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ABSTRACT 

Three types of power-station cooling systems incor-

porating natural-draught cooling towers, viz. the Wet system, 

the Heller system and a novel system employing a refrigerant 

as heat-transfer medium are investigated. The object is to 

develop'methods for determining their respective optimum 

design conditions and associated optimum merits so that 

comparisons between them can be made. 

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., In 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 expressingthe.merit-factor as a function'of the 

adopted design. variables, for each of the considered cooling 

systems, accurate and approximate optimization methods are 

devised to estimate design-variable values which can be used 

in determining optimum merit-factor values. Furthermore, 

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 

procedures. These methods are successfully applied to a 

set of climatic conditions and cooling-system component prices. 
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considered to be representative of some regions in the 

United Kingdom in 1964. Examination of the ensuing results 

leads to the follOwing chief conclusions: 

The Wbt system is appreciably the best of the three 

considered cooling systems unless the capitalized price of 

providing its make-up water proves to be at least 1.5 to 

1.8 times the total price of its cooling-system components. 

The Heller system 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 quantities 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 a cooling system, frequent references 

must be made to each of the sections comprising the cooling-

system circuit. It has been found convenient 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 concerndd. For example, 

with reference to the following sketch and the subsequent 

nomenclature, the.quantity kfH  represents the liquid-phase ,  

thermal conductivity of the coupling-circuit fluid as it 



Hot-side  

Steam-side 	 ToviER 
T-side  
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flows through the Hat-side, i.e. through the steam conden-

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, viz.F. 

For example, for the practically isothermal coupling-

circuit fluid in the Spalding system, the quantities kftll, 

kf,T° kf,C and  kf,13' being equal, can all be replaced by 

the single quantity, kr,F, thereby eliminating a possible 

cause of confusion. 

D-side.  

STEAM CONDENSER  V 	Cold-side 	 Air-side  
B-side  
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A dry air. 

B section represented by coupling-circuit duct returning 

from cooling tower, i.e. B.pside. 

C section in tower packing or heat exchanger through 

which coupling-circuit fluid flows while being.cooled, 

i.e. Cold-side. 

D section represented by the cooling tower, i.e. D-side. 

F refers to coupling circuit in general and is assigned 

to equal quantities occurring in the individual coupling 

circuit sections. 

f liquid phase. 

fr friction or frontal, depending on the context. 

G refers to section where atmospheric air flows through 

(or past) the tower packing or tower heat exchanger, 

i.e. Air-side. 

g gas phase. 

H section in steam condenser through which coupling-

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

i inlet. 

m metal or metal tube wall. 

o outlet. 

S section in steam condenser through which turbine exhaust 

steam flows, i.e. Steam-side. 

s saturation conditions. 

T section represented by coupling-circuit duct leading 

towards cooling tower, i.e. T-side. 

W signifies water. 
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ii) General symbols  

' A 	outside surface area of cooling tower, sq ft. 

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

Aan 	optimum turbine exhaust area, sq ft. 

AC 	minimum free-flow area (equals inside cross-sectional 

area for pipes and ducts), sq ft. 

Ac,G minimum free-flow area on Air-side of tower heat 

exchanger, sq 

Afr,G frontal area on Air-side for, whole tower heat 

exchanger, sq ft. 

Ah 	heat-transfer surface area, sq ft. 

A. 	heat-transfer surface area on Air-side of whole 

tower heat exchanger, sq ft. 

Ath 	heat-transfer surface area per unit tube length on o G 
Air-side of single tower heat-exchanger tube, ft. 

a 	nucleate boiling heat-transfer performance constant 

given in (E.55), (Btu/h) O. 5/(ft deg F). 

aa,H see section v). 

af 	linear friction-factor curve-fitting coefficierit used 

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

af,C see section v). 

af,H see section v). 

ag 	heat-transfer equation limit defined in (D.2-1), 

1b2/(ft lb). 

agrav (=4.173 x 108) gravitational acceleration, ft h
-2. 

tower-packing heat-transfer performance coefficient ,p 
given in (3.7-9) and 4.2, per ft. 
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spray heat-transfer performance coefficient given in 

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

am•C see section v). , 

amH see section v). ,  

anG performance coefficient for Air-side of tower heat ,  
%1 exchanger defined in (F.2-16), {Btu/(h sq ft deg F;s2  . 

avo  see section v). 

aPH see section v). ,  

aP,T see section v). 

a 	coefficient by which total coupling-circuit pressure 

drop must be multiplied to account for losses due to 

bends, contractions, expansions, entrances and exits,.  

(1). 

ap,B see section v). 

a 	see section v). p,C 

ap,G empirical pressure-drop performance coefficient for 

Air-side of tower heat exchanger, defined in (F.2-12). 

aPOI see section v). 

ap.T see section v). 

aq,G performance coefficient for Air-side of tower heat 

exchanger defined in (3.7-13), Btu/(h sq ft deg F). 

aR 	price of. refrigerant given in (3.6-21), pounds sterling 

per lb. 

at ,H pressure to temperature conversion factor for refrigerant 

given in (3.4-26), deg F sq ft/lbe• 

auC see section v). ,  

ah,s 
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au,G empirical heat-transfer performance coefficient for 

Air-side of tower heat exchanger, defined in (F.2-11). 

au,H see section v). 

u a  S  see section v). , 
avoe eliminator velocity-head loss coefficient, given by 

(F.2-5) and F.2.1, (1). 

av 1 tower inlet velocity-head loss coefficient given in ,  

(F.2-6) and (F.2-19), (1). 

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

av,p tower-packing valocity-head loss coefficient given 

in (F.2-3), per ft. 

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

aola1 tower geometry factors defined by (J.1-7) and 

(J.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). 

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

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

b 	empirical pressure-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). 
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bh.p tower-packing heat-transfer performance coefficient 

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

bhts spray heat-transfer performance exponent given in 

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

bpIC  see section v). 

bp,G empirical pressure-drop performance coefficient for 

Air-side of tower heat exchanger, given in (F.2-12). 

bp.H see section v). 

bu,G empirical heat-transfer performance coefficient for 

Air-side of tower heat exchanger, given in (F.2-11). 

bv,i tower inlet velocity-head loss coefficient given in 

(F.2-6) and (F.2-19), (1). 

bv,p  tower-packing velocity-head loss coefficient given in 

(F.2-3), (1). 

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

(1). 

bo to b3 transfer unit coefficients given in (E.1-12). 

b* 
	

pumping power coefficient in merit-factor equation 

(2.1-8), defined by (2..1-7), (1). 

C 	q/(mcf) heat-capacity factor, applicable to S-, H-, 

T-, C- and B-sides and introduced in 3.3., deg F. 

CG 	= q/(mG  cG  ) Air-side heat-capacity factoro deg F. 

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

chip  tower-packing heat-transfer performance exponent 

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

cvIp  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 (2.2-4), (Btu/h) per pound 

sterling. 

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

(D)chilt 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. 

D1 	cooling-tower base diameter, ft. 

tower-packing heat-transfer performance coefficient aho p 
given in (3.7-10) and 4.2, (1). 

dvop tower-packing velocity-head loss coefficient given in 

(F.2-3), (1)• 

do  to d8 cooling-tower price coefficients given in (J.3-1), 

J.3, (J.4.4) and J.4. 

E 	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, (i) 

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). 

1191:0 tower-packing heat-transfer performance coefficient 

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



24 

eGyp partial effectiveness of a Angle pass for the Air- • 

side of a multi-pass tower heat exchanger, (1). 

FG 	water-vapour mixture fraction of moist air at dry-

bulb temperature t0, defined by (A.4-1), (1). 

water-vapour mixture fraction of saturated air at 

wet-bulb temperature t* G9 (1). 

f 	Fanning friction factor defined by (B.1-1), (1). 

(f)
chil empirical Chilton factor presented in graph in F.4. 

h.P tower-packing heat-transfer performance exponent given 

in (3.7-10) and 4.2, (i). 

(f)max  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). 

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

lb ft/(lbf  hr2). 

I 	Interest rate presented in (2.2-13), fraction. 

J 	(= 778) coefficient for converting Btu to lb ft. 

JH 	empirical, vapour-quality dependent factor defined 

by (C.3-8a), (1). 

:JK 	(= 3413) coefficient for converting kWh to'Btu. 

jo,j1  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 

(K.2-6) anci(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.. 

total length of fluid flow path through the Hot-side 

of surface steam condenser, ft. 

LT 	length of coupling-circuit duct leading towards tower,ft. 

1c 	transverse pitch of tower heat-exchanger tubes, ft. 

1r 	longitudinal pitch of tower heat-exchanger tubes, ft. 

m 	mass flow rate of fluid, lb/h. 

mG 	mass flow rate of air throUgh tower, lb/h. 

Nh'Pr' NRe' Nv, ENv 
see section 

n' 	number of fins per unit length of tower heat-exchanger 

tube, per ft. 

nC 	number of tower heat-exchanger tubes, (1). 

nH 	number of surface steam-condenser tubes, (1). 

nh 	see section iii). 

13 	
number of passes in a heat exchanger, (1). 

r 	number of rows of tower heat-exchanger tubes in direction 

of air flow, (1). 

(=1) number of coupling circuit ducts leading towards 

tower, (1). 

see section iii). 

Y 	
expected life of power station, years. 

(NHR)t 	station nett heat rate, calculated at atmospheric 

G.'  temperature, Btu/kWh. 
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(NHR)t 	station-nett heat rate, calculated at exhaust 
st
S steam temperature, Btu/kWh. 

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

PL/q 	merit-factor, or overall power loss per unit waste 

heat rejection rate, given by (2.1-8), (1). 

(PL/q)1 power-loss contribution due to temperature-difference 

requirement, defined by (2.1-2), (1). 

(PL/q)2 power-loss contribution due to pumping-power require-

ment, defined by (2.1-3), (1). 

(PL/q)3 power-loss contribution due to capital-price require-

ment, defined by (2.1-4), (1). 

Pu 
	generator output per cooling tower, kW. 

(Pu,B + Pu,A)/Pu ratio of the sum of the boiler- and all 

other auxiliary power requirements - to generator 

output, (1). 

(Pu) pot potential generator output per cooling tower, were 

Patm 

P S s,

Q  

QG 

q 

the cooling system to cost nothing, used in (2.3-3)9 

.kW. 

pressure, lbf/(sq ft). 

atmospheric pressure, lbf/(sq ft). 

turbine exhaust steam pressure, lbf/(sq ft). 

(aq/Ah) heat flux applicable to S-, H-, T-, C- and 

B-sides and introduced in 3.3, Btu/(h sq ft). 

(s q/Allato) heat flux on-Air-side of tower heat 

exchanger, Btu/(h sq ft). 

waste-heat rejection rate per cooling tower, BtU/h. 

• 



dry-bulb temperature 

tower, deg F. 

atmospheric dry-bulb 

wet-bulb temperature 

tower, deg F. 

atmospheric wet-bulb  

of moist air flowing through 

temperature, deg F. 

of moist air. flowing through 

temperature, deg F. 
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qs 
	heat supplied to steam by the boiler per cooling 

tower, Btu/h. 

rh,G hydraulic radius of Air-side of tower heat exchanger 

(= 0.25 hydr.diam.), defined by (F.2-14), ft. 

(2 z 
P
/D ) ratio of under-pack height to tower base 

' 	diameter, (1). 

rl 	(a z1/D1) ratio of tower inlet height to tower base 

diameter, (1). 

r5 	(6 z5/1711) ratio of height of top of tower to tower 

base diameter, (1). 

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

(3.3-3), ft/h. 

SG 	velocity of air flow through Air-side of tower heat 

exchanger, based on minimum free-flow area, ft/h. 

(a Dt/D1) ratio of tower throat diameter to tower base 

diameter, (1). 

t 	(without subscript) Wet-system blanking factor, 

defined as the ratio of free-flow area at tower base 

to total tower base cross-sectional area, (1). 

t 
	

(with subscript) temperature, deg F. 

tG 

tG,1 
t*  

G tG,i  
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tm 	temperature of metal, deg F. 

is 	saturation temperature, deg F. 

tats turbine exhaust steam temperature, deg F. 

U 	overall heat-transfer coefficient, referred to the 

side designated by accompanying subscript, Btu/ 

(h sq ft deg F). 

partial heat-transfer coefficient, referred to the 

side designated by accompanying subscript, Btu/ 

(h sq ft deg F). 

uG 	partial heat-transfer coefficient for Air-side of 

tower heat exchanger, referred to the Air-aide, 

Btu/(h sq ft deg F). 

uSl average condensing heat-transfer coefficient for o  

uppermost steam-condenser tube, given in (D.3-2), 

Btu/(h sq ft deg  F). 

mcf/Ac) loading-factor, applicable to 5-, H-, T-, 

C- and B-sides and introduced in (3.3), Btu/ 

(h sq ft deg F). 

W
G 	

(a mGcG/AcG) loading-factor for Air-side of tower I  

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

Wf'Wg 
partial loading-factors for liquid and gaseous phases 

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

X 	vapoUr quality, fraction. 

XH 	total vapour quality change of refrigerant on Hot-

side of Spalding system, fraction. 

X 	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). 

z•H 	effective height of water level in Heller-system jet 

condenser, ft. 

zp 	height of under-side of packing, ft. 

zR 	effective height of refrigerant liquid level above 

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

z1 	inlet height of cooling tower, ft. 

z2 	height of top of packing, ft. 

z3 	height of top of spray, ft. 

zr 
	height of top of cooling tower, ft. 

£B/q  price of coupling-circuit duct returning from tower 

per unit waste-heat rejection rate, Eh/Htu. 

Zcap/Pu capital cost of peak power, £/kW. 

cs 	total capital price of cooling system components per 

cooling tower, E. 

ED 	capital price of a cooling tower and its associated 

equipment, L. 

(1s,fuel/13u)annual annual price of fuel per unit generator 

output, introduced in (2.2-12), E./kW. 

(cfuel /Pu )present worth present worth of 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, £h/Btu. 

ZG,tube price per unit tube length of finned tubing for 

tower heat exchanger, £/ft. 
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G 
	total price of tower heat exchanger per unit Air-side 

heat-transfer surface area, E/sq ft. 

'Gt base 
,stt 	base price of tower heat exchanger per unit Air-

side heat-transfer surface area, introduced in K.2, 

E/sl ft. 

EGotand  price of standardized tower heat exchanger unit 

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

duced in K.3, Z/sq ft. 

G,tube price of finned tubing for tower heat exchanger 

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

pipe price per unit length of pipes and ducts, L/ft. 

Pm 	
capital price of circulating pump - motor combination 

per cooling tower, £. 

R
A price of refrigerant per unit waste-heat rejection 

rate, Eh/Btu. 

is the capital price difference intro- 
cest (= £cap gcE) 

duced in (2.3-3), E. 

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

rejection rate, Eh/Btu. 

EStbase
/q base price of surface steam condenser per unit 

waste-heat rejection rate, £h/Btu. 

E" 	total price per unit Steam-side heat-transfer surface 

area of surface steam condenser, £/sq ft. . 

EltStbase base price of surface steam condenser per unit 

Steam-side heat-transfer surface area, introduced in 

H.1, E/sq ft. 
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kS,tubes  price of tubing for surface steam condenser per 

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

£,/q price of coupling-circuit duct leading towards tower 

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

rice of Heller-system water turbineer turbine/q P 	 ,punit 

waste-heit rejection rate, £h/Btu. 

a 	ratio of condenser-shell radius to tube pitch, used in 

(n.3-3), (1). 

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

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

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

0 	ratio of outside to inside diameter for pipes and 

tubes, (1). 

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

APu 	decrease in generator output due to necessity of having 

is•S ' tG i' kW. ,, 
Ap 	total pressure drop, lbf/sq ft. 

Apa 	acceleration pressure drop, lbf/sq ft. 

total pressure drop of air flowing through cooling APD 

tower, lbf/sq ft. 

APfr frictional pressure drop, lbf/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 

maintain entire coupling circuit above atmospheric 

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

medium, used in (3.3-5), deg F. 

AtG 	(= tG,o - tG,i)  dry-bulb temperature variation of air 

flowing through tower, used in (3.3-6), deg F. 

Ats,H =  (ts,H)i 	(ts,H)o ) saturation temperature variation 

in Hot-side of Spalding system, deg. F. ' 

a
fuel 

present worth of increase in fuel expenditure due to 

necessity of having ts,s >tG,i, introduced in (2.2-2),Z. 

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

f 	thickness of fins, ft. 

absolute roughness for ducts, pipes or tubes, ft. 

T1B 
	boiler efficiency, fraction. 

Pm overall efficiency of pump-motor combination for coupling 

circuit, fraction. 

'1pt overall efficiency of pump-turbine combination for 

Heller system, fraction. 

nst 	
steam turbine efficiency, fraction. 

TITH station nett thermal efficiency given by (2.2-3), 

fraction. 

EA P total coupling-circuit pressure drop, lbf/ sq ft. 

°G 	ratio of free-flow area to frontal area on Air-side 

of tower heat exchanger, (1). 

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

71,472  functions introduced in (4.3-1). 

X 	factor defined by (C.3-3), (1). 

01,02 functions introduced in (4.3-2). 
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iii) Symbols for dimensionless groups  

Nh 	(= UC/Q) overall number of transfer units. 

Nh C (E UGCGAG) overall number of Air-side transfer units. 

- nh 	(a uC/Q) partial number of transfer units. 

nhG  (6 uGCG/QG) partial number of transfer units, introduced ,  

in 3.3. 

Lewis number for water-air. NLe,W 

NPr 	(i 1Lc/k) Prandtl number. 

Npr,G (5 liGcG/kG) Prandtl number for air flowing through 

tower heat exchanger. 

NRe 	= dW/(111cf) Reynolds number. 

NRevf local liquid-phase Reynolds number. 

= krh G  VG  /OLG  cG  ) Reynolds number for air flowing NRe„G - 	,  
through tower heat exchanger. 

NRe g local gas-phase Reynolds number. 

(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. 

NvG number of transformed velocity heads for Air-side of ,  

tower heat exchanger. 

nv 	number of local velocity heads. 

nv,G number of loCal velocity heads for Air-side of tower 

heat exchanger. 

(N 	, N 	N 	, N 	, N 	N 
v v elim v,i' v,misc v,o v,pack' v,spray 

numbers) 

of transformed velocity heads referring to eliminator, 
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• 	tower inlet, miscellaneous losses, tower outlet, pack 

and spray respectively. 

	

(n 

	

	, n 	, n 	• , n v,elim$ 	v,misc vt o• ',pack' v,spray numbers) 
of local velocity heads referring to eliminator, 

tower inlet, miscellaneous losses, tower outlet, pack 

and spray respectively. 

	

ENv 	total number of transformed velocity heads for air 

flowing through cooling tower. 

iv) Physical property symbols  

	

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

	

cA 	refers to dry air. 

	

G 	refers to moist air flowing on Air-side. 

	

cG 	mean specific heat at wet-bulb temperature, defined 

by (E.1-9). 

FG, G  F* see section ii). 

	

h 	specific enthalpy, Btu/lb. 

	

hA 	refers to dry air. 

	

hC 	refers to water on Cold-side of Wet system. 

	

hG 	refers to moist air flowing on Air-side. 

	

hM 	specific enthalpy of saturated-air layer adjacent 

to water surface on Air-side of Wet system. 

	

hfg 	latent heat of vaporisation, Btu/lb. 

	

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

	

kA 	refers to dry air. 

	

kG 	refers to moist air flowing pn Air-side. 

	

v 	specific volume, cub ft/lb. 



vA  
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35 
refers to dry air. 

refers to moist air flowing on Air-side. 

absolute viscosity, lbf/(h ft). 

It A r 	refers to dry: air. 

ILG 	refers to moist air flowing on Air-side. 

density, lb/cub ft. 

PA 	refers to dry air. 

PG 	refers to moist air flowing on Air-side. 

a 	surface tension, lbf/ft. 

a surface tension for water. 

v) 	Symbols for quantities containing constant-valued  

physical property groups. 

The procedure followed in this section 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. 

aa,H (3.5-19), 	S. 

af,C (3.'1-5). 	H. 

af,H (3.5-5). 	W. 

am,C (3.4-20), 	H,S. 

am,H (3.4-8), W,S. 

al1,13  (3.5-2),W. 

a ,H  (3.5-17), 	S. 

aP,T (3.5-11), 	H. 

ap,13 (3.5-21), 	W,H,S. 

a p,C (3.5-15), 	H. 
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ap,C 
(3.5-22), S. 

ap,H (3.5-3). W. 

(3.5-18), S. 

ap.IT 
(3.5-6), W,H. 

(3.5-20), S. 

a
u,C 

(3.4-19), H. 

(3.4-32), S. 

a
u,H 

(3.4-7), W.S. 

a
u,S 

(3.4-9), W.S. 

bp,C 
(3.5-22), S. 

bp,H 
(3.5-18), S. 
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INTRODUCTION  

Three power-station cooling systems incorporating 

natural-draught cooling towers are investigated in this 

thesis with the object of helping power-station designers to 

choose between them. Before-specifying the object of the 

investigation in greater detail, both the application of 

cooling towers in power-station cooling systems and the his-

torical development of the three cooling systems wider in-

vestigation are described in the following two sections. 

1 Application of natural-draught cooling towers in power-

station cooling systems. 

Every thermal power station requires both a cooling 

system to 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 is 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, 

atmospheric 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 

place in'a heat exchanger, the efficiendy of which increases 

with velocity of the air flowing through, or past the heat 

exchanger. The velocity is increased in practice, either 

by mechanically driven fans, or by utilizing the natural-

draught forces caused by air-density differences occurring 
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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 
if 

climate, and Athis 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-bulb temperature, and sometimes even in areas of high 

dry-bulb temperature provided that the humidity is 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 alterna-

tives. The present 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 atmosphere, After removing heat from turbine. exhaust 

steamin a surface steam condenser, the water is made to 

trickle downwards through a layer 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 flint upwards through the packing; the water and air 

are thus brought into direct contact, the water being both 

convectively and evaporatively cooled before returning to 

the steam condenser. 

The Wet system offers the major advantage of a recooled 

water temperature close 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 areas close to natural water re-

sources, and the cooling process can be adversely affected 

if the water freezes in cold weather. 

At the 1956 World Power Conference in.Vienna, Keller 

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, uses boiler 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 remaining 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-induced 

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 preventing contamination 

due to leakage into the cooling system. 

The British Central Electricity Generating Board en-

dorsed the merit of , the Heller system by commissioning the 

English Electric Co. Ltd. to design and construct a power-

station cooling system at Rugeley, based on the principles 

of Heller and Forgo. 

The cooling system, although functioning satisfactorily 

since 1962, does have the following disadvantages. 

i) The atmospheric dry-bulb temperature, and not the 

wet-bulb temperature, represents the lowest temperature limit 

to which the water can be cooled. 

ii) 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 complicated con-

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 

steam 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 is 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, subject to the choice of a suitable 

refrigerant, are as follows:- 

.) A pressure increasing device to keep the cooling 

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. 

iii) Operating under practically isothermal conditions 

ensures high thermodynamic 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 system, 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 boiler feed water. 

No practical application of the Spalding system exists 

as it is a novel idea, mooted as recently as 1962. In 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 can be answered 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 systems. 

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. 

iii) 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 of/interest, 

that combination which gives the optimum value of the merit-

factor for a particular cooling system. 

v) Therefore, deyelop 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 used 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 different cooling systems incorporating natural- 

draught cooling towers 

restricted to the Wet-

parisons in this paper are based on 

able values. Since no attempt is 

overall power-station merit-factor 

and, even in this, the comparison is 

and Heller-systems. The cost com- 

unspecified design vari- 

made to establish an 

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 proposed to carry out 

step vi) by using the derived methods to obtain quantitative 

results for a range of waste-heat rejection rates, a chosen 

climate and prices valid 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 choice 

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: 

i) tower packing type for Wet system; 

ii) tower heat-exchanger types for both Heller- 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 cooling system has certain requirements 

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 cooling systems. • In chapter two, the merit-

factor is expressed 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-

vestigation, is to simplify comparisons by deciding which 

cooling-system. characteristics are not important enough 

to bevariedand 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-

lng systems. 

In choosing the design variables 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 cooling'tower buoyancy equation, some of the 

originally chosen design 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 ccon-

stituent parts for ease of presentation. 

It is then possible to gauge the merits of the alterna-

tives for the previously ennumerated cooling system compo-

nents, the choice between which was deferred until after the 



4 	 47 

developmeht of a merit-factor equation. Accordingly, choices 

of tower-packing type and tower heat-exchanger types are made 

in chapter four. whereas choices 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 

give the minimum merit-factor value. In this respect, two 

objects are fulfilled. The first is the development of a 

numerical, "steep descent" method - suitable for use by an 

automatic digital computer - in order to determine accurately 

the values of the design variables at optimum conditions. 

Secondly, the results and trends accruing from the application 

of this method are used in developing an approximate• 

m et.hod 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 results for a range of waste-heat rejection 

rates, a chosen climate and prices valid for 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. 



5 	 48 

Finally, chapter eleven is devoted to 

s u g g es t i o n s for future research and general conclu- 

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 systems are compared in order to deter-

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 unrealistic. 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.1, 
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the Wet system 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 sprayers, H, which spray it evenly 

over the top of the packing, I. As the water trickles 

downwards through the packed 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 pack-

ing via the cooling tower inlet, and then to flow upwards 

through the packing, past the sprayers and through the 

eliminator, F; this is 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 of 

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 surface steam condenser, information 

in' refs.I3 and 5 leads to the adoption of two water-side 

passes with horizontal condenser tubes constructed from 

admiralty 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 accordance 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 ref. 38, 

results in the advantage of a reduction in packing, elimina-

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. 3s, this leads to a saving 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 conventional hyperbola because of the 

resultant saving in !hell 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 alternative which remains, viz. 

the choice of packing type. There are many types and it is 

impossible to choose between them until some means of deter-

mining their relative merits has been established. Con-

sequently, 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 cress-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 boiler-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. 

While 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 water then travels along a duct, C, passing through 

a water turbine, D, before returning to 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; this prevents leakage into the system and 

consequent contamination of the boiler feed water. Some of 

the energy lost in providing the additional pressure drop is 

recovered by using the water turbine to help drive the cir-

culating pump. Auxiliary equipment is provided to drain 

the tower heat 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 	
7 

water, a jet steam condenser is suitable for use in the 
	

lIctc 

Heller system and is adopted because it is cheaper than an 

equivalent surface steam condenser A centrifugal circu-

lating pump, driven by an induction motor, and a propeller 

water turbine are chosen 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 
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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 adopted Wet- and Spalding-system circuits. 

Mild steel is the material chosen for ducts. The con-

crete tower shell profile 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 remaining 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 point 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 determining the Heller-system 

merit-factor. For, the present investigation,. this equip-

ment is assumed to be the same as that employed• at Rugeley 

and is described in ref. 5. 

• 1.4 Spalding system 

1.4.1 Function  

A schematic diagram of the proposed Spalding- system 

circuit is given in Fig.3, with a cross-sectional view 

through the tower to the left of the centre line. With 

reference to Fig.3, the Spalding system operates as follows:- 

A refrigerant in the liquid state and at saturation 

temperature extracts heat from turbine exhaust steam in a 

surface steam condenser, A, becoming vaporised in the pro-

cess. The vapour is then transmitted along a duct, C, 

after passing through a vapour-liquid separator, B. The 

vapour is then circulated through a 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 

steam condenser, to the atmospheric air which is induced by 

draught forces to flow past 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-system'components  

In choosing components for the Spalding system there 

are a number of alternatives, the best choices for some of 

which are carried out in this sub-section according to the 

following procedure. 

A surface Steam condenser must be employed in prefer-

ence to a cheaper jet steam condenser, in order to prevent 

the refrigerant from contaminating the condensed steam. 

The circulating pump is assumed to be an axial-flow type, 

driven by an induction motor, according to the suggestion 

of Ellingen in ref.I3. Mild steel is considered a suitable 

material for ducts and the liquid-vapour separator. The 

concrete tower shell 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 refrigerant, 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 to be made. 
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1.4.3 Choices of promising refrigerant alternatives  

Refrigerants considered for use in the Spalding system 

must have the following 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. i reveals 

that the following refrigerants have the foregoing essential 

feature: freon 12, freon 13, freon 22, methyl chloride, 

ammonia, propane and propylene. 

It is desirable 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 system 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 partial 

vaporisation, 

iii) forced-convection refrigerant flow with complete 

vaporisation, and 

iv) forced-convection refrigerant flow with partial 

vaporisation. 

The first possibility is represented in Fig.3 if the 

circulating pump, Ei and both re-circulation ducts, D, are 

eliminated. It is assumed to be unsuitable as natural-

convection forces are considered inadequate to overcome 

both the large flow resistance caused by complete vaporisa-

tion in the steam condenser, 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 re-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 

circulating 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, recourse 

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.3 by eliminating both re-circulation 

ducts, D. There is re-circulation in the fourth possibility, 

which can be represented in Fig.) after eliminating the left-

hand duct, D. 

The choice between natural- and forced-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 pressure drops due to friction and acceleration for 

two-phase flow. In this investigation it is pessimistically 

assumed that natural-convection forces are inadequate, and 

that forced convection must be resorted to in order to cir-

culate the refrigerant. This assumption will be acceptable, 

provided that the over-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 is accordingly deferred till later. 

A forced-convection refrigerant flow arrangement having been 
decided upoi, a choice between the third and fourth possi- 

bilities need not be made at this juncture. By 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. For 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 Preliminary choices of surface steam condenser 

configurations  

The following variations in condenser configuration are 

considered possible: 

i) extended surfaces on one of the sides, 

ii) steam flowing outside tubes with refrigerant 

inside,. or vice-versa, 

iii) one or more 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-transfer coefficients on the steam- and 

refrigerant-side are 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 refrigerant flowing through hori-

zontal bare tubes surrounded by the steam. However, if the 

two heat-transfer coefficients differ appreciably, the 

overall heat-transfer 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 gives rise to manufacturing difficulties and large 

flow resistances in the tubes. These disadvantages can be 

overcome by departing 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-route the steam through the condenser 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-

system, 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 steam-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 pass 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 refrigerant-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 

under 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 condensate drainage. 

A possible tower heat exchanger arrangement, closely, 

resembling that of the Heller system as used at Rugeley, is 

shown in Fig.3. The refrigerant vapour passes into the 

vertical tubes of a single-pass tower heat exchanger via a 

distribution duct encircling the tower shell. However, as in 

the case of the Heller system, no tower heat exchanger 

decisions can be made yet; the choices of 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 

described, the next step is to establish a suitable criterion 

for determining the merits of the considered cooling systems 

so that comparisons between them 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 

atmospheric dry-bulb temperature from the turbine exhaust-

steam temperature and which provides the necessary driving 

force for removal of power-station waste heat; 

ii) power to circulate 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 requirements can be regarded as constituting' 

an overall power loss, the value of which would be equal to 

the gain in generator output were there no cooling-system 

requirements. This overall power loss can be used to indi-

cate the merit of a cooling system since the best of a number 

of cooling systems will incur the smallest overall power loss. 

The overall power loss is the arithmetic sum of the 

individual power-loss contributions arising from each of the 
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cooling-system requirements previously enumerated. In 

formulating an expression for the merit-factor, Spalding 

introduces coefficients to convert the cooling system require-

ments to their 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 contributioris, i.e. 

PLiq 	= (PL/c1)1 	(PL/c1)2 ♦   (PL/c1)3' 

Where 

(PL/c1)1; a*(ts,S tG,i)g  

P /q is the merit factor, or overall power loss per unit 

waste heat rejection rate, in dimensionless units. 

(tsts  - tG,i)  is the difference between turbine exhaust 

steam temperature and atmospheric dry-bulb temperature, 

in deg. F. 

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

£CS  is total capital price of cooling system components per 

cooling tower, in pounds sterling. 

q is the waste-heat rejection rate per cooling tower, in 

Btu/h. 

(PL/02" 

(PL/03m 

(2.1-1) 

(2.1-2) 

(2.1-3) 

(2.1-4) 
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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 observed by inspection of a single term. 

Accordingly, the capital price of the circulating pump and 

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

(PL/q)2 = b (P/q), 	 (2.1-5) 

c
*
(£ /41 - t /q) (2.1-6) (PL/q)3 	cs 	Pm 

and 

b* = B*  ♦ c*(Lpm/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 (ltu/h). 

The merit-factor can thus be evaluated from the 

expression. 

, 	, PL/q
*(ts, -) b

*  tP/q) 	c*  kEcelq - Lpm/q), 

(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 estimation of these coefficients; in 

addition, representative numerical values are calculated. 

The method of using (2.1-8) in optimizing the design of 

S. particular cooling system is first of all to choose the 

independent design variables characterizing the cooling system. 
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This done, each of the temperature difference, pumping power 

and capital price terms 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 must 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 determined optimum merit-factors for Other 

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* 5 (PL  /q)1 /(ts,S  - tG,i  ) 	 (2.2-1) 

where (PL/q)1 is the loss of useful generator output per unit 

waste-heat rejection rate, due to the necessity of having 

t8,S >  t0,1. In evaluating (P11°1'  the manner in which a 

power-station is affected by changes in exhaust-steam tempera-

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. This means 
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that, for a chosen generator Output, an 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 the 

decrease in plant thermal efficiency. 

The additional capitalezpenditure can be converted to an 

equivalent power loss after assigning a capital value to 

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 overall power-station capital cost per unit gen-

erator output to the present worth, 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 

proportional to its equivalent power loss, the. coefficient 

of proportionality being the previously .  mentioned ratio. 

Of the two items constituting the capital cost of peak power, 

the one involving station capital cost can be obtained from 

published tables, e.g. on page 5 of ref. II, 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, (PL/q)1  is 

given by the sum of ,two terms, viz. 
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(PL/c1)1= jK(Pu/q)(APu/Pu)44K(pu/(1)(Lcap/Pu)-1(6Lfuel/Pu).  

(2.2-2) 

JK(=3413) 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 ts,s  > 	in kW. 

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

per kW. 

AEfuel is present worth of increase in fuel expenditure 

due to necessity of having tsts >tGgit  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 Pu/a  

An expressidn for Pu/q may be derived from the definition 

of station net thermal efficiency, i.e. the ratio of electrical 

poWer sent out to total power supplied to a power station. 

This definition can be expressed as 

riTH = jKlB i 1  - (Pu,B 	Pu,A)/Pu)]  /(cis/Pu). 	(2.2-3) 

n 	is station net thermal efficiency expressed as a fraction. TH 
JK (= 3413) is a coefficient converting kWh to Btu. 

nB is boiler efficiency expressed as a fraction. 

(Pu,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, qs  is obtained from a 

heat balance by subtracting the heat added in the boiler feed 

pump from the sum of the following items: mechanical and 

generator power losses, heat loss to steam-seal system, 

generator output and waste-heat rejection rate. Further-

more, heat balances for typical power-station turbines on 

pages 53 and 68 of ref. 7 indicate that the effect of the 

foregoing subtraction is to practically cancel out some of 

the power-loss items, thereby enabling q to be accurately 

evaluated from the following simplified equation: 

qs = q Jet,. 
q is the waste-heat rejection rate in Btu/h. The substi-

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

Pu/q = (1TH/j0/{ 1B- rI TH 1B(Pu,B+Pu,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 will 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.as: "Boiler efficiency for 

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

output will not change with exhaust pressure or turbine 



2.2.2 	 74 

exhaust size. Generally 85 to 90 per cent efficiency may 

be used in making economic studies." In accordance with 

this quotation, a fixed value of boiler efficiency will be 

used in the present investigation. 

Station nett thermal 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 

method of doing this would involve the preparation of opti-

mized overall power-station heat balances for a range of 

turbine-exhaust pressures, so that a graph of station thermal 

efficiency vs exhaust-steam temperature could be drawn. 

This is 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 fact that some power-

station variables are relatively unimportant when predicting 

changes and can therefore be ignored. 

In one such method, outlined in pages 160 to 195 of 

ref. 7, graphs and simple equations are provided so that the 

variation of station heat rate with exhaust-steam temperature 

can be estimated. The variation in station nett thermal 

efficiency can then be determined since 

nru  = JK  / (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 internal heat rate. Then, for various 

values of exhaust pressure, the graphs and simple equations 

will indicate corresponding changes in turbine internal heat 

rate, exhaust loss, throttle flow and condenser flow. The 

new values so obtained can then be used to calculate changes 

in station nett heat rate and station nett thermal efficiency. 

A basic feature of this method is that the initial and 

reheat steam conditions and turbine exhaust area are fixed. 

This represents a major disadvantage in that the predicted 

variation of thermal efficiency with exhaust pressure will 

probably not be indicative of that for optimized dallies of 

initial and reheat steam conditions and turbine exhaust area, 

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 conditions, being less important, can be 

fixed at representative values. 

A method of carrying out economic comparisons between 

steam turbines is established in ref. 29, and the effect of 

turbine 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 reheat steam conditions 

are only slightly dependent on exhaust pressure. Therefore, 

it is assumed that 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 area, on the other hand, is strongly depen-

dent on exhaust pressure, being governed by the following 

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

A At (generator output, MW)/(ave.eXh.pressure, in Hg abs), an 
(2.2-5) 

where Aan  is the optimum turbine exhaust areitt, in sq.ft. 

From the knowledge in the previous paragraph, the varia-

tion of station thermal efficiency with exhaust-steam tem-

perature can be estimated by means of the previously des-

cribed simple method; the only modification required is to 

calculate 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 1TH and  Puicl to be 

numerically evaluated from (2.2-4) and (2.2-3a) respectively. 

The first step is to choose a turbine type, generator 

output and operating conditions which are representative 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 page 5 of ref. II, turbines first commission-

ed in 1964 for the U.K. have an output of about 350 MY, 

initial steam conditions of 2400 psig and 1050 deg F with 

one reties* 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 output power of 35 pounds sterling per kW. 

In addition, the turbine type is assumed to be cross-

compound, double-flow, 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 turbine 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 pressure of 1.5 in 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. 



net turbine heat rate, (Btu/kWh) 

h.p. and l.p. mechanical losses, kW 

h.p. and l.p. generator losses, kW 

throttle flow, lb/h 

boiler feed-pump power, kW 

condenser flow, lb/h 

exhaust loss, Btu/lb 

corrected exhaust loss, Btu/lb 

corrected exhaust loss, kW 

turbine internal heat rate, (Btu/kWh) 

7480 

820 

850 

1730 

1810 

2.11 x 106 

8680 

1.44 x 106 

12.0 

9.33 

3942 

7120 
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Theni the turbine internal heat rate having been cal-

culated under typical conditions, 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, lb/h 
condenser flow, lb/h 
specific volume of steam (cub ft/lb) 

x 106 

x 106 

0.5 

58.7 
6760 
700 
2.03 

1.35 
1250 

1.0 

79.2 
6976 
350 
2.08 
1.41 
648 

1.5 
91.8 
7120 
233 

2.11 
1.44 
445 

2.5 
108.8 
7302 
140 
2.17 

1.51 
275 

3.5 
120.6 
7424 
100 
2.30 

1.62 
200 

vapour end quality, fraction 0.869 0.893 0.904 0.921 0.931 

exhaust velocity, ft/sec 579 645 692 760 840 

exhaust loss, Btu/lb 8.5 10.6 12.0 14.7 18.1 

corrected exhaust loss, Btu/lb 6.35 8.06 9.33 11.6 14.5. 

corrected exhaust loss, kW 2502 3323 3942 5157 6886 

total mechanical losses, kW 1670 1670 1670 1670 1670 

total generator losses, kW 3540 3540 3540 3540 3540 

generator output, kW x 106  3.5 3.5 3.5 3.5 3.5 

internal output power, kW x 106 3.577 3.585 3.592 3.604 3.621 

turbine gross heat rate, (Btu/kWh) 6916 7153 7313 7526 7688 

station nett heat rate, (Btu/kWh) 

(assuming 11 B=0.868,PuB=0.04Pu) 

station thermal efficiency, fraction 

 8300 

0.411 

8590 

0.397 

8780 

0.389 

9040 

0.378 

9220 

0.370 

N 
!`) 
N 
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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 representative exhaust pressure of 1.5 in 

Hg, should be equal to the value specified for U.K. power-

stations commissioned 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-station characteristics, is representative of 

recently commissioned poWer-stations. 

The foregoing stipUlation is satisfied for a boiler 

efficiency of 0.868. This value lies between the previously 

mentioned limits olf , 0.85 and 0.90, and is also close to the 

modern boiler efficiency values given on page 542 of ref. lz, 

e.g. 0.88 for coal with a gross calorific value of 10,000 

Btu/lb. 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 station nett thermal efficiency and station 

nett heat rate are seen to exhibit an almost linear relation-

ship with exhaust-steam temperature. 

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

*be calculated from (2.2-3a), with TIB  = 0.868, a power ratio 
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of 0.04 and a iTH  value read from the accompanying graph. 

For example, exhaust-steam temperatures of 90 deg F and 110 

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

Pu/q 

,Pu/q 

= 

= 

2.62 x 10-4 

2.79 x 10 

(2.2-6) 

(2.2-7) 

2.2.3 Evaluation of  (APu/Pu) 

According to ref. 2.3, the decrease in generator 

output due., to• the temperature difference (ts,s  - tG,i) is 

related to station nett heat rate by the expression 

APu/Pu  =I(NHR)t 	- (NHR)t 	3/(NHR)t 	(2.2-8) 
s,S 	G,i 

(NHR)t 	is the station nett heat rate, in Btu/kWh, and 
s,S 

calculated at exhaust steam temperature,ts,s, whereas 

(NHR)t  G,i is calculated at atmospheric dry-bulb temperature, 

tGvi 

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 

tG,1  = 57, exhaust temperatures of 90 and 110 deg F result in 

the following respective values: 

APu  /Pu  = (8760 - 8264)/8264 = 0.060, (2.2-9) 

APu  /Pu  = (9060 - 8264)/8264 0 0.0963 (2.2.10) 

2.2.4 Evaluation of cap/P u 
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 to 18 pound's sterling per kW generated. Values of the 

former 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 generated 

is given on page 5 of ref. H. Furthermore, it is recommended 

in the same reference that this value, valid when the Wet-

system is employed for cooling purposes, be increased by 4 

when dry cooling systems are employed. Therefore, £cap/Pu 

takes on the'following corresponding values: 

cap/1)u = 53, 

£ 	,P 	In cap/  u 	57.  

(2.2-11) 

(2.2-11a) 

2.2.5 Evaluation of  ("fuel/Pu) 

The first step in evaluating this quantity is to deter- 

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

(Zfuel/Pu)annual = (price of fuel per unit gross calorific 

value, pounds sterling per Btu) x (load 

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 

(Lfuel/IIu)present worth a (Zfuel/Pu)annual 1 (I+1) - 	/ 

[I (I+1)nn, 	(2.2-13) 

where I is the interest rate, expressed as a fraction, and 
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ny  is the assumed power-station life, in years. According 

to ref. 10, (2.2-13) is used by the Central Electricity 

Generating Board together with n = 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 it 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 corresponding 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 the following equation: 

Weighted load factor =f EY  (annual load factor) (1+I)-n  / 

n=1 

n 
Ly  (1+I)-n  
n=1 

(2.2-1,a) 

The 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. 

?or 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 the 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 greatly affect the 

weighted load-factor value. For the purposes of numerical 

calculations in the present investigation, curve A will be 

chosen together 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 obtaining numerical values of (E 	/P ) fuel u presentwarth 
from (2.2-13), for any exhaust steam temperature. In parti-

cular, (iiEfuel/Pu) is the difference between the two present 

worth values computed at the exhaust-steam temperature, is S' , 

and the atmospheric dry-bulb temperature, tGsi. 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 stations, as presented on page 3894 of 

ref. M. 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 year 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 ((Efuel/Pu) for exhaust-steam temperatures of 90 

and 110 deg F are respectively calculated from (2.2-13) as 

(AEfuel/Pu) = 5.15, (2.2-14) 

(AEfuel/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 taro.  = 57 and two exhaust-steam temperatures, viz. 90 and 

110 deg F, to give the following values: 

a* = (0.0536 + 0.0868)/33 = 0.00425, (2.2-16) 

a* = (0.0916 + 0.1485)/53 = 0.00453, (2.2-16a) 

a
* 

= (0.0536 + 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 relativ4y 

insensitive to variations in exhaust-steam temperature. 

This insensitivity is advantageous since it enables a*  to be 

given a fixed value, thereby resulting in simpler differential 

forma of (2.1-8) for use in optimization procedures. In 

fact, an error of 5 deg F in guessing the optimum exhaust-steam 
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temperature will not affect the value of a
* 

by more than 2 

per cent. 

A few comparisons with published data can be made in 

order to check the validity of the foregoing numerical values 

of a*. On page 684 of ref. 36, 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 1 
 (p11/q)(APu/Pu)/(tsts  - tG,i) = 0.001783 nstt 	(2.2-18) 

where nst  is the steam turbine efficiency, expressed as a 

fraction. The expression 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 value must be obtained. The adopted turbine in 

the present investigation, 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. 	If, 

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 

within normal vacuum ranges. The reasonably close agreement 

between these two values serves as an indication that the 

method derived in the present investigation gives feasible 
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values of the first term in (2.2-1). It is emphasized 

here that the method of Weinlich is conceptually the less 

accurate of the two because it applies to a fixed turbine, 

and there is no attempt 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 exhaust 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 values 

are not directly comparable because the published figures 

apply to fixed turbines. 

Of course, 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, c  

As can be seen from (2.1-4), 

(PL/03/(Lc8/0 9 

	 (2.3-1) 
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where (PL/q)3 is the loss of useful generator output power 

per unit waste-heat rejection rate, due to the capital expen-

diture involved in providing cooling system components. 

This power loss can be determined by relating the actual 

capital cost of peak power to that potentially obtainable 

were the cooling system to cost nothing. The former quan-

tity, already defined in 2.2.1, can be represented as 

Xcap /P  u = (Xrest /Pu  ) + (£CS  /P u) 
	

(2.3-2) 

whereas the latter quantity is given by 

cap/(pu)pot 
	£rest/Pu 
	 ( 2.3-3) 

cap is the sum of overall power-station capital cost and the 

present worth of the management, insurance and other 

works costs and the capital cost of the transmission 

connection,in pounds sterling. 

is equal to Xcap  minus the capital cost of cooling £rest  
system components, in pounds sterling. 

cs is the capital cost of cooling system components, in 

pounds sterling. 

Pu 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 

j1C s (Pu)pot- Pu J/4:1  = 4K(4cs/q)(gcap/grest)(Lcap/Pu 

(2.3-4) 
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Since the left handiside 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 

K (Ecap/Lrest)(Lcap/Pu)
-1 	(2.3-5) 

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

(Lcap/Pu) values already presented in 2.2.4. The ratio 

(Lcap/Lrest) will be close to unity since the capital price 

of the cooling system 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 is seen to have the values 

(Lcap/Erest) 	1.06 	 (2.3-6) 

and 
• 

( cap/rest)  

	

1.15 	 (2.3-7) = 

for wet- and dry-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 

acs, subtracting this from the £cap  value - obtainable accord-

ing to the procedure outlined in 2.2.4, - to get• rest' then 
the (Ecap/Erest) value determined from these values must be 

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), 

b* = (PL/c1)2/(13/q)  c*(pm/c1)/(17/q), 	(2.4-1) 

where (PL/q)2  is the 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 power loss is equal to that supplied by 

the generator to the pump motor and is accordingly related 

to the required pumping power by the expression 

(PL/02 / (P/q)  = linpm. 
	(2.4-2) 

nPm 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 

(PL/02  / (P/q) = '1.2. 	 (2.4-3) 

The validity of the foregoing procedure, resulting in 

(2.4-3), can be checked by comparing it with the method of 

determining pumping vomits outlined 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 is equal to a loss 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 is diffi-

cult to ascertain because the pump price, unlike the motor 

price, is dependent on volume flow rate as well as power. 

However, the combined price will be approximately propor-

tional to required power if the motor price is considerably 

greater than that of the pump. This situation is, 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 

c*  (C 
Pm
/q)/(P/q) 	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 

b
* 

= 1.2 + 0.00531 c
*
. 	 (2.4-5) 

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

stituted into (2.4-5), b*  takes on the values 



Country: 

commissioning year: 

initial steam temperature, deg F: 

United Kingdom 

1964 

10 50 

* 
b 

b
* 

2.5 

, 
= 1.2 

= 1.2 

+ 0.362 

+ o.366 

= 

= 

1.562 

1.566 

94 

(2.4-6) 

(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 power will have a small effect on the value 

of b* 

2.5 Summary  

This section has been included in order to summarize 

the main points arising out of this chapter. In addition, 

important quantities chosen or calculated in the previous 

sections are presented in tabular form so 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, 

in the merit-factor 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 characteristics considered to be typical of present-

day steam-turbines and power stations were made as follows: 



initial steam pressure, psig: 

single reheat temperature, deg F: 

generator output, kW: 

turbine type: 

final feed-water temperature, dog 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 sterling per kW: 

present worth value additional to 

previous item, pounds 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. 

47o 

43 

7 
0.868 

0.04 

0.389 

pg.153 onwards, 

ref. 5 

35 (wet system) 

39 (dry systems) 

18 

0.075 

30 

1.577.10-7 (1965) 

1..75x10-7  (1980) 
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In addition to the above information the following typical 

operating conditions were adopted: 



atmospheric pressure, psf: 2117 (14.7 psia) 

atmospheric dry-bulb temperature, 

atmospheric wet-bulb temperature, 

deg F: 

deg F: 

57 

52 

load-factor curve A shown in 2.2.5. 

a*, per deg F (wet system): 

a* per deg F (dry system): 

0.00425 (90 deg F) 

0.00453 (110 deg F) 

0.00407 (90 deg F) 

0.00433 (110 deg F) 

weighted load factor fraction: 

typical year is the, twelfth year of operation. 

0.59 

typical-year delivered-coal price, 

sterling per Btu: 

Pu/q, kWh/Btu: 

cap /P u, pounds sterling per kW: 

ALfuel/1)u' pounds sterling per kW: 

pounds 

1.7x10-7  

0.000262 (90 deg F) 

0.000279 (110 deg F) 

0.0600 (90 deg F) 

0.0963 (110 deg F) 

53 (wet system) 

57 (dry system) 

5.15 (90 deg F) 

8.27 (110 deg F),  
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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: 

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 ;sit'  values for 

the wet system are equal to 1.045 times the dry-system 

values. 

Some comments regarding probable variations of a from 

the foregoing values would be useful at this stage. 

Examination of the constituent terms of a*  in (2.2-2) and 

(2.2-1), and the equations from which these terms are eval-

uated, reveals that' a*is given by 

a* 
	

JK  A(NHR)/(tstS -tG,i 	(P u/q) I 1/(NHR)t  G,i 

4. (coefficient)/ ( cap/pu)1 
	

(2.5-1) 

A(NHR) a (NHR)t  - (NIIR)t  
s,S 	G,i 

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

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

x 	(I+1) Y  - 1 3 / i(i+i) Y3. 

The ratio A(NHR)/(ts S- tG i  ) is a constant due to the linear , t  

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.11 in which station thermal 

efficiency and the reciprocal of station capital cost per 

kW generated - and hence Pu/q, 1/(NHR)t 	and 1/( cap/Pu) G,i 
are seen to increase with increase in turbine capacity. 

a* will also increase with increase in value of the coefficient. 

MEI 



2,5 
	

98 

Due chiefly to the dependence of this coefficient on initial 

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 

E 	: Ccap/ rest 1.06 1.15 

R.cap /Pu  , pounds sterling per kW: 53 57 

c*, (Btu/h) per pound sterling: 68.2 68.9 

c*  will increase with increase in turbine capacity due 

to the dependence of £cap/Pu on turbine capacity as indicated 

in the table on page 5 of ref.11. However, the fact that 

this dependency is relatively slight, combined with the 

knowledge that £cap/R.rest is almost constant, means that 

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

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

have been adopted: 
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pump efficiency: 

motor efficiency: 

(PL/(1)2/(1)/(1): 
Z pm  /P, pounds sterling per (Btu/h): 

0.85 

0.98 

1.2 

0.00531 ' 
* 
b 	: 1.562 (Wet system) 

1.566 (Dry systems) 

b* will increase with increase in turbine capacity due 

to the dependence of c* on turbine capacity. The increase 

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 values of b
* 
are probably 

accurate and, moreover, not subject to as much variation as 

* 	* or a c  
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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, 

either 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 

manufacturers? 

ii) Which are the characteristics whose values contri-

bute significantly to the 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 to the first question is given in 

the next section, viz. 3.2. 	Then, a first attempt at 

answering the second question is made in section 3.3 by ar-

bitrarily choosing quantities which seem suitable for adop-

tion as design variables. The individual cooling system 

requirements in the merit-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 fo4ing objects: 
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i) to see whether there arejny further quantities 

which can be fixed for comparison purposes, and 

ii) to make decisions regarding the final choice of 

design variables. 

3.2 Preliminary choice of fixed characteristics  

The former question has already been partially answered 

by virtue of the fact that many of the cooling system com-

ponents have-been chosen in chapter one. It will be even 

more fully answered at a later stage in the thesis when 

decisions regarding the deferred choices of cooling system 

components, including their dimensions and materials of con-

struction, are made. However, there are still a few addi-

tional cooling system characteristics which are chosen to 

be fixed and they are outlined in the following paragraph, 

together with reasons for choosing them where necessary. 

The lengths of the ducts coupling the steam condenser 

to the cooling tower are considered fixed and equal for each 

of the considered cooling systems. The Wet-system packing 

depth is assumed fixed since manufacturers construct packing 

sheets according to standardized dimensions. The diameters 

and thicknesses of steam-condenser tubes are also assumed to 

be fixed because of standardization by tube manufacturers. 

However, care 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 

system, is considered sufficiently small for physical pro-

perties to bei calculated at a single temperature which is 

close to the mean operating temperature of the cooling system 

concerned. The vapour 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 characteristics, 

the next step is to decide on the design variables governing 

the cooling systems under consideration. Design variables 

possess the property 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 ranges 

of validity of associated performance formulae are not ex-

ceeded. 

Difficulties in satisfying this provision can be exper-

ienced if the design variables are so poorly chosen that 

their acceptable values vary greatly with changes in operating 

conditions such as waste-heat rejection rate; 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- 



3.3 	 103 

formed to another set, serving the same purpose, merely by 

multiplying or dividing any of the original design variables 

by one or more of the others, in any desired combination. 

In consequence, this property can be used in the present 

investigation to specify design variables as ratios and/or 

products of certain quantities so that' they will be insen-

sitive to changes in operating conditions. For example, 

the ratio of 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 systems: 

i) numbers of steam-condenser and heat-exchanger 

tubes; 

ii) lengths 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; 

ix) vapour quality of Spalding-system refrigerant at 

exit 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-factor equation, 

(2.1-8), can be evaluated. 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 

i), ii), iv), v) and xii) will vary appreciably with changes 

in waste-heat rejection rate and should thus be replaced by 

less sensitive quantities where possible. There appear to 

be no convenient modifications which will decrease the sen-

sitivity of the duOt diameters in iv) and the tower base 

diameter in v). However, with regard to items i) and W I  

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 quantities are C, 



105 

Q and W. 

C (E q/mcf) is a heat-capacity factor with units of deg F. 

Q (m q/Ah) is heat-flux with units of Dtu/(h sq ft). 

W (a mcf/AC)is a loading-factor with the same units as a 

heat-transfer coefficient, viz. Btu/(h sq ft deg F). 

q is the waste-heat rejection rate, in Btu/h . 

m is mass flow rate, in lb/h . 

cf is constant-pressure specific heat of,liquid, in Btu/ 

(lb deg F). 

Ah  is total heat-transfer surface area, in sq 

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 = 4q/(nd2CW), 

L = dCW/(4Q), 

S = VW/cf. 

n is number of tubes. 

L is length of tubes, in ft. 

S is velocity of fluid flow, in ft/h . 

d is fixed inner diameter of tubes, in ft. 

v is specific volume of fluid, in cub ft/lb. 

(3.3-1) 

(3.3-2) 
(3.3-3). 
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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 Investigation, some other alternatives were also con-

sidered but increased familiarity with the equations involved 

in the present investigation confirmed that C, Q and W are 

more suitable. 

Since the remaining linear cooling tower dimensions in 

item v), viz. axial ,length of tower shellt 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, D1, to give 

r5  - r1  (= z5/Di  - z1/D1),  r1  (E z1/D1), rp  (E zp/D1) and 

(E Dt/D1). 

At this stage, the tentative design variables having 

been modified where possible, the important question of whether 

they really are independent of each other must be answered. 

In other words, are there any supplementary conditions to be 

satisfied which might 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-balance 

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 air-flow resistance through 

a natural-draught cooling 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 

= mXh S S fg,S° 	 (3.3-4) 

q = mpcflp Atp, 	 (3.3-5) 

q = mGcGAtG' 	 (3.3-6) 

can be used to replace the mass flow rate of steam in.xii) 

and the temperature differences Atp  and atG  in vii) and viii) 

by CS, CF  and CG  respectively, where 

Cs E q/(MsCfts), 	 (3.3-7) 

CF E q/(mpcf,p), 	 (3.3-8) 

CG  E q/(mGcG), 	 (3.3-9)  

Also the buoyancy equation can be used to replace 

(r
5 
- r) 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 'a function of the design variables,, unaccept-

able duplication of design variables is'easily avoided. 

The temperature 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 the Heller- 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. 

nhp 
	

uG Ah,G/(mGcG) 
	 (3.3-10) 

which, on making use of (3.3-9) and the previously given 

Q definition, becomes 

nh,G = nGCG/C1G. 

nhG has been used by many investigators to present ,  

thermodynamic performances of various heat-exchanger flow 

arrangements, thereby avoiding the calculation of log mean 

temperatures which were a feature 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 in the final section of 

this chapter with a view to making final recommendations re-

garding design variables and fixed characteristics. 

(3.3-11) 
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3.4 Derivation of temperature difference term in merit-

factor equation  

This section is separated into three sub-sections 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 grouping 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: 

tats- tG,i = (ts,S-tH,o) + (tH,o-tC,i)  + (tC,i-tG,i) (3.4-1)  
,-----, 

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

s,S 	trio = (tH,o-tH,i)(1/EH 	1)  

= (Nh,H QH/UH)(1/EH - 1)  

= (Nh,HQH/UH)(1/NhoH - 0.5 + 0.0833 Nh,H)  

= QH/UH  -0.5CH  + 0.0833 UHCH2/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: 

Nh,H = UHCH/41r 
	 (3.4-3) 
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The subscript H refers to the region inside the steam-

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

transfer coefficient in the steam condenser, referred to the 

Hot-side. 

Negligible heat loss to the atmosphere from the ducts 

connecting the steam condenser to the cooling tower can be 

reasonably assumed. 	Therefore tH,0  - tC i = 0. 	(3.4-4) o   

The substitution of (3.4-2) and (3.4-4) into (3.4-1) 

results in the final equation 

= (QH/UH-0.5CH+0.0833UnCH
2 
 /QH)+(tc,i-tGoi). (3.4-5) 

UH can be evaluated from the expression 

1/UH  = (1/0.85) 11/uH+1/umte(Qs/QH)/usl . (3.4-6) 

The denominator 0.85 is an assumed cleanliness-factor, the 

value of which is recommended in ref.l3 and on page 90 of ref. 

24. The inverse heat-transfer coefficients for the Hot-side, 

condenser-tube wall and Steam-side can be respectively cal-

culated from 

-0.8 

where 

-0.8 	-0.4 -0.2 auH a 0.0184k 	IL 	
cf,H 

-1  1/umo, = am,H  

(3.4-7) 

(3.4-8) 
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where 

amoi  s 2kmoi/ fdH(PH  - 1)] , 

-1._ 	% -.0833 f c  in N-0.333 1/us  = au.s  tuHwH) Sf'H,  

111 

(3.4-9) 

and 

auts  g 0.647kf,sigocf,s(QH/Qs)/(Xoy,svf,s pli 0.5  dH 	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) = dHWH/(uf,Hcr,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 '42 (ts,s-tH,0)4(tH,0-tc,i)+  [tc,i- (tm,G)0 1  

+ f(tm,G)0  - tG,i}  . 	(3.4-11) 

(tm.G)471  is the air-side tube-wall temperature at air-flow 

e x it from the tower heat exchanger. 

The jet 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-

ical value to it as there is no published information for 

jet condensers of the size associated with power-station 

cooling systems. Atcording 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.24 

that the temperature approach is taken as 5 deg F. For 

the jet condenser employed in the geothermal power station 

at Wairakei in New ,Zealand, described in ref.17, the tem- x, 

perature approach is 11 deg F according to a private commu-

nication from the consulting engineers responsible for its 

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

also suggested that a temperature approach Of 7 deg F repre-

sents a value 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 Wet-system, the assumption of negligible heat 

loss from the connecting ducts results in 

tH,o - tC,i = O. 
	 (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: 

tco.  - (tm,a)0  = (Qc/tIG)(1/uc ♦1/um,c)QG 	(3.4-13) 
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where QC m cl/Ah,C° QG = cl/Ah,G • 

The last temperature difference term in (3.4-11) can be 

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

partial effectiveness as 

(tm,G)o - tG~i = C /e G G 9 	 (3.4-14) 

since 

(3.4-15) 

q 	= 	mGcG(tGso - t Goi)o 
	 (3.4-16) 

eG E (tG,o - tG,i)/ f(tm,G)0 	tG,i1. 
	(3.4-17) 

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

(3.4-11) results in the final equation 

CG E q/mGcG 

ts,S -tG,i • = (ts,S -t i~ o ) 44QC/QG)(1/uC♦um • )QG+CG/eG. (3.4-18) 

The inverse heat-transfer coefficients for the Cold-side 

and heat-exchanger tube wall can be respectively calculated 

from 

1/uc = au,c--1 WC-0.8 

where 

%-0.8 (Nlifoccf,c, 	PrICi 1f 
0.4 

dC 
-0.2 au,C a 0.0.184kf,c(, 

1/uth,c = am,C 

and 

am,C - 2km,C / idc(pc-1)3 . =  

(3.4-19) 

(3.4-20) 
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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. 

Depending on whether one or two Cold-side passes are 

eventually adopted, CG/eG  can be respectively calculated 

from the following equations: 

CG/eG  = 1.02 CG E2/nh,G+0.5 f(Cc/CG) +11] , 	(3.4-21) 

CG/eG  = 1.02 CG[(1/nh,G+0.5+0.0625nh,G)+(0.5-0.125nh,G) 

‘1 (Cc/CG) +0.0625nh,G(CC/CG)2  J. (3.4-22) 

These equations are approximations to those originally 

derived in section E.2, 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 %we 1 o4 0,5. and CC/CG  

3.4.3 Spalding system 

The adopted temperature differences making up the total 

temperature term in (2.1-8) are: 

ts,S-tG,i = Its,s-(tm,H)0/ + f(tm,H)o- (ts,H)9) 

+ f(ts,H)o- tc,i3 	[tco.  - (tm,G)01 

+ f(tmoG)o- tG,i . 	(3.4-23) 
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The temperature drop from exhaust steam to tube outside 

wall temperature at refrigerant exit from steam condenser 

can be calculated from the following standard formula: 

tstS - (tm,H) 	= QH  tl/um,H  ♦ (Qs/QH)/us  1 
	(3.4-24) 

where QH  E q/Ah,H, Qs  E 

The derivation of the temperature approach between tube 

outside wall and refrigerant, f(tm,H)0  - (ts,H)01, 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 refrigerant, 

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. at_ 	where 
spn 

Ats,H 3 (ts,H)0  - (t 	). s,H (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 relationskip is 
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ts,H at,H ps,H 	 (3.4-26)  

where at,H is equal to 0.00207, 0.00379, 0.00238 and 0.00410 

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

tively. 	(3.4-26) can be used in relating Atstm  to the total 

Hot-side pressure drop according to the expression 

. Ats,H = at,H[APH 	(agrav/go)zR/vfgli 	(3.4-27)  

Apt/  is'the sum of the Hot-side frictional and accelerative 

pressure drops whereas zR  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), 

(t8,11)0 - tC,i = 0 	 (3.4-28) 

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 

tcti- (tmtG)0= (qc/C10)(1/uc  + 1/um,c)QG, 	(3.4-29) 

(tm,G)o 	tG,i = CG/ 
	

(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 

taas-tG,i  = (401/umge(Qs/QH)/usi + ((tm,00  - (t9,11)0}  

+(Qc/QG)(1/uc+1/Univc)QG+CG/eG  . 	
(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, (tmeH)  - (t 	). is calculated from E.5 and 
o BJI o 

(3.4-27). 	(3.4-20) is suitable for the calculation of the 

inverse heat-transfer coefficient, 1/umc, for the heat- • ,  

exbhanger tube wall. 

Iii order to achieve a high condensing 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 

l/uc  = (1/au,c)Wc-0.932 , 	 (3.4-32) 

where 

a 	= 0.00238 Dcf-lx/(ilftef,c)1( dc/(p.goccf,c)) -0.0683 
u,C 

0.5 ive,c(Npr,c)f /vf,c i 

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/eG  according to the expression 

CG/eG = CG(l/nh,G 0.5 + 0.0833 nh,G). 	(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 pumping-power term, i.e. the re-

quired pumping power per unit waste-heat rejection rate, is 

expressed as a function of the various pressure drops occurring 

in each cooling-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 the total pressure drop it is assumed that: 

i) the flow is incompressible; 

ii) the diameters, lengths and fluid velocities relating 

to the two ducts connecting the surface steam condenser to 

the cooling tower are identical; 

iii) with the exception of the head required to pump water 

up to the height of the spray, i.e. z
3
, potential head effects 

may be ignored. 

In consequence, the total pressure drop is given by 

EDP = APfr,H + 2APfr,T + (agravigo)z3ivf,T 
	(3.5-1) 

Since the circulating pump is situated on the D-side 

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

factor equation is given as follows.: 
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P/q = a EAP mBvf,B/(jq)' 

 

P/q = (aP,B/CD)  I Pfr,Hf2APfr,T+(agravigo)z3/vf,T1' 
(3.5-2) • 

where aptp  = apVf03/(JCfon) and 	CB  = mB  cf B  /q. - 	, 

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 

APfr,H = ap,Hff,HCHQH-IWH
3 
	

(3.5-3) 

where 

ap,H 	vf,H /(2g  of ,H c 2), 

after substituting (3.3-2) and (3.3-3) into the standard 

frictional pressure drop equation, (C.1-1). 	ff,H can be 

evaluated accurately or approximately from (B.2-1) and (B.2-4) 

respectively, provided that the indicated ranges of validity 

are not exceeded. (B2-l) and (B.2-4)-can be respectively 

presented as 

ff,H -43'5  = -1.73721n10.27027(OH/dH)+1.255/(NRe,Hfrjl'5)] 

(3.5-4) 

where 

= dH  WH  /(11 Hcfen) NRe,H -  

and 
-0.224 

ff,H  af,HH 
 
• (3.5-5) 
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where 

af,H a 0.06 fdl /(uf,Hcf,H)1 
-0.224 

The T-side frictional pressure drop is given by 

• -2 -5 = ap,Tff,TCT dT APfr,T 

where 

ap,T = 3.24 vf,TLTq ggocf,T
2)e  

(3.5-6) 

after substituting for WT  and ST  in (C.1-1) from (3.3-1) 

and (3.3-3) respectively, noting that nT  = 1. 	ff,,T, like 

ff H° can be evaluated accurately from (H.2-1). However, 

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,- (H.2-2), viz. 
-2 

ffoT [1.7372 In i0.27027 (c-/dT  )1 ] 
	

(3.5-7) 

subject to the indicated range of validity. 

3.5.2 Heller system  

For this cooling system, the assumptions 1) and ii), 

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 to assist in driving the circulating pump. 
ive 

In consequence, the effectA total pressure drop is given by 

EA p = (1-n t) APx "PH 2APfr,T +APfr,C. 
	(3.5-8) 



4 
Pam 

0 
4 

a 

a. 
4 

H- side  
Psis  

/7 	 <ct  
4 

A  
, IN 	, 

. 	, . ,,, 	la-- 
, 

	

pi-  ..-.• 	a. 
V 	 * 

14 
X 
I I) I 

4 1 1' 

	

C - side B-side  t.,
44 	

H-side  
0 

T- side  

LEGEND 
a static pressures only 
b static pressures with friction - no turbine 

- with turbine 

3.5.2 	 121 

npt  is the efficiency of the pump-turbine combination and 

ApH"is the total Hot-side pressure drop, due both to fric-

tional losses and the energy lost in creating a suitable 

spray for direct-contact heat transfer in the jet steam 

condenser. 

With reference to the accompanying diagram, Apx  may be 

represented as 

An = 
Patm-{Ps, s+ApehpfreH+0.  5APfr,C-(agrav/go)(z1zH)/vf:C3, 

(3.5-9) 

where zH  is the effective height of jet-condenser water level 

above ground, z1  is the cooling tower entrance height and 

ps S  is the pressure in the jet condenser. , 

COOLING- SYSTEM REGIONS  

a 
3 

a. 
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The substitution of (3.5-9) into (3.5-8) results in 

Zip = '1pt APH+ (1-1)pt [Ps.tm-Ps S+  iagravi( govr, c )3 (zi-zH)] 

4(1+n pt  )(Apfr,T  +0.5 Apfr,C), 	(3.5-10)  

noting that the T- and B-side frictional pressure drops are 

identical. 

Since the circulating pump is situated on the T-side of 

the cooling system, the pumping-power term in the merit factor 

equation is given as follows:- 

pig = aPE4P4Tvf,Ti(j°' 

P/q = ap,TCG-1(cT/c )
-1 
 EAP (3.5-11) 

where ap,B  E apvf,Ti(Jcf,T), CG  E qAbiGc66 CT  E q*Tcf,T) 

and a 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 sprayer6 in 

jet condensers. However, for the jet condenser employed in 

the geothermal power station at Wairakei in New Zealand, 

described in ref.l7, 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). In this reference it is also 

suggested that this value could go up to 624 p.s.f. (10 ft. 
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head). These values are in close agreement with those given 

in another private communication (ref.41), in which a 

pressure drop of 500 or 562 p.s.f. (8 or 9 ft. head) is 

suggested as being a reasonable practical 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. 

'PH = 576 - 
	 (3.5-12) 

The efficiency of the pump-turbine combination is given 

by the product 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 operation at Rugeley. 

These figures are confirmed by ref./0 as being practically 

attainable, with the proviso that the optimum design con-

ditions must be accurately 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, 

npt  = 0.85 x 0.85 = 0.72. 	 (3.5-13) 

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 pressure 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 dT  , 	(3.5-1.4) 
4 Pfr,T = ap,Tff,T"'

0 
 G (CT/CG)  

where ap,T and ff,T are presented in the text following 

(3.5-6). 

The Cold-side frictional pressure drop can be evaluated 

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

can be conveniently expressed as 

-1 3 
4Pfr,C = ap,Cf  f,CCG(CC/CG)QGL: 

where 

ap,C 	- vf,C  / i 2gocf , C2 	I . 

(3.5-15) 

In addition, ff,c  can be evaluated accurately or approximately 

from equations (3.5-4) and (3.5-5) respectively, provided 

that the sub-scriptH is changed to C. 

A single numerical value cannot be assigned to the effect-

ive height of jet-condenser water level above ground, since 

it 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 al;  values to 

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 boiling in the steam- 
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condenser tubes, i.e. on the Hot-side. 

ii) The lengths of the two ducts connecting the steam 

condenser 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 contributing significantly to capital 

expenditure. 

iv) There is no hydrostatic-head gain due to the down- 

ward 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 

EAp = APH + APfr T + APfr,D + A Pfr,C 
	(3.5-16) 

where ApH  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/q = ap EAp mH  vf,H/(Jq), 

P/q -1 
= 	aP HCH (A  PH+A  Pfr, T+ mfr, 13+ APfr, C ) ' (3.5-17) 

where aptH  3 apvf,H/(JcrtH), CH  a q/Ocf,H) and ap  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:- 

The flow of refrigerant through condenser tubes is con-

sidered to fall into the category of forced convection, two-

phase, single-component fluid flow, accompanied by nucleate 

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, XII, less than 0.5, equation (C.3-8) must 

be used. 	However, for values of XH4 0.1, (C.3-8) can be 

replaced by the simplified equation (C.3-8a) without sig- 

nificant loss of accuracy. 	On substitution of (3.3-2), 

(C.3-8a) becomes 

r. 	-lw  2.776 
11Pfr,H = 0.25 ap,HdHjH'H'H H 

where 

(3.5-18) 

JH E 0.409b ,2XH1. 

O. ap,Ha (0.12vfleftH 

45+1.16bPO IX",
0.723+1, 

224
) 	

1.776 H1.224
/(gocf,H 	

), 
 

% 0.407/ 	0.0911%  
bp,/is 3.85 (vg,H/vf,H, 	mµg,H/prolo. 

The range of validity of (3.5-18) is given immediately after 

the presentation of (C.3-8a) in C.3. 

The Hot-side acceleration pressure drop is evaluated 

from the equation recommended on page 699 of 

2 aa,H XHWH =  

H)/(gocfli ). 

APa,H 

where 

aatH e (vg,H 

ref.27, viz. 

(3.5-19) 
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The equations from which the frictional pressure drops 

in the connecting ducts may be evaluated are similar to 

(3.5-6), viz. 

APfr,T = ap,Tfg,T 
	 (3.5-20) 

where 

ap,T 	3.24 vgo: T- a
2
( a 	I - cf

2
T' 

Ap 	= a f C-2 -5 
fr,B 	p$ B f,B B dB 

• 
where 

(3.5-21) 

ap,B = 3.24 vf,BBq2/(gocf
2
B 

The friction factors can be accurately evaluated from (B.2-1), 

but, as in the Wet system, the Reynolds numbers are expected 

to be sufficiently high to warrant the use of the simplified' 

equation, (B.2-2). 

The flow of refrigerant through tower heat-exchanger 

tubes is considered to fall into the category of forced con-" 

vection, two-phase, single-component fluid flow, accompanied 

by condensation. A suitable equation for ;calculating Cold- 

side frictional pressure 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 

., = 0.25dc(Qc/QG)-1  CcQG-1  (0.333aptcWc3+0.08331)p,cwc
4
) APfr,C 

(3.5-22) 

where 

a1219C m (0.012vg,C  )/(eo  Cf 
2 
C dC  ) 

• 
P,C 

s (0.00025vg,C 	a f,C W )/(g o  cf  3C C  a ) 
• 
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The range of validity of (3.5-22) may be obtained by referring 

to (C.2-2) and (B.3-l). 	The investigators responsible for 

the friction factor correlation, which is employed in sec-

tions D.3 and C.2 in order to derive (3.5-22), stress that 

their results are preliminary 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 

equation, 

As in the previous sections, this section is separated 

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 terms 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 

(ccs-  1,112)/q = £s/q UTici  JO/c1' 

E is the total surface steam-condenser price per cooling 

tower, in pounds sterling. 

£T is the price of each of the connecting ducts per cooling 

tower, in pounds sterling. 

ED is the price of one cooling tower and its associated 

equipment, in pounds sterling. 

(E es  -£ pm) is the total capital price of cooling system com- 
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ponents per cooling tower, excluding the capital price 

of the circulating pump-motor combination, in pounds 

sterling. 

q is the waste-heat rejection,rate for one cooling tower, 

in Btu/h. 

A methodof evaluating surface-steam condenser prices is 

presented in appendix H. The total price per unit bare 

tube surface area is assumed to be the sum of two constituent 

items, viz. a base price and the price of tubes, and it can 

therefore be represented by 

= f, 	+ E 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 

X /q CS  QS ' 

‘n  
= 	Zsn(QS/Q111-1 411-1  

(2.33 + 66700 q-1.3Q1;1.))QH-1, 	(3.6-3) 

where QH  E q/Ah,H  and (Qs/QH) is the ratio of inside to out-

side heat transfer area. For approximate calculations, 

(3.6-3) may be simplified to 

'CS/c1  °I 2.33  QH-19: 
	

(3.6-4) 

which over-estimates' /q by not more than 3 per cent, pro- 

vided that the bare-tubd surface area, 	 S' A.n 	is 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 constant 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 graph in H.1, together with a QH/Qs  value of 

1.11 computed from the published tube dimensions, the 1964 

value of the constant is given by 

(1964price/1963price)(Zs/q)QH  = 0.995Cs/Ahoi  

= 0.995(qH/CIS)KS/AhS 

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

= 2.17. 

The fairly close agreement between the values of the two 

constants indicates that'(3.6-3) and (3.6-4) are suitable for 

the estimation of present-day, surface steam-condenser 

prices. 

(1.1-2) is an equation suitable for the evaluation of 

connecting-duct prices per unit length and is derived in 

appendix I. It can be used for estimating the duct prices 

in (3.6-1) after re-arranging it to give 

/q = (L /q)(0.8d
T2  - 2.65dT + 5.3). 	(3.6-5) 
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The range of validity is presented in (1.1-2). 

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 

(J.3-1), i.e. 

ZD/q = q-l[do+diD, 2+dD1[1-(1-043.51 d4D 1 

+d5  /D1 6 f 

2+d A+d-Afr D1 4  +0.5(z--z p)1 

e +VD'2 t rpD1+ (zz....z p) + 14.91] . (3.6-6) 

The sub-scripted d symbols are price ooefficients to which 

numerical values can only be assigned after the best packing 

has been chosen, and this is done in a later chapter of the 

thesis. Accurate and approximate formulae for evaluating 

the cooling tower surface.  area, A, are derived in J.1 and J.2 

respectively. 

3.6.2 Heller system 

The capital-price term is presented as 

(Ecs pm )/C1  = E  /C1+2ET/"EG/"ED/"EtUrbine/C1 • (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 priCe formula for jet condensers is difficult 

to derive because of their rarity in power-station applications 

and consequent lack'of published information. However, ref. 

43 gives a value of 
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t /q = 0.000148 	 (3.6-8) 

for the jet condenser employed in the Wairakei geothermal 

power station described in ref.17. 

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 

reasonably, that a jet condenser is a surface condenser 

without any condenser tubes. An estimate of base-prices 

for surface steam condensers can then be made from published 

information as follows:- 

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

employed to give 

= E " -1 
ZS,base/q  S,baseQ  S 

1.4Qs-1  (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.13 states that Qs  will be close to the value 

QS = 8480. 	 (3.6-10) 

Since an equivalent surface condenser for the Heller system 

would operate under clean conditions, a cleanliness factor 

of 1.0 may be assumed. The foregoing Qs  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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S,base• a = 0.000141 	(3.6-11) 

which should be fairly close to the price of a jet condenser. 

Comparison of (3.6-8) and (Y.6-11) shows that this is indeed 

the case. 	Consequently, (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, EG", 

are derived in appendix K. The total tower heat-exchanger 

price per unit waste-heat rejection rate can then be obtained 

from 

G/C1  = LG"/C/G' 
	 (3.6-12) 

where QG  a cl/Ah,G• 	G" is a function of the number of tube 

'rows in the direction 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 terms in (K.2-7) and (K.3-5), a choice is made 

in a later chapter as to which of a number of tower heat-

exchanger types is most 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.4-1) as 

/q = q 1(do + dlA + d2Ar1D1). 
	(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 water-turbine price constitutes a relatively 

small fraction of the whole capital-price term, a rough 

estimate of its value will be acceptable for the present 

investigation. Accordingly a value of 

turbine 	= 4.55 x 10 
	 (3.6-14) 

will be used on the basis of recommendations outlined in 

ref.42. 

3.6.3 Spalding system 

.The capital-price term is presented as 

(ccs—cpm)/(1 = 'cs/q4.41,/co. Bici+zGicifYciccn/ci (3.6-15) 

where ER/q is the total price of refrigerant per unit waste-

heat rejection 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 components. 

The surface steam condenser price is given by (H.1-3), 

the derivation of which appears in appendix H. After in-

corporating.(H.1-1) In (H.1-3) - since the condenser has been 

assumed to have one refrigerant or Hot-side pass - and making 

use of the fact that 

1̀.S/ 	S"QH 	H/QS ) ' 

there results 
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0q-2.5n  2.5 +y  

s,tubes)12411-1* CSA = (QH/Qs)(1.55+1.68x101  

(3.6-16) 

Numerical values can only be assigned to (QH/Qs) and 

-S,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 

41S/c1 	(QH/QS)(1.55 	%:tubes)  ' 
n 
LH  1 
	

(3.6-17) 

which over-estimates g /q by not more than 3 per cent, pro- 

vided that the bare-tube surface area, 	 S' A.n 	is not less 

than 60,000 sq ft. 

No recent published prices for single-pass steam con-

densers have come to light in order that the validity of 

these equations may be checked numerically. Nevertheless, 

they are consideredto be reasonably accurate since the 

method of derivation and sources of information are identical 

to those employed in arriving at the two-pass steam conden-

ser equations, the accuracy of which has already been shown 

to be satisfactory in 3.6.1. 

The single equation (1.1-3) may be used in evaluating 

connecting-duct prices. Therefore 

CT/q = (LT/q)(0.7dT2  - 1.3dT  3.2) 

and' 

ZB/q = (LT/q)(0.7dB2  -. 1.3dB 	3.2), 

since LT * B. 

The equations for evaluating prices of tower heat 
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exchanger and cooling tower and its associated equipment 

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 fl-side duct are flooded, whereas the tower heat exchanger 

and T-side duct are assumed to contain vapour. A common 

temperature of 100 deg F is assumed for the whole coupling 

circuit in determining the mass of refrigerant required, the 

subscript F being introduced to denote: "coupling circuit 

in general". The simplifying assumptions 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 

-1 
En/q = . 2 5aR  [1 (dui F  )QH  

+ (11LT/q)(dH2/vf,F  

(Qc/QG )-1(dc/vg,r )Qc;11 

+ dT2/vitIA, (3.6-20) 

where aR  is the price of refrigerant in pounds sterling per 

lb. 	For the four refrigerants under consideration, viz. 

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

as 

aR  = 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-

iables. This done, a list of final design variables is 

presented at the end 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: 

Q11, VH9 CH' CS' tC,i' CT, dT, z3, C13, D1, t, r5-r19 s and 

r . 
p 

However, a number of these are either dependent on, or 

approximately 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-

prpssure specific heat of intermediary heat-transfer medium 

is approximately constant throughout the cooling-system 

circuit. This assumption, combined with the. knowledge that 

the mass flow rate of water is constant, cane used to show 

that 

CH = CT = C1) = CF 	 (3.7-1) 

after examining the following definitions: 
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CH  Eq/(mHcf,H), 	(mTcf,T), CB  = q/(mscf,H) and 

C' S cl/(mFefF).  

In consequence, CH, 	CD can be replaced by the single 

design variable, CF, viz. the heat-capacity factor referring 

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

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

CF  = AtF = t 	t . C,i C,o (3.7-2) 

Cs is a design variable which can be seen from (3.3-4) 

and (3.3-7) to be given by 

Cs • 	 (3.7-3) = XS'hfg,S/cf,S 

Due to the insensitivity of the physical properties to 

changes in exhaust-steam temperature, and the fact that Xs  

the exhaust-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 reprebentative values of ts,s  = 100 and Xs  = 0.91, using 

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

cs = 944.o. 	 (3.7-4) 

z
3 

may be elimintted as a design variable after assuming 

that the maximum height of spray is four feet above the top 

of packing. This value is close to that normally used in 

practice as indicated on page 955 of ref.32. Therefore, 

z3  = rpD1  + (z2 	p) + 4. 	(3.7-4a) 

(rr 	r1) can be eliminated as a design variable by 

introducing the buoyancy equation, one of the supplementary 
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conditions referred 'to in 3.3 subsequent to the presentation 

of (3.3-3). 	This is done by substituting (F.5-5) into 

r5 
	

(r
5
-r
P 
	0.5(z2-zp)/D1 	(3.7-5) 

to get 

	

1 	-1 r5-r1  = 1.621 (D)chli/xs
2 
 D1

-5(N h,G +0.5)3  ENv  

- 0.5 (22-zp)/Ell. 	 (3.7-6) 

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

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

equation 

q = mCc 	(t 	- t 	) f,C, 	C go 

into it to give 

(D)chil/x  = (q/cf,C)x-1 1°65(hM,ehM,o)-hG,i/1.5(f)1l 
(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 

the design variables CF  and tCi as can be seen by examining ,  

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

NhG in (3.7-6) can be seen to be a function of CF and ,  

tC,i after equating the transfer-unit equation (E.1-6) to the 

following empirical performance equation - for the tower 

packing - in order to eliminate Gc/GG: 

h G = h,pack + h, spray 
	(3.7-8) 
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where 

ilh,pack = ah,p (z
2  - zp)/(denominator), 	(3.7-9) 

ch  
denominator = (b 	(GC 	'11  

P1  
-1 

 

+ eh,p  (GC  /GG )
fh *-- p 

bht s N
h,spray = ah,s(GC/PG) 

  

(3.7-10) 

(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 f symbols changing from one packing type to 

the next. 

ENv in (3.7-6) is dependent on the design variables and 

can be evaluated from (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 presented as follows: 

In so far as fixed quantities are concerned, numerical 

values must be assigned 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 

a vg c 
avvi 
bvgi 
av,misc 
z2-zp' ft , dri, ft ‘10-2  ) 
bH' ft (x10-3) 	. 
km ,H' Btu/(hftdegF) 

LT (=LB'  ) 	ft 
XS  
CS' deg F 
x 
mean water 
temperature, degF 
cleanliness 
factor 
a
P  
y
. 
d/i, per ft 

ET (=LB
) 

avos 
bv,s 

4 
3.1 

.0853 
-2.2 
2.3 
7.125 
5.183 

5.33 
55.6 
, 300 
0.91 
944 

.8625 

' 80 

0.85 

1.2 
.0001 
0.001. 
0.16 
1.32 

z3-z2' ft  F.2-3 
F.2-5 
F.2-6 
F.2-6 
F.2-8 
3.7-9 
H.2-1 
H.2-1 
A.6-2 
3.5-6 
3.7-4 
3.7-4 
3.7-7 

3.4-6 

3.5-2 
3.5-4 
3.5-7 
F.2-2 
F.2-2 

ref.32 
ref.32 

sect.F.2.1 
sect.F.2.1 
ref.32 

arbitrary 
ref.4,app.H 

ref.4,app.H 
ref.2,app.A ti 
arbitrary 

table,sect.2.2.2 
calculated at 100degF 

ref.4,app.F 

arbitrary 

ref.13 and ref.24 

arbitrary 
ref.1,app.B 
ref.1,app.B 

 F.2.I and ref.25 
F.2.1 and 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 following quantities are unfixed and appear to 

be design variables: 

Qv Wc„ CC/CG' C/C 2111,G, C/C •  d ' CG 	T 	T nr, D1, r1, s, r5-r1. 

However, some of these quantities are dependent on 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, nhG  and rr 
by substituting the tower heat-exchanger performance and 

geometrical relationships presented in appendix F, viz. 

(F.2-9) and (F.2-14), into the transfer unit definition. 

nh,G  = 	-1  uG  CG  QG  

so as to eliminate W . The end result is 

(3.7-12) 

41 
QG = aq,G CG ,L 
	 (3.7-13) 

where 

a 	E bu,G
-J1

v4/(6oce)./ 
-(14.i1)

(nrAh,G/1c) 	1 ) 
q,G 

 

add 

jl a 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 

CF/CG =  CT/CG  = C C C/  G (3.7-14) 
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where Cr, is the heat-capacity factor referring to the coupling 

circuit as a whole. 

After noting that r1  = r for'the Heller system, 

(r-r1
) can be eliminated as a design variable by introducing 

. 
the buoyancy equation (F.5-6) or its less accurate. version, 

(E.5-7), to give 

2 r5 r, 10.81v601t gocGagrav/go)/ cl2ENvCG2D15/(PGi-PGo)  

(3.7-15) 
where 

PG,i 	PG,o = PG,i(  1- (tG,1+460)/(CG+tGoi+460)1 , 

Or 

r5-r1 x {438vG2i/(gocGagrav/go )1(12  41vc3D15 	(3.7-16) 

An equation for the evaluation of ENv  is derived in F.2.2; 

its final form is given by (F.2-18). 

No more elimination of probable design variables is 

possible and the final choice of Heller-system design var-

iables is presented as follows: 

W 	CG, CF/CC, nhow nr, 	r1, S. C' 4T1  

In so far as fixed quantities are concerned, 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), 

(K.2-7), (K.3-5), (3.7-13)  and (F.2-18). 	This can only be 

done after the best tower heat-exchanger type 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 

avti 0.167 F.2-19 aPP.F, 	F.2.2 

bv,i 0 F.2-19 app.F, 	F.2.2 

av,misc 2.3 F.2-21 app.F. 	F.2.2 

LT  (=LD), ft 

mean water 
temperature,deg F 

300 

90 

3.5-14 arbitrary 

arbitrary 

a
P  

1.2 3.5.11 arbitrary 

1 cT s  
f=c 

 D' 0.001 .3.5-14 ref.1, 	app.D 

Pt • 
0.72 	. 3.5-13 refs. 43 and !42 

API!, psf 576 3.5-12 refs.43 and 41 

Patm' psf 2116 3.5-10 sea level 

Ps,S' psf 137 3.5-10 at 100 deg F 

.E. /q, pounds . 

sterling per Btu/h 
(x10-4) 

do 

1.48 

36600 

3.6-8 

3.6-13 

ref.43 

app.J, 	J.4 

d1 0.582 3.6-13 app.J, 	J.4 

d2 (x10-3) 1.11 3.6-13 app.J, 	J.4 



3.7.3 	 145 

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.: 

QH' CB' W 	 CG, 	nr, H' Cs, zii, Xii, QG, 	WC' nh ' ,G 

CT,  dT, C13'. dB, dR  CC, D ' 	C' 	1'r 	r.)"..r 1 -r-+IP1
, 

	
s. 

However, some of these quantities are dependent on the others 

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 constant throughout the coupling circuit, 

the following relationships can be formed: 

CT = CB = CC - C 
	

(3.7-17) 

where CF is the general heat-capacity factor referring to 

the whole of the coupling circuit external to the steam con- 

denser. By making use of the definition 

Cr = q/(mrcf,r) 

and the heat-balance relationship 

q = mF hfg,F , 

CF is seen to be given by 

Cr  = hfu,r/cf,r. 	 (3.7-18) 

Examination of the physical property equations in 

appendix A reveals that hfc,r/cf,r  is relatively insensitive 
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to variations in temperature and, in consequence, CF may be 

regarded as fixed; it can therefore be eliminated as a 

design variable. A representative coupling circuit tem-

perature of 100 deg F will be used in evaluating CF. 

Therefore 

CF  = 412, 232, 208 and 397 	(3.7-19) 

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

tively. 

CH is not a design variable as it is dependent on CF 
 

and XH. This can be shown by relating 	the Hot-side 

mass flow rate relationship 

II3H 	InEj3CH 

to the definitions 

CH  e q/(mHcf,F) 

to get 

CH = XHCF. 

C can be fixed at 

C = 944 

(3.7-20) 

(3.7-21) 

cp  a q/(mrcf,F) 

and is therefore eliminated as a design variable according 

to arguments similar to those used for the Wet system in 

3.7.1. 

zR 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 zR. This course of action is 

permissible since the value of zR has only a slight effect 

on the value of f(tmodo  - (ts, H)03 in (3.4-23), as can be 

seen from (3.4.-25), (E.5-4), (E5-6) and (E5-8). 	Therefore, 

the representative value 

zR  = 15 
	

(3.7-22) 

is chosen for use in the present investigation. 

Both QG and (r5-r1  ) 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 

systehi. 

No more elimination of probable design variables is possi-

ble and it is concluded that the Spalding-system design var-

iables are: 

QH' WH, XH, dB, dT' WC' G, 
 

nr' nh,G' • D 	r1, 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), (K.2-7), 

(K.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 been adopted for the remaining 

fixed quantities: 
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Quantity value equation source 

avi l 0.167 F.2-19 app.F, 	F.2.2  

bvti 0 F.2-19 app.F, 	F.2.2 

av,misc 2.3 F.2-21 app.F, 	F.2.2 

LT  (=LB), ft 

mean refrigerant 
temperature, deg F 

300 

100 

3.5-20 arbitrary. 

arbitrary 

a
P  1.2 3.5-17 arbitrary 

£ 	(=e T 	̀  	13)  0.001 3.5-20 ref.l, 	app.B 

at,H, deg F per psf see 
(2.4-26) 3.4-26 app.A.  

al' pounds - 	see 
sterling per lb 	/ (3.6-21) 3.6-20 ref.20 

do 36600 3.6-13 app.J, 	J.4 

d1 0.582 3.6-13 app.J, 	J.4 

d2 (x10-3) 1.11 3.6-13 app.J, 	J.4 
/ dH,  ft 0E10-2  ) 5.183 H.2-1 ref.4, 	app.H 

6if' ft (x10-3) 5.33 H.2-1 ref.4, 	app.H 

XS  0.91 3.7-4 table,sect.2.2.2 

CS' deg F 944 3.7-21 calculated at 
100 deg F 

z11° 	ft 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 cooling-system merit-factor, and the equa-

tions from which it can be evaluated, have been presented, 

attention can be paid to choosing the best packing and heat 

exchangers for use in natural-draught cooling towers. The 

obvious way of ascertaining the best of a number of types 

would be to predict optimum design conditions for each of 

'the 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 

of simplified methods which are, nevertheless, sufficiently 

accurate to eliminate most of the possible types from further 

consideration. 

The following sub-sections are concerned with the choice 

of suitable packing and heat-exchanger types by means of 

simplified methods and, in the case of the Heller- and 

Spalding-systems, the development and 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, constructed both from treated wood and asbestos 

cement. Lieberam concluded that packing No.21, referred 

to on page 937 of ref.26 and consisting of corrugated asbestos 

sheets, afforded the best compromise between heat transfer, 

pressure drop and price. 

As a first step in deciding whether this conclusion is 

valid, a brief outline 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.(r.2-3), 

and the costs both of packing and coupling-circuit pumping 

power, curves of (Nv,pack/Nh,pack) versus (C"/Nh,pack) are  

drawn for a number of different packing types, over ranges 

of (I /j1 and G values liable to occur in practice. 	Cm C or 

in.this instance represents the total cost of packing and 

pumping power per unit volume of packing. 	In addition, 

curves of constant Cm are drawn, it being possible for the 

graph to have the following appearance: 



curves of constant. CH' 

..--Packing A 

\ Packing B 

Packing C. 

c"'I 	,pack 
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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 the co-ordinates in isolation, hence the 

need for a graph to display their combined effect. 

The claim advanced is that the most promising packing 

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 application 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 optimum 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 be better than packing A since its worst 

possible merit value can never be poorer than the best value 

for packing A. 

As mentioned before, the described method is a sim-

plified one. The original unsimplified version would re-

quite the use of the co-ordinates ENv/Nii,G  and (PL/q)/Nh,a  

- from (F.2-2), (3.7-8) and (2.1-8) - together with the 

superimposition of curves of constant PL/q values. 	Exam-

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: 

i) t 	- tGi is constant in value. is 	,  

ii) The sum of the ENv  constituents, apart from Nvopack' 

is constant. 

iii) The contribu tion of N is negligible h, spray to N G h, 

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 packing. 
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The first assumption would be valid if, for a fixed 

atmospheric dry-bulb temperature, the exhaust steam tempera- 

ture were to be fixed. 	The second assumption would hold 

good for cooling towers of unvarying proportions, viz. con-

stant values of r, s and t, particularly since the value of 

v,spray is negligibly small. The third and fourth assump-

tions can be seen from Wet-system design calculations, e.g. 

those appearing in chapter 9, to be generally valid. 

Iii view of the foregoing comments, the simplified 

method established by Spalding is concluded as being suit-

able for the selection of promising packing types provided 

that optimum exhaust-steam temperatures and cooling-tower 

proportions do not vary significantly with different packing 

types. 	These provisions are considered to be satisfied in 

practice to within fairly narrow limits and it is therefore 

further concluded that the simplified method successfully 

fulfils its purpose, at least insofar as differentiating 

between very good and very poor.packing types is concerned. 

On returning once again to the choice of a particular 

packing type, Lieberam (ref.23) states that packing No.21 

bears the same relationship to the next best type as packing 

B does to packing A in the foregoing 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 present 

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) and (F.2-3). 	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: 

ahp  = 16.13, bhtp = •

eh,P 
= 71.6 , fh,p = 

a,p = 23.55, bv,p  = v 

0.0096, 

-0.25 , 

0.0192, 

ch,p = 

ahos  = 

cv„p  = 

	

0.5 	,, 

0.347, 

	

0.5 	2  

dh,p  = 

bh,s  = 

dv!p = 

0.052 

.5 

0.104. 

These values have been obtained by Singham in ref.4, 

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. 

4.3.1 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-exchanger type will be. 

However, a low PL/q value is not the sole criterion of 

merit since 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 to 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 the limits of applicability, of the heat-

exchanger price formulae presented in appendix K. 

ii) The optimum physical dimensions of the whole tower 

heat-exchanger must be suitable for convenient insertion 

of the individual heat-exchanger units into and around the 

base of the cooling tower. In particular, it is desirable 

that the tower heat-exchanger 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, 

should be close to an integer. This is desirable since the 

number of tube rows is chosen to be an integer in practice; 

if the indicated optimum 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 exchanger 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 choice of the most suitable number of passes 

therefore depends on the application of engineering intuition 

in compromising between increase in efficiency, convenience 

of fitting into tower base and cost of manufacturing 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 paragraphs. The adopted 

procedure is to eliminate from the overall merit-factor 

equation, (2.1-8), the terms which are unnecessary for a 

comparison of heat-exchanger types. In addition, some of 

the remaining terms are found to be relatively unimportant 

and are therefore either fixed or ignored in order to simplify 

the merit-factor equation still further, care being taken 

not to destroy trends. In carrying out this latter task, 

two tube-side passes for the Heller-system tower heat-

exchanger are assumed. This done, the resultant, simplified 

merit-factor equation is minimized with a view to determining 

its optimum value for each of the considered heat-exhhanger 

types. The optimum values so obtained are then examined 

and the least promising heat-exchanger types are eliminated 

from further consideration. 

Finally, an attempt is made to differentiate between the 

remaining promising types by determining which of them best 



4.3.2 	 157 

satisfy the previously enumerated requirements. In 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-exchanger 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 .  

PL/qP1 (terms containing heat-exchanger characteristics) 

+y2  (terms not containing heat-exchanger 

characteristics). 	 (4.3-1) 

Furthermore, 

P2 	.1  (terms containing design variables appearing 

in p1) + .2 (terms not containing design variables 

appearing in y1). 	 (4.3-2) 

In so far as choice of tower heat exchanger is concerned, 

only the following proportionality need be considered; 

PLiq ac  P1 	$1• 	 (4.3-3) 

yi  and .1  are presented in the following paragraphs for 

both the Heller- and Spalding-systems by examining the equa-

tions in chapter 3. The relative magnitudes of the terms 

constituting p1  and .1  are then discussed with a view to 

fixing or eliminating unimportant quantities in order to 

derive a simple merit-factor suitable for comparing heat-

f . 
 exchanger types. 
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For the Heller system, 

/ 	.1 1 	 1 % 	 1/ 
a* Olc/Qotuc  +um,)(1G0.5b*app,T(1+npt)Apfr,cCG (CF/C

G) 

+ c*(EG/q + 4b/q) 
	 (4.3-4) 

and the design variables involved are: 

WC,  CG, CF/CG, nhtu. n D1' r, s. 

Also, 

4)1  leC-
G/eG  + b

*aF,TC-GT ( F/CG)-11;:i 
Pu  
„ApH  + (1-n pt  ) (paten 

Ps,S+  tagravi(govf,C)  (z1-711)) +(i+npt )Apfr,T] • 

(4.3-5) 
For the Spalding system, 

a t(Q 	)(u-i+u-1  )Q + b*a_ C-1  AD 
1 	C G C mIC G 	etH H - fr,C 

+ c*(EG/g +£1)/q + ER/q) 

and the design variables involved are: 

WC' CG,  nr°  XH,  D1,  r, 8' nh,G° 

'Also, 

(1)].  = 	a*CG  /eG +b
*
aP,H  CF

1  X_ ( apH+ Apfr,T+ Apfr,D).  n 

(4.3-6) 

(4.3-7) 

In order to determine the relative 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 Heller-system heat exchanger and a refriger-

ant and to minimize.PL/q in (2.1-8) in order to obtain optimum 

values of the design variables. Only then can numerical values 
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be assigned to the terms in equations (4.3-4) to (4.3-7). 

This oourse of action has been followed after arbitrarily 

adopting ammonia as'the refrigerant, two water-side passes 

and heat-exchanger type SG1, details of which are given later 

in this chapter. To 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* is less than 10 per cent of the sum of all the terms con- 

stituting yi  and (pi. 	In consequence, the terms containing 

b* are considered unimportant and will be ignored for heat-

exchanger comparison purposes. The same applies to ZR/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; 

P /q ac  al(QC  /QG  )(uCi+um , C 1  )QG  +CG  /eG  1 +c*(X,G/q+E/q). 

From (3.7-13), QG  can be represented as 

1+j.1 	-(1+J1) 

G 	(aq,G nr 	
. ) CG 	

1 
nh,G 

 , 
-r 	

• 

From (3.4-22) and (3.4-33), CG/eG  is given by 

CG/eG  = 1.02 CG11/nh,G+0.5+0.0625nhoG+(0.5-0.125nh,G)(CF/CG) 

+ 0.0625nh,G(CF/CG)23 
	(4.3-10 ) 
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and 

CG/e = C (1/n h, G G h,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-

system heat exchanger. Upon investigation, there appears 

to be no simple method of determining the optimum number 

of passes, thereby justifying the statement in the fourth 

requirement of the previous sub-section 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 also 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 

= A VGI G' 
	 (4.3-12) 

where X" 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 
c 

D/q = 	-1 t do + (d1 	d2r1D1).  A} 	(4.3-13) 

where 
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A = (2.19s+0.982) i438v 2  /(g 2 	1  2E — D1 
—3 sivCG  ocegrav/go 3 q  

(4.3-14) 
and 

/ 	 % ENv antc.nh  = 	cJo 0.25wq-1  CcD1)2  Nvo+Nv ie  +N v,mise t  

(4.3-15) 

Examination of the magnitudes of the terms in the fore-

going equations reveals that (4.3-8) may be further simpli-

fied by calculating uC  at representative, fixed values of 

d and WC'  • this is permissible because the air-side of the 

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 DA is only 

about 50 per cent of Ec/q, the following quantities in 

equation (4.3-13) to (4.3-15) can be fixed at representative 

values: 

dr1D 	s, (Nvto + Nvi). 

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: 

PL/q m"t(CG,  Dl ' nh,G,  nr). 	 (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 

equittions for each of the heat exchanger types: 

)(PL/q)/*xi = 0 , 	i = 0, 1, 2, 3 	(4.3-17) 

and xo = CG, x = 1 	Di, x2  = nh,G, x3  = nr, 

in order 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 for use in cooling 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 always 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. 

4.3.4 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 pages in the form of graphs and tables 1 and 2. 

The various types are classified as follows: 

i) Type CD consists of circular mild-steel, tubes, 

electrical resistance welded, and spirally wound with wire 

coils; the tube rows are staggered. High tube-side 

operating pressures are permissible since the test pressure 

is at least 1000 p.s.i. 

ii) Type LU consists of circular seamless, grooved mild-

steel tubes with spirally wound aluminium fins; a staggered 

arrangement is employed with equidistant 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 soldered in position; staggered 

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 excess 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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TYPE TUBE FIN 

Dc e, DG  6f  n' r  lc  lr  

ft 

x10-2 
ft 

x10-3 
ft 

x10-1 
ft 

x10-3 
ft-1 ft 

xl0-1  
ft 

x10-1  

CD 1 MILD- GALVA-5.208 5.333 1.562 - 61.2 1.667 1.443 
2 STEEL NIZED 6.250 1.667 - 61.2 1.771 1.533 
3 1 SOFT 8.333 1.680 - *48.0 1.875 1.458 
4 IRON 8.333 1.680 - 48.o 2.083 1.458 

5 Al 5.208 1.374 - 48.0 1.458 1.198 
6 £ 5.208 1.374 - 48.0 1.562 1.198 
7 5.208 1.374 - 48.o 1.667 1.198 
8 6.250 t 1.478 - 48.0 1.667 1.250 
9 6.250 5.333 1.478 - 48.o 1.875 1.230 

I 
LU 1 MILD- 8.333 8.667 1.875 1.333 132.0 2.187 1.897 

STEEL 

SG 1 Cu Al 5.208 5.333 1.562 1.333 136.0 1.583 1.371 

ST 1 Cu 5.208 5.333 1.4-)8 - '48.0 1.875 1.624 
2 Cu 5.208 5.333 1.458 - 60.0 1.875 1.624 
3 Cu Cu 5.208 5.333 1.458 - 72.0 1.875 1.624 

HG 1 MILD- Al 8.333 6.000 1.665 1.167 132.0 1.771 1.771 
2 8.333 1.845 1.667 144.0 2.021 1.750 
3 8.333 1.875.1.667 120.0 2.021 1.750 
4 8.333 1.840 1.667 96.0 2.021 1.750 
5 5.208 1.562 1.443  1.333 96.0 1.667 
6 STEEL 5.208 6.000 1.562 1.333 120.0 1.667 1.443 

TR 1 Cu Al 5.208 5.333 - 1.667 144.0 1.250 1.250 

TABLE 1 
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TYPE -J0 -i1  bu,G  bp,G  Akoc,  lc  kmgc  dc  Q0,41_. Li j'  cir,tu q,ba 

ft ft ft f/sil ft 0(1 ft 

10 
x_i  

10  
x_ 6 x- 1 10 x-2 10 • x-2 10 10  x-2 

CD 1 -;.44 2.91 2.4:, - 22 2.94 1.67 30.6 4.14 22.6 5.68 3.72 
2 4.72 2.49 3.00 5.49 3.53 1.77 1  5.18 21.7 4.85 3.10 
3 5.50 3.05 2.11 7.47 2.74 1.87 8.33 12.0 6.40 3.99 
4 5.99 3.04 1.89 2.16 2.74 2.08 8.33 12.0 6.40 3.99 
5 5.27 2.88 3.37 4.155 1.72 1.46 4.14 13.2 11.62 6.36 
6 4.94 2.75 3.54 4.82 1.72 1.56 4.14 13.2 11.62 6.36 
7 5.12 2.80 3.28 3.54 1.72 1.67 4.14 13.2 11.62 6.36 
8 5.68 3.14 2.69 5.67 2.04 1.67 ,.18 12.5 11.05 5.36 
9 6.'43 3.42 1.97 2.00 2.04 1.87 5.18 12.5 11.05 5.36 

LU 1 3.50 2.00 6.08 18.7 4.81 2.19 30.6 6.60 23.2 5.00 2.27 

SG 1 2.77 1.79 6.10 25.2 5.07 1.58 218 4.14 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 10.5 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 4.14 25.1 7.69 3.67 

HG 1 3.99 2.43 2.06 15.4 4.57 1.77 30.6 7.14 20.4 3.27' 2.39 
2 4.37 2.66 1.34 17.1 6.38 2.02 7.14 28.4 2.70 1.72 
3 3.59 2.24 2.35 18.4 5.59 2.02 7.14 24.9 3.51 1.96 
4 3.76 2.34 2.21 15.4 4.32 2.02 7.14 19.3 5.16 2.53 
5 3.86 2.04 3.30 2.10 3.44 1.67 4.01 27.3 4.29 3.18 
6 3.76 1.98 3.86 2.46 4.25 1.67 30.6 4.01 13.7 3.79 2.57 

E" G,st 
46qft 
x- 10 2  

TR 1 3.49 2.07 p.00 20.6 3.73 1.25 218 4.14 28.7 - 10.5 

TABLE 2  
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The construction is similar to that used at Rugeley Power 

Station except that provision is made 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 the tube 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. 

c* 	. 68.5 

q 5x108  

uC 	. 800 

Cr/CG 0.4 

d2r1D1 0.02 

s 0.6 

N
vo

+Alv,i 13 

tG,i 57 

t* GO_ 52 
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The minimum values of the merit-factor in (4.3-8) are 

presented in the following table: 

PL/q PL/q 

Type 
Heller Spalding 

Type 
Heller Spalding 

CD 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 .224 2 .207 .197 

6 .233 .222 3 .213 .203 

7 .232 .221 4 .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 table 

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, HG1, HG3, HG6 and SG1, in des-

cending order of merit for both the Heller- and Spalding-

systems. The 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 

outside 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 high-merit 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-

exchanger 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 on 

the outside of the tubes. 	For example, on page 655 of 

ref.14 it is stated that: "The long life of,sprayed alu-

minium coatings on steel even in bad atmospheres is im-

pressivewand "steel hot-dipped in aluminium is now being 

produced on a large scale". 	However, 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 present 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 HG1, HG2, HG3 and HG6 

should be made more representative by adjusting them to 

include the oost of cladding, assumed to be the difference 

in cost between a mild steel and copper tube. This can 

be done approximately by making use of (4.3-8) and (KX-1) 

in deducing that the extra quantities to be added onto the 

merit-factor values are given by 

c*t /q = bc*/ (Q.C/QG)(/G 1 
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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, E/sqft. 

By using b = 0.273, evaluated from ref.4 in appendix 

II, c*  = 68.9 from a table in 2.5, Qc/QG  values from table 

2 in 4.3.4 and QG  values associated with the merit-factors 

appearing in the foregoing table, the following table can 

be constructed: 

TYPE 

HELLER SPALDING 

c*4NgG  /q PL/ q CIA £GA' PL/q  

H('.1 .0121 .225 .0115 .215 

2 .0109 .218 .0102 .207 

3 .0106 .224 .0101 .213 

6 .0112 .228 .0106 .217 

SG1 - .219 - .210 

These adjusted 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-

ticai purposes. Type SG1 is chosen in preference to HG1 

for calculations in the present investigation because the 

larger Qc/QG  value associated with SG1 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 area 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 copper tubes does not pose any chemical 

compatability 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 most efficient heat-

transfer medium. This is not considered to be serious 

since the tube can be made from mild-steel (page 1015, 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 according to 

pages 1020 and 1021 of ref.36. 

Since copper is expensive, the use of the foregoing 

alternative materials will either cause the price of the 

SG1 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 SG1 has the smallest dia-

meter tubes. The variation in optimum tower-heat exchanger 

'dimensions is considered to be of practical interest. 

Therefore, type LU1, having tubes of larger diameter than 
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type SG1 is adopted for a restricted number of calculations 

in the present investigation so that the foregoing varia-

tions can be studied. Another reason for choosing type 

Lill is that it is practically equivalent in merit to the 

SG1 type; after optimization of (2.1-8) it will be possible 

to see whether the merits of types SG1 and LU1 are as close 

together as the simplified method of distinguishing between 

them indicates. 

Finally, no conclusions can be drawn here as to the 

ability of either type SG1 or type LU1 to satisfy the other 

heat-exchanger requirements enumerated in 4.3.1. This 

task must be deferred until the results of optimizing tech-

niques have been presented in a later chapter of the thesis. 

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 MATERIALS 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 be 

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 in the power-loss equation which contain refrigeraht 

physical properties, ensuring that each gro*up is propor-

tional to the merit-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 diameter 

Which are representative of the Spalding system. 

If one of the considered refrigerants has smaller 

values for all of these groups than any of the remaining 

refrigerants, it will be indisputably the best choice. 

.It is even possible to come to a decision when a few of 

the physical property groups of an otherwise ideal refri-

gerant are slightly larger than those of a rival refrigerant, 

provided that the offending groups play a sufficiently 
• 
small role in the.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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physical 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 

A 	= 	0.0184 (kitH/dH)(Npr  

B 	= avivf,H  

every case. 	Hence, 

H)0.4  (D.1-1) 
f 

2 =aaCb p,H F p,H 

at,Ha0,11Cpbp,H 

at,Hap,HCF 

F = at,HaapH 

G. a-2, sa 	(E.5-5) 

u,H, 
-1 H = a 	(D.4-4) 

aC  
-1 
u, , (3.4-32) 

vf,Fap,H/cf,F 

K = vfoFap,Hbp,H/cf,F 

2 
vf,Fap,H-p,Hf

/  
cf,F 

3.4-27),(3.5-18),(3.5-19) 

(3.5-18) 



5.2 
	

180 

M 	= 	vf,F aa,H CF  -1/cf.F' (3.5-19) 

N 	= 	vf,F  CF g -3v,F /cf 3F' (3.5-20) 

0 	= 	vfor CF 3vf,F /cf  3r  (3.5-21) 

v a /c foF p,C f,F 

vf,Fbp,C/cf,F 
(3.5-22) 

• 

aR/vf,F 

aR/vg,F 
(3.6-20) 

After assuming the values dH  = 0.0518, dc  = 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 Refrigerant 
Ammonia Freon 22 Methyl Chloride Freon 12 

at,H 2.07,-3 2.38,-3  4.10,-3 3.79.-3 

ap,H 1.93,-10 6.29,-10 9.07,-10 1.52,-9 

bp,H 13.84 9.20 13.49 10.32 

CF 412 208 397 232 

aa,H 2.48,-9 4.78,-9 1.36,-8 1.22,-8 

ap,C 8.42,-9 1.29,-8 3.59,-8  3.04,-8 

bp,C 1.11x10-24 1.83,-22 2.06,-22 1.12,-21 

aR 0.0625 0.300 0.0750 0.125 
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TABLE 2 

Legend 
Refrigerant 

Ammonia Freon 22 Methyl Chloride Freon 12 

A 7.45 34.2 22.9 44.o 

B 0.0753 0.170 0.227 0.298 

C 2e111..& 2.63,-6 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 4.62,-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 846,-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 5.27,-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 4.15 9.83 

s 0.044 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, i.e. (3.4-27),it is noted 

that AtsH 
is involved. Additional references to (E.5-4), 

, 
 

(E.5-6) and (E.5-6) indicate that the value of Ats,H, which 

calculations show to be about 2 deg F, affects the value 

of the merit factor so slightly that the higher value of 

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 

22 and 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 

probably 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 and 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 steam-condenser and tower 

heat-exchanger tubes 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 

avoided 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 expected 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 contingency must be considered 

before finally choosing a Spalding-system refrigerant. 

Namely, what happens if there is a leakage of refrigerant 

into the Steam-side due to condenser-tube or sealing failure? 

According. to pages 182 and 183 of ref.14 this occurrence 

is not necessarily disastrous, if ammonia is 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 boiler 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, 

if copper materials are used in the boiler circuit only a 
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small amount of ammonia leakage is'perMissible; if copper 

is not present a fairly large leakage is:permissible. 

Ammonia gas 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 part in 10,000 
. 

(see page 277, ref.4). 	However, the fact that it is used 

in refrigeration plants indicates that it is safe 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 that the 

pungent odour of ammonia makes it 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 high 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; 

ii) excessive leakage of ammonia is eliminated. 

Accordingly, ammonia is adopted for use in the present 

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 different cooling-system types is possible only after the 

design of each one.has been optimized. 	Since the criterion 

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: 

a(PL/q)/axi  = 0. 	 (6.1-1) 

This set is derived by differentiating (2.1-8) with respect 

to each of the n design variables xl, x2, 	 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. 

Accordingly, 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 be 

easily carried out without the aid of a digital computer. 

6.2 Accurate method of predicting optimum values of design  

variables. 

The optimum values of the design variables are deter-

mined by the so-called "steep-descent" technique, briefly 

outlined in appendix G. The procedural requirements of 

this method, in 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 conditions, fixed 

characteristics and. design variables; 

b) a master program which will use the slave pro-

gram to calculate merit-factor values for 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 

representing the optimum values of the design variables. 

ii) Choose a range of waste-heat rejection rates. 



6.2 	 187 

iii) Choose typical operating conditions such as appear 

in the second table in 2.5. 

iv) Choose values for a*, b*, c* and other fixed quan-

tities such as fixed characteristics, constant physical property 

groups, performance constants and price constants. 

v) Choose initial guesses (together with practical upper 

and lower limits) of the optimum values of the finally adop-

ted design variables appearing in 3.7. 

vi) 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, together with the associated 

minimum value of the merit-factor and any other auxiliary 

quantities which are considered important for future reference. 

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 

design 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. 

CI
HI W111 CF,r

,  tc,i, dT, pl, _ po  s and t  

in order to arrive at the set of equations 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 

optimum value of CF is known beforehand, then the three equa- 

tions 

a(PLA)/aQH = 0, a(PL/q)/aWH  = 0 and a(11/q)/adT  = 0 

(6.3-1) 
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can be regarded as independent of the remaining equations 

in (6.1-1). 	In fact, optimum values of 	and Wu  can be 

obtained by solving simplified versions of the first two 

equations by an iterative method, 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 

D(PL/q)/aCF  = 0 	and a(PL/q)/atc,i  = 0 	(6.3-2) 

involves obtaining analytical expressions for a(r5-r1)/aeF 
and a(r5-ri)/atc,i; this becomes evident upon noting that 

(r5  -r1  ) is a term appearing in the merit-factor equation, as 

indicated in 3.7.1. 	Furthermore, (r
5
-r
1
) can be seen - 

from statements subsequent to the presentation of (3.7-6) 

- to bear such a complicated relationship to CF  and tcli  

that it would be impracticable to try to formulate equatioris 

(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, D1, rp, s and t exists. Therefore, 
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attempts at establishing an approximate method in the pre-

sent investigation are restricted to the case where CF and 

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 CF  are seen to remain , 

essentially 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 *  G,i/.  

(Pat& tG,i and 

The fixing of CF  and tCi does not constitute a serious ,  

departure from reality as the Central Electricity Generating 

Board, when calling for cooling-tower design tenders, spe-

cifies fixed values of CF and tC i'  or fixed quantities from , 

which these design variables can be calculated. 

The simplification afforded by fixing CF  and tci  is t   

considerable. 	For example, in the (r5.-r1) equation, given 

by (3.7-6), the factor (D)chil  /x can be directly estimated 

from (3.7-7) and (E.1-4). 	Also, Nh,G  can be evaluated from 

equations (3.7-8) to (3.7-11), (E.1-6) and (E.1-4). 

The establishment of an approximate method of obtaining 

optimum values of the remaining design variables, Di, rp, s 

and t now becomes relatively easy. First of all the equa-

tions 

a(pL/q)/aol  = o, a(pL/q)/arp 	0, 
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a(PL/q)/as = 0, a(PL/q)/at = 0, 	 (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 

manipulated algebraically into a convenient final form so 

that an iterative method of solving for the design variables 

will result in rapid convergence. 

The relevant equations are derived and presented in the 

following sub-sections. In all instances, wherever such 

choices exist, 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 equations. 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, QH, and loading factor, 

-H 

In differentiating PL/q with respect to QH  and WH, only 

those terms which are functions of Q 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: 

PL/q a*EQH/U -Cr(0.5 -0.0833 UHCF/QH)} 

+ b*aP B  C-1Apfr,H  +c
*ES  /q, , F  

PL/q al6Q ila 14060. • 11/U  11+b  P,BC  F - fr,H•  

(6.3-4) 

(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 

D(PL/q)/aQH  = 0 and a(PL/q)/aWH 	0 	(6.3-6) 

respectively, these two equations can be combined and re-

arranged to give 

0.5 
QH  = gc*/a*)Vg(QH/Q01[0.84/uH+1.18/um,H+1.54(Qs/QH)usl] 

(6.3-7) 
and 

WH = (a/b)i (6.3-8) 

where the temporary symbols a and b are defined by 

b E c*Eg(QH/Qs)(0.0833(Qs/QH)/ug+0.8/110 

c 	b*ap,Bapoiff,H{1.98/uH+2.78/um,H+3.62 (Qs/QH)/usi 

Optimum values of QH  and WH  are obtained by solving 

(6.3-7) and (6.3-8) iteratively, provided that representa-

tive numerical values of q = 109  and CF  = 18 are used in 

evaluating us; since these quantities occur to the one-

twelfth power, u will be accurate even for large variations 

from the chosen values. 

6.3.3 Optimum inside diameter of coupling-circuit duct, 

In formulating 

a(PL/coladT = 0 	 (6.3-9) 
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the required proportionality, 

PL/q os 2b*a 	n*r. 
P,B F 

can be used to give 

(6.3-10 ) 

dT =1(b*/c*)a 	a L-1qC-3] 
/6 

(a)1
/6 	

(6.3-11) p,T T F 

where the tempoiary symbol a is defined by 

a E (ff,T)[5-2[ ln(0.27e1./dT1-1)/(1.6dT-2.65) 	(6.3-12) 

After assuming a roughness factor of ET  = 0.001 for bitumen-

lined ducts, after examining the table on page 138 of ref.4, 

6 (a)1/ , can be shown to be closely fitted by the expression 

(6.3-13) 

The substitution of (6.3-13) into (6.3-11) results in the 

following explicit expression for dT: 

- 	0.128 
dT = 0.7021(b*/c*)ap,Bap,TL

T1  quF  j (6.3-14) 

The optimum value of dT  is independent of LT  as may be 

seen by referring to (3.5-6).  A noteworthy point is that 

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, D1 

In formulating 

a(PL/q)/aD, = 0, 	 (6.3-15) 

the required proportionality; 

l 
(a) 

1iK
" = 0.63dT 

0.304
•  for dT  3 3.0. 
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P 	QC b*aPoB((agralg)/Iff ,T) Cr1  rpD1+c*(ED/q), (6.3-16) 

can be used to obtain 

0 = (e/q) [d3 1-(1-t)°" 51+d -2d5D -3+d7Arp+2d1D1  

r + 3deptD12  +202+d8(z2-zp+14.9)1 tDi  

+ 6+d7 rpD1+0.5(z2-zp)1] DA/aDA 

lc, + b ap,BCF  tkagravigo)/vf,F 1 rp  ; 

aA/aDi  is given by 

(6.3-17) 

1 	-1 aA/aDi  = (2.19544).982)(A..62[0) chilixi2 (Nh,e().5)3  

ID73av,s(Gc/GG) v'srp  -3EN v  D-4) -0.5(z z -72 pA. 

(6.3-18) 

Numerical estimates of the orders of magnitude of the 

terms in the two foregoing equations indicate that: 

1) 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 105, r 	= 0.06 and z2-zp 
that 

= 7.125 so 

d3[1-(1-043 '5 1+d14.-2dD -3 + d7Aras 14, 

d2  + d8 (z2.  -z p+14.9)as 1.65, 

d7 	rp  D1  +0.5 (z2-zp)} as  0.023. 

(6.3-19) 

(6.3-20) 

(6.3-21) 

ii) Some of the terms in (6.3-18) are negligibly small 

and may be ignored so that 
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D1
-3a\roes(GC/GG

)vo - r x 0, 	(6.3-22) 

0.5 (z2-zp) = O. 	 (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 Di  can 

be evaluated from 

(6.3-24) D1 
 . (a/13)0.25 

the temporary symbols a and b are defined as 

.648 + 4.77) a s (10 	[{(D)ch11/x)(N1713,0 +o'5)3 Nv] 

b E (d6  +0.023)-1  [14+2d1D1+3d8rptD12+3.3tD1 

♦ 
- q(b/i/c*)ap,BCF1  [(agrav/g0)/vf,/, 1rp] 

6.3.5 Optimum under-pack height to tower diameter 

ratio, r p  

In formulating 

xPLAwar, 	0, 

the required proportionality, 

PL/qcc eap,B0;71 i(agray/ go)/vf,T)r D P 1 

(6.3-25) 

+ 	(c*/q) [d6  +d7  irp  D1 	a +0.5(z2 	)/A+d,rp 1 tp3 1 j, 

(6.3-26) 
can be used to form 
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-c, 0 = b*ap,BCF1  tkagrav/g0)/vf,TiDi  

+(c*/q)aFted7irpD1+0.5(z2-zp)11(aA/arp)+d7ADi+d8tD131  

(6.3-27) 

DA/arp  is given by 

aA/arp  = (2.195+0.982)[1.621(D)chil/x/2  (N11:+0.5)3  

b fB-2a  ( / 	 -41  2D-3a r-3-3ENvpi  si. 1  1 v,s`G 
G 	vls 	

1 C' GI 	v,i 

(6.3-28) 

The relative insignificance of certain terms in these two 

equations makes it permissible to estimate them at the fixed 

representative values of Gc/GG  = 1, D1  = 300, rp  = 0.06, 

z2-zp = 7.125, t = 0.75, A = 2.1 x 105  and avos  = 0.16, so 4 
that 

d7 t rpDI  + 0.5(z2-zp)1z 0.023, 

d7AD1 + d8tD13 	1.3 x 105, 
b 

Di-2av,s(Gc/GG) vis m 1.8 x 10-6. 

(6.3-29) 

(6.3-30) 

(6.3-31) 

In addition the ENv  term in (6.3-28) is negligibly small 

and may be replaced by 

3ENvD1-4 tz 0. 	 (6.3-32) 

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 

r is given by 

rp  = (a/b) ; (6.3-33) 
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the temporary symbols a, b, c and d are defined as follows: 

a E (c/d) + 1.8 x 10 6, 

2a D -3  vo. 1.  

c = (d6 +0.023)-11(b*/c*)qapocli(agravigo)/vf,T1D1+1•3x105], 

(3.55s +1.59) 	
2 I  ", -1 

f(D)chilix.5 	lh,G +  

6.3.6 Optimum throat to base diameter ratio, s. 

In formulating 

a(PL/q)/as = 0, 

the required proportionality, 

p 
L  i

cl oc (c*/q)[d6+d7crpD1+0.5(z2-z p)1] A, 

can be used to obtain 

(6.3-34) 

(6.3-35) 

0 = {(2.19A)/(2.195 + 0.982)1 

-6.48(2.19s+0.982)1(D)chil/x12D13(N+0.5)38-5. 

(6.3-36) 

The incorporation of (3.7-6) in (6.3-36), after ignoring the 

relatively small (z2-zp) term in (3.7-6), results in the 

following expression for the optimum value of s: 

s = [0.547ENv/(2.19s + 0.982)1 15. (6.3-37) 

6.3.7 Optimum blanking factor, t. 

In formulating 

a(PL/q)/at = o, 	 (6.3-38) • 



• 
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the required proportionality, 

PL/qac ( c*/q) [d2tD2i+cy 1- (1-t )° 51D1+ (d6+d7trpD1+0. 5( z2-zp  )1] A 

+ d8  tD2  rp  D1  +(z2 p  .)+14.911 
	

( 6.3-39) 

can be used to give 

0 = (c*/q)[3214+0.5d3D1(1.4)-0 • 5 + [d6+d71rpD1+0. 5( z2-zp)ll(aA/at) 

+ d81:012frpri1+(z2-zp)+14.91] ; 	(6.3-40) 

aA/at is given by 

aA/at = -(7.18+3.18)[{0)chil/x12D 3(Nh,G  +0.5)3  

(nv,pacOnv,elim)- 
	(6.3-41) 

Some terms in (6.3-40) are so small that they may be estimated 

at the fixed representative values of Di  = 300, t = 0.75, 

rp  = 0.06 and (z2-zp) = 7.125 so that 

0.5d3D1(1-t)
-0.5 cg 2000, 	(6.3-42) 

c d8D12 trpD1+(z2-zp)4.14.9) m 0.129D1
2 	(6.3-43) 

d
7 
 ir P  DI  + 0.5(z2-zp)1 x0.023. 
	(6.3-44) 

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/b)1, (g.3-45) 
where the temporary symbols a and b are defined as 
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a = (7.1s+3.18)1(D)chilixeD13(Nhi,G+0.5) (nvtpacOnvtelim" 

.ct b - (d6  +0.023)
-ltkd2+0.129)D1

2  +20001 . 
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7 METHODS FOR THE PREDICTION OF OPTIMUM-DESIGN CONDITIONS FOR 

THE HELLER SYSTEM  

7.1 Introduction  

The procedure 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 accurate numerical method - 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: 
• 

Wc, CG, CF/CG, nh,G, nr, dT, D1, r1 and s. 

Then, after noting the numerical values of and the trends 

displayed by various quantities, a method of determining 

approximate values of the design variables - not requiririg 

the use of digital computer - is established in the same 

way as for the Wet system. 

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, nr, is fixed at 

an even-integer value. This restriction on nr is necessary 

otherwise optimizing procedures will generally result in non-

integer values for nr, and this does not happen in practice 

according to the requirements for tower heat exchangers 

ennumerated in 4.3.1. The assumption of an even-integer 

value for nr 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 

nr the following procedure is carried out: 

i) Choose a range of even-integer values for n
r. 

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 nr values. The required 

numerical value of-nr is that one which results in the 

smallest value of the merit-factor. 

Numerical results accruing from the application of the 

accurate numerical method are given in chapter 9. The esta-

blishment 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 

301/0/xi 
	o, 	 (7.3-1) 

for each of the design variables listed in 7.1 - except for 

nr - 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), re-arranging 

them and then attempting to obtain optimum values of the 

design variables by an iterative method, no solution was 

forthcoming. 	Examination of the equations under considera- 

tion revealed that they were ill-conditioned, due chiefly to 

the fact that the forms of the two equations 

4(PL/q)/anh,G = O 	 (7.3-2) 

and 

a(PL/q)/ari  = 0 
	

(7,3-3) 

were such that simple iteration generally resulted in values 

of r1 and nhG which would not converge rapidly enough to ,  

prevent values of. the remaining design variables from di-

verging. 

One established method of increasing the probability of 

ultimate convergence is to obtain more accurate values of 

nhG and  r1' for a particular iteration cycle, by carrying ,  

out a few iterations on each of the individual equations 

represented by (7.3-2) and (7.3-3). 	Unfortunately, this 

course of action requires more calculation as it involves 

iterations within an iteration. 

Examination of the results in chapter 9, obtained by 

the accurate numerical method, reveal that insofar as nh,G 

is concerned the course of action suggested in the previofts 

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 r1, even although r1  

does have an optimum value. This occurrence is explained 

by the fact that the increase in cooling tower price, 

accruing from an increase in r1, is almost completely com-

pensated for by the accompanying decrease in inlet velocity-

head loss of air flowing through the tower. The occurrence 

is a doubly fortunate one in that: 

i) It enables r1 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 assign to r1  numerical values which 

can - 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 the adopted 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 

rI can be fixed when establishing the approximate method of 

optimization in the present investigation. 

Upon adopting the proposed modifications concerning 

nhG and  r1, the equations in (7.3-1) did respond to An ,  
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iterative method of solution but, unfortunately, gave values 

of the optimum design variables which compared unfavourably 

with the values obtained by the accurate numerical method. 

Detailed examination of the equations revealed that the most 

likely source of error lay in the adoption of the approxi-

mate area equation (J.2-2) which, while proving satisfactory 

for the Wet system, was not suitable for the Heller system. 

In consequence, it was decided to adopt the more accurate 

equation (J.2-1). However, because it is considerably mode 

complicated than (J.2-2), an attempt was made to restrict 

its use to the smallest possible number of equations in 

(7.3,1) consistent with required accuracy. In fact, it was 

found necessary to use (3.2-1) only in the formulation of 

the equation 

a(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, 

T 

In formulating 

a(PLAvadT 
	0 	 (7.3-5) 

the required proportionality, 

, PL/q igo 2b a 	CG
1  ‘CCG) -1A 	* 

P,T 	_p fr,14c ETA (7.3-6) 



- 0.128 -0.384 	-0.384 
dT = 0.702{(b*/c*)aptTap,TLT

1  ql 	CG  • 	(CF/CG) 9 
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can be used to obtain 

(7.3-7) 

after following a procedure analogous to that in 6.3.3 for 

the Wet system. 

The optimum value of dT  is independent of LT  as may be 

seen by referring to (3.5-6). 	In applying (7.3-7), dT 

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,  CFLEG. 

In formulating 

a(PL/o/a(cr/cG) 
	0 	(7.3-8) 

the required proportionality is 

P,Aq cc a*CG  /eG  +b*aP,TG  C-1(CF  /CG  )-11d+(1+71ipt)Apfr,T 

(7.3-9) 
the temporary symbol d is defined by 

d E 	[Patm-  Ps,S+fagrav/(govf,C)1(r1D1-zH)] • 

after noting that r1  a zi/Di. 

After differentiating (7.3-9) and then re-arranging, 

the following expression for the optimum value of CF/CG  

results: 

CF/C(`.  
0.5 r 1 	/ 	c -11.0.50/a)+1025(d/a)2+(c/at  (7.3-10) 
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the temporary symbols a and c are defined as 

a a 11.02a*/b*ap,T)1(0.5-0.125nh,G+0.125nh,G(cF/cG)1 , 

c = 3ap,T(1+TIpt)ff,TdT 

7.3.4 Optimum Air-side heat-capacity factor, C
G 

In formulating 

g'(P14/q)/acG = 0 
	

(7.3-11) 

the required proportionality, 

P Ace antc,c(tm,G )0  + CG/eG ] 

-/ 	/ 	, - +b*aP,TCG1kCF/CGrtilp+kc
*  /q)(d1+d2r1D1)A+c

*L"Q G G 9  

(7.3=12) 

can be used to obtain the following expression for the 

optimum valueA
a  
CG: 

Cr = [(0.5/a)ff+(f2+4ag 	
, 	0.5 

(7.3-13) 

The temporary symbols, a, d, e, f and g are defined as follows: 

a s a*(Q/QG)(1/uel/um,C)aq,Gnh,G +a
*  /eG 

d m nptAPH+(1-r1pt)  rpatra-ps , fagrav/(govf,C )1  ( r1D1-z1I)]  ' 

2 e E (d1+d2r1D1)(2.19s+0.982)1438vG
2
i/kgocGagrav/go  

f m b*a 	d(C /C )-1+0.5b*a 	a .a. -1(1+n )f W-1 n-4_ - P,T 	F G 	P,T p,C q,G 	pt f,C C h,G 

2 . . . 	
• 	

jo 	
G

1 +0.0625n c*ke/q)an,GD1nh,G+c*Cua 1n q,G h,G 
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m 3baP,T ap,T(-1n+ 	If 	d (CeG ,) i 3  

- + 3c* eqD13  (Nvo+Nv,i+Nv,misc).  

7.3.5 Optimum Cold-side loading factor, WC  

In formulating 

a(PL/q)/alIC = 0 

the required proportionality, 

207 

(7.3-14) 

-, PL/qcc 	.-(tm,G ) o  1+0.5b
*a ...XG

1  tCr/CG) (l4.9 .)Ap, 

(7.3-15) 

can be used to obtain the following expression for the 

optimum value of WC: 

wc 
 = (01)0.28 .  

The temporary symbols a and b are defined-by 

2 	2 2j c  3. a E 0.576a*au,C1  - acita(Qc/QG)CGnht  , 

b m b*aP,T ap,C a 	(l+ript). f,C 

7.3.6 Optimum tower-base diameter, D1 
In formulating 

a(PLAI)/api = 

the relevant proportionality, 

(7.3-16) 

(7.3-17) 

PL/q cc b*a 	C-1(C.../CG 	-- )-1(1 	)1a 	/(e v 	)1 r D PIT G n  pt 	 grav-  o f,C 	1 1 

* (c*/q)(dii.d2r1D1)A, 	(7.3-18) 
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can be used to arrive at the following expression for the 

optimum value of Dl: 

D = q0.5  (a/b)0'25  ; 1 (7.3-19) 

the temporary symbols a, b, d and e are defined as 

a = N - v,o + Nv,i + v, misc ' 

2 jo b E (qrld/e)/(3d1+2d2r1D1)+ 0.206 anoGCGnh,G 

	

1, 	-1 d E b ap,TCG  kCF/CG) (1- 111D t 	agrav/ govf , C ) • 

e E C*1438VG2ii(go4agrav/g0)1(2.1954.0.982)CV . 

In deriving (7.3-19) it is assumed that the ratio 

(3d1+2d2r1D1)/(d1+d2r1D1)  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-l) is used 

in the formulation of 

	

(Pilq)/as = 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, 

PI /q  ec (c*/q)(dl+d2r1D/)A, 
	 (7.3-21) 

then results in the following expression for the optimum 

value of s: 
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s  = (a/b)0.2 

The temporary symbols a and b are defined as 

a = 4ENv-1  [IBA-AA(s-1)2  I s+ CA] • 

b 	AA(s-1)(3s-1) + BA  . 

(7.3-22) 

7.3.8 Optimum partial number of Air-side transfer 

units, nh,G 

In formulating 

= 
	 (7.3-23) 

the required proportionality, 

- 4.(c/1/q)(di+d2r1D1)A 	c*  zat4G1  (7.3-24) 

can be used to form the following expression for the opti-

mum value of nh,G: 

1/(j0-1) 
nh,G ={(1.62aq)/(c*jodan,GD1)] 

	
• (7.3-25) 

The temporary symbols a and d are defined.  by 

a Li Jiaq:G110.5bliap,T(1+npt )apocf f,cliC+c%1 

*„ 	2 Ji - a 01c/Q0(1/uel/um,c)haq,GCGnh,G  

-(1+ji) 

nh,G 

-1.02a*  CG1 
2r 	-2 	 v1 0.0625-nh,G -0.125(yeG)4.0.0625(0r/0G)

2  I, 

d a {438vg,Ogoc(lagravigo)}(2.19s+0.982)(di+d2riDi). 
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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 

rL 1G  for use in the overall iteration cycle. -  
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8 METHODS FOR THE PREDICTION OF OPTIMUM-DESIGN CONDITIONS FOR' 

THE SPALDING SYSTEM  

8.1 Introduction  

The accurate numerical method of determining the values 

of optimum design variables for the Spalding system is 

carried out in a similar fashion to that for the Heller 

system. 

The number of tube rows, nr, 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 

pass has been previously adopted for the Spalding system, 

the integer value 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 no optimum value of r1  for the Heller system. The form 

of the tower price equation (J.4-1) is such that the increase 

in price occasioned by an increase in r1  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 r1 until the tower-price equation 

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 z1. as shown in 

(3.5-10) and (3.5-11) - cannot happen in practice and some-

thing must be donb to prevent ri from increasing to unaccept- 
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able values. Fortunately, the situation is not serious 

as numerical results obtained from the accurate numerical 

method and displayed in chapter 2 indicate that the merit-

factor is relatively insensitive to changes in rl. There-

fore, r1  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-

cable to both the accurate and approximate methods, is thus 

the same as that applied in the approximate method 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 WC  (see 3.7.3) is so high that: 

i) an impermissably high Cold-side pressure drop 

results, thereby causing a variation in saturation tempera-

ture along the tubes which will decrease the tower heat-

exchanger efficiency to a significantly lower value than that 
• for no variation; 

ii) the range of applicability for (3.5-22), given in 

C.2, is exceeded. 

Therefore W must also be removed as a design variable by 

fixing it at a value which will not give rise to the itemized 

situations. This is done according to the following pro-

cedure: 

Hy examining (E.2-4) - with np  = 1 - and (E.3-4), it 

can be seen that, for a representative value of nhc  = 1.3 g   

obtained from the results 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 00.20. Therefore, if the 

efficiency of the Spalding-system tower heat exchanger is 

not to fall significantly below the value resulting from 

the use of (E.3-4) - thereby invalidating the use of (E.3-4) 

in preference to (E.2-4) - CC  must obey the relationship 

CCU 0.20CG. As Cc  represents the variation of refrigeration 

saturation temperature on the Cold-side, and a 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-

mately1500 psf for ammonia according to the physical pro-

perty equations 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 

WC  = 1.53x 105 
	

(8.1-1) 

will give a Cold-side pressure drop of aboutI500 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 coefficients from the tube inside 

walls to the refrigerant in the surface steam-condenser,i.e. 
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the Hot-side. Since ammonia has been chosen as the most 

suitable refrigerant, the choice of formulae is restricted 

to two, viz. (D.1-1), which is re-expressed in (3.4-7), and 

(D.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 estimate of the hot-side heat-transfer coefficient. 

In consequence, (B.4-7) 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-

mistic 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 practically unaltered. The fact 

that there will 	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 values 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 nr, r1 and W and 

having decided to use a single-phase equation for predicting 

the Hot-side heat-transfer coefficient, the equations 

a(PL/q)/axi  = 0 	 (8.2-1) 

were derived for each of the following remaining Spalding- 

system design variables: 1. 
QH, WH, XH, du, 4T, CG, nhIG, D1  and s, 

making use of the least accurate formulae appearing in 

chapter 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: 

NPLA0QH = 0, 	 (8.2-2) 

a01/0/"H = 0, 	 (8.2-3) 

a(PL/q)/axli = 0. 	 (8.2-4) 

It was found that the success of an iterative method 

could only be ensured by solving for QH, WH  and XH  according 

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 QH. 

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 in the next sub-section after deriving and re-arranging 

the relevant equations. 

Having carried out the above procedure, the same itera-

tive procedure as employed in the Heller system - including 

internal iterations of the 

(PL/q)/anh,G = ° 
	

(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), 

a(PL/q)/api 	= 	0 

and 

a(PL/q)/as 	= 	0 

had to be resorted to in formulating 

(8.2-4) 

(8.2-5) 

in order to obtain satisfactory results. 

The derivations of the equations represented by (8.2-1) 

are carried out in the following sub-sections. 
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8.2.2 Optimum Hot-side heat flux, QH,  loading factor, 

and exit vapour quality, X. -H9 	 fl. 
In formulating 

a(PL/q)/ aQH= 0, 

a(PL/q)/"H = 0 	 (8.2-7) 

and 

a(PL/q)/ aXH  = 0 	 (8.2-8) 

the relevant proportionalities are, respectively: 

p /qoca*QH (um1H  +(QS  /QH  )/uS 1+antm,H  )o  - (ts,H )o ,  

* 	 * I * +b aptHC;  XII w  pec Zsi q+c Lrlq, (8.2-9) 

,-  P /gm a*QH(Rs/QH)usl+alit(taiodo-(ts,H)0} +b*ap,HCF
1  XH  ApH, 

(8.2-10) 

P /q oc 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: 

aQH
2 + bQH-c = 0, 	 (8.2-12) 

where the temporary symbols a, b and c are defined by 

- 	- 1 a E 2.776a*Iu m,  -1  +1.303(QS/QH)uS
1  + 0.712u_ 1  j, H 	 Ai 

/ b E 2%0 *  Ep,HC;ici  +  0.5a*a ) X.W 2  t,H 	H 9  

c m 2.776c*(QH/Qs)(1-55+q,tubes )+0.694cliaR(dH/vf,p). 

(8.2-6) 
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On substituting representative Spalding-system values 

into these definitions it is noted that b is so email that 

it can be ignored. In addition, the-cost of ammonia is so 

small that the aR term in c can also be ignored. In con-

sequence, the optimum value of QH may be obtained from the 

following expression: 

0.5 
Qm= Nelian(OHASX1.65+ctubesgitUrellA  + 1-303(Q004 +0.7124113 ( 8.2-1 3) 

With regard to the determination of XH  and WH, it has 

been found convenient to re-arrange (8.2-6) and (8.2-8) as 

follows: 

2.776 = d/e, (8.2-14) 

where the temporary varibles d and e are defined by 

* 	n 	.=.1 -1) 2  n 	tA 1,, 	1 
"R"H"f,F' d = 	+1.333(Qs/KH/us +11H 	H - 	m,H 

-c*(4H/Qs)(1.55+vg,tubes) ,  

- - e 	0.25 ap,HdOb*  appli0F1  XH1  +0.5a*at,H)CFJHXH  

and 

WH 2.776 = fig, (8.2-15) 

where the temporary symbols f and g are defined by 

f = 0.0833 c t(QsiQH)u-si 	blkap)H  Xr41  (lipf  ro. +A pf NB+ A pf rIc) 
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g U0•12.5amdHialtotHCF(bAHX/1445+2.bmevja3+0XH  

-i-ab*a1)H(0.5330 X145  -P0•835 b Xciten.5)3 Rti
- I 

Pfri 	 H 
-0-776 

-t• 0.5 aitatoi  aam  XH VJH  
The following procedure is adopted when solving for 

WI, and XH  from (8.2-14) and (8.2-15): 

i) -Choose an arbitrary XH  value. 

ii) Calculate WH 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 W vs XH  as 

follows: 

/4) 

‘6)  
es 

E 

H, m X  H 

iv) The values WHm and ,  

required values of WH  and XH. 

shown on the graph are the 
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8.2.3 Optimum inside diameters of coupling-circuit  

ducts, dT and dB. 

In formulating 

(13L/c1)/adT = 0 

the relevant proportionality, 

P /qd: b*a 	C 1AD 	cX /cl, POI H - fr,T.- -T'' 

can be used to form 

- 	- 	1 1 //4u (a) /6
, = f(b*/e)aptHap,TLT qCF3  XH 1 

(8.2-16) 

(8.2-17) 

(8.2-18) 

where the temporary symbol a is defined by 
-1 	-1 	 1/6  

a. E [1.5-211n(0.27027ET/dT1 ]/Ife,Tf(1.4dT-1.3)+0.5naHvg,FdA . 

With the assumption of a roughness factor ET  = 0.001, given 

on page 138 of ref.4, a can be closely approximated by the 

formula 

a = 0.561 dT
-0.253 

Substitution of a into (8.2-18) results in the following 

expression for the optimum value of dT: 

0.133 
dT = [0.63 (b*/c*)ap,Hap,TLT  qCF  JXH  ] (8.2-19) 

An expression for the optimum value of dB  can be derived 

in precisely the same way, so that 

= 	0.49 [(b*/c*  )ap,Hap,BL,ilqCF3)(171  d B  

0.137 
(8.2-20) 

(8.2-19) and (8.2-20) are both independent of LT  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,  Co  

In formulating 

(8.2-21) (PLiclocG = 0 

the required proportionality, 

- P /q cc altB C,i
-(tm,G)o1+CGleG.0.13* aptHCF

1  XH1  ApfroG  

+ c*(ED/q +EG/q + £11/q), 	(8.2-22) 

can be used to form the following expression from which the 

optimum value of CG can be obtained: 

aCG
4 - bCG

2 c 	0, (8.2-23) 

the temporary symbols a, b, c, d and e are defined as 

a E a*(Q /Q )(u-l+u-1  )a n 1  +a' C G 	C 	m,C q,G h,G 	G' 

b tb*ap,HC;1XTild+c*La+0.25c*N(Qc/QG)-1(dc/vg,r))a;tG nh  

jo - 1.235(c*/q)e an,GD1nh,G 

c= 3c*eqz/k1vD1-3, 

d E Apfr,cQG, 

2 	2 e E (d1+d2r1D1)(2.19s+0.982){438vG,i/(gocG agravigo)/. 

(8.2-23 can be treated as a quadratic in CG  with a, b 

and c as constants; therefore, 

• 

(8.2-24) 
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8.2.5 Optimum tower-base diameter, D1,  and throat - 

to 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)/aDI  = o 	 (8.2-25) 

d 

a(PL/0/ as = 0 	 (8.2-26) 

instead of the less accurate (J.2-2) in order to obtain 

sufficiently accurate optimum values of the design variables. 
ri 

The use of the proportionality, 

P bloc (c*/q)(d, + d2  r1  D1) 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)0.2  (8.2-28) 

where the temporary symbols a and b are defined as 

a a 4ENv-1[113A - AA(6-1)2  ls + CA 

b 	AA(s-1)(3s-1) + DA. 

The use of the proportionality, 

c*(CD/q), 	 (8.2-29) 

in conjunction with (8.2-25) results in the following expression 

for the optimum value of D1: 
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0.25 
Dl  = [7(a/c)(Nv,o+Nv,i+Nv,misc)/(b+o.25a)] (8.2-30) 

the temporary symbols a, b and c are defined as 

 

a E dl  [DAA(s-1)2  3B A) s 
 3CA3 

+ d2riDi  [{8AA(s-1)2  - 2BA  } s - 2CA], 

b = (di+d2r1D1)[113A  x, AA(s -1)2  Is + CA], 

Jo c E 0.25(ECG/q)
2 an,Gnh,G • 

8.2.6 Optimum partial number of Air-side transfer units, 

nh G 

In formulating 

a(PL/colanh,G = 
	

(8.2-31) 

the required proportionality 

PL/q•c a*CitC, itrit -(t ) , C,i 	m,G o..+CGf eG 
-1x 1 + b*apoCr Apfr,c  

+ c*(yq + ZG/q + ZR/q), 

can be used to form the following expression for 

value of nhG: , 

1/00-1) 
nh,G  = 1(1.62aq)/(c*Jodan,e1)) 

(8.2-32) 

the optimum 

(8.2-33) 

The temporary symbols a and d are defined by 

-1 1 	-(1+i1) a E A 	 1{b*a C X. An - -laq,G 	P,H F n -- fro  CgG. .1.°1 1 I nh,G 
2 j1-1  * 2 	-2x 

-a*(QC/QG)(1/uelitim,C)ilaq,G-nGnh,G -a  CO("°833-nh,G" 
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d Et438vG2i/(gocGagrav/g0)] (2.195*0.982)(d1+d2r1D1). 

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 	 G n_n 	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: 

i) The previously described accurate and approximate 

methods of determining optimum design-variable values, and 

their associated optimum merit-factor values, are used to 

obtain general results for each of the considered cooling 

systems over a range of chosen waste-heat rejection rates. 

The adopted operating conditions and fixed characteristics, 

considered to be applicable to the United Kingdom in 1964, 

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 accurate and approximate methods. 	In the tables,  

where two values of the same quantity appear, the former 

(or upper) value always derives from the accurate method; 

where only a single value occurs, it always derives from 

the accurate method unless stated otherwise. 

ii) In obtaining the above results, r1  is eliminated 

as a design variable 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 numerical 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. 

iii) In order to obtain the results mentioned in item i), 

numerical values had to be arbitrarily chosen for two fixed 

characteristics of the 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. ts,S-  (ts,H)0 and  zHe is shown in graphs 20 and 23 and 

graph 34 respectively. 

iv) The results in item i) are based on the choice of 

the SG1 heat exchanger type described in chapter 4. The 

effects of choosing a heat-exchanger type of similar poten-

tial merit but of larger tube diameter, viz. LU1, 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, 

21, 22 and 23. Of importance is the emergent fact that no 

significant improvement in optimum merit-factor value re-

sults from the over-optimistic assumption. 

vi) Graph 33 contains curves of Pu  vs q so that genera-

tor output 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 patm =2117psf (= 14.7 psia), tG~i  = 57 deg F and 

t* = 52 deg F are chosen as being representative of some 

regions in the United Kingdom. Results are then obtained 

for each of the cooling systems for a range of waste-heat 

rejection rates ranging from q = 2.5 x 108 Btu/h to 

q = 15 x 108 Btu/h. 

Values of a* are chosen by guessing the exhaust steam 

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, b*= 1.566, c*= 68.9 for the Dry-systems. 

The equations appearing in chapter 3 are used in cal- 

culating results and most of the numerical values of fixed 

quantities contained therein are summarized pin the tables 
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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)chilcan be seen from the graph in 

F.4.1 to be( f)chil = 1.058 x 104. 

b) Heller system. The characteristics and performance 

constants of the SG1 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 EC  /dc  is assumed to be EC  /dc  = 0.0001 after 

referring to page 138 of ref.4. The price of the water 

turbine is given in (3.6-14) as turbine/q = 4.55 x 10-5. 

After carrying out the procedure for determining the opti-

mum number of tube rows outlined in 7.1, the value nr  = 2 

was chosen. The representative value of ri  = 0.15 was 

chosen for the approximate method as mentioned in 7.3.1. 

Finally, the values is S  - tHo, = 7 and zH = 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. 

c) 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 cc/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 nr  = 2. The repre-

sentative value of r1 = 0.15 was chosen in both the accur-

ate and approximate methods and an upper limit of WC  = 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 consequence, CF  is given the value CF  = 412 according 

to (3.7-19). 	The steam condenser tubes are assumed to be 

constructed from mild-steel, the dimensions and price con- 

stant, g,tube' being given by (H.2-3). 	Finally, the 

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.Z Additional decisions and values of quantities  

r1 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. 

tsoS - (tstH)0 and z
H  are given values over the ranges 

0 to 15 and 10 to 50 respectively in order to note the sen-

sitivity 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-sec tion. 

The accurate method is 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 LU1. 	By.carrying 

out the procedure in 7.1, the value nr  = 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 ensuing 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:,i  is varied from 48 to 56 deg F at q = 109  

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: 

4,5: 

6,7: 

8,9,10: 

11,12: 

13,14,1): 

16,17: 

18,19,20: 

Design variables 

Temperature-difference constituents 

Pressure-drop constituents 

Cooling-system price constituents 

Merit-factor constituents 

ENv constituents and miscellaneous quantities 

Miscellaneous quantities 

Effect of variation in atmospheric wet-bulb 

temperature, tGti, on the Wet-system results 

at q = 109  (based on accurate method) 

21: 	Results for Heller system at q = 5 x 108 with 

22,23,24: 

LU1 heat-exchanger type (based on accurate 

method) 

Results for Spalding system assuming nucleate 

boiling on the Hot-side and using equation 

(E.5-6) (based on accurate method). 
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9.3.1 General tables  

a) Design variables  

Wet system (table 1) 

q QH  ifill  dT  CF  tcli  D1  rp  s t 

108 103 106 10-2 10-1 10-1 

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.o 503 6.51 5.73 8.42 

10= 6.32 1.91 5.01 13.0 75.2 403 6.44 5.54 8.28 
5.31 2.24 5.65 13.0 75.o 419 7.41 5.91 8.78 

7.5= 6.3o 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= 6.75 1.88 4.30 11.3 75.3 225 7.76 5.86 8.10 

= 5.31 2.24 3.32 13.0 75.0 225 9.19 6.15 9.09 

Heller system (table 2)  

q dT  yk% CG WC D1  s nh,G  r/  

108 10-1  106 10-1 -1 10 

lo= 5.78 4.86 16.3 1.79 505 6.64 1.19 1.44 
6.00 4.85 16.1 1.77 552 6.24 1.21 1.50 

7.5= 6.00 4.08 16.6 1.87 435 6.67 1.21 1.47 
6.00 4.30 16.7 1.74 488 6.20 1.23 1.50 

5.0= 6.00 4.09 16.8 1.70 358 6.68 1.25 1.67 
m 6.00 3.63 17.3 1.74 403 6.07 1.28 1.50 

2.5= 5.14 3.17 18.3 1.83 263 6.62 1.32 1.61 
2  5.79 2.88 18.6 1.71 294 5.90 1.36 1.50 
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Spalding system (table 3) 

q  QH  WH  XH  dB  dT  CG  Di  s nh,G  

108  103  105  10-2  10-1  

10= - 
= 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 
z 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 
:I 4.43 4.81 2.71 1.66 3.64 16.4 410 6.24 1.32 

2.5= 4.96 7.89 3.48 1.24 2.75 17.6 286 6.37 1.33 
z 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 4) 

WET HELLER 

q ta,s- tH,0- ts1B- ts,B- tH,0- (tm,G)0  ts,s- 

tHpo tG,i tG,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) 

q 

108  

tats- 

(tm,H)0  

(tm,H)o- 

(ts,H)0  

(to,H)o- 

(tm,G)0 

(tm,G)0- 

tG,i 

to,s- 

tG,i 

10 - - - - - 

7.5 3.39 6.06 5.26 22.1 36.8 

5.0 1.33 6.09 5.19 22.8 37.4 

2.5 3.21 6.15 5.05 24.0 38.4 

c) Pressure-drop constituents  

The following temporary definitions apply: 

A E (agravigo)z3/vfoT 

B, /pt APH (1-lpt)(Patm-Ps,S)  

C = zH)/vf,c  (1-/pt)(agrav/go)(z1-  

D (1"Ipt)APfr,T 
E = 0.5(14.Tipt)Apfr,c  

Wet- and .Heller-systems ttable 6) 

q 

WET 
• 

HELLER 

Apfroll 2tipfrpT AEAPBCDEEAp 

108 103 l03 103 103 

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 3.79 987 394 114 701 2.20 
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Spalding system (table 7) 

q 

108 

apil ApfroT Apfr,13 A Pfr, C 

103  

L A P 

103  

10 - - - - - 

7.5 681 26 20 1.53 2.26 
r).0 687 27 21 1.55 2.29 
2.5 703 28 26 1.59 2.35 

d) Cooling-system price constituents  

Wet system (table 8) 

q 

108  

,E
S
/q 

10 '4  

2LT/q 

10-6  

C.D/q 

10-4  

£ cs/q- 

1.
Pm/q  

10-4  

15 4.14 7.29 5.59 9.8o 
10 3.71 7.26 5.83 9.61 

7.5 3.72 7.27 6.00 9.8o 
5.o 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 

A m Eturbine/ 

q 

108  

XS/q 

10-4 

211,/q 

_e 
lo ) 

LD/q 

10-4  

X.G/q 

10-4  

A 

10-5 

r, cs/q- 

E 	/q 
Pm 

lo -3 

10 1.48 1.00 3.85 9.17 4.55 1.51  
7.5 1.48 1.46 4.18 9.23 4.55 1.55 
5.0 1.48 2.18 4.67 9.66 4.55 1.65 
2.5 1.48 3.07 5.67 9.79 4.55 1.77 
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Spalding system (table 10) 

For this table 

A a zTiq 	zRAI 

q 

108 

3.-;S/q 

10-4 

A 

10-5 

i/c1 

10-4 

LG/q 

10-4 

L 	/q cs 
£pm/q 

10-3 

10 - - - - - 

7.5 4.58 1.48 4.50 9.96 1.92 

5.0 4.55 1.59 4.90 10.1 1.97 

2.5 4.56 1.89 5.92 10.4 2.10 

e) Merit-factor constituents  

For the following tables 

A = a*(ts,S -tGoi)  

B a b*P/q 

C = c*(Zcs/c1 -   Lpm/q )  

Wet system (table 11) 

q A B C PL/q 

108  10-2 10-2 10-2 10-1  

15= 8.59 1.46 6.68 1.67 

8.29 1.72 6.89 1.69 

10= 9.25 1.25 6.55 1.71 

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 
- 8.49 1.55 7.67 1.77 

2.5= 9.62 1.02 7.99 1.86 
. 8.57 1.45 8.78 1.88 
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Heller- and Spalding-systems (table 12) 

q 

108 

A 

10-1 

B 

10-2 

C 

10-1  

P /q L 

10-1  

A 

10-1  

D 

10-3  

C 

10-1  

PL  /q 

10-1  

10= 
r. 

1.56 
1.53 

1,60 
1.67 

1.04 
1.06 

2.76 
2.76 

- 
1.53 8.86 1.37 2.99 

7.5= 
.. 

1.54 
1.55 

1.66 
1.59 

1.07 
1.08 

2.78 
2.78 

1.55 
1.55 

8.67- 
8.91 

1.32. 
1.40 

2.96 
3.03 

5.0= 
r. 

1.54 
1.54 

1.40. 
1.55 

1.14 
1.13 

2.82 
2.83 

1.57 
1.57 

8.73 
9.00 

1.36 
1.43 

3.02 
3.09 

2.5= 
r. 

1.57 
1.57 

1.41 
1.46 

1.22 
1.24 

2.93 
2.95 

1.61 
1.62 

8.76 
9.02 

1.45 
1.51 

3.15 
3.22 

f) E-Nv  constituents and miscellaneous quantities  

For these tables 

B s Nv,pack 
C s Nvtelim 
D g Nv,spray 
E = Nv,misc 

Wet system (table 13) 

q 

108  

UH  A/q 

10 4  

D C D E N
vpi Nv,o ENv 

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 4.59 31.4 4.72 3.34 2.30 12.0 8.49 62.2 
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Heller system (table 14)  

q 

108 
UG  

- 

QG  A/q 

10 4  
Nv,G  Nvoi  Nv,0  E ENv  

10 7.00 120 5.26 23.9 8.02 5.15 2.30 39.3 
7.5 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) 

q 

108 
UH  UG  QG  A/q 

10-4  

Nv,G Nv,i !I vlo E ENv 

10 - - 
7.5 599 6.11 110 6.08 29.3 7.42 5.08 2.30 44.1 
5.0 607 6.Q0 109 6.44 30.9 7.42 5.46 2.30 46.1 
2.5 618 9.81 106 7.09 33.7 7.42 6.08 2.30 49.5 

g) Miscellaneous quantities  

Wet system (table 16) 

It is to be noted here that the values of NhG and ,  

GC/GG accruing from the approximate method, being computed 

at fixed values of 	 i t. 	and CF (= C, 
constant at Nh,G = 1.54 and GC/GG = 0.769. 

q 

108 
r1  

10-2 
NI110  Ge/GG 

10-1  
r5-r1 z5  z1  2 

Di/q 

10-4  

15 
10 
7.5 
5.0 
2.5 

7.38 
7.31 
7.99 
8.60 
9.35 

1.55 
1.55 
1.54 
1.70 
1.65 

7.90 
7.82 
7.60 
10.9 
9.79 

1.14 
1.26 
1.22 
1.22 
0.99 

601 
538 
456 
377 
243 

36.6 
29.5 
28.1 
25.0 
21.0 

1.63 
1.62 
1.64 
1.67 
2.03 

tc,i-tc,0), are themselves 
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Heller- and Spalding-systems (table 17) 

q 

108 

r5-r1  

10-1 

Zr Z1 Lc/np  Afr G  nDizi  DI/q 

10-4  
q 

10 4  
q 

10-4  

a 
N 
.1 
f!i 

lo 
7.5 

5.0 

2.5 

8.36 
9.14 

9.66 

9.90 

495 
462 

406 

303 

72.8 
63.8 

59.7 

42.5 

15.7 
14.2 

13.7 

12.6 

1.30 
1.31 

1.37 

1.39 

1.16 
1.16 

1.34 

1.41 

2.55 
2.52 

2.56 

2.77 

c; 
A 
4 
.4 
44  m 

10 

7.5 

5.0 
2.5 

- 

8.03 

8.39 
9.00 

- 

456 

392 
300 

- 

71.7 

59.4 
42.9 

- 

161 

163 
167 

- 

1.41 

1.43 
1.47 

- 

1.44 

1.48 
1.54 

-

3.05 

3.14. 

3.27 

9.3.2 Additional tables  

a) Effect of variation in atmospheric wet-bulb 

temperature,  tGi,  on Wet-system results at  

q = 109  (based on accurate method). 

Table 18  

* tG,i QH 

103 

WH 

106 

dT CF tC,i D1 rp 

10-2 

s 

10-1 

t 

10-1 

48 7.38 2.09 5.18 13.9 72.4 447 7.22 5.33 7.46 
2 6.32 1.91 1.01 13.0 75.2 403 6.44 5.54 8.28 
94 5.94 1.88 5.36 11.7 76.3 382 6.94 5.76 8.54 

56 6.16 1.77 5.99 14.1 78.2 398 7.39 5.36 9.02 
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Table 19  

tG,i 
aii. (t s,S 
- tG,i) 

10-2 

b*P/q 

10-2 

c*(Ces/q 

-C pm/q) 

10-2 

PL/ 4 

10-1  

48 8.49 1.32 6.54 1.63 
52 9.25 1.25 6.55 1.71 
54 9.65 1.34 6.51 1.75 
-46 10.4 1.09 6.60 1.81 

Table 20  

* t Go.  UH  A/q 

10 4  

ENv  r1  

10-2 

Nh,G  Gc  z5  z, 
GG 
10-1  

48 687 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 63.4 7.86 1.60 8.87 533 30.1 
56 6r,6 4.09 :9.7 8.29 1.49 6.89 509 33.o 

h) Results for Heller system at q = 5 x 108  with  

LU1 heat-exchanger type (based on accurate method). 

Table 21  

         

 

dT 	= 5.76 
WC 	= 1.62 x 106 

nh,G = 1.46 

 

CF/CG  = 0.426 

	

D1 	= 333 

	

1 	= 0.173 

 

CG = 18.1 
s = 0.637 
nr  = 2 

 

 

a*(ts,S-tGli) 	= 0.153 

c*(Ccs/q-Z  Pm
/q) = 0.114 

b*P/q = 0.0135 

P /q = 0.281 

  

         

 

UG 	= 7.97 
z, =469 
A
frIG

/q =1.83x10-4 

 

QG 	= 124 
z1 	= 57.8 
nD1z1/q = 1.2x10 

 

ENv = 39.7 
LC  /n p= 35.7 
r5-r1= 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 

q' 

108  

QH 

103  

WH 

105  

X11 

10-1  

dB dT CG D1  s 

10
-1  

r lh,G 

.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 16.1 401 6.47 1.27 

2.5 5.37 1.29 2.20 1.07 1.92 17.2 293 6.11 1.34 

Table 23  

q a*(ts,S 

-tG,i) 

b*P/q c*(s 	/q cs 

-Epm/q) 

PL/ q 

10
8  

10
-1  

10-3  10
-1 -1 lo 

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 

10
8  

UH UG Q  G Nv 
z5 z1 LC/np Afr,G nD1z1 

q 

10
-4  

q 

10
-4  

10 - - 

7.5 475 6.10 107 44.8 453 72.9 166 1.47 1.48 
5.0 478 5.93 105 46.o 384 60.1 169 1.49 1.51 
2.5 495 5.81 103 51.6 306 43.9 173 1.52 1.62 
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9.4 Graphical presentation of results  

A contents list of the graphs, followed by the 

themselves, is given as follows: 

1 QH and WH for Wet- and Spalding-systems 

2 Duct diameters, dT  and dB 

3 tC,i  and t for Wet System 

4 Heat-capacity factors, Cr  and CG  

5 CF,/CG  and WC  for Heller System 

6 D, and nh,G  

7 r1 and s for all systems 

7a XH  for Spalding System 

8 Temperature-difference con 

9 Temperature-difference con 

10 Temperature-difference con 

11 Pressure-drop constituents 

12 Pressure-drop constituents 

13 Pressure-drop constituents 

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 equation 

23 Merit-factor 

242 • 

graphs 

stituents for Wet System 

stituents for Heller System 

stituents for Spalding System 

for Wet System 

for Heller System 

for Spalding System 
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and GO/GC for Wet System 24 Nh•G , 

25 	Overall Hot- and Air-side heat-transfer coefficients 

26 	Air-side heat flux and ratio of tower surface area 

to waste-heat rejection rate 

27 	ENv constituents for Wet System 

28 	ENv constituents for Heller- and Spalding-systems 

29 	r5 - r1 and height of top of tower 

30 	Tower inlet. height and length of tower heat-exchanger 

unit 

31 	Ratios of heat-exchanger frontal area and tower inlet 

area to waste-heat rejection rate 

32 	Exhaust stemntemperature'and Di2  /q 

33 	Generator output vs waste-heat rejection rate 

34 	Merit-factor' vs zH  for Heller system and merit-factor 

vs r1 for Heller- and Spalding-systems 
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GRAPH 2: Duct diameters, dT  and dB  

4 
	

6 
	6 

xi, Btu/PI 	 

24 5 



GRAPH 3: tcli and t for Wet System 
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GRAPH 4:  Heat-capacity factors, CF  and CG  
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GRAPH 7: ri  and s for all systems 
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GRAPH 7a: X H  for Spalding System 
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GRAPH 8: Temperature-difference constituents  
for Wet 5gstem 

Based on accurate 

optimization method 
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GRAPH 9 : Temperature— difference constituents  
for Heller System 
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GRAPH 10: Temperature- cliff erence constituents  
;or Spalding System 
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GRAPH 14: Cooling-system price constituents 

for Viet System 

258 

20 

to 

113 

Based on accurate .  
optimization method 

16 

12 — 

ics/q. — ipm/q 

\ 

In 

94 
8 

0 0 	 0 	 0 

t o 
sc 

I 0 - 

	

0 _ 	1 	1 	1 	I 	I 	I 	1 V1 1 	 i  

	

2. 	3 	4 	6 	8 	10 	15 
x t 0

S x1013  

C1.1  Btu/h 

20 



GRAPH IS: Cooling-system price constituents 

for Heller System  
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GRAPH 16 : Cooling-system price constituents 

for Spalding System  
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GRAPH ,IS: Merit-factor constituents  
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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 preceding sections are devoted, among other minor items, 

to justifications of the various assumptions, decisions and 

chosen numerical values necessary to the establishment and 

application of the accurate and approximate methods of 

optimization. 	It is left to the reader to decide which 

sections take priority. 

10.1 Calculation of results  

The results 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 approximate 

methods, 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 sufficiently 

close to their optimum values when the following formula 

was satisfied for all of the design variables:.  

(design-variable value at nth iteration) - 

(design-variable value at (ntl)th  iteration) 

where 

4 a 

 

a = one per cent of design-variable value at nth iteration. 

Nj 
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The times taken by the computer to satisfy this formula 

for each case and to print out the results were about 15, 

30 and 40 seconds for the Wet-, Heller-sand Spalding-systems 

respectively. 

Due to various administrative reasons, only a small 

amount.of computer time was available when applying the 

accurate methods. 	In consequence, the searching technique:. 

inherent, in the accurate "steep-descent" method had to be 

stopped at a certain stage in each case so that it was not 

possible to obtain optimum design-variable values to the 

same degree of accuracy 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 prcivide design-variable values which result 

in optimuM or near-optimum merit-factor values, the shortage 

of computer time did not constitute a serious disadvantage. 

In fact, the scattered points in some of the graphs in 9.4 

- arising from the non-convergence of some of the design 

variables - are useful in that they serve to show that. opti-

mum merit-factor values are relatively insensitive to the 

values of certain design variables. This point is enlarged 

upon in the next sub-section. 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 

values constituting computer calculating times of approxi-

mately 30, 6 and 7 times greater than those for the approxi-

mate methods - for the Wet-, Heller- and Spalding-systems 

respectively. 

10.2 Appraisal and discussion of methods of determining  

optimum design-variable values  

As can be seen from tables 11 and 12 and graph 23 

(chapter 9), the substitutions of the design-vaiiable 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 respectively. Therefore, these design-variable 

values are considered to be sufficiently accurate for the 

prediction of optimum merit-factor values. 

The foregoing small errors in merit-factor values are 

a little surprising, especially after noticing in graphs 

1 to 7a that the accurate and approximate 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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M 
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The explanation for the small errors in merit-factor 

values is considered to be that PL/q must be relatively 

insensitive to changes in value of several of the design 

variables. It would, of course, be advantageous to know 

what these relatively unimportant design variables are. 

However, the classic method of finding this out is a diffi-

cult and, in the present circumstances, an impractical task 

which involves differentiating the-merit-factor equation 

twice with respect to each of the design variables, thereby 

arriving at expressions indicative of the sensitivity of 

PL/q to changes in design-variable values. 

Fortunately, soma of the relatively unimportant design 

variables can be detected by examining the amount of scatter 

displayed in graphs 1 to 7a-by the results accruing from the 

accurate. methods. It is 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 arises from the knowledge that: in generating 

a design-variable value, the searching technique inherent 

in the accurate "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 it 

displays widely scattered results. However, the 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 optimum values that little change in their values is 

deemed necessary by the searching technique. 

The design-variables which can be seen from graphs 1 to 

7a to have widely scattered values are: AT  and CF  for the 

Wet system and dT, Cr/Cc, WC  and r1  for the Heller system. 

In view of the comments in the previous paragraph these 

design-variables are considered to be unimportant. That 

this is true Tor 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 

14, 1r), 17 and 18 to constitute a very small contribution 

to the merit-factor. For the same reason, dT  and 	in 

the Spalding system are also considered unimportant although 

this cannot be divined by observation of scatter. The 

initially chosen dT  and dB  values were those resulting from 

the approximate method and, as can be seen from graph 2, are 
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so close 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 W is unimportant also seems reasonable 

since its value affects the Cold-side heat-transfer coeffi-

cient and the pumping power, both of which have a small 

effect on :the merit-factor. r1 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 

CF for the Wet system and CF/CG for the Heller system are 

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, during the course of 

optimization, the values of the remaining design variables 

will be re-adjusted so as'to negate mostp.or all, of the. 

effects on the merit factor occasioned by the differences 

between fixed and optimum values of CF  and CF/CG. The 

fact that CF is relatively unimportant serves as an addi-

tional assurance that the fixing of CF  in the approximate 

method of optimization for the Wet system does not constitue 

a serious source of error. 

The reason for paying so much attention to the weeding 

out of unimportant design variables in the previous para-

graphs is that a designer can ass*Gn fixed values to them, 

thereby considerably easing the task of finding the optimum 

values of the remaining design, variables. 	For example, the 
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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 is used, a considerable saving in computer time is 

ensured since calculating time is roughly proportional to 

the cube of the number of design variables. 

In comparing the accurate and approximate methods inso-

far as convenience of application is concerned, the conclu-

sion is reached that if a computer 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 differential forms 

of the merit-factor equation, these being processes which 

have to be repeated should it be necessary to replace exist-

ing formulae by new ones of different form. 

Of course, if a computer is unavailable, the approximate 

methods must be used. In such events, unless fairly good 

initial guesses 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 simplifying the equations appearing in 

chapters 6, 7 and 8 still further in order to reduce the 

number of calculations per iteration cycle did not meet 
• 

with success. The design-variable values which did emerge 

after simplification were so far removed from their actual 

optimum values 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 exceeded. 

This situation stems from the fact that PL/q is relatively 

insensitive to changes in value of several deSign-variables. 

From the mathematical point of view, this insensitivity 

makes it easy to predict optimum merit-factor values to a 

high degree of accuracy, but difficult even to make. approxi-

mate predictions of optimum design-variable values. 

10.1 Variation of quantities with waste-heat rejection  

rate 

It would be advantageoUs to be able to make fairly 

accurate predictions of design-variable values, and those 

of various other important quantities, at different waste-

heat rejection rates from a.knowledge of the values at a 

particular 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 

values which do not vary with q are: 
4 

Q
H
,WHI  CF' tC il t and s for the Wet system; o   

WC' r1 and s for the Heller system and 

QHI  WTI,  r1, s and XH  for the Spalding system. 

For the remaining design variables, the following relation- 

ships appear to have values which are sufficiently invariant 

with respect to q to be adopted as constants: 
2 	2 dT/q, dB/q, dCG/dq, d(CF/CG)/dq, Di/q (see graph 32), 

dn G  h,/dq and dr1/dq, (for the Wet system). 
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In addition, the following important auxiliary quan-

tities can be regarded as constant with respect to q for 

all practical purposes: 

tsts-ta,i, ENv, Lc/np, Afrta/q, tsts  and, to a lesser 

extent, Qa. 

A noteworthy comment is that both (1: cs /q-113m/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 variation 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 34. 

10.4 Validity of assumptions made in carrying 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. 

Sufficiently good guesses of the exhaust-st411 temperatures 

are considered to have been made for the evaluation 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 intermediary heat-transfer 

fluids are considered to have been evaluated sufficiently 
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accurately at the guesSed mean temperatures of 80, 90 

and 100 deg F for the Wet-, Heller- and Spalding-systems 

respeCtively, the corresponding calculated temperatures 

being 70, 80 and 85 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 r1 for the approximate Heller-system method, and both 

Spalding-systeh methods, is justified by the fact that r1  

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-tide heat-transfer 

coefficient formula:for the Spalding system does not , give 

rise -to optimum merit-factor values significantly different 

from those arising from the use of a more optimistic 

nucleate-boiling heat-transfer coefficient formula. With 

regard to optimum design variable values, the only notice-

able differences are in Wu  and Xi, the use of the latter 

formula -• 	• resulting in smaller values of Hot-side 

refrigerant velocity and recirculation. Accordingly, the 

choice of the former single-phase formula in the present 

investigation is considered to be justified. 

Graph 44 illustrates the variation of optimum merit-. 
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factor with effective height of the waterklevel in the 

Heller-system steam condenser. The plotted curve makes it 

possible 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 zll; that this should be so 

can be deduced from (3.5-9), (3.5-8) and (3.5-11) wherein 

it is seen that increased zH values are accompanied by 

decreases in extra pressure drop and, in consequence, re-

quired pumpir4 power. The smallest possible value of PL/q 

occurs when zH has increased to the point where no extra 

pressure drop need be imposed by a water turbine, i.e. for 

the condition where Apx  = 0 in (3.5-9)• . By substituting 

values obtained from tables 6 and 17 (at q = 5 x 108) into 

(3.1-9), the value of zli for  the foregoing condition=- is 

found to be 76 feet. After linearly extrapolating the 

curve in graph 34, PL/q can be shown to decrease by 2 per 

cent when zH 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 foregoing possible maximum error in PL/q is so 

small that the assumption of zH  = 20 in the present inves-

tigation is considered to be Justified. 

The adopted assumption foi. the Heller-t;ystem Hot-side 

"temperature approach", viz. tstS-t 	= 7 deg F, is regarded • 
as a possible source of significant errors in evaluating . 
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optimum merit-factor values. This is deduced as follows: 

An error, At, in the adopted value of tsS-tHto can be t  

seen.from the merit-factor equation to result in a corres- 

ponding error,A PL/q,' in the merit-factor value, according 

to the expression 

APL/q = :tat. 

In consequence, the percentage error in P q corresponding 

to an error of 1 deg F is given by 

{(APL/q)(100) / (PL/q)(At)/' = 100a*/(PL/q) 

z 1.68 

for a* = 0.0042 and the reference value, PL/q = 0.25. • 

This means that an error of only 3 deg Flail give an error 

in PL/q of about 5 per cent. 

The foregoing comments, coupled with the fact that 

various sources of information indicate that (t -t ) s,S H,o 
could be anywhere between 0 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 SG1  

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 91  and (01  in 

(4.3-3), those containing b*  make a contribution of les's than 

10 per cent. 	Since the maximum value of b P/q p  viz. 0.0167, 

can 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 certainly valid. 

As a justification for making several other assumptions it 

is also assumed that D is only about 50 per cent of 

G' /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 heat-exchanger 

types. 

As mentioned in 4.3.1, a tower heat-exchanger 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 SG1 heat-exchanger type, chosen for the 

Heller- and Spalding-systeMs in the present investigation, 

to,satisfy these requirements 4s 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 values of approximately 14 and 164 

feet for 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 11 units are to be 
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preferred in making up the total tube length of 164 feet. 

ii) A requirement 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 system. 

For the Spalding system, on the'other hand, Afr,G  is a little 

less than 	7rz1ri1. 	However, as mentioned before, the value 

of r1 (fixed,at 0.15 in the present investigation) can be 

varied without significantly affecting optimum merit-factor 

values. In consequence, r1  can be adjusted by the small 

amount necessary to make AfrroiltziDi  and the Sal heat-

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 exbhanger can 

be fitted exactly into the hollow cylinder representing the 

tower inlet area. There is therefore no need for the 

awkward 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-exchanger 

frontal area is nearly twice that of the tower inlet. 

Anotherrequirement'stipulated in the second item in 

4.3.1 is that: "the optimum physical dimensions of the whole 

tower 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 in%the following pages are 

given in support of thiS claim. 

As can be seen from the Heller-system sketch, a number 

of individual heat-exchanger units are stacked in a vertical 

column so that the tubes are horizontal. 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 heights, a larger 

number of units per column would be required. Heated water 

from the steam condenser passes into the header of each unit 

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 columns so that 

the tubes are vertical. Assuming that the units are about 

16 feet long, the choice of three units 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 

column of stacked heat-exchanger units is required in order 

to make up the total length of flow path. The number of 

columns required is given by the integer nearest to the 
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number represented by the ratio (Lc/np)/zi; for' an inlet . 

height of 48 feet the integer is 3. Therefore, a single 

Cold-side flow path is obtained by connecting together 

three of the vertical columns of stacked units, e.g. A, D 

and. C in the sketch, by means of vapour connecting ducts, 

. e.g. D and C. 	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 

via 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 drained 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 condensate drainage ducts F, 

G and H. 

iii) The third requiremeAt in 4.3.1 to be satisfied is 

that. the fixed integer values chosen to represent the opti-

mum number of tube rows, viz. nr  = Z, for both Heller- and 

Spalding-systems, should be close to those values which 

would result from optimization were nr  to be regarded as a 

variable and not restricted to integer values. This would 

be so if the values of nr, obtained by substituting values 
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from the tabulated results into the equation developed in 

appendix L, were to agree closely with the previously 

adopted integer values, viz. nr = 2. After carrying out 

. 
this substitution for q = 5 x 10

8
, nr values of. 3.2 and 

2.5 were obtained for the Heller- and Spalding-systems res-. 

pectively. Unfortunately, the fact.that these values are 

not very close to 2, especially for the Heller system, leads 

to the conclusion that the conditions under which the SG1 

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 optimum merit-factors, subject to the satisfaction 

of the other heat-exchanger requirements. However, it is 

contended that, in this context, any decreases in merit-

factor values are likely to be small and that the foregoing 

discrepancies in nr  values do not render the SG1 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 Heller 

system does result in convenient' sizes of individual heat-

exchanger units. 

In view of the foregoing comments, the SG1 heat-

exhhanger type is concluded as being suitable for use in both 

;the Heller- and Spalding-systems since, in addition to being 

of high potential merit, it satisfies all but one of the 
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requirements enlisted in 4.3.1, the exception being regarded 

as relatively unimportant. 

10.6 Appraisal of tower heat exchanger. type LU1, 

As mentioned in 9.3.1 the accurate method is used in 

. obtaining results for the Heller system (at q = 5. x 1081 .  

for the LU1 heat-exchanger type in order to note the effect 

of using another heat-exchanger type which has a potential 

merit similar to that of the SG1 type, but with larger 

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 cent. However, further examination 

of table 12, tables 14 and 17, and the graphs subsequent 

to grasiph 27, reveals that the values of r5-r1, z5, LC/np 

and AfrtG/q for the Ma heat-exchanger type are all appre-

ciably greater than their counterparts for the SG1 type, 

whereas the value of -Az1D1/q is only slightly smaller. 

The results are used in discussing the suitability of 

the LU1 heat-exchanger type, in relation to type SG1, as 

follows: 

i) The LU1 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 less convenient zig-zag or concertina 

arrangement in.order to accommodate the whole heat exchanger 

in the tower inlet area. 
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ii) The LU1 type is also considered'tp suffer slightly 

in that LC/np is approximately 36 feet. For example, the 

use of the Heller-system arrangement as proposed in the 

sketch in the previous sections (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 with respect' 

to the longitudinal axes of the tubes, thereby altering • 

the heat-transfer and pressure-drop performance characte-

isticse the heat exchanger. Furthermore, the inlet 

height can be seen froM graph 30 to be greater than Lc/np  

for all values of q . greater than q = 2 x 10
8 so that the 

arrangement. as used for the Heller system at Rugeley (see 

ref.9) cannot be employed as an alternative in this instance. 

iii) The LU1 type does, however, possess an advantage 

in that the number of tube rows evaluated from the equation 

in appendix L, viz. nr  = 2.4, is very much closer to the 

fixed integral number adopted during optimization, viz. 

nr = 2, than is the case for the SG1 type. This indicates 

that the LU1 type operates under conditions such that its • 

potential merit is more fully exploited than that of the 

SG1 type. The better exploitation of the LU1 type explains 

the fact that, although the potential merit of the LU1 type *  

is 0.46 per cent worse than that of the SG1 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 previous section that any improvements 

in merit-factor values, arising from the better exploita-

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 LUI 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 

six columns of stacked heat-exchanger units as opposed to 

the three columns proposed in the sketch in the previous 

section. This arrangement is considered to be more diffi-

cult to construct without offering any significant advantages. 

In view of the foregoing comments the LU1 heat-exchanger 

type, employing tubes of larger diameter than the SG1 type, 

is considered to be less suitable for both the Heller-. 

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 suitable 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 LH  = 50.8 feet; nH  = 1906 

and shell diameter i.4.12 feet. 	The length of the condenser 
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shell - resulting from the adoption of two Hot-side passes 

in 1.2, as recommended by Ellingen in ref.13, and 3/4 inch 

o.d. tubes - is therefore given as (50.8)/2 = 25.4 feet.. 

That the proportions represented by these dimensions do 

occur in practice has been observed by the author and can 

be further authenticated by reference to various sources 

of information such as ref.24. The choice of two Hot- . 

side passes and 3/4 inch o.d. tubes is therefore regarded 

as justified. 

Furthermore, the adopted heat-transfer coefficient 

formulae are considered to be accurate because the predicted 

Hot-side overall heat-transfer coefficient, viz. UH  = 675 

in table 13, compares favourably with the value U11  = 640, 

which is obtained from the graph of the Heat Transfer 

Institute on page 308 of ref.24. 

10.7.2 Spalding system  

In determining whether the'steam-condenser dimensions 

are suitable for construction purposes, the same procedure 

as employed in the previous sub-section results in the follow- 

ing values (at q = 5 x 108) for one Hot-side pass, 3/4 

inch o.d. horizontal tubes and assuming single-phase, forced 

convection heat transfer on the Hot-side: 

Length of condenser (=LH/1.0) 

number of tubes 	(=nH) 

diameter of shell 

Hot-side overall heat-transfer 

coefficient 

= 29.1 ft 

= 21,300 

= 12.8 ft 

= 607 Htu/(hr sq ft degF) 
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The corresponding values resulting from the use of the 

optimistic nucleate-boiling heat.-iransfer coefficient for-

mula are similar to the foregoing ones and are calculated 

• as 

34.6 ft, 18,000, 11.8 ft and 478 Btu/(hr sq ft deg F) 

respectively. 

The foregoing dimensions, like those for the Wet system, 

are considered to constitute no difficulties insofar as 

construction is concerned. Therefore, the assumptions 

made in 1.4.5 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 zR, 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 liquid refrigerant containing vapour up to 

the separator. 

go 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 the 

foregoing two UH  values-is the more accurate. 	However, as 

stated before, the point is not important as merit-factor 

values are essentially the same whichever of the two Hot-

side heat-transfer coefficient formulae are used. After 

separating the respective UH  values into their constituent 
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Steam- and Hot-side partial heat-transfer coefficients the 

following two sets of values follow: 

u 	= 167o, 	uH  = 1410, 

u 	= 1670, 	uH 
	702. 

The similarity between us  and un  in the former set means 

that the use. of extended surfaces on one of the steam-

condenser sides need not be considered should the single-

phase, forced convection heat-transfer coefficient formula 

be the more reliable formula for the Hot-side. However, 

should the nucleate-boiling formula. be betterl then it is 

just feasible that the use of extended surfaces might be 

of some advantage. 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 adoption of a refrigerant 

flow arrangement allowing for recirculation of the refri-

gerant, viz. the fourth possibility 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* is to compare the opti-

mum values of exhaust-steam temperatures and cooling tower 

dimenions, obtained in the present investigation, with those 

for comphrable cooling systems already in existence. This 
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statement is an expanded version of that appearing at the 

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 investigation. 

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 channel. in- 

creasing the efficiency of air-flow, which are likely to 

introduce unforeseeable changes in the values of optimum 

cooling tower dimensions. It is therefore contended that 

the Wet system results cannot be.used in order to ascertain 

the validity of.the adopted a*, b*  and c*  values. 

The results for the Spalding system are no good for 

this purpose either as there is no cooling system in exis-

tence which is based on the Spalding-.system design. 

Fortunately, there is one cooling system in existence 

which is considered to satisfy the foregoing requirements 

sufficiently well to allow for comparisons, viz. the cooling 

system at Rugeley which is based on Heller-system design 

principles (see ref.}). 	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 for a different tower- 

heat exchanger layout. 	The cooling system s.e.r3.res a turbo-

generator unit with a generator output of 120 MW, i.e. 

Pu = 1.2 x 10
5  kW, and the atmospheric dry-bulb temperature 

is given as= 52 deg F. These values, together with tGpi  

the following optimum"values, aregiven on page 41 of ref.2: 

1)1 = 325 ft, r1 = 0.148, s = 0.63, z
5 
= 350 ft, 

is S 	tG i 	
33 deb; F, tsts  = 85 deg F. 

to  

In obtaining corresponding values from the results in the 

present investigation, a value of Pu  = 1.2 x 105  kW is seen 

from graph 33 to be equivalent to q = 4.5 x 108  Btu/hr. 

Graphs 6, 7, 29 and 32 thereupon show that for tG,i  = 57 

deg F, 

D1 = 336 ft, r1 
= 0.15, s = 0.665, zr  = 380 ft,. 

t  t5 5 tG1 	s S = 37 deg p, 	= 94 deg P. 
,, o  

Comparison of the physical dimension values indicates that 

the Rugeley cooling tower is only slightly smaller than that 

obtained in the present investigation. As the adopted 

value of tG i is 5 deg F greater than the Rugeley value, o  

the value of t"s  should also be greater by an approximately o S 

equivalent amount. 	In fact, the indicated difference is 

9 deg F but it is to be remembered that a Hot-side tempera-

ture approach of 0 deg F has been assumed for Rugeley (see 

ref.0) as opposed to 7 deg F in the present investigation. 

The effective difference in exhaust-steam temperatures is 
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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 excellent indication that the 

adopted methods of estimating a*, b*  and c*  values are valid. 

10.9 Comparision of considered. cooling systems  

Overall merit-factor and cooling-system price consti-

tuents are considered to be of chief interest to a designer 

and, therefore, comparisons of the considered cooling system 

types are restricted to considerations of these two quan- 

tities. 	Since the rates of change of PL/q and (gcs/q 

E Pm/q)  with respect to q can be seen in graphs 23, 14, 15 

and 16 to be similar for all three systems, only one q 

value need be considered for comparison purposes. There-

fore, a representative 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 

PL  /q, 	(1) 	x10-1  . 	1.75 2.82 3.02 

Ecs/q-EpmA' 	x10-3 

T/(ntu/h) 

1.03 1.65 1.97 

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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ytd7 :504. y rw,144-01) 
 rot choosing 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 the Wet system, temporarily 

identified by the letter a, would have to satisfy the rela-

tionship 

a 	f(PL/c1)other - (Pdoweti /c* 

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. 

1.5 and 1.8 times the price of cooling system components, 

for the Heller- and Spalding-systems to become competitive. 

If the above values are found to be exceeded for a 

chosen power-station site, a choice has then to be made 

between the Heller= and 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 water freezing in 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:comtlonents for the Spalding system is 1.19 

times greater than that for the Heller system. 

When comparing merit-factor values it is to be remembered 
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that the tabulated Heller-system PL/q value has tolerances 

of +6.7 and -11.8 per cent according to the conclusion at 

the end of 10.4. Therefore, the worst PL/q value for the 

Heller system is 0.301. This value, when compared with 

the tabulated Spalding-system value of 0.302, leads to the 

conclusion that, where de-icing facilities are not necessary, 

the Heller system will always be better than the Spalding 

system, even if only by a small amount. 

However, if de-icing facilities are necessary for the 

Heller system, the capitalized price of de-icing facilities 

per unit waste-heat rejection rate, temporarily identified 

by the letter b, must satisfy the relationship 

7 /c b a NPL/Ospalding 	(PL/q)Heller ,   

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 is 

given 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, r4sults in 

b = 0.0000145 

or 0.88 per cent of the tabulated cooling-system price. 



10.9 	 309 

It can therefore be concluded that, Where de-icing 

facilities are necessary, the Heller-system will always 

have better merit-factor values than the Spalding system 

if the capitalized price of de-icing equipment is less 

than 0.88 per cent of the price of cooling-system components 

for the Heller system, whereas the converse is true for 

values greater than 46.5 per cent. These two limiting 

percentages, arising from the tolerances on the Holler- 

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 reasonably 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' 

consultants responsible for the construction of large power- 

station jet condensers in New Zealand (refs. 43.  and 17), 

does in fact constitute a fairly accurate value. In this 

instance the associated Heller-system merit-factor value, 

viz. 0.282, results in 

b = 0.00029 

or 17.6 per cent of the tabulated cooling system price. 

It is thereupon concluded that 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. Unfortunately, there is no published 
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it,Lv 	v  
information available to indicate what this percentage is 

for the Heller system at Rugeley. 	It is, however, con-

sidered that the percentage is not likely to be as large 

as 17.6 per cent and that the Heller system will therefore 

always be slightly better than the Spalding system. 



11.1 
	

311 
• 

11 SUGGESTIONS FOR FUTURE RESEARCH AND GENERAL CONCLUSIONS  

11.1 Suggestions  

The various suggestionsare given in point form as 

follows: 

a) Heller system  

i) The merit of the Heller system is appreciably 

affected by errors in evaluating the Hot-side temperature 

approach, i.e. is S -.tH,0. 	This, coupled with the fact t  

that little is known about the relationship between per-

formance and cost of jet steam condensers large enough 

for power-station applications, means that a worthwhile 

project would be to predict this relationship accurately. 

ii) Due to insufficient published information the 

capitalized price of de-icing facilities has.not been 

evaluated in the present investigation. '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-

venience caused by the necessity of providing de-icing 

facilities, in order to estimate how much the Spalding 

system profits by not requiring such facilities. 

b) Spalding system  

i) The empirical formulae for predicting Hot-side. 

heat transfer and.  pressure drop in the present investiga-

tion, while appearing to be the best currently available, 

are regarded by their formulators as of limited applica-

tion and to be used with care. Therefore, a fruitful . 



field of investigation is considered to be the checking of 

the adopted correlations, or the derivation of more accurate 

ones, using the results of experiments conducted with 

refrigerants at saturation temperature under conditions 

applicable to the Spalding system, viz. forced convection, 

two-phase fluid flow through tubes with high liquid refrigerant 

recirculation rates. Furthermore, this investigation could 

well be extended to the obtaining or derivation of accurate 

heat-transfer and pressure-drop correlations for steam 

flowing through, and refrigerant flowing past, condenser 

tubes. Possession of such correlations would enable a 

designer to predict with precision the merits of various other 

steam-condenser-configurations in addition to that adopted 

in the present investigation. 

ii) The comments in i) regarding limited application of 

correlations also apply 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, would help a designer in 

choosing between various tower heat-exhhanger configurations. 

The suggestions in the foregoing 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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.efficient prediction: can have a significant effect on the 

Spalding-system merit-factor value. 

c) General  

i) There is thought to be considerable -scope for 

improving on the steam-condenser and tower heat-exchanger 

price formulae adopted in the present investigation by 

taking into account more of the many factors which signifi-

cantly affect prices. 

ii) The derived, simplified method of determining the 

potential merits of tower heat-exchanger types, so that 

thelbast promising of them can be eliminated from further 

consideration, requires the use of a computer in applying 

it. 	This is no , good when computers are unavailable and, 

therefore, there is considered to be scope 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: 

i) The approximate optimization methods compare favour-

ably with the accurate ones in estimating design-variable 

values for the purpose of evaluating accurate optimum 

merit-factor values. 

ii) The various assumptions adopted both in deriving and 

applying the accurate and approximate optimization methods, 

and the simplified method of choosing promising tower heat-

exchanger types, are justified. 

iii) The choice of the SG1 heat-ekhhanger type for adoption 
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in the Heller- and Spalding-systems 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-

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 

temperatures, 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 merit-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. 

vi) 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 capitalized 

value of supplying Wet-system make-up water exceeds 1.5 to 

1.8 times the total price of cooling-system components. 

On thp 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 cost and performance of large jet. steam condensers, in 

order to predict the Spalding- and Heller-system merits 

more precisely. 
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A PHYSICAL PROPERTIES OF COOLING• SYSTEM MATERIALS.  • 

1.1 Introduction. 

Data necessary for the evaluation of physical proper-

ties encountered in the design of cooling systems are fUlly 

summarized in this appendix. The data are presented in . 
• 

equation form to suitthe requirements of automatic digital 

computers, of which extensive use was made in carrying out • 

numerical calculations. • Since works of• reference usually . 

specify physical property information in tabular form, the 

requisite equations were obtained by drawing graphs, postu-

lating a sultable.form.of equation and then applying stan-

dard curve-fitting techniques to determine the equation 

constants. 

In order to arrive at simple equations it is assumed.  

that pressure has no effect on viscosity, thermal conduc-

tivity, specific-enthalpy or constant pressure specific-.  

heat under non-saturation conditions. This is a Justifi-

able assumption for the ranges of pressure and temperature 

encountered in the present work. 

Where applicable, the physical property equations are 

accompanied by the range of validity, the maximum deviation 

between calculated and tabulated values, and:the.reference 

number and page of the source of.information. A complete 

list of the source references appears'at the end of this 

appendix. 
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A.2 Water.and its vapour. 
0.5 

In ps,w  sa —6.24+ 1402.8-4x10-4  (t0,W.434.4) 23 

32- 150 deg.F ; 1.0%; ref.6, p.9. 	 (A.2-1) 

vi,V = 2.101x104  tf Or • -1.303x10-6t1'01 + 0.01602. 

32. 212 deg.F; 0.1%; ref.6, p.9. 

In lif or  = 16.44- 1334..7-4x10-4(tgow-846.1)9 

32 -150 deg.F; 1.0%; ref.6,p.9; small.superheating.(A.2-3) 

fgpli 	
2 	• —1.949 x10- .4 tsW —0.5386  t8,W  + 1093.0. =  

32 -212 deg.F; 0.5%; ref.6, p.9. 	 (A.2-4). 

= (1.207x10-5  tfsw  +3.863x10-3
t f,W +0.09461)-1  

32 -212 deg.F; 1.0%; ref.13, p.62. 	 (A.2-5) 

g,W = 4.946 x10-5tg„W  + 0.02112. 
32 -400 deg.F; 0.5%; ref.10, p.471. 	 (A.2-6) 

kr,w = 4.722 x10-4tfoi  +0.3149. 
32 -176 deg.F; 0.2%; ref.9, p.800. 	.(A.2-7) 

kg,W = 2.233 x10-5t 	+ 7.945 x103. 
32 -392 deg.F; 1.0%; ref.13, p.199. 

2  ctow  = 1.337 x10-6  trof  -3.374x10-4tf,w+1.018. 
32 -212 deg.F; 0.3%; ref.13, p.151. 

a 0  5.14 x 103  (water against air). 
60 deg.F; approximate spot value; ref.9,p.376. 	(A.2-10) 

A.2-8) 

(A.2-9) 
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cg,W = 3.5 x10-5tg,W 0.4431. 

10 -190 deg.F; 0.3%;' ref.8, p.112. 	(A.2-1i) 

(hf,W + hfg,W  ) = 0.4467 t 	+ 1062.0. 

32 - 212 deg.F; 0.3%; ref.6,p.9; small superheating. (k.2-12) 

A.3 Dry-air (one atmosphere). 

uA = -2.673x10 A2+6.819x10-5tA+0.03936. 

(-10) - 242 deg.F; 0.1%; ref.7, p.62. 	(A.3-1) 

t 	• 
kA  = -6.154x10-9tA  2.591x10-JtA+0.01313. 

(-10) - 242 deg.F; 0.1%; ref.7, p.70. 	(A.3-2) 

cA.  = 7.5403E10-6tA+0.2401. 

(-10) - 242 deg.F; 0.2%; ref.7, p.39. 	(A.3-3) 

hA  = 0.2406 to - 7.698. 

32 -212 deg.F; 0.2%; ref.8, p.4. 	(A.3-4). 

A.4 Moist air (one atmosphere). 

A.4.1 Use of water-vapour mixture-fraction. 

According to page 271 of ref.12, moist-air can be 

regarded as an ideal gaseous mixture for present purposes. 

Its physical properties may be ascertained 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) +(l-FG)(dry-air physical property), 
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where 

FG  = (mass of water-vapour in moist-air mixture)/(total 

mass of moist-air mixture). 	(A.4-1) 

In ref.12, FG  is referred to as the "water-vapour 

mixture-fraction". 

A.4.2 Physical property 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-bulb temperature tG. 

//G 	FG ihg,W 	(1-FG) Al  A. (A.4-2) 

kG  = FG  kgoi  + (1 FG)kA. (A.4-3) 

cG  = FG  cgof  + (1 FG)cA. 

hG 	+ brgot) + (1-FG)hA, 

'(small superheating). 

(A.4-4) 

(A.4-5) 

The specific-volume of moist-air can be calculated 

from the following thermodynamically derived equsition: 

+.460)(1 + 0.611 FG), 	(A.4-6) V = (11A/Patm)(tG 
• where RA  (z 53.35) is the individual gas-constant for 

dry-air and patm  is the atmospheric. pressure. 

A.4.3 Determination of water-vapour mixture-fraction. 

The deduction of FG  is Outlined on page 283 of ref.12, 

the result being 
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_(1-FG")NLe, w cW(-G- t*  G)/(h fg,11)  tG  
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(A.4-7) 

where F* is the water-vapour mixture fraction at the corres-

ponding wet-bulb temperature tG; NLe,W is the Lewis Number 

for water and has a value of 1.167 for moderate concentra-

tions of water-vapour. 

FG is implicit in (A.4-7) since cG as 4  (FG• tG)  • 
HoweVer, examination of (A.4-4) shows that little error will 

ensue by placing FG  = 0 in (A.4-4) to give 

cG  = cA. 
	 (A.4-8) 

In fact, the error in cG 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.4-8) 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 	G = F*  0.902 cA( ,l-F1( t--tG  )/( G u 	Ago, bG  (A.4-9) 

F* can be deduced by assuming saturated-air conditions 

and manipUlating (A.4-1) thermodynamically'to give the 

following function of t: 

* 	f1.611 (patm/p8,0 - 0.61111 -1 
	

(A.4-10) 

A.5 Refrigerants and their saturated-vapours. 

A.5.1 Introduction. 

Investigations indicate that the four refrigerants • 
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referred to in this sub-section show the greatest promise 

for adoption by the Spalding-system. The physical property 

equations are applicable to saturation, or near-saturation 

conditions, in accordance with Spalding-system requirements. 

In applying the'standard-cUrve-fitting techniques men-

tioned in Al,: it was noted that a single equation was 

suitable for the prediction of all .the physical properties 

needed for the present investigation, viz. 

In(physical property) no a + bts + cts
2  + dts

3, 

where a, b, c and d are constant's and is is the saturation 

'temperature. - 

The advantages offered by this simple equation made 

posSible the development of a single computer-program to 

calculate the constants in the above equation for every 

physical property of the refrigerants under consideration.-

The Mercury computer of the University.of London was used 

to calculate the constants appearing in the following sub-

sections. 

A.5.2 Ammonie. 

tripe  = 8.385+0.02407t5-5.570x10-5te2+9.025x10-8t83  

0 - 120 deg.F; 0.1%; ref.6, p.20. 	(A.5-1) 

In vf  = -3.7214.9.796x10-4t3+3.454x10-6t82-4.197x10-9t2 

0 - 120 deg.F; 0.2%; ref.6, p.20. 	(A.5-2)  

In vg  = 2.210-0.02266t3+5.086x10-5t92-1.026x10-7t8 
0. - 120 deg.F; 0.2%; ref.6, p.20. 	(A.5-3) 
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In hfg= 6.344-1.363x10-3t -2.314x10-6t2-1.536x10-8t3  

	

0 - 120 deg.F; 0.1%; ref.6, p.20. 	( A.5-4) 

= -0.5029-2.002x10-3t5-1.896x10
-6  ts2  -3.962x10-9  ts3  

40 - 100 deg.F; 0.1%; ref.1, p.275, table 3. (A.5-5) 

to ug  = -3.876+2.021x10-3t8+2.667x10-7t2-2.218x10-9t3  

40 - 150 deg.F; 0.1%; ref.1, p.275, table 4. (A.5-6) 

In kr  = -1.238 

5-86 deg.F; constant value given; ref.1,p.275, 

table 5. (A.5-7) 

In kg= -4.565+4149x10-3ts-7.985x10- 6t2+1.281x10-80 

122 - 302 deg.F: 0.1%; ref.1, p.275,,table 6. (A.5-8) 

In cf = 0.07691+4.404x10
-4t6  +2.662x10-6t 

O - 120 deg.F; 0.3%; ref.3, p.30. 	(A.5-9) 

mna = -6.436 

77 deg.F; constant value given; ref.', p.274, 

table 2. 	(A.5-10) 

A.5.3 Freon 12. 

In ps  = 8.1424.0.02114ts-4.856x10-5t:+8.137x10-8t 

O - 120 deg.F; 0.2%; ref.6, p.22. 
	(A.5-11) 

In of = -4.5104.1.314x10-3t5-3.296x10-7t2+1.703x10-80 • s 

O - 120 deg.F; 0.2%; ref.6, p.22. 	(A.5-12) 
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In vg  = 0.4756-0.01981t s 	6 	6  +4.132x10-5t2-8.696x10-80 

O.- 120 deg.F; 0.2%; ref.6, p.22. 	(A.5-13 

In hfg = 4.230-1.609x10- 	1• .687x10-6  ts-2.913x10
-8  ts

3  

O - 120 deg.F; 0.1%; ref.6, p.22. 	(A.5-14) 

In 
m  2 

= -0.2102-4.695xio-3t8+2.097xio-Jt.-6!133xio-N, 

0 - 120 deg.F; 	0.4%; ref.1, p.275 	(A.5-15) 

In g = 3•600+1.109X1C3t  8  6t2 4•054X1C80 8 	8 

0 120 .deg.F; 	0.2%; ref.1, p.275 	(A.5-16) 

in kf  = -2.977-2.604x10-3t -2.801x10-6t2-1 102x10-80 

O - 120 deg.F; 0.1%; ref.', p.276. 	(A.5-17) 

In kg  = -5.423+3.036x10-3t8-4.388x10-6t84.5.760x10-90 

O - 120 deg.F; 0.1%; ref.1, p.276. 	(A.5-18) 

In cf = -1.5384-6.165x10-4t
8+5.667x10-6t:-5.037x10-9t! 

O - 120 deg.F; 0.1%; ref.1, p.277. 	(A.5-19) 

Inc = -7.391. 

50 deg.F; constant value given; ref.1 p.274. (A.5-20) 

A.5.4 Freon 22. 

In ps = 8.6284.0:02102t-4.781x10-5t2+7.677x10-80 

O - 120 deg.F; 0.3%; ref.1, p.305. 	(A.5-21) 

In of = -4.430+1.376x10-3t8+4.155x10-7t2+2.154x10-80 

O - 120 deg.F; 0.1%; ref.1, p.305. 	(A.5-22) 
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In vg  = 0.3170-0.01986t5+3.861x10-5  ts2  -9.605x10-8  ts3  
. 

O - 120 deg.F; 0.1%; ref.1, p.305. 
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(A.5-23) 

In h
rg 

 = 4.549-1.670x10-3t
8
-5.693x10-6t2-4.764x10-8  t- 3 

' 

O - 120 deg.F; 0.1%; ref.1, 	 (A.5-24) 

In 4f= -0.3511-3.668x10-'t +1.289x10-5t2-3.048x10-80. 

O - 120 deg.F; 0.4%; ref.1, p.275. 	 (A.5-25) 

1np,g.  = -3.7124.1.679x10-3ts4.8.315x10- 7t2-4.891x10-8t3  
' 

O - 120 deg.F; 0.8%; ref.1, p.275. 	 (A.526) 

to kf= -2.766-2.442x10-3t8-2.603x10-6t2-8.227x10-90 s' 
O - 120 deg.F; 0.1%; ref.1, p.276. 	 (A.5-27) 

In kg -5.236+3.051x10- t -4.338x10-6t2+5.389x10-90. 

O - 120 deg.F; 0.1%; ref.1, p.276. 	 (A.5-28) 

In cf= -1.309+1.985x10-3ts-5.969x10-6t2-1.119x10-8  ts
3  
. 

	

D - 120 deg.F; 0.1%; ref.1, p.277. 	 (A.5-29) 

inc = - 7.391 

77 deg.F; constant value given; ref.1, p.274. 	(A.5-30) 

A.5.5 Methyl Chloride. 

in p8= 7.909+0.02265ts-5.170x10-5t8+7.287x10 

	

0 - 120 deg.F; 0.1%; ref.l, p.299. 	 (A.5-31) 

In v = -4.1274.1.058x10-3t5+1.966x10-7t:+7.049x10-9q. 
0 - 120 deg.F; 0.1%; ref.l, p.299. 	 (A.5-32) 
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In V g =1.603-0.02110t 8 	8 	S +4.488x10-5t-6.759x10-80. 
• 0 - 120 deg.F; 0.2%; ref.1, p.299. 	(A.5-33) 

r 

In hfg= 5.203-1.277x10-\-2.548x10-6t:-7.458x10-9t!. 

O - 120 deg.F; 0.1%; ref.1, p.299. 	(A.5-34) 

In1.Lf= -0.3273-3.427x10-3t5+8.083x10-6t2-1.297x10-80 a' 
O - 120 deg.F; 0.2%; ref.1, p.275. 	AA-5-35) 

In = -3.784+1.846x10-its-1.321x10-6t2-4.868x10-lots. 

O - 120 deg.F; 	ref.1, p.275. 	(A.5-36) 

n kr= -2.186-2.420x10-3t8-3.085x10-6t2-4.496x10-9t!. 

O - 120 deg.F; 0.1%; ref.14, p.459. 	(A.5-37) 

In kg= -5.387+4.866x10-3t -9.291x10-6t2+1.152x10-8t3  s' 
O - 120 deg.F; 0.1%; ref.1, p.276. 	(A.5-38) 

In cf= -1.002+6.356x10-4t5-2.792x10-7t2+7.352x10-1(43  s' 

	

0 - 120 deg.F; 0.2%; ref.1, p.277. 	(A.5-39)  

Ina = -6.803 
68 deg.F; constant value given; ref.1, p.274. (A.5-40) 

A.6 Thermal conductivities of metals and alloys. 

Cooling water for the Wet-system steam surface-condenser 

is usually in the form of river, lake, or similar natural-

water. For clean natural-water, 70/30 brass condenser tubes 

are 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 

km  =.55.6 	 (A.6-2)  

for 70/30 brass and admiralty brass respectively. 

From the data on pages 1015 and 1021. of ref.11 and dis-

cussion with Hart of ref.5, it is concluded that considera-

tion 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: 

k = 128.7 - 0.013 t. 

ref.4, p.22. (A.6-3) 

k = 31.22 - 0.0081 t. 

ref.4, p.22. ( 	.6-4) 

k = 8.17 + 0.0057 t. 

ref.5. (A.6-5) 
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B FRICTION-FACTOR FORMULAE FOR FLUID FLOW INSIDE TUBES. 

B.1 Definition. 

The friction-factor used in the present investigation 

is the so-called Fanning friction-factor, defined by the 

'following relationship: 

3(2.3041Pfrd)/(4PSaL ) • 
	 (B.1-1) 

B.2 Single-phase,.single-component..turbulent fluid flow  
4 

in tubes. 

B.2.1 Accurate formulae for transition and completely 

turbulent regimes. 

According to page 134 of ref. 1, the following 

Colebrook-White formula represents the best theoretical 

approach in determining f for the whole turbulent flow 

regime: 

0.2.-,oz./(6/d) i-s•assN el f -"'‘j/ 	(B.2-1) 
valid for: NRe  < 3000 . 

For the completely turbulent regime where f approaches 

a constant value, fn, NRe  values.are so large that the last 

term in the foregoing equation can be ignored to give 

fr7.5=-1•73Valnio•alotT(s/d)j)  

valid 4or:Ifan)41.C)1. 	 (B.2-2) 

For the transition regime, the implicit nature of 

(B.2.1) renders it unsuitable both for calculating f directly 

and in applying theoretical optimization techniques involv-

ing f calculations. In the former case, direct numerical 

calculation of f can be, and usually is, achieved by repre.. 
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senting (B.2-1) graphically. For the latter case, the best 

solution is to replace (B.2-1) by approximate, explicit 

formulae which'are valid for the ranges covered during 

optimization investigations. 

B.2.2 Approximate formulae for transition regime. 

For the present investigation, preliminary calculations 

show that approximate, explicit friction-factor formulae are 

required for the transition regime bounded by 104 
 NRe'  10

6. 

Furthermore, these formulae must apply to extruded tubes of 

about 0.5 inches inner.diameter, for which the relative 

roughness is c/d 0.0001 according to page 38 of ref. 1. 

Examination of the graphical representation, on page. 

137 of ref. 1, of f vs NRe  with e/das parameter, suggests 

the use of two approximate formulae of the following linear 

form: 

	

= a+  NRbit ; 	 . (B.2-3) 

where af and bf are constants calculated during curve- 

fitting procedures. 

Thus, for e/d = 0.0001, there results 

-f = 0.06NR-e".2.4)  

valid for: 104* NRe  4 105 	 (0.2-4) 

and 

f a o•oz a N R-e°6137-1  
,,, valid for : to5  se Iv Re 1 0 6  . (B.2-5) 

Both of these formulae over-estimate f with a maximum error 

not exceeding. 2.5 per cent. 
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B.3 Forced convection, two-phase, single-component fluid  

flow occurring during condensation in vertical tubes. 

On page 28 of ref. 2, Bergelin et al. present a graph 

of vapour-phase f vs NRe, from 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 more recent 

information, their graph will be used as a basis for calcu-

lations in the present investigation. 

Bergelin's graph is in the form of a family of 

f vs NRegg curves with of as the parameter, where 

= (o•as gf  rw/cr) NRef 	 (B.3-1) 

and NRe,g is the vapour-phase Reynold's number at any tube 

cross-section, based on the local mass flow rate of vapour, 

and NRef is similarly defined for the liquid-phase. ,  

It is desirable to specify the family of curves as a 

single equation, so as to permit the derivation of formulae 

during optimization procedures. Since each curve exhibits 

a maximum value of f, accompanied by non-symmetrical varia-

tions in slope, this is difficult to do. One way round 

the difficulty is to remove the dependence of f on NRe, for 

the purposes of the present investigation, by replacing each 

f vs NReog curve, associated with a particular value of are  

by a straight line giving a constant f value equal in mag-

nitude to the maximum f value for that curve. 

This assumption results in overestimated fl values, 
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thereby introducting a design safety factor. After plotting 

a curve of (f)MaX  vs  af' as shown overleaf, it is seen that 

an almost linear relationship. exists, given by 

(f)MCIA, 0.006 1-0. 000 S 0Cf 	 (B.3-2) 

valid for : c(4.4 100 . 	(B.3-2a) 
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Flow in Vertical Tubes", Heat Transfer and 
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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 deduced by' re-arranging (B.1-1) to 

give 

Apfra(4fP52L)/(a304:1). 	 (C.1-1) 

The differential form of (C.1-1), giving local pressure 

gradient, is 

(dpfriaX) (4f PS4)/(2-Socl) • 	(C.1-2) 

The substitution of the continuity equation, 

S =WV/C+ 	 (C.1-3) 

results in 

(44  pc, Icbc) = (4 vf W4) /(2- SAO. 	(c.1-4) 

C.2 Forced convection, two-phase, single-component fluid 

flow occurring during condensation in vertical tubes. 

The overall frictional pressure-drop cannot be calcu-

lated directly by 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 -4) to give 

(d pc , ol x.) a p,c‘Alga  + 6 1,,cW34 	, 	 (C.2-1) 

where 

a 1„)c  ( o- o vs)/ ( ocf al) 
	

(C.2 -la) 
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bopc  a  (6 000as veri  6-110/(504 Cr), 	(c.2-lb) 

after inserting the following definitions: 

NRejs311".1010A9 Cf) > 	
Nu" (d Wf)/(1.1.+Cf) . 

The dependence of Wf  and Wg  on x/L, the fractional dis-

tance along the tubes, must be ascertained before (C.2 I) 

can be integrated. The theoretical pressure gradient cal-

culated rrom (C.2-l) agrees closely with the experimental 

profile, for a typical condenser-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 with condi-

tions of no liquid at entry and no vapour at exit, results 

in 

We W(1-X/12))  Wfv-WXIL, where V/ a Vic 1. Ws 

and 
1 	 1 

A pfr  apIc  VI al (I - X./L)4d(X/L) 1- bolcLW31(304(1-x/W2A(ociL). 

The above equation can be integrated to give 

t 3 	 (C.2-2) A Detr 
 0.333a

P)
c,i_v., 	o 0 63 3 bplci-vg i  

valid for : ocip  4 100 

where ap,c  and bp,c  are defined in (C.2-l) and a
is
fit given by 

C.3 Forced convection. two-phase, single-component fluid  

.flow occurring during nucleate boiling in tubes. 

According 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 

clpfridx =41.(cipfr iclx)f) 	 (c.3 -1) 

where (dpfr/dx)f  is the local one-phase frictional pressure 

gradient calculated as if the local liquid constituent alone 

flows through the tube and 4k is a multiplicatWafactor. 
Before (0.3-1) 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 

procedure. 

Preliminary calculations applicable to the present in-

vestigation indicate that the liquid-phase Reynolds Number, 

based on total mass flow rate, lies in the range 3.0 

(NRe)f * 10
5 and that friction factors may be evaluated 

with sufficient accuracy from (B.2-4). The substitution 

of (B.2-4) into (C.1-4) results in 

(ciptricbc)f  =f(o.ilvf }tr"4)/(gocr76d1."4)3V41.176 ) 	(0.3-2) 

where Wf  refers to the local liquid constituent alone. 

According to page 698 of ref. 4 and page 45 of ref. 3, 

(1)f. can be evaluated from an empirically determined expres- 

sion, 

= s(x , operating pressure )tspes of flow regimes))  
where 

(v.t /11s)1/(2.- n)(1.14/tis)nfta-n)(wiiwg), 	 (c.3 -3) 

wit# Wg  based on the local vapour constituent alone and n 

being the exponent in (B.2-4). Therefore 
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= 	irs)0 • 564( 14 1.19)0. I 2. G(w.c  ws  • 	 (c.3.4) 
can be reduced solely to a function of lot. if the operating 

pressure is assumed to be one atmosphere and the flow re-

gimes for liquid and vapour are both taken as turbulent. 

The.resultant single curvee.shown on page 698 of ref. 4, 

can be fitted by an equation of the form 

4=3•05 X.'"0.72.3 + I I 	 (c.3-5) 
the use of which will result in an over-estimate of overall 

frictional pressure drop, thus prOviding a safety margin for 

design calculations. The substitution of (C.3-4) into 

(c.3-5) gives 

4e,3.65(vsivoll.074t9iti.00.05110
491Wf)c).143  + I . 	(C.3-6) 

In establishing Wf  and Wg  as functions of x, it is 

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 is a reasonable assumption, in the 

absence of specific information, as the tube wall and bulk 

liquid temperatures remain nearly constant in the present 

investigation. ' Thus, for conditions of no vapour at entry 

and a dryness fraction of X at the tube exit, 

Wri(1-X3C/OW)  4191=X(K/L)144 for V/ a \Alf +Ws. 

The substitution of these equations into (C.3-2) and.  

(c.3-6) and subsequent inclusion in (C.3-l), together with 

a transformation of variable, results in 
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dpfr  ids a Q13,14 W1.11.6(L./ X)0313)HS 1-4466 - 00.334.2.bo4so423(1-is)1.053 

+(1_g) "163 
where 

40i 5  ("a  "If Prz4)/(90c. /76c1,1.2'2'4) 
bom 3 3.5s(vaiv:00'40Tf 	o511 

r31  
and 

a X ac/L . 	 (C.3-7) 

After binomial expansion of the (1 - y) terms, the 

foregoing equation can be presented as the analytically 

integrable expression 
X 

tiPfr ap,HW "16(04 ibif;H(4 1.45- 0-331A"f- t 33.45) 
+ a  boi (so•ta3_ 1.05  1-723 )- l•-fE5H+ 13 cN 

which, after integrating, becomes 

&NT =a p 04)  "741- (b a  X 1.4/(o-4os - o•os9 X - o-o as Xa ) hH 
+a bp,H  X°423(o•se-o.a. X)i-( o.aeX)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 

%/1.774L. THY pfr= 	... 

where. 

TH 3 0.405 bAHX1.454- 1.14 13614 X 4).4"  

(C.3-8) and (C.3-8a) are valid for 104  4 NRe - 6 ' 105  where.  

NRe 	(dWillf Cf ) ; apoi  and bp,H  are defined in (C.3-7). 

Errors in using (C.3-8) to evaluate Apfr  are small for 

X.4 0.5 because of the properties of binomial expansions. 

(c.3-8a) 
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-For higher values of XH  the errors become significant 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 pressures not exceeding 200 psia, 

(C.3-8a) over-estimates the frictional pressure drop by less 

than 25 per cent.  However, an overestimate of 100 per 

cent is obtained when using (C.3-8) for freon 22 at X = 1 

and an operating pressure of 200 psiai 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 involved in postulating a satisfactory fric- 

tional pressure drop formula for two-phase flow, (C.3-8) . 

is a useful 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. • 
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D HEAT-TRANSFER,  COEFFICIENT FORMULAE 

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-transferw.coefficient is given by 

U= o0ott34(kcid)(NRX.INP4.4) 

valid for: (INIRde to4)  
Lfd  

5441::Iptsiao, (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 occurring during condensation in vertical tubes. 

In the present investigation it is advantageous to 

increase condensation heat-transfer-coefficients by operating 

under conditions of high vapour velocity. An applicable 

heat-transfer correlation, 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 (kfid)[1.7(Npr)ffs/V41°5  N Relc, 
valid for : 	axto66 age 2X10, 
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where (NRe)f  id VII( cf)32  (NR4)3  { WA µ a  C,F)) 2  

CL3S (owl Ars t.tlida) Cs  ( tslge)as 	 (D.2-1) 

and fg  is a superficial 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 105 
(11Re)g 

106 and that fg  may be evaluated with sufficient accuracy 

from (B.2-5). 

The substitution of (8.2-5) into (D.2-1) results in 

= 	xio-3  ( kf/d)flts(144)14 itrif .6-Cistit Of (NRe)-3°.°615  

• vatic( for: 23(1066 a9 , 2.X1013 , 

1054 (Nge)2  IS 106  

where. 

ae..-7.:(o•oo374irs  Its  icla)(NRe)Is. 664, 

(NRt)f a.  Id \di( 1.1f cf) N Re)sr.- 	. 	 (D.2-2) 

D.3 Two-Phase, single-component condensation of steam on  

axially horizontal tube bundles. 

A formula recommended for the evaluation of average' 

heat transfer..coefficients on the steam-side of plain or 

low-fin surface condensers, presented on page 464 of ref.', 

is of the form 

-4 - 
U 	= 0.9222 0C

-1/6
Uso  ( I- 0.3950C 1. 2+ 0.31.5 

04 14 
 

where a is the ratio of condenser-shell radius to tube-

pitch and u8,1  is the average condensing heat-transfer 

coefficient for the uppermost condenser tube, determined 

from 

(DO -1) 
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a ...  1.1/4,1 = 0.65" I k 	alr5 0  ( QH/Q5)1ft q1,1f )5  11+,5  fl 14  113 %(1s1 Re) t  s 1 

valid for : (NROfs .ts 2..1 X10 31  

where 

(NRe)f,5 1-{arrdvi Xs/(µf)sc+,5)1 (:;I  
Cs F. ciAttis  cfss) ; 	Q H 	/ A 	 (D.3-2) 

Qm/Qs  is the ratio of outside to inside heat transfer 

area. 

X is the steam dryness fraction at condenser inlet. 

pH  is the ratio of outside to' inside bare tube 

diameter. 

S refers to steam-aide. 

H refers to tube-side. 

(D.3-2) is a re-arrangement of Nusselt's single tube result, 

presented on page 461 of ref. 3, after substituion of the 

heat balance vs heat rate equation for steam. 

Although (D.3-1) applies to square pitch arrangements 

it can be used for the more commonly adopted triangular 

pitch arrangements when slight under-estimates of heat- 

transfer coefficient will accrue, a desirable feature for 

design calculations. 

In deducing a formula for a it is assumed that the tube 

pitch is 1.5 dH  and that the summated areas of all the squares, 

of side 1.5 dH, represent the condenser shell cross-sectional 

area. This is a reasonable assumption especially since any 

errors in a incurred thereby are rendered insignificant for 

the following reasons: 

i) For the present investigation, a values are so large 



D.3 
	 349 

that the last two bracketed terms in (D.3 -1) .may be ignored, 

thus rendering the bracketed expression insensitive to errors 

ii) As the remaining a 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 

=(n ii in)°.5, 

where nH  is the number of tubes. This equation can also be 

expressed as 

tX, =la cic"5/(TrC101(CHWH)-". 	(D.3-3) 

after incorporating 

nH =3 /(oas n a il CH  W H), 

which follows from the tube-side definitions 

c 	%l(ng cf, 14) 	\414 sr' H c4,14 A 	- 

Therefore, after the substituxion of (D.3-2) and. (D.3 -3), 

(D.3-1) becomes 

US = clUrS(C 11W14)1/1  ( Cs / QH) 

valid 4or: (Nge)hs  a.' x to 3, 
where 

au?  = 0.647 kcisisect (QH/Cits)/(Xs  µfa  s 	14  411.5q0  5)11/3 
 
(D.3-4) 

and (NRe)foll  is defined in (D.3-2). 
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D.4 Heat transfer during forced convection nucleate  

boiling under saturation conditions. 

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 

Masukewitech, applicable to boiling inside and outside ver-

tical tubes, give the highest heat-transfer coefficients 

and can be correlated by the single expression 

uH  = 10 Q 1406, 

valid for : d H  0.041  

300E (4i4 104 . 	(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 fluid 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 

„ o•S 
H = 6.o tgH , 

valid for: 

2.004 Q H  s000 . 	 (D.4-2) 

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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chlorides 	 4. 

o UH z.."1-0 Q14 S  , 

valid for: dli x 0.06, 

30004 Q14 4 I0 )000. 	 (D.4-3) 

These equations should be used only as rough guides 

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 flowing through'horizontal 

tubes. 

An equation for the determination of heat-transfer 

coefficients, for incomplete vaporization, is presented on 

page 194 of ref. 1. Observation of the 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-heat rate equa-

tion for the refrigerant and incorporating the definitions 

Q 	/ Ahm WHO M 14Cfm /A cm  

the equation finally becomes 

LtH = au14(gHWII)
0•345 

valid for a•smeoi3-ixio3(ccgtii) idHOH1.4. issxio12 I 

where 
2 -0.3IS -0-625 

C" 2 	thi,H) 	u.H 

and the subscript H refers to the tube-side. 

(D.4-4) 



D.5 	 352 

This equation, like those in the previous sub-section, 

should be used with caution since the experimental results 

leading to the correlation were for higher vapour quality 

changes than those encountered in the present investigation. 

(D.4-4) is not applicable to boiling Ammonia, giving gross 

over-estimates for the boiling heat-transfer coefficient. 
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E TRANSFER UNIT-EFFECTIVENESS AND ASSOCIATED PERFORMANCE 

RELATIONSHIPS  

E.1 Wet-system tower packing. 

E.1.1 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 to enthalpy difference rather than temperature 

difference, a fact first recorded in 1925 by Merkel (ref.2). 

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 

hc4 

Nh)G. (CTO Ge).1 	t(Gcl GO( h c-hc11)1-1dh c., 	(E.1 -1) 	- 
hCp 

where (GC/GG) is the ratio of water- to air-side loading, 

hG and h are moist-air and water enthalpies 

respectively, 

i and o refer to inlet and outlet respectively 

and 	hm  is the enthalpy of the layer of saturated air 

adjacent to and at the same-temperature as the water surface. 

hm  is related to the water surface temperature accord-. 

ing to (A.4-5), evaluated for saturated air. Using 32 deg. 

F as the enthalpy base -temperaftre, the relationship between 

hm  and he  can be established by incorporating the following 

enthalpy-temperature expression for water, 

htc-32. . 	 (E.1 -2) 
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As the resultant hM  vs hc  relationship is complicated, 

(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 enthalpy difference, given by 

hM-ha= cosi( hmti+hm,0)-(ho,i+ h6,0).3 	 (E.1-3) 

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. For one atmosphere, the equation 

h M  = 8-12.4+ o-05184hci-o•o09743hca  

valid for: 304110601 	 (E.1-4) 

gives hM  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.1-3) into (E.1-1) 

and the incorporation, after integration, of the heat 

balance relationship, 

Gc/e6=(ha,0-hQ,i)/( hc,i -hc,0), 

results in 

NIVA ={0Cm/(Gc/Ga)- 

where oc m  s fo•s(hmi1+hme0 
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(E.1-6) can also be expressed as 

tcli-tG~L =( 'd- ').-11(GclGatc,i-tcd(Nh:la+0.5)to•s(htv-

where CIE (NIA -ho)/(tcr t 4). 

The asterisk super-script denotes conditions at wet-bulb 

temperatures. 

cG 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-bulb temperature. Thus, 

CG = 0.003T43 (1/41+t: JO - 0.5&57. 	 (E.1-10) 

E.1.4 Accurate transfer unit equation using quadratic  

approximation. 

After substituting (E.1-4) and integrating, (E.1-1) 

becomes 

o-5 hCA 1‘11,,6=[a(Gc/GG)/b3"][arctanf(e.bahc +L.)/ b3 ]hcio 

valid for: 30 gic 	60) 

where 

b3 E 4 bc,ba - 

bo 	8.12-4-116,i+(aCIGCT) 11C10 

o•o5784 - (aciGa 
ba o•oo9743 . (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 flowing through the tubes falls into the 

category of "undbmid-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 

analysis 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 air-side partial 

effectiveness, defined as 

ee, s(ta,.-topt(t 6).--ta  , 	 (E.2-1) 

where (tm,G)  is the air-side metal temperature at the heats. 

exchallger air-side outlet, is given by 

e4 = a(Cc/C4) a - 12}fta-  b)] 
whe.re 

a -2( ea,p)"1) , b 	it,Cc/Car 

Cc= ca(mc  cc) , C G  F. cigrnG.cco ; 	 (E.2-2) 

subscripts G and C refer to air- and water-side respectively, 

n is the number of water-side passes and 

eGep is the partial air-side effectiveness per pass. 

eG,p can be derived by A procedure similar to that out-

lined on page 151 onwards of ref. 1, the final result being 
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e;141  = (i - 

where 
(CciCQ) nhfr /hp a(Cc/C6) Ili- e 	 (E.2-3) 

and nia,G  is the air-side partial number of transfer units, 

defined by 

nhxt = uGAhicl(nic,ccx). 

(E.2-3) can be accurately represented by the truncated series 

expression 

e4 = ( nolnhA) 0-5 1(Cc/C6)+11 tinhA/12.npi[(CciCe)z-t- tj, (E.2-4) 

with negligible loss of accuracy for cooling tower applica-' 

tions. 

For two water-side passes, (E.2-2) and (E.2-4) become 

eG,-; -(Cc/C6)1/12. ea; -(Cc ICO -11 	(E.2-5) 

and 
1 e=nh 0+ o-st(CdCG)+ + o•o416-ir nh,G1(Cc/C44-2.  tj. (E.2-6) 

E.3 Spalding-system tower heat-exchanger. 

A feature of the Spalding-system is that the tempera-

ture of the refrigerant flowing through the tower heat-

exchanger tubes remains practically constant. Since the 

temperature drop through the metal wall is relatively small 

in cooling tower applications, little error will be intro-

duced by assuming that the air-side metal temperature also 

remains constant. Under these conditions, the heat 

exchanger can be theoretically treated as lying in the cate- 

gory of "counterflow with constant temperature on one side". 
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The associated transfer unit-effectiveness relationship.  

can be derived according to the procedure outlined on page 

11 of ref. 1, the final result being 

Cel=(1-e nh'61)-1 1 	 (E.3-1) 

where eG'  the air-side partial effectiveness, is defined as 

eoai(twte,01 m,00  -t cTei  J • 	 (E.3-2) 

(tint G )  o is the air-side metal temperature at the heat-exchanger air!. 

iside.outlet and %.tr, itasthe:.aUfr-side partial number of transfer 

units defined as 

E.-- Li&AtIsTaMaCcx) . 	 (E.3-3) 

(E.3 -1) can be represented by the following truncated 

series expansion with negligible loss of accuracy for nhn,G 
values encountered in the present investigations 

-I 	-I ey  = nho i-0.5-t-o•oe33 nh (E.3-4) 

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 case in the previous sub-section. 

Similar procedures lead to the expression 

e-41.0)-1 	 (E.4-1) 

where EH, the hot-side overall effectiveness, is defined as 

EH= (tHo„ -t Hp gt sys—t 0. 	 (E.4-2) 
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.Nh,H the overall number of hot-side transfer units, 

is defined as 

Nips 	Cf1“) ; 	 (E.4-3) 

the subscripts H and S referring to the hot- or water-side 

and steam-side respectively. 

E.5 Refrigerant-side temperature approach for Spalding- 

system steam surface- condenser. 

E.5.1 Introduction. 

Little error is incurred by assuming that the refrigerant- 

side metal temperature, tm,H,  like the steam temperature, 
• 

is S'  remains practically constant along the tubes as the , 
resistance to heat transfer through the steam and tube wall 

is small. This assumption does not apply:to the refrigerant 

saturation-temperature, is H  which will vary due to changes , 
in total pressure, with respect to tube length. 

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 

-ts)14) dAh,H  = cict , 	 (E.5-1) 
where dAhAddx. = Ahm/Li4 	dcticlx. = at/L H  . 

dx and LH  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 

(tmdc, ts,H = I (ten)00—  Ct sdil +4‘t s,4  x L 
	

(E.5 -2) 

where x/LH  is the fractional distance from tube inlet and 

at sjH  s (t5m)i -(tsdo 
	 (E.5 -2a) 

After substituting the foregoing equations, (E.5-1) becomes 
LH  

ct = (Aoi/L ii)i ut4R(t e„,4).-(tol)ii +At sH  / 1_0 dx . 	(E.5-3) 
0 

E.5.2 Temperature approach for single-phase, forced 

convection flow condition. 

This condition applies if the tube wall to refrigerant 

temperature difference is insufficient to initiate nucleate 

boiling, the heat transfer then being that due to forced 

convection, given by (E.1-1). 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-

perature approach 

(t inig )0-(t sdo= u-H1  QH -t-cps At ss 	 (E.5-4) 
where QH = cijAio 

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 



eps EN  o• 5 At ss + a- 
4,14 (E. 5-6a) 
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(D.4-3) are valid for the refrigerant side. These equations 

can be transformed into the single form 

uN  = a41(tinA)0 	s214 1) 	 (E.5 -5) 
where a = 0 6 ana 

for Ammonia, Freon 12 and Methyl Chloride respectively, 

after substituting the heat balance-heat rate equation 

QH= uHi(t,„,H)0  -tsit4 

After substituting (E.5-5) into (E.5-3), integrating and re-

arranging, the temperature approach is given by 

("bind°  --(t514)0  = 0 • Silt H 0 • 5 [4 cCa  QH  0.333 At s2-  RID'S  . (E.5 -6) 
This equation can be accurately represented as 

(thi)00-(tsjii)0  

for.  the small 

investigation. 

values of Atsoli encountered in the present 

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 

	

1.6 	 7  0-6 

	

UH = au)14 	P. LIT4114) 	s,H 	• (E.5-7) 
The substitution of (E.5-7) into (E.5-3) results in the tem-

perature approach being given by 

(ttn)0,—(t5100=L(Q4U-1451* 6  + 	i(tm)14)4) 	6,11)4)10'6.1°1'451 ( E. 5-8 ) 

where uH  is calculated from (D.4.4). 
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E.6 References  

1. Kays, W.M. and London, A.L. "Compact Heat Exchangers", 

McGraw Hill Bk. Co., New York, 1958. 

2. Merkel, F. "Verdunstungkuhlung", Forschungsarb.Ing. 

Wes., No.275, 1925. 

3. Spalding, D.B. "Convective Mass Transfer, An Introduc-

tion", Edward Arnold (Publishers) Ltd., London, 

1st Edition, 1963. 



FA 	 363 

'•F DERIVATION OF TERMS IN BUOYANCY EQUATION. 

F.1 Deduction of buoyancy equation. 

The total pressure drop through the tower must be 

exactly counter-balanced by the draught induced pressure • 

difference, i.e. 

App (15-  p)(PerNo)(asro.v/9 = 
	

(F.1-1) 

where the first and last terms are called the pressure-drop 

term and the density-difference term respectively. 

(z5  - zp) is the effective draught length of the tower with 

z5  as the height of the top of the tower. For Wet- system 

cooling towers, z is the height of the packing base 

whereas, for dry cooling towers, z is assumed to coincide 

with zl' the height of the tower base. 

(F.1-1) can be rewritten in terms of the dimensionless 

parameters r„ r
P 
 and the tower base diameter, D1, so that 

r5 -rP:r  LIP) /{DI (p -Pe,d(agrav/90)) 
	 (F.1-2) 

where .rs = Es/Di  , rp = 	 / DI . 

F.2 Determination of pressure-drop term. 

F.2.1 Wet-system. 

The pressure-drop term can be conveniently defined 

according to the velocity head convention as 

Apb s I tsiv(o.5 ireii /g0){m0/(c.2.5rpe)32.2 	(F.2-1) 

where ENv  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 reference plane, here chosen as the tower 

base cross-sectional area. ENv can be expressed in terms 

of local and transformed' velocity head losses after modify-

ing the equations of Rich in ref.3 according to the sugges-

tions of Spalding and Singham in ref.4. Therefore 

ENv= (nvacki-ntrloim)t
-2  ntrApros+N,y,i+Nupt Nvimisc  • (F.2-2) 

and nv,spray are the local velocity head nv,packt  

losses due to'the packing, eliminator and spray respectively. 

t, the blanking ratio, is the ratio of tower-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 tower-base cross-sectional area.. Nvti, Nv,0  and 

Nvomisc are tower inlet, outlet and miscellaneous velocity 

head losses respectively. 

According to Spalding and Singham, the respective velo-

city head losses can be evaluated from formulae of the 

following forms: 

vRack = a vy (2.7Zp){ 1317)p (CTC /60CW +c,,p (F.2-3) 

fiv)spraH = a vs I robi+(E3—E01 (GC I GG) 	) (F.2.4) 

= 	e (F.2-5) 

N v t = a 	(rp 	+ b iy; 3  (F.2-6) 

N vo = s -4)  (F.2-7) 

N 	= a v,rai sc • (F.2-8) 
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(GC/GG) is the ratio of water to air loading. 

(z2-zp) is the thickness of the packing, in feet. 

r 
P  D1 

 is the height of the underdide of the packing, in feet. 

(z3-z2) is the effective height of spray above the top of 

the packing, in feet. 

r is the ratio of the height of the underside of the packing, 

zp, to the tower base diameter, Dl. 

s is the ratio of tower throat to tower .basesdiameter. 

The sub-scripted letters a, b, c and d are constants obtain-

ed by fitting curves to experimental results for particular 

tower configurations and packing types under consideration. 

Experimental investigations by Lieberam at Imperial 

College, London, indicate that the asbestos sheet packing, 

referred to as type 21 by Lowe and Christie in ref.2, is one 

of the best packing types for cooling tower applications. 

The values of the performance constants pertaining to type 

21 and those for the eliminator and miscellaneous items are: 

) 
av)i) = a3•55 by)p  = o•o132. c

17,12  - 
- O.6 )  cl u)p = c•io4 ; 

a.t)5  = o -I 6 3  (M3-Z2.) =4.O ;  1.04A7 I.32, 

a  lk)e = 3.1  ) GLv)misc=  a.3  • 

In determining the inlet velocity head loss, Ioannides, 

also of Imperial College, has conducted experiMents on cool- 

ing tower models which suggest the use of 

Q v)/ = 0.0853 )  b vai = -a-2. ) 	• 

valid for : 0.053 rp a 0.070. 
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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 

zN, = nu  G (0-ZSITINa/Acfr)a -t-Neo+ Nui+N-0,misc) 

where nvoG is the local velocity head loss and Ac ,G is the 

free flow area for the tower heat-exchanger. 

A8.0,G may be eliminated by substituting the following 

definitions into the foregoing equation: 

CG a  %AMOCO 
	

WG;  E Triea/AcAT  

so that 

= 	tI,GWc:(47.asTrci,-1  CDf' +14 10 -1- N 	Nvonisc. (F.2-8a) 

In order to evaluate nvG WG
2
'use must be made of the 

empirical heat-transfer and pressure-drop performance data 

on the air-side of heat-exchangers suitable for cooling 

tower applications. These data are usually provided by 

manufaCturers in the form of curves which can be easily and 

accurately converted to equations of the following form; 

111-1 
U (x 	au)G. W 

b+2. 
4' Pe=  ap,0 nr vvG• 	; 
where 

au,a bu)G1170-0 /(6o co) B1-1 ; 

ap)ci  boxlf tracre/(6oca)3 b+a . 

(F.2-9) 

(F.210) 

(F.2-11) 

(F.2-12) 

B and b are the necessary curve-fitting para-u,G' bp.G' 
meters. 
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uG is the air-side heat-transfer coefficient, referred to 

. the air-side, in (Btu)/(hr sq ft deg F). 

apG is the air-side pressure-drop through the heat-exchanger 

in (lbf)/(sq ft). 

WG is the air-side loading factor, in (Btu)/(hr sq ft deg F). 

nr is the number of tube rows transverse to the direction 

of air-flow. 

aG is the ratio of air-side free-flow area to heat-exchanger 

frontal area. 

cG and vG are physical property symbols defined in , the 

thesis nomenclature. 

By incorporating the air-side partial number of transfer 

units and velocity head definitions 

nh,G a "G C CT QG 	n w,CTWO / 94 IVG) 
and introducing the following heat-exchanger geometrical 

relationship: 

4 rhAhrGr = 411.1. c /AhIc2. 	 (F.2-13) 

where 

1 c- G. Q~WG 	 (F.2-14) 4 ril)cza 4 nr r  

into (F.2-9) and (F.2-10) , the following equation results. 

/a. 	i = aro. T1 %IA 	 (F.2-15) 

where 

avvr.s (a soca No) 131:501 AtrG/(60Cdienr
1 -1 °(Ahl)eit c)-JO , 	(F.2-16) 

30 	(b +a)/ B. 	 (F.2-17) 
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Whim is the air-side partial number of transfer units, 

referred to the air-side. 

QG 	G (= q/Ah ) is the air-side heat flux, in (Btu)/(hr sq ft). ,  
AheG is the total air-side heat-transfer surface area, in 

sq ft. 

4rh•G is the air-side hydraulic diameter, in ft. ,  
lc is the transverse tube pitch, in ft. 

lr is the-tube pitch in the direction of air-flow, in ft. 

Ai .. 11G is the total air-side heat-transfer area of one tube 

per unit length of tube, in ft. 

(F.2-15) can now be substituted into.(F.2 -8) to give 

EN V = ansrnhj:ca.(0.2..snii CG Di )
2. 

r4 V 0+ 	"Arltni 	(F%2-18) 

In evaluating Nv,o , Nvoi and Nv,misc, the following . 

equations may be used, as in the case of the Wet-system: 

+ b 	 (F.2-19) 

Nlito = 	 (F.2-20) 

Isl vAisc = av,lnisC • 	 (F.2-21) 

Since the value of r1 is much greater than that for the 

Wet-system, Ioannides recommends the use of 

av~i = 0.167 	lav 	o , 

valid for: 	ri > 0.13 . 

and the Wet-system value of 

• = 2. 1711T1115C 	• 
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F.3 Theoretical determination of density-difference term. 

F.3.1 yet-systeM. 

The air density-difference between tower inlet and out-

let follows directly from (A.4-6), i.e. 

— p&p= pcji — htki  +460) (I + 0.611 FGAiltt4p+460X1 i• 0 • 611 	F• 	) 

FG,1 can be directly evaluated from (A.4-9) and (A.4-10) 

since'tG,i' t
* 

and patm4. the atmospheric conditions, are 

usually specified. For the evaluation of FG,o' tG,o and 

tG,o must be known. 

To solve exactly for tG,o  is difficult .because the com-

plicated heat and mass transfer relationships lead to a 

differential equation, which can only be solved by tedious 

numerical methods. However, Considerable simplification 

results by assuming that the outlet air is saturated, this 

assumption causing little error for the relatively high 

atmospheric humidities in the United Kingdom. 

Consequently,.with the assumption of saturated outlet 

air and incorporating (E.1-2), (E.1-4) can be used to give 

VIG2o rt 8.12.4 t 0•09184(tGA-32.) 0.009743(tato-32)2.  

After re-arranging, (F.3-2) becomes 

tep  tr 32 - 6I.321 0.09784 -(0.031397114.o- 0.3 01)°.51 

hGeo can be evaluated by substituting (E.1-;2) into the 

heat balance relationship 

Gc/GG 	 - 11/4,0) 
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and re-arranging to get 

hc;c, =(CTC/GG)(tC)i.-tC2o) h cT,1 • 
	 (F.3.4) 

F.3.2 Heller- and Spalding-systems. 

(F.3-1) is equally applicable to dry cooling towers 

but with FG,0 equal to FG,1 as there is no increase in air 

moisture content. Therefore, 

PGA -Pap= Pc1)111- (tGA+460)/(tG,)01-460)]. 

By incorporating the heat-balance relationship, 

t 

whei•e CG= ct fOri G co) 

(F.3-5) becomes 

PG,I  - pep = peA I I (tG,,i +46o)/(CG +tG~i +460)1 . 

(F.3-5) 

(F.3 -6) 

F.4 Approximate determination of density-difference term. 

F.4.1 Wet-system. 

On page 451 of ref.l, Chilton derives an expression for 

moist-air density difference which can be presented as 

PGA - Pap= (f )chic (CTCI CTCT )(tC )i -tCdi a sopo (a ray /901 . 	( F. 4-1 ) 

(f)chil its an empirically determined factor, valid if the 
4 

outlet air is saturated and dependent solely on the atmos-_ 

pheric wet- and dry-bulb temperatures. (f)chil may be esti-

mated from a graph on page 444 of ref.l, a repioduction of 

which is presented overleaf. Caution must be exercised in 

using this graph as (r)chil can be shown theoretically to 
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depend on both the outlet wet- and dry-bulb temperatures. 

F.4.2 Heller- and Spalding systems. 

For the temperature ranges of interest in the present 

investigation, (F.3-6) is closely approximated by the ex-

pression 

NI-polo= 0.001135 po  CG , 

. valid for : 	10 Ccr 0 30 . 	 (F.4-2) 

F.5 Derived buoyancy equation expressed as explicit  

function of effectpe chimney length. 

F.5.1 Wet system. 

After substituting (F.2-1), (F.1-2) becomes 

rs-ri• =1(o.5170/90)/N  v 	/Pt (Pdx-Pap)(aseaviSori 
where Grck. s MG/(0•2.61Trot). 	 (F.5-1) 
and the evaluatiOn of ENv is outlined in F.2.1. 

(F.5-1).naybe 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 Chilton's 

procedure in subStlituting (F.4-1) into (F.5-1), the resultant 

equation being 

(z.Nu 	)chit Di  Cr c  (to  --tcd1. 	(F.5-2) 

This equation can be re-arranged still further by intro. 

ducing Chilton's duty coefficient, (D) 1, and incorporating 

(2.1-6), (E.1-7) and the definition 
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Cic = tric/(0-2.5TrD). 

Thus 

2 	- 	-1 
r5  -r t, = 1.62.(D) chit 	

5 
(N 	+0.5)3 Eistin 
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(F.5-2a) 

(F.5-3) 

where Mad 5  Mdt0 -1/40)1[10 ,50W+ hmd had Afk0h.fd • (F.5-4) 

(F.5-3) has been used by the Central Electricity 

Generating 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 

, 	1 	7, Si ki -I 	, 
rs - rp  = 1.6zi(D)chtux 32  .1), tr4h)6  +o•s)3  ENv  . (F.5-5) . 

F.5.2 Heller- and Spalding-systems. 

The substitution of (F.2-1) and the definition 

C G =  c/(rn&cG) 
results in 

rs  -rp= 1 cps i ved(geccra  asrav/so)jciz Nu. CG-4  Dl  si(per,i-pc.p) , (F. 5-6) 

where ENv  is. evaluated 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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r5-ro.i438.0 vG ftgocea  %toy AA tiaztivCcr-3.1s-i 6. 	(F.5-7) 
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G DESCRIPTION OF NUMERICAL OPTIMIZATION TECHNIQUE. 

G.1 Introduction. 

The analytical method of minimizing a function of 

several variables, e.g. 

f = f(xi,  3c2 

 

xn  ) , (0.1-1) 

 

is. to solve for each of the variables from the set of 

simultaneous equations given by 

(Pf/axi) = 0, i = 1, 2, 	 n. 	(G.1-2) 

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 

(G.1-2) equations are not linear and it is impotsible 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.1-2) equations can be solved by iterative 

methods. The accuracy of these approximate solutions must 

be tested before they can be accepted for general design 

work. 

Theoretical error analysis is impractical because of 

the complicated nature of the power-loss equation. : The 

remaining course of action is to compare the approximate 

solutions with accurate solutions obtained after minimizing 

the uneimplified power-loss equation by a numerical opti-

mization technique 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 computer 

master-program specially adcipted for use on the Mercury 

computer of the University of London, was developed accord-

ing to the principles outlined in ref. 1. 

The master-program requires a slave-program in which 

the power-loss, f, can be calculated provided that values 

of the design-variables, xl, x2 	, xn, are made avail-

able to it. 

The first function of the master-program is to make 

the slave-program calculate an f value with initial xi 

values, specified by the designer. Then the master-program 

will create combinations of xivalues 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 minimum 

value of f. 

G.3 Modifications to.basic master-program. 

There are no facilities fcr 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 mathematically 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 value 

of f if it lies at one or more of the imposed limits, 

whether the derivative of f is zero or not. The latter 

case might arise, say, if one were required to find the mini-

mum of a single-variable, linear function between two limits. 

In the basic master-program the step-lengths, by which 

each of the design-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 compares 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 

predetermined amount. This sensing method is unsuitable 

for accurately evaluating the values of design-variables 

giving minimum f o lf f is relatively insensitive to changes 
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in the design-variables. As this situation pertains in the 

present investigation, the sensing method was made dependent 

on the values of the design variables instead. 

Finally, in order 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 base-price, ex-

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. spring 

supports with jacks or an expansion joint.. 

Since the present investigation is in the nature of a 

comparison, it would be convenient if the costs of all items. 

common to the condensers under consideration could be ex-

cluded. Consequently, 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, air-removal equipment and spring 

supports with jacks or an expansion joint. 

As the modified base-price so derived applies to the 

U.S.A. in 1954, it must be converted so as to apply to the 

United Kingdom in 1964. Ref..5 contains a graph, repro-

duced overleaf, showing the U.S.A. variation in steam sur-

face condenser prices over the years. The reference also 

indicates that the 1964 U.S.A. price, obtained from extra. 

poXated 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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values being valid for the U.K. in 1964. 

For Admiralty-Brass 

0•- 5" o. ' d ; 16 	
_fp ti 

SA.V.G •) 	S Lupes 0.535 	ref. 4. 

feet, the 

(H.2-1) 
For Mild—Steel (En 3A) 

H.2 
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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 surface area, is presented. The 

derived points on the second graph may be fitted by the 

equations 

s)base  = 1.55 + 1.68 x10 to  (174.5  Q15.5  ; 
	 (H.1-1) 

LZ)base = 	"t• /•06 x104  Cc"  QV 7 	 (H.1-2) 

where qs  F. q,/Ah5  . 

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 

In 2 11  
-LS base+ ;tubes I (H.1-3) 

where S  	is the price per unit bare tube surface ,tubes

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 

0.5" 0.a.) 16 S.W.G. Situbes = o'334  

0.1511o.c1• )  16 S.W. G. ) iSnAmbes = 0.300 )  

ref. 3 , 
	(H.2-2) 

ref. 3 ) 
	(H.2-3) 
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For Stainless-Steel (304) 

0.5.  "0.d.) i6 5 W G • • 	•) 

0.75" o.d., 16 5.W.G.)  
5,tubes (:).078; 

I 
x.s,tubes 	n =°•"° 

ref. a, 

ref. 3. 

(H.2-4) 

(H.2-5) 

For Aluminium (99.5%) 

o.So" o.d*) la s.w.a., -5 tubes-  0'2'18 
	ref-. 3 7 	(H.2-6) 

0.15" 04) 16 5.W.G., S,tates. 0.198, ref. 3.. 	(H.2-7) 
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I PRICE FORMULAE FOR PIPING 

I.1 Derivation of equations. 

According to ref. 1, Mild .Steel 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 in ref. 1, so that the price per foot 

length of pipe is given as 

/i 	m (1.1 -  1.35 x10 Sp)da-46•7-1•1375X10-4 3)d +01.6 -2-'9240401  (1.1-1) & PiPe 
valid for: 

2:16 x 1046 126 4..32X104., 

where p is the maximum operating pressure, in p.s.f., and 

d is the internal pipe diameter.in feet. 

For operating pressures less than p = 21,600, (1.1,4) 

remains valid provided that p = 21,600 is used. This con- 

vention must be observed as Stewarts and Lloyds regard 

p = 21,600 as their lowest maximum operating pressure 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, (1.1-1) reduces to the single 

equation 
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ispipes o•ecia -a•65c1 +5-3 ) 	 (1.1-2) 

valid for: 1.5 cl* 6.0. 

For the Spalding-system, where maximum operating 

pressure is about 28,800 p.s.f., (1.1-1) reduces to 

11  pipe= 0-7Cia  -1.3c1+ 3.2 
valid for : 1.5 d 4 6-o. 

1.2 References. 

1. Stewarts and Lloyds Quotations, ref. numbers M.02838/ 

62/JMe/AWD and M.02427/63/JMe/BTD. 
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J PRICE FORMULAE FOR COOLING•TOWERS AND ASSOCIATED 

EQUIPMENT. 

J.1 Accurate evaluation of tower-shell outside surface  

area. 

A hyperbolic• profile is usually chosen for large 

natural-draught cooling towers. However, small departures 

from this shape may be considered in order to save on tower-, 

shell material. Investigations show that two profiles, 

viz. circular-arc and catenary, are practically identical 

'when applied to coolingtowers and their use results in 	• 

cooling-towers slightly more slender near the base than the 

equivalent hyperbolic profile, thus constituting a saving 

in shell material cost. 

Since the use of the catenary profile results in equa-

tiond which are mathematically more tractable than the 

circular 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 

s=at 1:(z5-x1) cosh I x/b(zs-z1)3 	 (J.1-1) 

where a and b are coefficients to be derived from the follow-

ing boundary conditions: 

x.=-0-02)(as  .-Z i) 3  g = o•sbl  

XnO y = 0.s sb1. 
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After substituting these equations into (J.1-1) and solving 

for b, the following implicit relationship ensues: 

b = [0.5 Di  (1- s)/(as-a1)3 /lc osh j-(i-ce)/ 	- 13 . 	 (J.1-2) 

By expanding the cosh term and truncating the resultant 

series, (J.1-2) can be represented as 

b= (1-ce)1(1.5-2 	i(i- s) Di  3, 	 (J.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 = o•s s 	- (i-oc i)a(es-zi)a/i(i-s)Di  3. 	 (J.1-4) 
The outside surface area of the tower-shell is given 

by 

A= 	2.Tr s 4:15 
14Rs-za  

where d5 = dxf(ds/dx.)a ti 

(J.1-5) 
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On integrating, (J.1-5) becomes 
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A = 	ci oDia* 	- 2 cto)fsinh(ceiat) -sinh al-1(ce -1)) 
+ o.s ac, 	sinh (20c.'icti) -sinh aTI(ace- a)] -§-(rs  - ri)] (J.1-6) 

where 	a. s (1-4x1 )2  (rs- r1)21(I- s), 

al  E 	-00)2  ( rs  - rI)/(1-s) 

(J.1-7) 

(J.1-8) 

(as- zi) E Di  ( rs 	ri ). (J.1-9) 

For the present investigation, a' is assigned the value 

0.25 since this will ensure a satisfactory tower shape. 

The complicated form of (J.1-6) makes a simpler, 

approximate equation desirable for analytical optimization 

studies. 

J.2 Approximate formulae for tower-shell outside surface  

area. 

J.2.1 Truncated series formula. 

For values of (r5 — r1
) and s normally encountered in 

cooling system design, the Binh terms in (J.1-6) can_be 

.replaced by. the following truncated series expansion, with 

an error not exceeding one per cent: 

sinh x zr• x + x3/ 31 . 

In consequence, (J.1-6) can be re-written as 

[{AA(s-1)1+13Als + CA) ( rs-ri) 

where 

AA a 42.167 Tr(1-c41)(rs-ri)-2 , 
. BA  E rr(rs- Po-a  - 0.3331T (3A  k I-DC 

(J.2-1) 
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CA  s 0.333 11110 — m1) —a ) 
t 	.3 

	

RA
3 	(0(.. — I ) . 

J.2.2 Hollow cylinder formula. 

A formula which is 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. 

0 
V 0 

ezt 
0 

$P004-ALI 1- 01/1004-z4 	J*' (118)(E5--z 

Having made this assumption, originally suggested by 

Prof. B.G. Neal of Imperial College, London, the axial. 

lengths of each hollow cylinder must be chosen so that the 

shell outside surface area is approximately 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 given by 

A = (a-is s +o•sea)( es -ri)]* 	 (J.2-2) 

and is accurate when (r5 - r1) = 1.0 and 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 
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caution if the derivative of A with respect to cooling systern 

design variables is required. (J.2-1), being a good approx-

imation to the exact area equation, is more suitable when 

differentiation is required. 

JO Wet-system price formulae. 

In the Wet-system, the packing cannot be considered 

independently of the tower since the funCtions of these 

items are inter-related. Therefore the packing price is 

included in the price of cooling tower and associated equip-

ment. 

The price of each item of equipment may be regarded as 

proportional to one of the following quantities: 

i) a constant, 

ii) tower shell base-area, D12,  

iii) tower-base free-flow area, tD12, 

iv) radial width of packing area, D11 .1 - (1 - t)0'5 1 

v) tower-shell base diameter, D1,. 

vi) reciprooal_of-tower.;.shell_base area, D1 , . 	. 

vii) tower-shell outside surface area, A, 

viii) tower-shell weight multiplied by tower base height, 

zp  + 0.5 (z2 	zp) 3, 

ix) tower base free-flow area multiplied by height to 

top of eliminator, tD12f zp  + (z2  - zp) +1.4.9] 

where 14.9 is a value accounting for pond depth 

and a 6.5 feet walking space under the eliminator. 

The following items of equipmefit 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 floor, 

iii) distribution piping, stack beams, eliminator beams, 

sheeting and spacers, eliminator sheeting and 

spacers, 

iv) walk-ways, 

v) channel, channel structure, de-icing equipment, 

vi) pond wa4l, 

vii) . tower shell, piling, footings, 

viii) diagonal shell-supporting columns, 

ix) stack columns. 

After introducing constants of proportionality, the 

total price of cooling. tower and associated equipment, per 

unit rate of heat rejection, can be expressed as 

iD/cL=cc i  [dc,+di Dt+datD+d3 D1 11-(1-t)°*5 3 

+ cl4Di +d5 Dla  +d6A+ 

+clotDN rI,D1 +(za-zi,) t 14•9 , 	 (J.3 -l) 

after incorporating 

r p s zp/DI. 	 (J.3-2) 

Numerical values may be assigned to the constants of 

proportionality from a knowledge of the itemized prices of 

a 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:. 

do  = 36,600 d
5  = 8 3.93 x 10 

d1 0.135 d6  = 0.582 

d2 = 1.59 d
7 

= 0.00111 

d3  = 6.64 •d8  = 0.00322. 

d4 = 27.1 

These numerical values, white only approximate, are 

nevertheless accurate enough to retain realism and will not 

detract appreciably from the validity of cooling system 

comparison studies. 

.7.4 Heller- and Spalding-system price.formulae. 

In the present investigation, the prices of cooling 

towers and associated equipment for closed cooling systems 

are fattributed solely to the following items: 

i) earth-moving equipment, site workshops and other 

incidental miscellaneoUs items, 

ii) 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, 

ii) tower-shell outside surface area, A, and 

iii) tower-shell weight multiplied by tower-base height, 

Azi  (= Ar1D1), 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 

£D/q, = cci (do  +di  A + cia Ari D1). 	 (a.4-1) 

As for the Wet-system, approximate values for the con-

stants of proportionality are given in order to protect 

commercial interests. 	Therefore, 

do 36,600, 

d1 0.582, and 

d2 0.00111, 

while approximate, are sufficiently accurate .for cooling 

system comparison studies. 
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K PRICE FORMULAE FOR TOTER HEAT-EXCHANGERS. 

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 of:the units comprising a heat.  

exchanger, in so far as width, length, numbeeof tube rows, 

headers and supporting framework are concerned. 

For the present investigation, the length and width of 

units will be fixed at 16 feet and 9 feet respectively as, 

according to page 164 of ref.2, these dimensions represent 

a good compromise between convenience of manufacture, ease 

of transport and adaptability for cooling-tower purposes. 

In consequence,' the total tower heat-exchanger price, 

t  Z"G  expressed in pounds sterling per square foot of air-side 

heat-transfer surface, is assumed to be a function ofs 

i) price of finned tubing, EG,tube,  expressed in 

pounds sterling per square foot of air-side heat-transfer 

surface, 

ii) price of headers and framework,Z ! 	expressed uf baset.  

in similar units, which must be added to EG,tube " 	after being 

multiplied by 

iii) the row factor, K, dimensionless,, to account for 

variations in number of rows, so that 

" `we - Q;tube tK  0,base • '((.1-1) 
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Having formulated (K.1-1), the next step is to specify 

formulae for the thiee terms contained therein, valid for 

heat-exchanger matrix types applicable to cooling towers. 

Investigations indicate that the matrix types to be 

considered fall into two categories, viz. 

i) circular tubes with helically wound fins (or wire) 

on the outside and 

ii) circular tubes with continuous plate fins. 

K.2 Evaluation of total tower heat-exchanger price for 

helically wound fins (or wires). 

Manufacturers of finned tubing usually supply prices 

as a function of foot run of 'tubing so that 

iG,tube = iG)tube/A i1A • 
	 (K.2-1) 

6,tub.4? is the price per foot,run, in pounds sterling per 

foot and 

G 
Al is the air-side heat-transfer surface area per foot 
-h, 
run, in (sq.ft/ft). 

G,base may be obtained from the manufacturers of. air-

cooled heat exchangers. In order to protect commercial 

interests an approximate, through realistic, formula for 

this quantity, viz. 

I 0,base li 	 / A 
0.1094/fAh a  '  (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 tom. 

factor, K, the selling price curves appearing in Fig. of 
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ref.1 are utilized. The variations in total heat-exchanger 

prices with number of rows, for very large installations, are 

multiplied by 0.488 in order to convert them to present-day 

prices in accordance with the procedure specified on page 

65 of ref.4. 

From a knowledge of the geometrical 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 

tatube = c"1°5 
	

(x.2.4) 

in ref.3, the following table can be compiled after 

employing (K.1-1). 

t  ii 	 _I li 
6.a - `.0,tube (''' K ig)bine) 0.0}51 O•0553 cp0487 00424 0.0353 0.0294 

11r(nO. of tube rows) 3 4 5 6 8 12 

Now K = 1 at nr = 6, since a,base is specified at nr  = 6 

in (K.3-3). Therefore, from table at nr = 6, £G ,base 
0.0424. K can then be found at each nr value from the 

expression 

K= (K L& base)/(0•0424) 
	 (K.2-5) 

which can be used to form the table 

nr 3 4 5 6 a 12 

K 1. OGG 1.339 1.149 I' 000 0.833 0.693 

By employing curve-fitting procedures, the tabled rela-

tionship between K and nr  can be accurately represented by 

the equation 

K= C•963 '1;1.5 t 0-525. 	 (K.2-6) 
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After collecting terms, (K,1-1) becomes 

Ig w(4)tube/40 -1-  K  (° .'094/A41). 	 (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, C.a,tube,  has no meaning since the heat-exchanger 

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 by placing 

EG,tube  = 0.and re-expressing (K.1-1) as 

= vi_2 11  
i'G)stand , 

where K' is a modified row-factor and E"Gostand  is the total 

price of a standardized heat-exchanger unit per unit air-

side heat-transfer surface area. 

As in the previous sub-section, Fig.4 of ref.i is used 

in the determination of K'. By noting that £G ,tube tube = 

0.0745.for the associated tubing, the table preceding 

(K.2-5) becomes 

(= Kit" G 	a)5tand/ 0.1536 0-1339 0-1232 0.1149 0.1098 0-1035 

nr  3 4 5 6 8 12 

If the standardized heat-exchanger unit is defined, as 

having 6 rows of tubes, then K'= 1 at nr = 6 and„.from table, 

ZGIstand  = 0.1169. K' can then be found at each nr value 

from the expression 

K'= (K 4,5t anci)/(0‘ I 69) 
	

(K.3-2 

(K.3 
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which can be used to form the table 

nr  3 4. 5 6 .8 la 

K' 1.314 1.145 1.054 1.00 0 0•939 0.885 

The table can be represented accurately by 

K1= 2.53 nt.-1.5.  4-0.82.7 
	

(KO -3) 
If the standardized heat-exchanger unit is defined as 

having nrrows where nr# 6, (K.3-3) is no longer valid and 
must be changed to 

1(1 =1(106 /(K%) (2.53 	+ 04ml)) 	 (K.3-4) 

where (K')6  and (K')nrare evaluated from (K.3-3) for 6 and 

nr  rows respectively. 

After collecting terms, (K3-1) becomes 

in a,standgo6 /(K1)nr  1(.63 n;'-s+ o • 82* J 
	(K.3-5) 

where EnGstand  must be obtained from the manufacturers for r * 

the heat exchanger concerned and nris the associated number 

of tube rows. 
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L EQUATION FOR OPTIMUM NUMBER OF TUBE ROWS  

L.1 Theory • 

In the Heller- and Spalding-system; the number of tube 

rows, nr, is fixed prior to carrying out optimization pro-

cedures. Consider the case where the fixed value of nr 

is equal to its optimum value which would have resulted 

after optimization had nr  been allowed to vary. For such 

a contingency it is true to say that there would be no 

difference between the value of nr  obtained from the 

equation 

(PLIcl)lanr = 0 9 

	 (L.1-1) 

after substituting into it various associated quantities 

which prevail after optimization, and the original fixed 

value. Furthermore, the greater the difference between 

the fixed value of nr and its true optimum value, the 

greater will be the difference between the fixed value and 

that which accrues from the use of (L.1-l). 

The above theoretical discussion is introduced because 

the size of the foregoing 'difference is used in the present 

investigation as'an indication of whether or not the fixed 

nr values used in various calculations, and of necessity 

fixed at integer values as explained in 4.3.1, are close 

to their actual optimum values. The contention is that 

the differences between the fixed nr values and those 

evaluated from (L.1-1)-should be small if the potential 

performance of a considered heat-exhhanger 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 nr can be directly 

evaluated. 

L.2 DerivatIOn .of equation  

In differentiating the merit-factor equation (2.1-8) 

with respect to nr, only the following proportionality need 

be considered: 

PL/qae a*ftc,i-(tm,G ) 1+ b + 	CD/q + dl . (L.2-1) 

The temporary symbols b and d are defined as 

b a 0.5b*ap,TCT.,1  (1+ ilpt)ti prrtc, 

d 	0 

for the Heller system and 

• 	=b*  a C 	. -1X-1  A p POI F 	fr,C 

d 	a E.R/q. 

for the Spalding system. 

After substituting the least accurate of the various 

formulae in chapter 3 into (L.2-1), differentiating with 

respect to nr  to 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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r 4.!4G/(1°'54:(%basel R1+ii)ICG/(1-(a*/c*)ItC,1-(tm,G /1  

-1/1.5 
+ (1-j0)(d1+d2r1D1)(A/q)(NvtG/ENv)1] 	(L.2-2) 

In formulating (L.2-2) use is made of the fact that the 

terms containing b*  and yq are negligible as can be shown.  

by using the results in chapter 9 to examine relative 

orders of magnitude. 
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