r1r~ce Q&\"/G , |  (F.2-14)

into (F.2-9) and (F.2-10), the following equation results.

o jo
Ny, WG =G G (F.2-15)

" where

. . i = i, |
9,62(2 8,56 /Va) Ppal by aVa/(60ca) o (Ana/l) P, (ri2-26)
IR s.(b-@)/ B. (F.2-17)
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ny 6 is'the.air-aide partial number of transfer units,
referred to the air-side. ‘

Q, (= q/Ah.G) is the air-side heat flux, in (Btu)/(hr sq ft).

Ah.G is the total ai;:side heat-transfer surface area, in
sq ft. . | ' .

hrh'G is the air;side hydraulic diameter, in ft.

1c is the transverse tube pitch, in ft.

1, s the tube pitch in the direction of air-flow, in ft.

_Aﬁ,G is the total air-side heat-tfangfer area of one tube

per unit length of tube, in ft.
(F.2-15) can now be substituted into (F.2-8) to give
N, = njo , "lC DZ)?. N N c+N -
ENy =a, oMy (0251q CaD )" + Ny o+ Nyi+ Ny misee (F.2-18)

In evaluating N » N and N

V0’ Tv,i vymigct the following:

equations may be used, as in the case of the Wet-system:

-2 .
Nv,i=‘1v,i("| ) +byi, : (F.2-19)
= o4 : 4
Nu,o‘ s 5 | (F.2-20)
Nv,misc= e y,misc- - (F.2-21)

Since the wvalue of ry is much greater than that for fhe

Wet-system, Ioannides recommends the use of
Ayi=0°167, bu,i =0,
valid for: v 2013

and the Wet-system value of

Qumisc =23 .
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F.3 Theoretical determination of density-difference term.

F.3.1 Wet-system.

The air density-difference between tower .inlet and out-

let follows directly from (A.4-6), i.e.
Pai ~ Payo ™ Pal! —Hte; +460)(1 +0-611 FG’;)}/{(tG,o}“o)( 1+0-611 Fe,o)ﬂ'( F.3=1)

F can be directly evaluated from (A.4-9) and (A.4-10)

G,1

. *
since tG,i’ tG,i .

usually specified.’ For the evaluation of Fgoor © and
» 0 G,0

and p

atm’. the atmospheric conditions, are

t:.o must be known. ’
To solve exactly for tG,o is difficu1t because the com=-
plicated heat and mass transfer félationships lead to a
differenfial equation, which can only be solved by fedious
numerical methods. However, considerable simplification
results by éssuming that the outlet air is saturated, this
assumption causing little error for the reiatively high

atmospheric humidities in the United Kingdom.

Consequently, with the éssumption of saturated outlet
air and incorporating (E.1-2), (E.l1-4) can be used to give
~ . ! 3
hG,o ~ 84124 + 0-097 84(‘\:6,0-32)1- _o-oosua(te'o-sz) . (F.3=2)
After re-arranging, (F.3-2) becomes
' o5
te,o"‘" 32 ~ 51-32] 0:09784 ~(0-0382 7 h&,o— o0-303) 3. (F.3=3)
hG o can be evaluated by substituting (E.1-2) into the
1

heat balance relationship

GelGg =(hgo=hgi) /(hei=he o)
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and re-arranging to get
hG‘,O = (GC/GG)(tC,i—tC,o) + hﬁ,i D (Fo 3‘4)

F.3.2 Heller- and Spalding-systems.

(F.3-1) is equally applicable to dry cooling towers

but with F equal to F as there is no increase in air
G,0 G,1 ™ .

molsture content. Therefore,
Paj~Pae™ Poi 11— (tai+ac0)/(tg o +a60)}. (F.3-5)
By incorporating fhe hpat-balance relationship,

CG = t&,o -te;t )
where (g =g l(m’c,ca) s

~ (F.3=5) becomes

PG,i - pe,o = ch,i i | - (tG',i +4.60)/(CG + tG,i +460)} . (F.3=6)

F.4 Approximate determination of density-difference term.

AF.h.l Wet-szstem.

On page 451 of ref.l, Chilton derives an expression for

moist-air density difference which can be presented as

p&,i ~Pa,o™ ({')d\il ( GC/GG)(tC,i-tC,O)“ aSOPG,i(a gravlgo)} * (F.b-1)
(£) g, 16 an empirically determined factor, valid if the
outlet air is saturated andrhependent solely on the atmos-_
pheric wet- and dry-bulb temperatures. (f)chil may be esti-
mated from a graph on page 44l of ref.l, a reproduction of
which is presented overleaf, Caution must be exercised in

using this graph as (f)chil can be shown theoretically to .
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depend on both the ouflet wet=- and dry-bulb temperatures.

F.4.2 Heller- and Spalding systems.

Foxr the temperature rdnges of interest in the present
ihvestigation, (F.j—6) is closely approximated by the ex-
pression o

Pai~Pa,o= ©00185 Pg | CG)
valid for: log Cq €30, (F.4=2)

F.5 Derived buoyancy equation expressed as explicit
function of effective chimmey length. :

F.5.1 Wetesystem.
After substituting (F.2-1), (F.1-2) becomes

rs-rp =1(05 V51 /9) ENy GG 1D\ (Pai-05) (Agran/ 3},
vhere G = mGI(O-Z.‘STI‘Df). . _ (F.5-1)

"and the evaluétion of IN_ is outlined in F.2.1.

(F.5-1) may be accurately determined by using (F.3-1)
and the procedure in F,3.1 to estimate the air density-
difference,
| A simpler relationship accrues by following Chilton5s
procedure in substituting (F.4-1) into (F.5-1), the resultant

equation being

rs=rp= 2Ny G 1)t Dy G (tei—te b (F.5-2)

This equation can be re-arranged still further by intro-.
ducing Chilton's duty coefficient, (D) hii® and incorporating
(E.1-6), (E.1-7) and the definition
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Ge= mc/(o-zsrrbf').‘ | : (F.5=2a)
Thus |
rs-rp= v62(D) gt D; (Nyg+05)° ENy, (F.5-3)

where (el = mcltc; —te, ol fo-s(hmi thme) —hg 3" Higal- (F.5-4)

(F.5-3) has been used by the Central Electricity
Generéting Board as a basis for cooling tower design.
However, in ref.4, Spalding and Singham suggest that the
buoyancy equation, as represented by (F.5-3), becomes more

accurate after introducing a correction factor, x, to

account for loss in tower performance due to non-uniform

air distribution across the packing.
With this modification, (F.5-3) becomes

rs-rp = k62 {(D) ey /x 3 D;S(N;:G +o.5)’ Ny - (Fe5-5)

F.5.2 Heller- and Spalding-systems.
The substitution of (F.2-1) and the definition

Ce = q/(mgeg)
results in
2 ri2on .25 P
"‘s"‘"p=§°‘3"’a,t’(9o°a- A /9039 ENy Ce D, /(P@i-PGr,o)’ (F.5-6)
where IN_ is.evéluated in F.2.2. . .
(F.5-6) may be accurately?represented by the substitu~

tion of (F.3-6) into it.
A simpler,'slightly less, accurate relationship accrues

by substituting (F.4-2) to give
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Ps'rb=i438°° Vg)il(goc:ag"avlﬂo)}qaZN\!’C?'D;S' | - (F.5-7)

F.6 References.

1. Chilton, G. "Performance of Natural-Draught Water-
Cooling Towers", Jrnl. Instx;l. Elec. Engrs., Part 2, .
Vol.99, Oct., 1952.

2. Lov;e, H.J. and Christie, D.G. "Heat transfer and
pressure drqp data on cooling tower packings, and
model studies of the resistance of natural-draught

towers to airflow". International Developments in

Heat Transfer, A.S.M.E., part 5, 1961, pp.933-950.
3. Rish, R.F. "The désign of a natural-draught cooling
tower"', International Developments in Heat Transfer,
A,S.M.E,, part 5, 1961, pp. 951-958,
4. Spalding, D.B. and Singham, J.R.
. Private.Communication,
h Heat Transfer Dept., Imperial
College of Science and Technology, London, Jan.,

1963.



G.1 . : 375
G DESCRIPTION OF NUMERICAL OPTIMIZATION TECHNIQUE,

G.1l Introduction.
The analytical method of minimizing a function of

several wvariables, e.g.
‘ £ = f(xl. 12 ewvas Xh). o (Gol-l)

1s to solve for each of the variables from the set of

simultaneous equations given by
(af/axi) = 0. i = 1. 2. ;-'o. e ' (Gol-Z)

If the (G.1-2) equations are all linear, direct solution

" by matrix methods is possible. In the present investiga-
tion, where f is represented by the power-loss equation, the
(6.1-2) equations are not linear and it is impossible to

solve directly for the design variables.

However, approximate solutions are obtainable by sim-
plifying (G.1-1), the power-loss equation, so that the
resulting'(G.l;z) equationscan be solved by iterative
methods. The accuracy of these approiimate solutions must
be tested before they can be accepted for general design
work. _ _ |
Theoretical error analysis is 1mpra§tica1 because of
- the complic#ted nature of the power-loss equation. The
remaining course of action is to compare the approximate
solutions with accurate solutions obtained after minimizing
the unsimplified power-loss equation by a numerical opti-
mization teéhnique carried out on an automatic digital

computer.
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G.2 Adopted numerical optimization technique.

The technique adopted for the present investigation
is basically that of D.J. McConalogue, Lecturer in the .
Nuclear Power Dept. of'the Imperial College of Science and
Technology. | This technique, in the form of a éompute:
master-program specially adgpted for use on the Mercury
computér of the University of London, was developed accord-
ing to the principles outlined in ref. 1.

The maeter;program requires a slave-program in which
the power-loss, f, can be calculated provided that values
of the design~variables, xl,'x2 .;.;., X+ are madg avail-
able to it. |

The first function of the master-progrgm is to make
the slave-program calculate an f value with initial x;
values, specified by the designer. Then the ﬁaster-program
will cregte combinations of x;values according to the pro-
cedural requirements.of the optimization. technique, each
combination being used to calculate an f value, until that

combination has been obtained which results in a minimﬁm

value of f.

G.3 Modifications to basic master-program.

There are no facilities fer placing upper and lower
limits on the design-variables in the basic master~-program.
To have such facilities is .desirable because, in certain
design optimization problems, poor choice of initial design

variables may cause the master program;to'obtain a minimum
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value for f for a méthematically acceptable combination of
design-variables which is meaningless in practice.

Provision is thus made in the master-program for limiting

the field of search by restricting the design-variables to

a practically acceptable range. Internal modifications are
also incorporated to determine accurately the minimum valne‘
of £ if it lies at one or more 6f the ;mposed limits,

vhether the derivative of f is zero or not. The latter

case might arisé, say, 1f one were required to find the mini-
mum of & single-variab;e, linear function betwegn two limits,

In the basic master-prdgram the step-lengths, by which
each of the désign-variables are changed when determining
new design-variable combinations, are functions of the ini-
tial design-variable values chosen by the designer, | It
was decided, instead, to specify the step-~-lengths as func-
tions of the differences between the chosen upper‘and lower
limits of the design-variables. This provides the useful
facility of being able to fix one or more of the design-
variables merely by making the upper and lower limits the
same; the step~-length is then zero.

The basic master-program comfares_a new f value with
that for the previously determined design-variable combina-
tion; the minimum f value is considered to be found when
the difference between the two f values is smaller than a
vpredetermined amount. This sensing method is unsuitable
for aécurately evaluating the wvalues of.design-variables

giving minimum £ if £ is relatively insensitive to changes

I
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in the design-~variables, As this situation pertains in the
present inveatigation,xthe sensing method was made dependeﬁt
on the values of the deéign varlables instead. |

Finally, in ofder to determine the sensitivity of f
with respect to each‘design-variable. a finite difference
approximation to the first derivatives at the minimum f value

is included.

’

G.4 References.
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H PRICE FORMULAE FOR STEAM SURFACE CONDENSERS.

'H.1 The base-price concept.
The adopted method of determining condenser prices is

basically that described on page 116 of ref. 1. A feature
of the method is the specification of a 5aae-price. X
clusive of tube price, expressed as a function of bare tube
surface area, Included in this base-price, in addition to
the condenser itself, are air-removal equipment, circulating
pumps and motors, condensate pumps and motors and.aﬁring
supports with jacks or an,éxpanaion Joint.

Since the present investigation is in ihe nature of a
'compariaon, it would be convenient if the costs of all items
common to the condensers under consideration could be ex-
“cluded. Cbnsequently, with the information presented in
refs. 1 and 2, it is possible to derive a modified base~
price, exclusive of tube price, which includes only the price
of the condenser itself, aif-removal equipment and spring
supports with jacks or an expansion Jjoint.

As the modified base~price so derived applies to the
U.S.A. 4n 1954, it must be converted so as to apply to the
United Kingdom in 196k, Ref. 5 contains a graph, repro-
duced overleaf, showing the U.S.A. variation in steam sur-
face condenser prices over the years.  The referemce also
indicates that the 1964 U.S.A. price, obtained from extra-

polated curve A-B, may be taken as equal to the 1964 U.K.
price with little error.

- With the use of the graph overleaf and the information
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in refs. 1 and 2, a second graph showing the variation in
condenser modified base-price per unit bare tube surface
"area, with bare tube surféce area, is presqnted. The
derived points on the second graph may»ﬁe fitted by the

equations

: [ e . .
i’; base = '55 + 168 xlowq SQ;'S , o (Ho1-1)
b

-3 -3
Qs

| .
££’ba“ = -4 + F06 x|o4q (H.1-2)

’
where = .

Qs =4/Aps
These equations refer to one and two passes respectively
and are applicable to the U.K. in 1964,

‘The total condenser price per unit bare tube surface:

area is obtained from the expression

gl _gh " , ) .
tg ';'S,base.*' i!':s,‘l:ul::es ’ ‘ (H.1-3)
where £S“tubes is the price per unit bare tube surface

9 . .

area of condenser tubing.

H.2 Price of tubing.

The following prices are valid for quantities of tubing
found in large surface condensers, and are given in pounds
sterling per unit bare tube surface area in square feet, the
values being valid for the U.K. in 1964,

For Admiralty-Brass
I i =0- 2=
o#5" o.d., 16 S WGy £gpypes = 0'5 35, ref. 4. (H.2-1)

For Mild-Steel (En 3A) c
os" od., I6 S.W.G., '£g,tuﬁes = 0:334 , ref. 3, (H.2-2)

ors"0.d., 16 s.W.G. | .ig)tms = 0-308, ref. 3, (11.2-3)
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For Stainless-Steel (304)

383

os " od., 16 5.W.G., ig,t_ubgs = o-o78, ref. 3, (H.2-4)

o#5"0d., 16 5.W.G., £g@bes =0-870, ref. 3. (H.2-5)

- For Aluminium (99.5%)

050" 0.d.,16 sw.G., Eg¢ pes= 0218, ref 3, (H.2-6)

" n _
015" 0.d., 16 SW.G., gt bes™ o198, ref. 3.

'
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I PRICE FORMULAE FOR PIPING

I.1l Derivation of equations.

According to‘ref. 1, Mild,stgel Welded Pipes are suit-
able for the duct-work of the cooling-systems under consid-
eration. It is recommended that the pipes be lined inter-
nally and externally with Stewarts and Lloyds standard |
- bitumen lining, except for the conveyance of Freons 12 and
22, Instead, an internal lining of stoved epoxy/phenolic,
to a minimum thickness of 0.005 inches, should be used.

A single equation can be fitted to the tabled price
information given ih ref. 1, so that the price per foot

length of pipe is given as

l:“p- 2 (1-1~1-39 xto’sp)d"-'(s-'f-|-avs'xto"p)d +(Iv-6 -z-szmo"p), (r.1-1)

valid for: I15sd<e6-0,
2:16 x10%% p&@sakm“‘,
where p is the maximumlopefating pressure, in p.s.f., and
d is the internal pipe diameter.in feet.

For operating pressures less than p = 21,600, (I.1e})
remains valid prévided that p = 21,600 is used. This con=
vention must be observed as Stewarts and Lloyds fegard
p = 21,600 as their lowest maximum operating prossufe for
design purposes,

For the Wet-~ and Heller-systems, maximum operating
pressures are about 7,200 p.s.f. and 21,600 p.s.f. respec-

tively. For these pressures, (I.1-1) reduces to the single

equation
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";ﬁpe’ o-8d®-2.65d +5-3, _ (1.12-2)

valid for: rs<ds< 6-0.

For the Spalding-system, where maximum operating
pressure is about 28,800 p.s.f., (I.1l-1) reduces to

!

‘ N | i
bipe= o¥d“-13d+3-2, . . (1.1-3)

valid for: I's<d < 6-0.

I.2 References .v

1., Stewarts and Lloyds Quotations, ref. numbers M.02838/

62/IMe/AWD and M.02427/63/JIMe/BTD.
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J PRICE FORMULAE FOR COOLING TOWERS AND ASSOCIATED

UIPMENT.

J.1 Accurate evaluation of tower-shell outside.surface
area.

A hyperbolic profile is uaually chosen for 1arge
natural-draught cooling towers. However, small departures
from this shape may be considered in order to save on tower-
shell material.' Investigations show éhat fwo profiles,
viz. circular-arc and catenary, are practically identical
‘when applied to cooling -towers and their usé results in
cooling-towers slightly more slender near the basé than the
equivalent hype:bolic profile, thus constituting a saving
in shell material cost. | '

Since the use of the caténary.profile results in equa-
tions which are mathematically more tgactable than the
'éirCula; arc profile, it is adopted for the present investi-
gation. Thus, with reference to the accompanying sketch,

the relevant equation for the profile is assumed to be

y=a+b(zs-%) cosh{x/b(zs-z)3, - (J.1-1)
where a and b are coefficients to be derived from the follow-

ing boundary conditions:
x:—'(l—d')‘ls -'Z|) s Y= O°5.D|,

x-o; y=o-s sD,.
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‘After substituting ‘thes'e equations into (J.1-1) and solving
for b, the following :_lniplic:l.t relationship ensues:
b=[os D,(a-s)/(z_.,--z,)]/[cosh{-(l-a')lb} -1]. (J.1=-2)
By expanding the cosh term and truncating the resultant
series, (J.1-2) can be represented as

i\2
b=(-)(z5~-2)/ {(1-9)D,3, (7.1-3)

with negligible loss of accuracy for cooling tower applica-
tions. The substitution of this equation into (J.1-1),

together with the boundary conditions, results in
a= 058D, - (i-¢") (2s-2)*/§(1-9)D, 1. (3.1-4)
The outside surface area of the tower-shell is given
by

o(mg -, .
A= .‘ 2wy dS ; . (J.1-5)
—(-) (Bg-%)

~ where dS = dx{(du/dx)®+13°5.
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” on integrating, (J.1~5) becomes

A=mwa D [(5-2an){sinh(x'/a,)-sinh a'(x'-1)}

+ 0.5 a,§ sinh(2&/a) -sinh a]'(2a/-2)3 +(rs-1)] ,  (J.1-6)
vhere a,= (1-a")? (rg- rl)if(l— s), L | (J.i-_?)
als(l—ac')z(l‘s—r‘.)/(l-s) , - (J.l-;é)
(ls'zn)\EDl(';s‘r‘l)-. (7.1-9)

For the present investigation, a' is assigned the value
0.25 since this will ensure a:satisfactory tower shape.,

‘The éomplicated form of (J.1-6) makes a simpler,
approximate equation desirable fof analytical optimization

studilies.

J.2 Approximate formulae for tower-shell outside surface
ares. _ .
J.2.1 Truncated series formula.
For values of (r5 - rl)‘and 8 normally encountered in
cooling system design, fhe sinh terms in (J.1-6) can be
.replaced by the following truncated series expahsion, with

an error not exceeding one per cent:

sﬁhxzx+xﬁﬂ..

In consequence, (J.1=-6) can be re-written as

A= [{Ar(s-1)* +BpYs +Cpl(rs-r) DY, (5.2-1)
where

Ap = o167 Tl'(l-o(.l)—4( rs-r-,)-z,

Bp s rr(rs-r\.)'z- o-saarrpA(l—'oc')'z,
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Cp= 0333 'rrpA(l-oc')-a, |

By = w'® = (o-1)3.

'J.2.2 Hollow cylinder formula.

A formula which 1is even simpler, though less accurate
than (J.2-1), can be derived if the tower-shell outside
area is assumed to be equal to the surface area of three

hollow cylinders, as shown in the accompanying sketch.

©he)(zs -2) _l (i/e)(& ‘-z
Je O )(2s~2))

o-5D;
o-sq.sDLI

058D,

-

Gl (Es-2)
e NaV%

Having made this assumption, originally suggested by
Prof. B.G. Neal of Imperial College, London, the axiaiA
lengths of each hollow cylinder must be chosen so that the
shellvoutside surface area is appreximateiy equal to that
of the three hollow cylinders for practical cooling tower

configurations. ,
For the axial lengths indicated in the sketch, the

tower-shell outside surface area is glven by
A=(2-19s +o-=ea.)(r5-r")Df'. (J.2-2)

and is accurate when (ry - r;) = 1.0 end s = 0.6. (J.2-2)
becomes increasingly unreliable as values depart from those

given above. In particular, (J.2-2) should be used with



1.3 ' 390

~caution if the derivative of A with respect to cooling system
design variables is required. (J.2-1), being a good approx-
imation to the exact area equation, 1s more suitable when

diffexrentiation is required.

Je«3 Wet-system price formulae.

In the Wet-system, fhe packing cannot be considered
independently of the tower since the functions of these
items are inter-related. Therefore the packing price 1s
included in the price of cooling tower and associated equip-
ment. | _

The price of each item of equipment may be régarded as
pfoportional to one of the following quantities:

i) a constant, ‘

ii) tower-shell base-area, Dlz. _ e
141) tower-base free-flow area, tDlz,
iv) radial width of packing area, D, {1 - (1 - £)%*7},
v) tower-shell base diameter, D,,.
vi) reciprbcalMofhtowarAthll,ﬁaue area, Dléz,
vii) tower-shell oﬁts;de surface area, A,
viii) towef-shellrweight multiplied by tower base height,
L{zp + 0.5 (22 - zp) 3,
1x) tower base free-flow area multiplied by height to
top of eliminator, tDlz{ z, * (z, - zp) + 14,91,
where 14.9 is a value accounting for pond depth
and a 6.5 feet walking space under the eliminator. -

The following items of equipmeﬁf are considered to fall
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into the foregoing categories as follows:
i) earth-moving equipment, site-workshops and mis-
cellaneous items,

ii) pond floof,
1ii) distribution piping, stack beams, eliminator beams,

sheeting and spacers, eliminator sheeting and
spacers,
iv) walk-ﬁays,
v) channel, channel structure, de-icing equipment,
vi) pond wall,
vii) tower shell, piling, footings;'
viii) diagonal shell-supporting,colﬁmns,

ix) stack columns,

After introducing constants of proportionality, the
total price of cboling-tower and associated equipment, per

unit rate of heat rejection, can be expressed as

£p/q=q ' [do+d D} +dat D} + d3 D 1-(1-1)%}
+d,D, +ds D}* +dcA+ d;Air,Di+o5(z-2p)
+deth’{rPD‘+(zz-zb)+ 14-91], (3.3-1)

after incorporating

Fp® zP/D‘. ~ ' (3.3-2)

Numerical values ﬁay be assigned to the constants of
proportionality from a knowledge of the itemized prices of
é typical Wet-system cooling tower. Precise values of

these constants are not used in the present investigation in
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order to protect commercial interests., - Instead, the

following approximate quantities are used:

d, = 36,600 . d, = 3.93 x 108
d; = 0.135 = dg = 0.582

d, = 1.59 : - d, = 0.00111

dy = 6.64 dg = 0.00322.
d, = 27.1

These numerical values, while only approximate, are
nevertheless hccurate enough to retain realism and will not
dgtract appreciably from the validity of cooling system

comparison studies.

J.4 Heller- and Spalding-system price formulae.

In the present investigation, the prices of cooling
toﬁ;rs and associated equipmenf for closed cooling systéms
are ‘attributed solely to the following items: ‘ .

i) earth-moving equipment, site‘workshops and other
incidental miscellaneous items, . ‘
11) tower-shell, pilings and footings and
iii) diagonal shell-supporting columns.
The prices of these items are considered to be pro-
portional to: |
i)' a constant,
1i) tower-shell outside surface area, A, and

iii) tower-shell weight multiplied by tower-base height,

Azl'(e ArlDl), respectively.
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On the introduction of constants of proportionality,
the total price of cooling tower and associated equipment,

per unit rate of heat rejection, is given by
dplq = q,'l(do-t-d,A + dArD)). o (3.4~1)
As for the Wet-system, approximate values for the con-

stants of proportionality are given in order to protect

commercial interests. Therefore,

d, = 36,600,
4, = 0.582, and
4, = 0.00111,

while approximate, are sufficiently accurate for cooling

system comparison studies.
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K PRICE FORMULAE FOR TOWER REAT~EXCHANGERS.
W

K.l Introduction.

In order to achieve realistic price formulae for air-
cooled heat exchangers it is not permissible to consider
the'price as being dependent solely on the amount and type
of heat-transfer surface required. Account must be taken
also of the configuration df;the units comprising a heat
exchanger; in so fa; as width, length, number’ of tube rows,
‘headers and supporting framework are concerned.

For the present investigatiqn, the length and width of
units wiil be fixed at 16 feet and 9 feet respectively as,
according to page 164 of ref.2, these dimensions represent
a good combromise between convenience of manufacture, ease
of transgport and adaptability for cooling=tower purposes.

" In cqnsequence,'the total tower heat-exchanger price,
ca, expressed in pounds sterling per séuare foot of hir-side
heat-trgnsféf surface, is assumed to be a function of:

i) price of finned tubing, sa,tube' expressed in
pounds sterling per square foot of air-side heat-transfer
surface,

11) price of headers and framework, sa.base,,expressed
in similar units, which must be added to sa,tube after being
maltiplied by

1ii) the row factor, K, dimensionless, to account for

variations in number of rows, so that

n_pn n '
iﬁz £G,tube + K G,base * (K.1-1)
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Having formulated (K.1-1), the next step is to specify
formulae for the three terms contained therein, valid for
heat-exchanger matrix types applicable to cooling towers.

Investigations indicate that the matrii types‘to be
considered fall into two categories, viz.

i) circular tubes withvhelically wound fins (or wiré)

on the outside and

ii) circular tubes with continuous plate fins.

K.2 Evaluation of total tower heat-exchangér price for
helically wound fins (or wires). |

Manufacturers of finned tubing usualiy supply prices

as a function of foot run of tubing so that

£4tube = Fatube/Ahg - (K.2-1)

. | ‘

cG,tube is the price per foot run, in pounds sterling per

foot and

A} o is the air-side heat-transfer surface area per foot
G -

run, in (sq.ft/ft).

£ may be obtained from the manufacturers of air-
G,base :

cooled heat -exchangers. In order to protect commercial
interests an approximate, through realistic, formula for

thié quantity, viz.
!
g,base = °"°94/Ah,ﬁ ’ (k.2-3)

valid for six rows of tubes, is chosen on the advice of.

T.F.Thomas, ref. 5.
In determining a suitable expression for the rewe

factor, K, the selling price curves appearing in Fig.4 of
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ref.l1 are utilized. The variations in total heat~exchanger
prices with numbef of rows, for very large 1nsta11atioﬁs. aré
multiplied by 0.488 in order to convert them to present-day
prices in accordanée with the procedure specified on page
65 of ref.h4. _

From a knowledge of the geomefricgl characteristics of
the tubing used in the compilation of the curves in Fig.4 of

ref.l and the present-day tube price, given as

£G¢ube = 00135 (K.2-4)
in ref.3, the following table can be compliled after

employing (K.1-1).

1('; - ia,tub e (=K ig,basé) 00¥91 (0-0593 0-0487 [0-0424{0-0353 [0-0294.

np(no. of tube rows) 3 4 |'s 3 8 | 1=
. - ' : ‘ . P
.Now K =1 at n_ = 6, since sG,base is specified at n_ = 6
- = "
in (K.3-3). Therefore, from table at n_ = 6, £G,base =

0.0424, K can then be found at each n_ value from the
expression |
K= (K&G page)/ (0-0424) (K.2-5)
which can be used to form the table -

np 3 4 5 3 8 12

K -1 1-399 149 lro00 | 0833 | o-«¢93

By employing curve=fitting procedures, the tabled rela-

" tionship between K and n_ can be accurately represented by

the equation

K= ¢-983 n5 ° +o-s25.

(K.2-6)
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After collecting‘terms. (Kl-l) becomes

L= (Ropup/Ane) +K (01024 /AL G) . (K.2-7)

K.3 Evaluation'of total tower heat-exchanger price for

circular tubes with continuous plate fins.
For this type of heat exchanger the price of finned

tubing, £" +» has no meahing since the heat-exchanger
G, tube : :

is constructed "en bloc" from bare tubes and many large

parallel plates, punched to receive the tubes. In con-

sequence a more realistic price formula results 5y placing

£ = 0.and re-expressing (K.1-1) as

"

G, tube
no_ ylgl ' :

%g = K G,stand : (K-3-1)

.étand is the total

where K' is a modified row;factor and 23
price of a standardized heat-exchanger unit per unit air-
side heat-transfer surface area;

As in the previous sub-section, Fig.4 of fef.l is usedv
in the determination of K'. By noting that £3, tube =
0.,0745. for the associated tubing, the table preceding

(X.2-5) becomes

$g (= Kl&?i,stand) 0:1536 |0-1338 |0-1232] 0 11L9|0-1098]0-1032

np 3 4 | 5| e 8 |12

If the standardized heat-éxchanger unit is defined_ds
having 6 rows of tubes, then K'= 1 at n_ = 6 and, from table,

£ = 0.1169. K' can then be found at each n_ value

a,stand
from the expression

K'= (K'Eg stana)/ (0:1169), | | (K.3-2)
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which can be used to form the table

Ny 3 4 5 G 8 12
K! 1314 '14S -os4 1000 0:939 o-889
The table can be represented accurately by

K'=2.53n;:"° +0.027, (K.3-3)

If the standardized heat-exchanger unit is defined as
having n_ rows where n.# 6, (K.3-3) is no longer valid and

must be changed to

K'={(K')g /(K } (2530 +0-029), (K.3=4)

where_(K')6 and (K')nrare evaluated from (K.3-3) for 6 and
n, rows respectively.

After collecting terms, (K3-1) becomes

L P {g,standi(K')ﬁ/(K')nrl(a-sa n;"s+ 0-827), (K.3=-5)

where L1 must be obtained from the manufacturers for

.G,stand
the heét exchanger concerned and nris the associated number

of tube rows.
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L. EQUATION FOR OPTIMUM NUMBER OF TUBI ROWS

I..1 Theory -

In the Heller- and Spalding-systemg the number of tube
rovws, n_s is fixed prior to carrying out optimization pro-

cedures. Consider the case where the fixed value of n

r
is edual to its optimum value which would have resulted
after optimization had n, Been allowed to vafy. For such
a contingencf it is true to say that there would be no
difference between the value of n., obtained from.the

equation
3a(p, /q)/3n_ = O, (L.1-1)

after substitutiﬁg into it various associated quantities
which prevail after optimization, énd the original fixed
valué. Furthermore, the greater the difference between
the fixed value of n., and its true optimum value, the
greater will be the differcnce betwéen the fixed value and
that which accrues from the use of (L.l-1).

The above theoretical discussion is introduced because
‘the size of thé fofegoing'difference is used in the present
investigatibn as an indication of whether or not the fixed
n., values used in varioﬁs calculations, and ofrnecessity
fixed at integer values as explained in 4.j.1, are close
‘to their actual optimum values. The contention is that‘
the differences between the fixed n., values and those
evaluated from (L.1-1)-should be small if the potential

performance of a considered hecat-exbhanger type is to be
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regarded as having been fully exploited.
An approximate expression for (L.1-1) is derived and
re-arranged in the next section so that n can be directly

evaluated.

L.2 Derivation of equation

- In differentiating the merit-factor equation (2.1-8)
with respect to N only the following proportionality need

be considered:
. *g,. :
P, /q a*{tC,i_(tm,G)9}+ b+ c®{e /g + £ /q + a} . (L.2-1)

The temporary symbols b and d are defined as %

» -1 :
b. 0.5b aP,TCF (1+ "pt)‘ Per,c?
d =0
for the Heller system and

b

* —1-1
b" ap 1Cp Xy 8Pgr,c ?
a4 = SR/q.

for the Spalding system.

| ¢+ After substituting the least accurate of the wvarious
formulae in chapter 3 into (L.2~1), differentiating with
respect to n_ tq obtain an approximate version of (L.1-1)
and then re-arranging, the following expression for the.

optimum number of tube rows results:
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n, = [{QG/(i()' 5,{;&’1)%6)} [(1+ji){.{f.(,’/q-(a*/c*) {tc,i'(tm,(})o}'}
-1/1.5 |

+ (1-3,) (dl+d2r‘.1Dl Y(A/q) (NV’G/L'N'V)]] - (L.2=2)

In formulating (L.2-2) use is made of the fact that the
terms containing b* ana SR/q are negligible as can be shown
by using the results in chapter 9 to examine relative

orders of magnitude.
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