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Abstract:

State of the art methods for sizing evaporative, dry, and hybrid (combination of evaporative and dry)
cooling towers were examined. Where appropriate these methods were used to develop computer
programs for sizing cooling towers. The well known Merkel theory was incorporated in programs to
size wet cooling towers. Where methods had not been developed for sizing cooling towers, as for dry
cooling towers, heat exchanger-theory was used to develop methods of sizing these towers. A program
was developed to size the dry cooling towers. This program together with the programs for sizing
evaporative cooling towers were used to size hybrid cooling towers.

The relationships between the size of the cooling towers and the total power plant cost were examined,
and the important variables stressed.

It was shown that accurate methods of sizing the cooling system must be used in conjunction with all
plant designs to do any cost optimizations. Due to the complex interaction at a proposed plant site of
the weather, water availability, and construction costs, the methods provided herein are indispensable
in determining the overall picture when planning a new site.
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*ABSTRACT

State of the art methods for sizing evaporative, dry, and hybrid

" (combinatilon of evaporative and dry) cooling towers were examined. Where

appropriate these methods were used to develoep computer programs for
sizing cooling towers. The well known Merkel theory was incorporated in
programs to size wet cooling towers. Where methods had not been developed
for sizing cooling towers, as for dry cooling towers, heat exchanger ,
theory was used to develop methods of sizing these towers. A program was -
developed to size the dry cooling towers. This program tegether with

the programs- for sizing evaporative. coollng ‘towers’ were used to 51ze
hybrid cooling towers. ; :

The relationships between .the size of the cooling towers and the
total power plant cost were examined, and the important variables
stressed. . .

It was shown that accurate methods of sizing the cooling system
must be used in conjunction with all plant designs to do any cost
optimizations. Due to the -complex interaction .at a proposed plant site
of the weather, water availability, and construction costs, the methods
provided herein are indispeénsable in determinlng the overall picture
when planning 4 new site.
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NOMENCLATURE
English Letter Symbols
a Effective heat transfer area per unit volume in wet tower
A Total heat transfer area
'AC Hea; exchanger minimum free ‘flow area
Af - Total fin area of one side of é heat exchanger
Afr Total frontal area of a heét‘exchgnge;
C Flow-stream éapacity rate (h.CP)
Cc Flow-st;eém capécity rate of cold-side f;ﬁid
Ch Flow-stream capacity rate of'hot—side fluid
Cmin Smaller of the two quantities Cc and Ch-
Cmax Larger of the two quantities'of Cc aﬁd Ch
Cp . Specific heat at constant pressure
Dh Hydraulic diameter of internal paésage_
FG Connection factor to log-mean rate equation
- f - Flow friction factor within heat:exchanger
.G Mass flow rate of air
G, Mass flow rate of air per.unit area
h Enthalpy
h Film conductance coefficient. for convection heat traﬁsfer
K . Overall heat transfer coefficient from water to air
:KG ~ Contraction loss coefficient for flow at’heat exchanger

entrance




.K .

L ix
Expansion loss coefficient ‘for flow at heat exchanger ‘exit

Coefficient of sensible. heat transfer per unit - of effectlve
heat transfer area

Coefficient, of total heat transfer per un1t of effectlve
heat transfer area

Coeff1c1ent of latent heat transfer per unit of effective -
heat transfer area -

Thermal cdnductivity

Mass flow rate of water in evaporative tower

Mass flow rate per unit area in'evapqrative tower

Evaporation mass flow rate -

‘s

Fin length from root to center

.Molecular weight

Mass flow rate

Pressure

Rate of latent'Heat trnasfer

Rate of sensible heat. transfer
Total heat transfer rate.frnm'water
ﬁeat:transfer.ratef

Gas constant

Universal gas constant

' Hydraulic radius

Air speed:

Temperature of air




t ' Temperatare;of:water‘

U, , :6veraii thermal conductance
v Volume

v ~ Specific volume

.v; Average sPecifia vaiame

GREEK LETTER SYMBOLS

o . Ratio of total transfer area’ on one 'side of the exchanger
to total volume :

S Fin thickness
£ . Heat exchanger effectiveness
nO-..' Totallsarface temperature effectiveness
¢ Relatlve humldlty
o " Ratio of free—flow area- to frontal area (A /Afv)
u Viscosity -
P Daﬁsity
w, w' ﬁumidlty ratio or absolute hum1d1ty‘of air and a1r—water

fllm respectlvely

o DIMENSIONLESS GROUPINGS

‘ N Nusselt number (h4r )k)'
‘ Nu . h
u Nio | Reynolds number (4rhm/uAc)A'
| ' : : ' .
N ' - Stanton number (hAc/mC.)
st . . N P

N, - ' Prandtl number (uc /k).
o Pr o : P .




xi

Ntu Number of transfer units of a heat exchanger
NTUL Number of transfer ﬁnits (Kav/L)
'NTUG ' Number of. transfer gnité (kav/c)

All primes refer to water-air interface properties. -




INTRODUCTION

Disposing of vast'Quahtitiés 6f waéte heét;'dﬁe:td the increasing
-demand for eiéctrical power haé becbme a magorgeﬁterprise, aﬁd a méior
concern for groups of technicglly:orieﬁtédApéopie;. Envirénméntaliété
are qoncgrned-about.hoﬁ:poﬁér~generat{ng piants and.cooling,towef .
désign will affect the‘site'Selection. Divisions within the staté'
governﬁénts are given thé jpb of regulating the power .companies ;nd
'safisfying the majority of concerned peoplel' ﬁééauée of tﬁesé concerned .
people, the Montana Department of Natural Resougées and Conservationlt
funded,é research assistantship in the.é;ea of éoolingﬁ'tower sizing.
This thesis presents work done by the reéeafch assistant’in.the areas
of evaporative,.and dfy; water fo.air cooling'and'combinétioné of these,
.ail éf which tequire éooiing'towers as>thé instrumerits of heat i
dissipa£ion; | |

The évapqrative or wet cooling towers are composed of a éeries of
tower qnits each of'@hich«is_indepéndént and éapéb;e of. fuﬁcpioﬁing
aloﬁe.l‘The différent types and methods of sizing eaéh aré-diécussed iﬁ_‘
Chapter 2. The methods preSented'énable-a.technigél person to size
eyaporative cooling towers.for any ambieﬁtftempgratﬁre; barometric
preSsﬁre; and relativé humidity. The difféfen; desighs-bf évéporative
fowers each have their own particﬁlar advéntages and limitations. The
. counterflow towef'ié mpré efficieﬁt thermally,‘but‘the‘érossflow goﬁer
Has.lesg aif:resfstance, and will deveiop'ﬁighe} air.fiow velocities

than in the counterflow tpWer'using edual fan horsépowér.
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Due to the availability of water and construction costs, dry‘goolingi
towers aré presently not feasible in many areas. A larger dry cooling
tower'is required to do a job cgmparible to an evaporative cooling tower.
This is expensive, but the cost of wdater is rising also.. Lafée éeﬂef—
ating plants cannot be constructed in water short areas with e&aporative
cooling towers, because of the mékeup Water'required.. If-water supplies
becoﬁe more limited; the difficulty of power plant site selectién will
iqtensify. A 1000 MW fossil-fuel firé&'geﬁerating,plant will require
around 4000 gpm of make-up water due to. evaporation alone if evaporativé
cooliné is employed. Construction of large dry cooled generating plants
has been done only in England thus far. The knowledge gained from these
shbw that it is possible ﬁo construct plants of almost any,sizé using
dry cooling. Chapter 3 presents methods of sizing dry cooling-toWeré
to meet year roﬁﬁd ambient weather conditions and additional ihformation
on analyzing heat exchangers .under off-design conditions.

Various chemical producfionyplaﬁts in dryer sections'of the
country have ﬁsed dry cooling for years. One reason for this:is that
it is easier to use air for cooling remote parts of the'plant'where
piping of Watér can be inconvenient and ébstly;

| A more modern answer to the qooiing proBlém ig the use of the
hybrid or wet/dry‘cooling tower. If plume control or water availabili£y
are major concerns, they may be alleviatéq with the combination cooliné.'

‘This idea is delt with in Chapter 4. The use of dry or wet/dry cooling
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becomes practical-as the selection of construction sites becomes more
difficult due to necessary envirommental protection restrictions,

‘and limited water availability.




Chapter 2

WET COOLING TOWERS

The geﬁerai developmenﬁ of wet céoling tower theory‘is attfibuted
’to Merkel and is called the Merkel formulation. It\is_presentéd by
Gurney and Cotter (1) in termé of water dropletS'withiair flowing pést
them as shown in Figﬁre.Z;l. o |

It:iS'aséumed that thejair in contact with the Watervig'moving
véry-siowly with respect-to the dfoplét, and is éaturatedf ' The bulk
air moving past the Wéterlalways has é léﬁer'vapqr pressure; and the
.vapor'at tﬁe higher pressure in the Wéter film attémﬁts:to‘equalizé
with the wvapor pressure ih.éhe air. This results in:a flow of water
vapor, evaporation, and the‘water iooses heaf; ihis>c0mbiﬁed %ifh
direct conduétion‘provides Ehe.ﬁeceSSary‘ﬁeat transfer.

| Té Begin,'assume the water droplet to.bé félling through a-

‘counterflowv tbwer; with water fgd iﬁto the.top,Aand‘éif iﬁto'thé.bottom
-as shown in Figure 2.2. Wet cooling tower calculétions afe ﬁqrﬁally
. based on the pack plan area Wﬁich céntainé‘the‘area around the free
droplets as well as the cbntact'area of the packing; 'Equatiéns éan be
'developed totfiﬁd';ﬁe sénsible Heat'transfér, and the‘lateﬁt heat
transfer. The sensible heat transfer is that due %d conduction,.aﬁd

the latent heat' transfer is that due to evaporation.




Lig6lp.

St =

et N R iy Bulk air

Water droplet

dQ, = K; a dv (t = T*)

t, temperature

T, air temperature
h, air enthalpy
w, absolute humidity

. i , '
dQL = q K' adv (w' - dQ =K adv (T* - T)

h<h'
w<w’

Figure 2.1 Heat transfer from water droplet.
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Figure 2,2 Counterflow induced-draft tower draws air
directly counter to the water flow.




Rate Equations

The total heat tr
is
de = L dt

The rate equation

to the main air stfeam
dQS

The mass transfer
dm

Let q = latent he

the latent heat transf

dQL

ansfer from the wiater to the interfacial film

=.KL a dv (t —‘T') : ~ o (2.1)

for the seﬁéible hgat from the interfaéial air
is |

=K, adv (1 -1 ‘. - (2.2)
from thelfilm‘to thé air is-qf the form

= K"avdV (w"- m). ,‘ , | . (2;3)

at of evaporation, and the rate equation for

er becomes
= gm=qk adv @ -w) - (2.4)

es

Mass and Energy Balanc
The rate of mass

increase in the.air

The heat lost by

lea&ing the water equals the rate of humidity

dm.=Gdy . . . e @y
the water equals‘thelheét géinedvby the air

‘Gdn=rLdt . (2.6)

The enthaply'of moist‘air per pound mass. of dry air is

h=2¢C
R

a(T'..TO) +w [q.‘__.-l,-_ C‘pv'_(T-To)"]l S : . (27) .
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" Differentiating this equation gives:

dh = CPa f-w vaéT f Fq f.va(TfTo)]dw. ) (2.8)
To is the datum temperatufe that egthalpy is based'on,gaﬁd.the.
water vabor is'considered‘té be an ideal gas.
Collecting terms in equation 2.8.gives
. = B ‘ \ ' - _ N ) . . ’ ’
~dh '(Cpa-+ wCPV)dt + [q + va(T To)]dg (2T9)

On a lbm of dry air basis the specific heat of moist air is

Cpm = Cpa + vaw ‘_ . - (2.]’.0)
Recognizing the specific heat of moist air in equation 2.9 aﬁd

substituting gives

dh = qpm dr + [q + va:(T-To)] iy ‘ (2.11)

Substituting.equation_z.ll into the Qnérgy balance equatibn

2.6 yields
L dt =G Cpm_dT + [q + va(T = To)]G dw (?.12)

L dt'=.sehsiblé heat + latent heat
Equating the,sensiblé heat rate equation,'2.2 to the sensible
heat in the energy balanée equation 2.12 gives
'dQs ‘ Kg a dv(T .T)_ G Cpm dT . . . (2513)
Equating the mass transfer rate equation’ 2.3 to the mass

balance equation 2.5 giveé
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dm =K' 2 dV(u' = w) =G do =~ (2.14)
Use is now made of the Lewis relationship (2), a dimensionless

pm’

presented the relationship in 1922'work_has been done which shows that

number which for air/water mixtures is Kg/(K?C 1. Since Lewis -
for air/water mixtures the value is nearer 0.9, butvforvsimplicity -
this small deviation from unity is ignored.

Substituting K = K' Cp in equation 2.13 yields

=t 3 LI = (- . ’ ' 1
do = K cpm_a dv(T '.T) G cpm dT ' (2.15)

* The conduction coefficient ié eliﬁinated from the sensiﬁle heat
eduation in'this egpression.

Now substituting'equation"2.15 'for the-seﬁéiblé heat part of -
the energy balance in equation 2.12- énd equation 2.14'-f6va di in
equation '2.12 givés

Ldt = K'a.d V[Cpﬁ(T' -T) + [ql; CpV(T—TO)J(w{ - w)] (2.175

By eliminating the temperature of the bulk éirténdlthe tempefaﬁure
of the air film, equation 2.17 can be expréssed}in terms of temperétﬁné'
of-tﬁe water, enthalpy 6f7;he.air-and air film, and-gbéo;ute humidity
of‘the aif and air film. - | | | | o

.From:equa£ioﬁ.‘2.8 ‘the'enthalpy'of moist air is

b= ¢Pa(T - Td) + wlq +vcp§(TAf T )]
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Substituting C_ =C__ + w C__ and solving for C_ T yields
pm  pa 1204 pm

Pm

C T=nh+ CPa To - w(gq - va TO) . | (2.18)
Similarly for the interfacial air film,

' v__:'v = ! - ) \
Cpm T h' + Cpa TO w'(q va To) (2.19)

Substituting equation 2.18: and 2.19 into the last form of the

energy balance equation '2.17 one obtains an equation which reduces to.
L dt = K' a dV(h' - h) + cp&(m' -w) (2.20)
Since the air in wet cooling towers is always nearly saturated

the second term is small and is omitted. Using the basic energy balance,

equation 2.6 leaves

L dt = K' a dV(h' ~ h) = G dh o (2.21)

This equation refers to the interfaciai air film. By assuming
that the air film is at the same temperature as the water,.fhe film
coefficient becomes an overall coefficient, and the means is provided
for finding the enthalpy of the moist air in the interfacial film.

Equation 2.21 can be integrated to yield
h

NTU, = (K aV)/G =7 2 [dh/(h' - )] ' (2.22)
h, - | -
and .
NTU, = (R a W/L = /" [at/(" - b)] (2.23)
L E




- 11 -
Given the plan area of the packing'ahd the volumes, the height

of the packing from equation 2.22 is

H, . -
H = G/(K a'd) > [dh/(' - h)] . (2.24)
) 1. ’

where A = pack plan area
H = pack height-
Neglecting the smallhmass'change‘dué to evaporation,‘integratioh

of equation 2.6, gives

LGy (5 =t =6y = by © (2.25)

Heat lost by water = Heat gained by air
or

hy=hy +1C (t; -t)/6 (220

2 1 1
This shows that the enthalpy change of the air ié'lineaf‘with

fespect to temperature. The. temperature change of the water is élso

" linear. The enthalpi change of the air in the intérface is not limear

however. |

The enthalpy potential or driving force for .the heat tradnsfer is

shown in.Figure 2.3.




1D e

Enthalpy potential
Water (driving force)

Enthalpy

<

>

o |

e

o |

- I Air I

& | Enthalpy |
I
1 |
E t
¢ Temperature 1

Figure 2.3 Enthalpy Potential

The simplifications used so far are as follows:

Evaporation was ignored where the change in the flow rates were
concerned. The resistance to mass transfer through the interface was
ignored. The latent heat of evaporation was taken as constant, and the
specific heat of water was taken as unity. The Lewis relationship was
also taken as unity.

Explanation of the tower coefficient found from equation 2.23 ,
modifications to Merkel's theory, and methods of integration are pre-
sented by Baker and Shryock (3).

When doing the calculations for a theoretical set of conditions,

one obtains a number of transfer units, NTU, which gives a measure of

the degree of difficulty of the cooling. The NTU corresponding to
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these ‘calculations is qalléd the';feqﬁiredV édeffigient. 'The same
galculations applied to a given tdwgr yieidéIWhat-isfcalied the
"aVéilable' coefficient bf?the‘toﬁér ianived; |
‘ fhe'required cdefficieﬁi is giveﬁ as a function of'range,-aﬁproach,
.Wet;bulb-témpéfaturé; and ﬁhe water flow.rate that Wiil be cgoled at
these temperaﬁurest.tThe rémaining paréméter.is the air flow raté or.
fhe L/G-raéio.“ o
The driving force .for glgiven setiof‘conditiohé, and vaniah1é air
ratée is sﬁown.in Figufe 2.41.»Eqﬁatioﬁ f2{6; éhdwsfthat'L)G'i§<the
slope of thé line correspbﬁding to the gnthalpy 6f-£hézgirQ' |
. dh = L/G at T
Assuming an'infihité air réﬁé, L/G = 6, tﬁelair,enthglpy;iine bgcbmeé.
' the.horizontal.line AB. .This maximizéé the driving.foréé;:énd miﬁimizés
the tower coefficient or NTU. ‘Increésiﬁg the L/G ratio incréases fhe
’ slqpe of the'gir ehthalﬁy.line until the’limitihg case.is reacﬁedr
" where the.aifenthalpyijné, AD, becomes tangeﬁt to the wa£er film

efithalpy line, and the required NTU‘iS eSSenfially]infinite.
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Figure 2,4 Driving force for heat transfer as
controlled by the L/G ratio.
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Coﬁhterflbw Integratibn

The counterflo& tower theofetically has no temperature or enthalpy
variations .with respect to the length or width of the téwer, and the
calculations are done on a square foot of plan.area basis. L and G are
used as mass flow ratés per unit of plan areé. The volume, V, is the
volume per square foot 6f_plan area.

A given tower is usua}ly designed f&r a fixed water rate. A tower
can handle only a certain amount of water per square foot of plan area.
If the flow of water is too.lérge, the water runs off the packing in
.sheets and not droplets which greatly decreases the surféce area for
evaporation and heat transfer. At the same time the pressure'drop
requirements for a large air flow rate through tHe tower can become
larger than thé fans are capable of deliﬁering. If the flow of water
is too small channeling méy oécur. This has an effect similar to the
sheeting action excepf in channeling the water runs off the slats in
the packing in rivulets, and this also decreases the heat transfer
area.- For certain packings this minimum flow is about 70 gal/(hr ftz)
of tower plan area (1). The air rate is more easily varied, but
usually air speed is from 400—606 ft/min._ From this it follows that
tﬁe L./G ratios for normai.éperation lié between 0.8 and 1.3. A closer
look at the results of';he integrations will show why these coﬁstraints

occur.

The potentidl difference function to be integrated, shown in
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Figure 2.5 generates a smooth éurve. Such a curve 1ends.itsélﬁ to
accurate integration using Simpson's rule with a small numbér of
subdivisioﬁé. When six of these subdivisions are use& the accuraéy
will be as good as any of tﬁe quadrature or tabular methods commonly
used, and the labor involved is no greater .

o Most of the calculétiéns involved are straightforward, but some
such as finding the temperature of tﬁe air exiting the tower require an
iterative solution.-'The next examples are.incldded'to-illustrate the
methods of cémpariﬁg sizes, water énd air flow rates, and one method.

of handling the iterative solution when it becomes necessary.
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Exalee 1

Consider a 1000 MW power plant on a,&arm day with the following
conditions known: |

Atmospheric pressure = P = 30.0 in. Hg

Relative humidity = ¢ = 0.28

Tab

wa

Dry bulb temperature 94.0°F

68.0°F

Wet bulb temperature

Temperature of the water entering the tower = = 108.0°F

k2
A power plant Will Have an efficiency in the neighﬁorhobd'of 40%.
Therefore the heat to be expelled from such alﬁlant will bé'60% of the
totél heat eﬁtering the water in the boiler.
The total heat entering the circulaﬁing wéter is Q.
0.40 x Q = 10° watts
Q = 109/0.4 Waéts

The heat to the tower is

0.60Q = 0.60(10°)/0.4 watts

q=
q = 0ﬂ60(109)/0.4 watts x 3.414(BTU/hr) /watt
q = 5.121(10%) BTU/hr

Ignoring the water vapor present, density of the air entering is

P/RT

°
1

(2.27)

©
i

30.0 x 70.53/[53.35(94.0 + 459.69)]
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o = 0.0716 lbm/ft>

——

r flow 15_70 gal/(ﬁr ftzj

o = L/A =70 gal/(hr ft%) x 8.337 1bm/gal

_ = 583.6 1bm/(hr ££7)

f transfer units as a function of L/G ratios for

is ‘required. The necéssary:water flow rate‘is'fouﬁd

in terms of the raﬁgevfrom :

. q=zLCp (Range). .., '(2.28) .
W - L

‘and letting pr = 1.0 BTU/(1bm°R)

Then, a range of

L=

L =.q/Range’ -':_- . R L (2.29)

'lObF'giyes

[5.129(10%) [/10.0 = 5.121(10%) 1bm/hr

‘The plan area ﬁécessary to handlé;the water is

Area

:L/(L/a) = 5.121(10%) /583.6

A = 8.775(10°) ft2‘ .

The temperature of the wéter-léaviﬁg_the'towef is

t) = t, = Range . ‘ o | ' (2.30)-

ot

and the approach

= 108.0 - 10.0 = 98.0°F

is
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Approach = t, - T . = 98.0 - 68.0 = 30°F

1
By letting the air flow rate vary the integrals are evaluated to
generate a curve relating NTU to the L/G ratio for a range of 10°F.

Letting L/G = 0.1 the air rate becomes

G =L/0.1
G = 5.121(109) 1bm/hr
aﬁd the air speed is
s = G/(p x Area) . (2.31)

‘s = 5.121(109)/(0.0716 x. 8.775(10°)) = 8:152(10%) ft/hr.

Referring to Figure 2.5, h. is the enthalpy of saturated water

1

-vapor and air at the wet bulb temperature of 68°F,

By = C (T-T) +ulg+C (T-T)) | (2.7)

If the reference temperature, To’ is taken as zero degrees Farenheit,
then

hl = 32,43 BTU/1bm

From -the enérgy balance

h, = hy + L(t, - tl)/G - (2.26)
h, = 32.43 + 0.1(108 - 98)
h =

33.43 BTU/1bm
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The rate of water evaporation is given by
Le = G(w2 - wl) _ - (2.32)

where Wy and w, are the humidity ratios of the entering and exiting air,

respectively. - The humidity ratios can be computed from

w = 0.622 T—"(%P— R - (2.33)
g

The entering humidity ratio can be found directly from the informatiop
availab;e, but the exiting humidity ratio is a function of the satu;ated
water vapor pressufé at the temperature of the air leaving the tower.
This temperature dis not known, but the .enthalpy oflthe exiting‘air is.
Since fhe fuﬁctions relating the two are complex it is easiest to find ..
the temperature by an iterativg technique. The relative humidity is
assumed to be close to 0.95. Two reasonable temperatﬁres are choéen,
and the enthalpies corresponding to each are found. A linear inter-
polation is done with the known enthalpy to estimate correct temperéture.
Since there will be some error after the first intgrpolation the process
can be repeated until. the desired accuracy is obtained. .For this
example case, the temperature of the air exiting and the associated

saturation pfessure are
Ta = 69.9°F; Pg = 0.363 lbf/in2
Therefore from equation (2.33)

w, = 0.0149% 1bmvllbma
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and
' - . =3 o
w; =.9.965(10 ') 1bm /1bm_
The water evaporation rate found ﬁsinguequétion'2.32 is
' L, =.5.121(109)(0.0l49l - 9.965(10_3) = 2.532(107)‘lbm/hr

Since the air enthalp? and the water femperature are linear with
respect:to each other they may be easily divided into.six equal parts.
The: enthalpy of a water vaﬁof and air mixture is found cofreéﬁonding
to each of the water temperatures. Thése Qorrespond to -the top”line

in Figure 2.5. Evaluating the integral gives the number of transfer ,

units. ,
' : - £y S
NIU = RaV/L = Te, tae/a' = w1
NTU = 0.2303 .
Choosing diffgrent values for L/G changes the value of G; hz; and the

NTU giving the  lower of the curves in Figure 2.6
Assuming the heat load must always be transferred, the water flow .
rate must change to correspénd'to each different range. The water
. flow rate is inversely proportibnal to the'Range.
L = q/Range L . (2.28)
Since the water flow per square foot of plan areais fixed the plan

. area is directly proportiomal to the water flow rate and inversely

_proportional to the Range. When' the range is large the Water~1eavingl

D
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Figure 2,6 Results of the integration using

Simpson's rule for Example 2.1,
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thé tower approaches’more closely the wet bulb temperature of éhe air.
Figure 2.6 shows that a liﬁéar decreasé'inithe approach. gives an
exponential increase in the tower éize¥‘ The limits on the lower ranges
come from the plant itseif. The condénser reéuires larger fléw rates
for water delivered at higher temperatures to obtain the same temﬁerature
f&r the water leaving the condenser. If'the temperature of the water
leaving the condenser is allowed to rise, the back ﬁressure to the
turbines rises, and the-efficiencf-of the plant drops; The size of

the condenser then limits the amount of water thaf can be handled,
which in turn limits the mipimum range'which is acceptable.

The reason for using L/G ratios in the neighborhood of 1.0 now
becomes apparent. One might be tempted to increase the air rate, and
decrease thé L/G ratio to make the tower smaller. Figure 2.6 shows
thaf the reduction in tﬁe tower size is.minimal for L/G ratios less
than 0.6. This reduction is Bffsef by the increase in the fan power
necessary to delivery.the larger mass flow rates of air.

Oncé a cooling fower has been designed . to do a job oﬁ a particular
day, it is still not known how a particular ;oﬁer will function under
different conditions; Thé number of transfer units provided by a
tower under a givep set of conditions is called the available coefficient.
Baker and Shyrock (35'show th;t the available coefficients, plotted on
the same NTU versus L/G gfaph used for the required coefficient, form

a straight line as shown in Figure 2.7. The points where the available
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coefficient line intersect fhe fequirea coefficient'cﬁfves give the -
tower operéting conditions for varidﬁs air rafes. A‘set of curves such
as these can be formed for -any conditions éf iﬁﬁerest;-'~
The available Cngficiént line in Figure 2l7_suggeéts-a telgtion
between the évailabie_coéfficient, and tﬂé’L/Gfratioﬁ of £he'§9rm.:

L

n
e )

NTU = (  1(2.33)?

The exponent ﬁ varies within a range of ébout -0.35 to -1.1 and the.

average value is bgtwéen ~0.55 and —-0.65.

Crossflow Cooling -

A typiéai 1000 MW_fossil—fuelea generafing planf-ﬁould’réQuire'an.
evaporative cooling towef measuring apﬁroxiﬁaﬁely 70 ft wide, 50 -ft hiéh
aﬁd‘350 to 400 ft‘long.l.This tower would éircqiate about 150,000 to
400,000 gpm from which.i—l/2'to 2-i/2%:w6ulé.bé ipst-tolevaporation;
0.05 to 0.2% would be lost to drift, and 0.5‘t0v3% would be lost in
blowdown. in.typical.lodétioﬁs the plaﬁt would be deSigﬁed to 6§eratg
on days Qﬁeﬁ fhe Wet”bulb témperature rangédzfrdm 66 to 82°F,.[Thé
tower Wouid operate witﬁwaQ;é to 30°F.éooiingirénge,.én& a 10 to 20°F
' abpréach} o | e l ”

. Fér'Crossflow.coolingzﬁhe thgoryxdevel6pediis still applicable,
Eut the_mefhods of application differ. ,ﬁﬁiike,thé éounterflow typé-of'
tower the coﬁditions thréugh a horiz6npal.éectiqn of the tower are not -

constant. The air eﬁtérs-the side of the tower at constant enthalpy,
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as shown in Figure 2.9; but és'it passes through thé packing it becomes
less effective for cooling; This results in,isotherms in the Waéer
as shown.

In sizing, the tower~£he governing equation to be integrated is

equation 2.21.
L dt = K a dV(h' - h) = G dh

Since the fluid properties in the tower are constant in one dimension,
it is possible to work with a section of unit length. By assuming

'_that L and G are on a unit area basis the governing equation becomes
' La dt dx = K a dy dx(h' - h) = Ga dh dy (2.33)

Integrating yields:

t
KaZ _ 2 dt S
I = ft  TThRoR (2.34)
a - 1 .
and,

KaW  _ fh2 . dh (2.35)
G_ h h'-h )

a 1

More than one method for handliné the integration has been pre=-
sented. One was presented in-l962 by Zamune¥ (4). 1In doing tﬁe
integrations by approximate methods it ié possiblé to increment either
on the.watér temperature of:on the transfer units.. Inerementing the
transfer units is the most populaf method; and the oné.used by Z;muner.
By letting 1/a be the fractional part of the transfer unit assumed, the

integral (2.34) becomes
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P
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Figure 2,9

Isotherms of the water temperature for
a crossflow cooling tower,
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1-  _ .t+At dt PP
o - ft.-; ‘h'-h  (2.36)
or approximately:
1 _ At . T
s = TR -m . L . , o (2.37_

_where (h'- h) is the mean driving force in the'iﬁcfement>At:

Equation 2.33 shows that the energy balance fof én'incremeﬁtal
volume.is

L, dt dx = G, dh dy - L . (2.38)

Since the temperature éf the water, and the enthalpy of the éir
entering the £owe: are known, all Lhe_inﬁormatiéﬂ necessary Eé dé-the
integration is known.-at onme corner of thé packing.l Usihg eﬁqatibnﬂ2.37,
the number of fractional'verticéi transﬁef-unifé'necessary to'obﬁéin'
the dgsired temperature change can be found by'doing £hé integfation'
step by step down the sidé of the packing. By 1etting the hérizéntél
step length equal the vertical step length, Ax = Ay, equation 2.38
becomes abpfoxima#ely‘ .. . |

.LaAt.%‘GéAh'.' , -' - ' -" ’ | (2.59).' -

Fbr an assumed fractional transferAGnit-thefintegration can now
be done for ingrementai'?dlumes. Starting in the uppér éornef where
all the entering coﬁditions'are known,_At_;aﬁ be fouﬁd from'egqation;2.37l
For the horiéontal air eg;halpy'chaﬁge équatiéﬁ‘Z;BQ';é used. ﬁrbéeéding -

down and across, a grid ié,formed as shown inﬁFigﬁre 2.10. The
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Water in

108.0 108,0 108,0 108,0 108.0

,92 u&pz 53,28 58409 64 W41 67429
98425 99.81 101,1 102,2 103,1

92 4367 48,06 52415 54.9% 59441
92,31 9,32 9599 97.46 98,76

192 42,18 LsLi2 48,556 51,58 43
88,23 90,27 91,94 93.70 95?.19

92 41426 4364 46,06 48,53 50497
85,30 87.29 88,92 90.62 92,13

92 uoh69 u2} 56 U o6 b2 uadus
83,09 84,95 86455 88,17 89,61

Figure 2,10 Results of crossflow integration using Zamuner's
method under conditions stated in Example 2,1
and letting L/G = 048 in each unit.
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performance of'different sizes and shapes of towers can now be predicted.
By choosing'én arbitrary'number of ffactionél units in Height.and

width, not ﬁecessarily equal, the temﬁerature of. the water léaving'the
‘tower can bé f&und by aﬁeraging the teméefétures of the Wéfer leaving
each increment at thé basé;of the seétibn-@hoseﬁ. Each inéxement iﬁ:
Figure 2.10 represents>0.2'tr§nsfer uﬁiﬁs.‘ If the'towerswefe 0.8
transfef unité tall, and 0.6 transfer units wide ‘the éverage exiting
water temperature would be (85.3b + 87.29 + 88.92)/3'= 87.2°F, If the
tower were 1.0 by 1.0 transfer uﬁits‘the average exiting water
temperature would be (83.09 + 84.95 + 86.55 + 88.17 + 89.61) = 86.5°F.

Once the number of transfer units necessary for the .desired performance

is found, the actual dimensions of the. tower can be found from:

= NiU , | (2.40)

ka is found experimentally for‘diffgtent fypes of packing, and is
uéually a function of the water flow rate.

It is important tojéérgfully consider the flow rates whgn doing
the integration by this method. .The ratio of the flow ratés; L/G, is
‘kept conétant within each volume increment, but the total flow rates: .
are pfoportional to thexnumber of increments in each directidﬁ_"The
overali fatio of_fioﬁ rates for the.éross section is dependent .upon .

’ tﬁé sﬁépe of’thé tdwer, or the numbéf of'ho¥izéﬁtai,;na Vefpical

increments. .




_33_

Zamuner did some work correléting averagé éxiting water temperétures;
and air enthalpieé for towers with different numbers of horizontal and
. vertical transfer units. |

In 1960 Baker and Shryock (3) presented a slightly different
‘method of evaluating the.same integrals. Their method differs from the
.previous one in two aspecfs. Baker and.Shryock iet gach”volume
increment_be-similar in shape to the wholé{éféss:sécfionw This keeps
the L/G ratip the same’in each ‘increment as ifzis in fhe cross section
as a wholé. The steps down then equal thewéteps acrogs:?égéfdless of
shape; | . | |

| The second difference- in the methods is}thelwéf'thé'méan driving
force is calculated within the volume iﬁéreﬁéht.;:Thefsimplégt méthod‘
ié the one used by Zamunefu ;t'is aésu@edjgﬂéf thé*eétgring po§éntial'

difference remains cénstanf through theiunit?volﬁme. iSiﬂcelthe
enthalpy of the saturated air-at the enﬁgring:Wafer:témperafure is
greater than it is at the temﬁerature leavingzthefihc?ement, and the
enthalpy of the air enferiﬁg the'incremgnt*iéilessighén it is léa#ing,
the driving'férce computed by.Zamuner{s metﬁéd will‘Bévlérgér than the
true value in each-increment.y This cou;d‘résult in ﬁndér desighing the
tower. Reférring to equétion 2.34, it is é;en'thék'fﬁé;dfiving force ‘is
. the feéiprocal of the enthalpy diffErence.: Therefbré'; method'of find;
ing the driving force woﬁid be to average the recriprocals of'the:

entering and leaving conditions. But this method corresponds to
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parallel'flow, and the value obtained would bg 1oﬁer than the“t?;e
value. The true value is between those found by the previous ;Qd
methods. If the enthalpy differences 1éaving éndiégteringrare avéraged,

and then the recriprocal found the value.will be smaller than that

found by thelfirst method, and'lérger than found by the seéond_method.

This value should be closer to the true value than the value found in

- the othérgtwo methods. fBaker and Shryock recommend this method, and

it is the method used in the next example problem, and the cofresponding
program in Appendix II. . Since the enthalpies leéving the volume
increment are not known, they must be assumed, and the solution becomes

an iterative solution. .

Example 2.
. Conside; the same power plant and the'saﬁe cbnditions as tfeétéd

in Example 1. | |

Atmospheric pressure = P = 30.0 iﬁ Hg -

Relafive Humidity‘= 0.28

D?y bulb temperature =‘Tab = 94;0°Fl'

West bulb temperature = T = 68;05F_

Tempefaturg'Gf_the Qate; entering‘the‘fowey =ty = 108.0°F

The Heat to be egpelled by the tower is
¢ = 5.121(10°) Btu/hr - B

Assuming the water flow rate is, és'before
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L, =L/A = 583.6 Ibm/(hr £t7) -
The number, of transfer units necessary for the cooling can be

plotted as a function of the L/G ratio for a fixe& cooling range..: For

; range of 10°F the Water'flow rate is. 
L =-q/Range = 5.121(108).15ﬁ/hr
The plan area necessary to handle this amount of. water.ié .
Area = L/(L/A) = 8.775(105)ﬁft2
The temperature of thé'watef 1eaviné tﬁe-#o&ef.is

t1 = t2 - Range

. 108.0 - 10.0. = 98.0°F

et
It

and. the approach is

Approach - ti -1 = 98.0 - 68.0 = 30°F

Varying the air flow_rété té oBtaiﬁ different:L/G ratios and
e§aluating thé integrals by an iterative téchnidue will génerate‘fhe
'curves wanfed; | | |

Letting L/G = 0.1 the air rate becomes
G =1/0.1 = 5.121(10°) Ibm/hr

The enthalpy of the air entering  the tower is approximately the

enthalpy of saturated air at the wet bulﬁ.temperature.-'

“hy = 32.43 BTU/1bm_
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Arbitrarily choosiné the tower to have a sﬁape With the heighf/width ‘

ratio to be 3/2, equation 2.33 yields thé.governing equations

KaAy ‘At

NTUy R i e = : : (2.41)
a - .
and -
_ Rabx A : . - '-."H
NTU_ = .. T h -w I (A

Using equation 2.39 together with 2.41, and‘2.42 there is enough |
information available to do the integfationé."Chobéiné'thé step size :
" to be a fractional_part of a transfer unit the prddedﬁre is as follows.
As éxplained, the enthalpy difference in eduatipn 2.41 is'approximated
by the average of the enthalpy diffefences entering.and exiting the
volume increment. Since the enthalpies e#iting are unknown the
averaée difference is'also‘unknownﬁ Thus the problem lends itself3t6
solution by successive substitution or other iterative methods. A
Amethod of liﬁéar iﬁterpolétion is used in‘tﬁe pngram,Aand is formuléted‘
as follows. ~fhe enthalpies hi and hé‘are fUn§t£bns of.the water

“temperature, and the atmospheric pressure .

o S
hy = enth(t,,P) (2.43)

i.= eqth(tlaP),._

Thé average enfhalpy differencé is

sha'= [y ~hp) + (W] - w12 L (2.4
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From.equation 2.41 the temperature of“the‘waﬁer leaving the

increment is

t =

, =ty - ANTU x b, e . (2.45)

From equation 2.39 -the enthalpy of the air leaving thelipéfement, L

is
h, = G.'(1:1 t>+h_:g o . (2.46)

Subétituting 2.45;f§.46,'and 2;43;into 2.44 yields

: _ e ) . _"‘L
Aha = -[enth(tl ANTU x Aha,.P}_: ( G

xjAﬁTU-%.Aya:+ hy) ]
# (emth(t;, ®) =h) /2=F - - (2.47)
. Choose a reasonable Aha?and'solxrle equation 2:47 for F.- Since-

there will likely be an error, equation 2.48 becomes
M, ;- F =E - P (2.49) . 7

Choosing another reasonable &b yields

3Aha’2 - Fy=E;. . “I‘K2l59)
Assuming the functional.relation betW¢éﬁ the érfotﬂénd;ha i$
linear a better choice for the'average-differénbe.i§.;‘-
Mg = Bhg,p " EgUhy g = MR DAE < B (@S,

By repeating the stéps'theldesired accurac§1canhbé“dbtaihed,.and

the integration proceeds stepABy'stepia'By using_éqﬁal numbers of .
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horlzontai and vertrcal steps the L/G. ratio in each increment remalns
the same as“the L/G ratio for the tower. By varying- L/G for dlfferent
-‘ranges the relatlone shown in Flgure 2. 11 are. ‘found .

| The temperature of the.water~is checked to determine df it‘has.
reached-the desired.tempearturelafter:each successive row~and colunn”of‘
incréments are added.’ The temperatureyis tounthyhaueraging theKWater
temperatures leav1ng the increments at the base of the tower. 1In this
case, for a Range of. 10° F thlS temperature.must be 98 0°F. The exiting
_ enthalpy of the air 1s found similarly. Knowing th1$ enthalpy_the'.
"water belng evaporated canAbe found as shown-in.Example'Z}i.‘

Assuming egpefimentalpdata is availabie‘for_the-packing used; the"

actual dimensions of the towerAareufound,fron}equation 2.4i'as

NTU x L
a

Height = -
eg‘ ‘ Kxa-

" whére Ka is usually ‘a functiOn of_the L/G_ratiOu

‘Height = ((0.3)(583.6))/44.0 = & ft .
" The width is
‘Width - 2/3°x Height = 2.7 ft

'The length of the tower is

it

Length = Area/Width

it

‘Length = 8.775(10°) ft. =

Obviously this is an.impractical tdwer.fnlt'is necessary to examine -
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Figure 2,11 Results of integrating the governing
equation for the crossflow tower in
Example 2.2,
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different ranges, shapes,‘énd L/G ratios. ,Incréésiﬁg thelrahge gf
L/G ratio will make the tower taller, Wider énd‘shorter in length. An -
efficiént tower has a‘tendenéy to ?g shorfer and_nérréwer. As the widthr
decreases the length is increased to héndle the water flow rate. This
indicates the necessity oﬁ tfying'différent.height/width ratioAdesiéns,ﬂ
- The larger rangeé and smalier‘épproaﬁhes fequirg less water to be |
cooled. This in turn dec;eases the pian_area:ﬁeceSSary to handle the
water flow rdte. For normal tower conﬁigurétions the ieng;ﬁ‘calcuigtea
includes both sides of thé tower, soO theﬂtoégr_Will be,hélf.as l?ng ané
about‘twice as wide.as étate&. Sudﬁ é'towe; gqnfigurapioﬁ is;illustrated
in Figure 2.8.

Since the integration is done in‘iﬁtegerAsteps fhe plotiin Figure
é.li is an approximation to the resﬁlts. iﬁ this plot 'is comﬁaréd‘tb
the one'obtainedlfor cbunterflow.dooiing it istseeh'that the crossflow .
tower is less efficient for all‘ranges.

Finding tﬁe available coefficient of a pérticula; crossflow tower -

is done in the same way as for the counterflow towers.




Chapter 3

" DRY 'cbbLING TOWERS '

The 1dea of n81ng dry coollng for power plants is relatlvely new,
: but because of the nresent state of heat exchanger theory, the problem .
.is not overly formidable. Kays and-anqen (5),have done extensive
anal&tic and‘experimental Werk with heat exchangers;_andvthhSQn’and
Dickinson (6)-and.Mborev(7)ﬂhave presented papera on eiéing ﬁry;COOling
towers. | |

_Heat exchangeré having a.gas for one wquing.fluid and 1iqdid'fer
the-other present special problems to a Qesignerf Since the gas'has a
much lower densit§ than the liquid, larger velocities for the gae are
necessary to obtain similar mass flow rates. This conbined with the.
lower thermal conductivities of most gasses results in low heat transfer_
rates per unit of.area'of-the'gas aide cffthe‘heat.exchanger.' One of the
obJects in de81gn1ng a 11qu1d ‘to gas heat exchanger is to max1m1ze
surface area on the gas slde of the heat exchanger,uISrnce‘one of_the 1‘A
majer costs of dperating a'éry codling.tdwer ié‘the:poét of'operating
the fans which must overcome the air flow frictnon; it re necessary to
balance between‘the tower necessary to overceme the‘flow friction, and
the heat.transferred»per unit area. According to Kays and'Londcn. the
heat transfer rate per unit area varles roughly with the f1rst ‘power of
the veloclty, but the frlctlon ‘power varies by as much as the cube of
the velocity, and by at. least the square of the velocity. Kays and

London ' agree with Johnson and Dickinson_that the material, Weight,
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and thereby the volume of a heat exchangér, for a given load, ehéuld be
minimized.  Their work shows that a thin heat exchanget with a large
'_ frontal'area will provide a minimdm voiume; |

Moore, Johnson and chklnson all empha51ze the nece381ty of
de31gn1ng for entrance and exit effects on the gas 81de of the heat
exchanger; Since a1r_entertng the heat.exchanger'1s(accelerated'£rem
nearly zero velocity'tofthat;existing'WithinTthedheat'ekchanger,'the
Eentry region mnst be designed'to ninimize:the turbulance in this
region if the bressure loss is to be kept'to a minimum. |

Thete are two methods generally used in analyzing-heat exchangers..‘
One method uses the log mean rate equation o

q = U A F, Atn‘l . | S (3.1)

WherebU_is the overall conductance-fqr:heat.transfer.in'BTﬁ/(hrf°F ft?j?
A is thetsuttace.atea'on which U is based;:dtm~is the lpé—mean teﬁpéred
ature diffetence coftesponding to connterfloﬁ.z F, is a cotrectien
‘factor used for arrangenenta other than counterflow. 'If the enchanger

is actually a counterflow unit, the nondimensional factor FG is. unity.

For all other flow arrangements Fo.

is less than unity. - Thié fadtor has
been calculated for a variety of flow confignratibns and was preeentedl
in graphlcal form by Bowman,.Mueller, and Nagel (8) :Since then Kaye
and London. have done extensive experlmental work with mnst common,:

heat exchanger geometries (5). 'Their results are used in the -example

which follows. later, and in-the corresponding program inuAppendix.III.
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Kays and Londan use a method’for:analyzing heat exchangers that
is different thén'the log-mean temperatufe Hifferencetmeyﬂod. ‘The
analysis is formulated. in ﬁondimensional vafiables. :The heat traﬁsfer'
rate equation’is
where U is related to the side withvéréa-A. ﬁ is an overall thermal
conductance which is a function of the'hat—side film convectance, fhé
wall conductance, the effects of fins or gxténdéd surf;ées on either
side, and fouling factoré'on both the hot and coldrsiaes. By combihing.
thé rate equation with the enérgy equations, Ka&s and Léndon’&e§élqb‘
fhe pérameters discussea belowﬁ |

‘The hext exéhanger'effeétiveﬁess gpmﬁafes-the heat'trgnsferred to

" the maximum possible heat transfer as limited by thermodynamics.

_ Ch(th,in - th,out) ' Cc(té,out - tc,in
€= T TC. (¢ -t )
max .~ min""h,in  "e, in *“min

t;h;,'in - tc,in)
(3.3) .
The effectiveness compares the heat transferred by a heéﬁ'exchanger to
the heat transferred by ah infinitely long counter flow heat'gxchangé:.
The number of heat - transfer units-is defined by -
L AT 1 L _ . .
N, .= — = — f UdA . o (3.4)

tu C . Cc .
min . min

This dondimensional number is a parameter ‘relating the effective size .
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of exchangers; For a pafticular Flow arrangement, it is proportional -
to the surface area on oneAside,of the exchanger, but is a fﬁqgtioﬁ of
other variables as well. The fluids being heated and'cooléd, material
the exchanger is made of, flow rates of the fluids, and geometric-design
all affect U__.
. av
The last parameter needed in the Kays and London analysis is the' .

'

' capacity-rate ratio

Cmin ;7
~(3.5)

c_ .

“max s

The three parametérs_defined above . contain all'the independen;

variables involved and it is possible to relate'them as

. C ) s .
g = F(Nt ——ngL-, flow arrangement) . (3.6)

U, max
For some fléw arrangements there aré'definite derivablé algebraic
relétioﬁs‘ﬁetween thesé'vafiables.u For 6ther“arrangemeﬁté there are
graphical reiétions that have been found expéfimenfglly. Kays and Londbé
present results from experimental wofk:fqrzfinding'the'fiiﬁ doéfficients

in-the exchangers. These are presented’in tabular and graphicai form as
Ng. N = o(Ng ) . IR (3.7)

" The product:of'thefStant¢n number and”the‘two thirdszﬁower of thé

Prandtl vumber is a function of the Reynolds number.

Friction Effects. As mentioned before the friction effects on the




- 45 -
gas side of an ékchanger are important considerations to a designer.
Kays and London present the‘friction factor, £, as alfuﬁcfioﬁ'of‘heat ‘
_éxchanger core geometry and the Ré&nolds nuﬁber. “Thg pres?ﬁre dfqp'

relation is

2 v C oy, ) ' v_
i o S A B Y e D
1 - Be. 1 ‘__W o : e V1
—@-o? ARy —2— 1. . ' (3.8)
T : e v , ,
AP = entrance effect + flow accéleration + core friction + exit effect

P
Kc and K, are given for many geometries as a function of Reynolds number. .
For fow normal to tube banks, entrance ‘and exit loss effects are
“accounted for in the friction factor éhd-Kc-= Ke =0.

!

Eormulatién of the Pfobleml'
Wheﬁ:éna;yziﬁg heat .exchangers, usuailyfthe majbr concern is
the. amount of hea£ing or cdolihg thej wiil‘pfovide ;ﬁder cexﬁain.
conditibné.. If enough is knbwn.about'thé,exchangef, and the fluids, the . .
performance can be predictéd. Assﬁming thelfoilowiﬁgﬁéondition;laﬁd

properties are known, the method of.predictién is”oﬁtliﬁéd by the

following example.




‘Operatiné conditions:
Air fiow rate . . . . p .. S .';'.'. m
ALr humidity. . . o v b o ov a0
Air entering témperafure. . .‘u”i e .. T
Air entering pressure .-. . e s e ; ; . P
Water -flow rate .'... R

Water inlet pressure... . « . ... .. . t

The overall dimensions of the heat exchanger are known, and the
following surface characteristics are known for a given éxchanger{
'Air side:

Hydraulic radius. . S

h;a
Total air*side‘transfer area/total volume. . .{aé
Fin area/total area . . . . . . . e .;Ag/Al'
Free-flow area/fiﬁqed AYCA. o v e e e 65,
‘Fin thickness . . . . . .L.l. .. 0.8

Fin material condpctivity e e .‘, k

Fin length-(Bne—hgif distance bgtwéén tubes). .“. 2
Wéfer side: . |

Free—flow/frontal’afea. . “ e . ;'g

Water side transfer area/total wvolume . g

Water side flow paésage hydrauiic‘radius_. . . fh‘w
. = . o - . ‘ R
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The:following éére‘dimengions afe'kppwn:' 
.Air—sidé'frontai‘afea e . ,“:‘,'u:.;L‘ﬂ),fA
Water—sidé froﬁtal~érea'. N . .« A
N:Total heét<gx§hénggr volume . ; . .'... e V
To find éhé gas viscésity and the épegific heat qf_thé‘gas; a.bulk
averagé air temperatufe ﬁust be éstiﬁageat This.ié ﬁécesséry tb find
thé Stanton, Préndpl,.and tﬁe'Reynolds ﬁumbers.f_Td'do‘thié;one must_
makq a reasopable assumpfion for the'tempeféturés of‘the fluids egiting -
the heat -exchanger, t, and‘TO:;"Tﬁguavéfégé fémperatﬁres‘are calcuiatéd,
~using a_suitabléiméthod.  Thé 1og—meap‘méthoq ié:ﬁreférred.. |

€y = (5% to>,/'2' BRRE .' | “ 1 (3.92)

(ti _\to) - (to - Ti)

T o=t # : - LT o (3.9b)
O W m 57T Co ‘ . oL
t - 1,
(o] 1

The viscosity, Prandtl numbers and specific heats afe,fqund in‘prbperty'
value tables. The specific heat of the éirlshouldlbe corrected for

humidity. In terms.of the humidity,fatio,.the specific heat of moist

air is
- 1. . w- ey
Cp - 1tw Cpa H.w p.1 '(3';0)
where
| S TR e
W= ,.622 ETEFE__' -"- S " ' : “(?.ll) T
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The Reynolds numbers are found using the mass flow rate per unit of

free flow area.

Iila ma
c,a fr,a a.
4rh,a a
NRea - U
’ a
and
mw ﬁw
Gw - TA =
C,W fr,ww
4rh,w GW
NRew= u
’ w

| (3.12)°

(3.13)
(3.14)

(3.15)

The film coefficient is found from the Nusselt number, or a similar

correlation that is given as a function of the Reynolds number. Kays

and London use the correlation shown in equation 3.7. The .friction

factor for most common geometries is also given as a function of the

Reynolds number. The film conductance is given by

h=DN, GC

or

(3.16) -

(3.17)

The overall coefficient of heat transfer based on the air side

area, and ignoring the small thermal resistance of the wall is

1 1

. 1
Ua ‘ noha (aw/aa) hW A

(3.18)
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Thermal resistanée due fo fouling has also been igpored.3 Mgthods.for
,'determining the fin efféctiveness, ng» areﬁgiven'in most conVectivg heat
transfer books. |

The capacity rates are now found as

c, = h Cpa . ‘ S (3.19a)
and -

C =1 é ' (3.19b) .

w W pW : o

The number of exchanger transfer units. are found usiﬁg equation 3.4.

.Ua Ay
Ntu - C_.
min
The effectiveness of the heat exchanger is given as a function of

the number of transfer units, and is now detérmined. After simplifying

equétion 3.3 becomes
, = T : '
_ wi WO - . . -
i T o ] o (3.20a)
wi ao .

if C . 1is on the water side. If C_ . is on the air side the equation -
min min : D :

becomes

. T - - '. )
g = - ; (3.20b)
Equation 3.20 combined with-the energy balance

Ca(Iao - Tai) ='CW(TWi 7fTWo) . ‘ (3'21)

gives two equations and two unknowns, the exiting temperétures, which

can then be determined. Initially the temperatures were assumed in order
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'Fo determine the fluid~propertiés. If the temﬁératurés-fouﬁd are much
different than those assumed the prbcedufe SHOuld be repeatéd ﬁsiﬁg
the new fluid propeéerties.

Thé'pfessuré drop of the air is 6f‘majgf cgpcefn in_fhié type of
heat exchanger. lEquation 3.8 has.;he pfegsﬁrés involﬁéd.in both siées
of the équatioﬁ due'to thefteyms inVél&iﬁg the specific volumés. It
ié,neégssarj.to iteraté to'obtain thé'yalﬁes of PZ’ the.egitiné,pressure.l,
' The specific volumes are found from. the perfect gas relation

- o . :

VEp B L"'. T (3.22)

The amount of water vapor in the &dir has an effect on the value of R

and v. The gas constant in terms of pressures and molecular weights is

R = —— = 1045 — . (3.23)
M P - ¢P ¢P ’ :
g Ma + g, M, -
P P
The specific volume éfter_substituting for the gas cqn§tant‘ié
L= : 1545T e ) _ o "»(3.24)

(P - ¢Pg)Ma + ¢PgMV

All the terms in?&lyed in finding‘phe preésurg drop héve‘been
determined éxéépt the re}aéive humidity of'théAair exiting the éxchahgér;
:Since the:humidity ratio of;moiéture content bf.the_air is constant, a
rglatipn between thé réiative humiditieé'can be determined aigebraicaliy.
" The correlation between fhe'felétiyé hﬁmi@ites at any two points in or )

around the heat exchanger is




<~ 5] =

) P .
by = — 5 o (3.25)

Equation 3.8 can now be éolved by a suitéble iterative téchniquef
The program listed in Appendix III uses‘ailinearAinterpolation scheme.'
In glectrical power'generating plants, it is:important to delivef
the water to the condenser at a suifabié temperatufe. Sincé the
temperature of the water leaving the'cooling &Qwér“is §f primary
importance, the analysis can be formuiated Qith thisltemperatdre
specified. If a coo;ing unit ié chosen, gnd the amount of ﬁater'that_
can be céoled by phis unit is determined, it is then knéwn how many
similar units are necessary to handle the. cooling load. Thé temperature
of the water that is delivered is obviously limited by the dry.bulb
temperature of the air., TFor a particular uﬁit the geometry is fixed,
and the only unknowns are the flow rateé, the tempera;uré of thelair:
exiting, and pressﬁres-bf the fluidg eiiting. Since thé flow réte of
the air is an impdftant parameter it can be used as the'independeﬁt
variable. Whén the Reynolds'number of the air is fixed, the amount of
water‘it is possible to cool and the exiﬁipg-temperafure of the air
are fixed, al£h6ugh they are still unknown since the eﬁergy balance
= equation must be solved simultaneously with the heaé ﬁraﬁ;fer.rate
equation. The simultaneous solution is'obtained by an.iterative
method described in the following thfee paragraphs.

The effectiveness of the heat exchanger is found by one of ‘two’
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methods. One is to use the definition of the effecfivness, eﬁq/qmag.
Tﬁe other is to use the fugctional relétipn,-e = @(Ntu), for a
particular flow configuration. Fof a heat exchanger opgrating at steady
state these methods must give the same résul;s. 

Since proQiding the air flow rate'geﬁerates the highest operating
cost for a dry cooling toagr, the Reynolds pumber.of the air is thé most
logicai choice for the indépendent paramefef. Therefore the object is
'to determine the performance of the heat éxchanger fér a fixed air flow
rate. If a reasonable assumption is made'fér the éxiting air temperature,
an estiméte of the Reynolds number of the_watef,-or-its mass flow raté,
can be determined from an energy balance uéing equation 3.21} The |
effectiveness can then be fou#d using € = q/qmax or féf simplicity
using equation 3'201 This efféctiveness will be denoted as Et"
Using the assumed temperature, the fluid propertiesfgan be'found using
the suitable average températures. The‘film condudténceé are'theﬁ
determined using equations.3.16 and 3.17 or other similarly applicéble
relétions found- in the 1ite¥atgre. Using thé-film conductancés, the
overall coefficient of héét transfer is found frém equatiqn‘3.18. Then.
using equation 3.4 the number of transfer units is found.~ From .
algebraic relations or from graphical relations the effectiveness can
theﬁ be found from the number of transfer units. lThis effectiveness
will be denoted as eg. Call the difference between the two, Ael.‘ 3y

assuming a different temperature and repeating the process a second
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differénée,'Aaz, is determined. From those two differences ‘values, it
is possible to.use linear interpolation to find a more accurate

. temperature for the exiting air."That‘temperatqré is. given by

To = ;fo,l * (Zg;l-_ 22’2) L L (3.26)
: 2 1 - .
Progressively more aécﬁrate air exit'temperéfurg éstimates ére
obtained:by répeating the pfocess.. an&ergence of this,iterative
scheme 1is rapid.
The pressufe‘drop cén'gheﬁ be fouﬁd using eguations'B;é{'3f22,f
3.23, and 3.24. That preséu}e différen£3a15ﬁill.déﬁérmihé'what'faﬁ is- 

‘necessary to.produce the. required air flow rate.

Example of dry cooling,. fhe objeét is to‘accomodate thé cooliﬁg'léad
for thé same 1000 MW plant as before, but the operaiing Eonditions
are changed fé make ;hg plant‘more'suiféble‘for dry cooling.  For
éimplicity, assume.the"éooling tbwer hgs to expel the same amount of
heat as beforQ:

q = 5;129(109) BTU(hr

Let the operating conditions be as follows:

.Dry bulb temperature = Tdb' r70.0°E'n

Entering water témperature

£, = 140,0°F =
Exiting water temperature = tb'%'110.09F
Since the water is cdoied_thrdugh a 30°F range the water flow

rate to.be handled is -




- 54 -
. _ 8 _
mo = a/(t; < t)) = 1.710(107) Ibm/hr

The heat gxchénger chosen isra fin tube arrangémént Wifh contihuous
fins. The tubes afe space& 1.50 inches center éo center and normal to
the flow. They are spaced 1.75 inches from center to center parallel
to the flow, and.have an outside ‘diameter of 0{676-inches. The whole
unit 1is 10 ft.long by 5 ft téll pgrpendiculér'to the air flow énd is
2 ft thick parallel to the air flow. The ;emaining significant

physical parameters are as follows:

3

r = 2,85 x 10 “ft
h,a _
qé = 169.0 ftzlft3
o, = 0.481 ft2/ft2
na e 1n=3
§ =1.333 x 10 ft
k = 140.0 BTU/(hr .ft °F)
_‘2 .
2 =6.25 x 10 ft
o, = 0.5469 £e2/£t2
o = 19.42 ftz/ft3"'
W .
. -2
T = 1,408 x 10 ft
h,w
A ‘= 50.0 ft2
fr,a ,
A = 10.0 £t?
fr,w ,

¢ = 50%
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By following.the-secqnd method outiiﬁe&ﬂin_thevfofmuiatiqn;'théf
wéter~flow rate, the heat transferred; the exiting airvtempérafqre,'
and the préssﬁre droﬁ aré found. fhe heatféxéhaﬁgér gséd has a fip
érrangemént such that £here is né prohounéed léminar to turbulent
transition effects on the air side. As a result the_éﬁount of water
it is capable of cooling‘increaseé-ﬁith_the-aif Reynolds numbér; but\
not as rapidly,ésnit_might increase wipﬁ”aﬁothe; ;ypé of heat exchanger.
This is shéwn iﬁ Figure 3.1. Some heét'ekchangers,are méde with dimpled. ~
‘tubes and Wavy.fins to pfomote the turbulent,effectsﬂ

The amount of heat transferred per Héat exchanger unit_ié.diféctly:
.pxoporgional to the amount pf‘water»thaf is cooled tﬁrougﬁ the ﬁixed
range as shéwn'iq Figﬁré.B.Z; Under:thege-cbnditions”with an aif
Reynolds‘qﬁmber of 3000, the heat transférred'by eééh cooling umit- is
1.17 x lO6 BTU/hrg thus 4400 heat exchangers are required to tfansfér
the 5.129 x 10° BTU/hr to the air.

As the flow rate.éf the air is iﬁcréésed,'the_temperature.riée of
the éir will be decreééed éince it will be.in the exchaqgéf for.g
shorFer'period of time. Figﬁre 3.3 shows this reiétion, although due
to viséositf variafion the air‘ReynoldS'number is not'directiy
propgrtional to the massﬂflow rate. VTHe éhépe‘of”éhe curve iﬁ
Figure 3.4 suggests thatreffectivenessﬂfollowg a linear re;atioﬁ ﬁifh_
the exiting air tempera;ufe, siﬁce'the-éffectiveness:gu;ve is shaped-

similar to the temperature curve in Figure 3.3. Equation 3.20b, shows
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that for three tempgratureé'fiked;'the effecfivenesé.is a 1inéar
function of thé exiting air temperature. ;

Kays apd‘London suggéét a'higher'fhan'first order reiation
between the air veloéity;'and the friction losé.:‘The results shown
in Figure 3.5 agree With—this. A heat’exchanger desiéﬁéd to.béombte.
_yturbulent flow will havela'more pronounced pressﬁre drop tﬁan the one - -
_studied in this example. Knowing the air‘pressure drop through the
heat exchanger as a function of the Reynolds humbér élioWs one to

determine the fan size necessary to deliver the desired mass flow

rate.
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:Chapter 4

WET}DRY COOLING TOWERS

The wet[dry,:or:hybrid, cooling'towers are'a step.towards
solving many cooling tower problems. The wet/dry-cooling tower operates .
by cooling the water delivered to it lnftwo stages. Theﬂwater first
enters a series of heat exchangers, the dry section of the cooling
tower. The water is cooled through part of the range in this section.. .
Water exit temperature from this section is limited'by the:ambient dry-
bulb temperaturef' Then the water is:cooled using the. wet section of
the system Where water‘exit temperatdre is'limited by the amhient.wét
bulb temperature. | ‘ |

. The wet and the dry ‘cooling towers haye a“number of drawbacks
that may be overcome hy.the hybride cooling'towerl‘ A wet cooling'tower
Zcoollng a 1000 M power plant will evaporate about 5.4 x lO5 gal/hr..
Along with this loss a part of the water in the system must be replaced
so that the'mlneral and partlculate concentratlons do not reach a level
that will'cause:excessive'corrosion in the system.l Replac1ng this water
1s called blow down. Using a hybrld system to cool the same. power plant‘
allows the wet part of the system to be: much smaller. This results in-
less evaporatlon and less water lost to’ blow dowm. | E

When cooling towers are located close to res1dent1al areas or
highways in cold cllmates there is danger of icing. When the air enters
the tower:at a'temperature.below_freezing,'it is heated, and a certain -

amount of water is evaporated. As it exits from the tower it mixes with
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6utside air,'énd is coole& to the ambient temperafureii Bycexamining
the satur;tioniﬁapor pféssufe as it app?oacﬁes:these lower temperaﬁures;
if is found that'virtually no water vépof can remain in the air.  As
this water' vapor condenses from the air itlcan-fgrm icéjon roadé'aﬁd
streets. Using a hybrid system to reduce -the evapbration’will_redﬁcé
the icing. | |

"The dry cooling tower alone dées'qot have to cpntehd with the
problems mentioned.. However there a;e'two draWbaqks to tﬂe use.of dry 

cooling towers that seriously limit their use.- One is the immerse

" size of.the tower, and~numbér of heat éx¢hadgers reﬁuired to handle

the water. In the previous example, where the opefating conditions
were favorable, it was necessary to use 4398 heat exchanger elements -
to. cool the water with an air Reynolds number of 3000. 'This providgs,'»

a total'frontal‘areé‘of'2.20 X lbs ftz; 'Eor dry cooling of 5 1000. MW

plant this is not overly large, but it will not prbvide adequate‘cooling
above 70°F, and the turbines must operate against an absoluté back

pressure of about three inches of mercury. - The second major drawback .

‘is that the exiting water temperature is limited by the air dry bulb

témperapurew If the temperature was 90°F it would 'take 7406 of the.:

heat exchanger units to handle the cooling load. This structure would

' be roughly 400 x-925'squareffegt, which'isiactotal fronfal'areagof:

8.5 acres.

For locations with large changes in temperatures, such aS‘Moﬁtana, ‘
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the dry cooling is not as yef préctical. The hybrid cooling system
6ffers a solution‘to many of the prdblems relating to the availability
of water,,énd'large tempefaturg fluctuations. Laszlo Heilef pﬁblished

" results of“wet/dry cbéling,towers he designed fo;~the Soviet-Uhiéﬁ (10). .-
The design work was done for climates with gold-wintefs and‘hot summers .
In this climate the Watér?run off follows the Seasons. The water
discharge is extremelylhigh:at the commencemeﬁt'of Ehe“thawing period,
and decreases in stages as Winfer sets in. -It reaéhes a -minimum during
the period befﬁre thawing. ‘The Sovief Union has found that the ..
maintenance of wet'towerslin temperaturgs‘below -5°F presents enough
problems to prohibit their use during this period. The wet/dry system
was designed to alleviate‘§hese problems. During the'periods when -
cooling-wafef is not available thg air temperature is extremely 19w,
and a compafative1§ smaller sized, and therefére.iess,costly airvcooling.
system can be'empioyea. During the winter season the extremely cald
atmophere - allows the drf ﬁeat éxchanger té-pfovide the. vacuum required
in thetcondenser, éven With é heat exéhangé surface of about one half
of the normal surface area. In the'sdmmer wheq ambient temperatures
reach 85 to 95°f, abﬁndant water is availablé; and'the:coolinngater
passed through the heat exchangg surface of the‘dry.section of the
cooling tower is further cooled in the ﬁgt section of the cooling tower.

Heller &esigned the éystem shown in-Figﬁre 4.1, fhe,figﬁre shows-

that the wet and dry sections of the system are connected in parallel.
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Figure 4,1 The Wet/Dry Cooling Tower utilizing the parallel flow arrangement,
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The water drawn from the jet éondensg?s i; delivered both ta a‘water—to;
water heat exchanger and'a water-to-air cooling towér section. 1In
times of cold weather the water may be éyéled coﬁéletely through the. .
water—to-air seé;ion. Thé water in the %et sectiop-of the éooliﬁg .
tower is in a cyglé by itself, and it-co;iects'heat in the water-to-
water heat exchanger. By keeping the Watér in the wet parf of the
tower from mixing with the rést, any concentrates accumulated in that.
section will not afféct.the’rest of the:system.. Thus,; .the remaining
water is maintained at boilér quality and can.be used in jet éondensers.
| A surface condenser will condense the steam at aitempératufe'of
-about 5 to 8°F greéter than the tempeféture of the waterfdelivéred‘
from the coaling fowgr. Aiternétely a jet condenser will heat the water
from the-cooling}towér to ﬁithin 1 to 29? ofvthe condensing steém
temperature. This allows for the water entering and-exifing the'tower
to be about 53°F greater than the same water temperaturés aséociated with -
é surface condenser for the same turbine back pressure. Nprmaily
incfeésing these temperatures would &ecrease thé éize of the cooling
tower necessary‘to handle the heat load, but. the water—to—wéter heat
exchanger linking,the wet cooling section‘to'ghe.syétemiis‘nof 100%
effective, and this fofcés,thé cooling tower to cool the water through
a slightly larger range in'the wet_sec£ion.- Therefore what isigained
by increasing: the qﬁerating-témperatures throﬁgh use of jet éondeﬁsers:

may be lost .by the use of one more heat eichangér.
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The wet and dry sections may'also be connected in series as
shown in Figure 4.2. For this.arrangement'ail of the condenser water
is cooled in the dry section of the tower to a témperéture"limited by
the air dry bulb temperature. It then pgsses through the Water—té—
water heat exchanger, and is cooled to a femperature.1imited‘by'the air
wet bulb témperature and the effectiveness of the heat exchanger.
During cold periods the Wet'Sectiﬁn may be shut down, and thé water-to-

water heat exchanger wlll. transfer essentiallylno heat.

Sizing the Hybrid Tower

Adequaté theory has beeﬁ developed in the previous chapters.to
size a hybrid tower. Consider the parallel system shoﬁn in Figure 4.1.
For a 1000 MW plant, the cooling éystem must dispose of about 5.13 x_109.
BTU/hr of heat.' If the water enters‘thé condensér at i10°F and exits
at 140°F the turbines must operate at a back pressure of 2.8971bf/inz
or 5.89 inches Hg. | | |
These coﬁditions, though being far from.qptimdm, can be used to
coméared the different cooling towers. There aré an infinite number
of combinations of Wet'and ary sections.that‘will.providé the necessary
coooling, and only a few will be e#amined. For a:tbtal optimization
it is necessary to consider.the climate throughout the year, the

operating conditions, water availability, and ¢onstruction, material,

and .operating costs.
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Figure 4.2 The Wet/Dry Cooling Tower utilizing a series flow arrangement.
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Consider éhe,plant deséribed on a day when the temperature is 90°f,
and the wet bulb temperature is 66.5°F‘at standard pfessure. This
corresponds to a relative humidity df'about 28%. The'flow rate of

8 1lbm/hr. To cool -this water in a dry

water to be cooled is 1.71 x 10
co§ling.tower with an air Reyﬁolds number of 3060 requires 7535 of the
10 x 5 x 2 ft sections described in-the.ﬁpevious chapter. This ié a
frontal area of 3.77 x-lO5 ft2. Cooling this amount of water in a wet
cooling tower evaporates 4.76 x 106 1bm water/hr. Three caées'of hybrid

arrangements will be compared for size and the amount of water

evaporated. In two of these cases the wet and dry sections will be

,paraliel. A series arrangement will'be.used in the third case.

Example 4.1. Rferring to Figuré 4.3 consider the case where half the-
water to be cooled is delivered to the dry sectidnl and half to the
water—-to-water heat exchanger. ' The water in the dry section is cooled

to t; = 120.0°F. Since the wet bulb temperature is 66.5°F,; which is

the temperature shown as t3, and is about the lowest temperature that

it is practical to deliver at this point. The water-to-water heat

exchangér wili.deliﬁeflwater to the condenéer at a'témﬁerature_tz, which
is 5 to 10°F greater than the temperature ts. This limits the @iﬁimum
temperature of the water the'wet‘sectioniof the.cooling tower‘can
actually deliver,to'about'80°F. This'is-Below the dry buib temperaturg.
If the humidity is such tﬁat:the wet bulb température.iélwithin’lO°F-

of the dry bulb temperature it will be difficult to cool the condensing
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water below the dry bulb temperature.

' From the energy balance

2 A A (4.1)

2

of water cooled in the dry section is increased, the temperature of

t, can be obtained, and for this example t =.lO0.0°F. As the amount
ﬁhe water 1eaving:the water—-to~water hgat exchanger, tos must be
Qecregsed to obtain tbe‘desiréd tempe?apure, td’ of the water delivered
to thé condenser. Since t2 has a minimum of 10 to 20°F greater than the ,
wet bulb témperaturé, the amount of water thét can ﬁe coéled in the dry
section has a maximum if it is not cooled through the complete range.
Kno&ing the heat to be traﬁsferréd iﬁ,gach'section and somewhat
arbitrarily letting the wet towér cool from 130°F to 90°F, the same
-programs used in the prévious cbapteré are sufficient to do the heat
transfer and sizing analysis; It takes 1996 of the dry heat excﬁangér.
sgctioﬁs to cool half the water through 2/3'0of the range as compared to

7535 to handle the full load. The water is evaporated in the wet

6 6

‘section at thé rate of 2.87 x 105 lbm/hr as compared to 4.76 x 10
.lbm/hr if all the heat is expelled .in the wet towef. The'wét/&r§
towér in this example would reduce the amoﬁnt‘of makeup water mneeded
by about 40% during the hot weather perigds and By more during'the

cooler periods. .

In locations in Montana where much of the year has temperatures at
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about 10°F it'Would'be desirahle to have a tower that would operate on-
the dry part'aloneuduring‘the winter months;"To obtain the.same
. cooling atllOAF requires 1945 ot the ury heat emchanger elements.
Therefore the-combination-of wet and dry coOling just‘emamined eould
.oooi completely with dry:cooling through muoh;of the'Winter-in-many

locations.

Example‘4.2.-'When construction costs‘are of major importance in'plant"
" design the tower can be'des1éned to use'some Water all year around.
Lettlng the dry section cool a fourth of the Water, 4.275 % 1O7 1bm/hr,f}
to 120°F and_us1ng equatlon 4.1 the temperature of the water delivered’
from the Water—toewater-heat exchanger is found to he 107°f.- The dry-
coollng sectlon for this example requlres 998 of .the hext exchanger
elements to handle the 1oad with an a1r Reynolds number .of 3000. Wlth-
.the wet tower handllng the majority of the load, and coollng from 130

to 90° F it Wlll evaporate‘about 3.6 x 106

1bm/hr under:the condltloner
of 90°F and a.reiative.humidity of 28%. ~Thie will result in awsavings
:in-makeup Water of 24% oomoared‘to a wet tower;._When‘the‘temoerature
ie 10°F theldryiseetion’wiil handie.SlZ of_the‘load,jand the amount

of Water'eyaporated ia greatly decreased due:to>the smaller Ioad to
the Wet seotion,:and'the colder air which can'aécomadate much less

water vapor.

. Example 4.3. There is but one sensible way to'make the series’
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connection, and that is to cool in the dry section first and then the.
wet section. Taking the same .load and cooling to 125°F in the dry
section and cooling throﬁgh the remainder of the range to 110°F in
the water-to-water heat exchanger requires 2757 of the heat exchanger
elements and evaporafes 2.2 x 106 lbm/hr when the wet tower céols
from 115 to 90°F. Since this results in many morehelements than is
needed to dry coolnthe full load in the winter, the dry section of
the tower ma& be oversized depending upoﬁ the design critéria; A;though:
half the heaé is handled in the dry seétion, it requires only 37% as
many elements as is required for dry cooling the full load.

The series arrangement has the advéntége over parallel arrangements
that it can cool further below the dry bulb temperature. The‘parallel
systém must cool té lower temperétures in the wet section than the
series system must as only part of the'waéer is ;oble&, and mixed with
the water that was cooled. in the dry section.

There are many plant sites available in the norﬁhe?n states and
Canada tha; have some watér available for cooling, but not sufficient
for a totally wet cooling system. For these sites a wét/dry coo;ing '
tower should be considered. 1In locatibns where there.is little or no
runoff during the qolder periods, wells could be used in combination.
with the dry.section of a wet/dry tower to cool the condenéers; and
both sections used in conjunction duriné the warmer séasbns.when runoff

is available. If the dry section is sized accordingly the only water
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needed is what is used to replace leakage, and maintain the boiler
feed water within the system.. A tower sized .to operate onlthe dry
section aléné'dﬁring the winter may reduire as much as 40 to 507 less
water during the summer months thén a wet tower, and tributaries leading

to major rivers may provide sufficient water for siting.




Chapter 5

ANALYZING COSTS

Due to the expenditure involved extensive consideration must be
given to all the_variaﬁles affecting the initial and operating costs
of a power plant and cooling tower. The power plant designer must
consider the conditions that exist in the wate; systems during all
operating mo&es. He must consider variation in heat loads and power
demands and their relation to expected weather conditions. Also
important are the performanée variébles of the condenser and cooling
towers, and the changes in efficiency of the steam tprbine as various
demand loads occur at different back préssureé.

The ultimate procedure for selection of the cooling tower would
involve examining alllpossible variations of water system equipment,
and evaluating operatiﬁg and first-cost economics for all combinations.
Operating Eost calculations can be made for short time inérements.‘
The initial expenditure can be put on a unifofm annual cost basié and‘
added to annuai operating cost to obtéin.a total annual cost.  Total
annual cost for all the variations can then be compared to find fhe
least exﬁensive option.

Once the combination of components is chosen the deéignerlcan
specify the condenéer and cooling tower equipment that is necessary to
meet his design criteria. These design conditions are generally
established so that they represent a condition of operation that is

expected during a reasonably, large number of hours. The cooling system
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equipment must be oﬁtimized with each-céﬁbinafion of components being
studied. Optimization of plant coolingAWate; system equipment
involves tﬁé selection of fhé'pumps, ﬁiping, tower and condeﬁse;.for
the ﬁost favorable year—rouﬁd~blant operation. In each case the
design critefia must be established from the plant components chosen
before the cooling_system can be optimized. The methods presénted in
the previous chdpter for physically sizing the cooling towers become
essential to the overall éptimizétion. |

The turbine can be operated most efficiéntly against a baék.
pressure correspundidg with a saturation temperature of about 85 Fo
100°F for full load conditions. .Stapdard wet coolipg towers hévg
tréditionally been designed.to maintain condenser temperature‘in that
- range for aBout half the qéerating year‘(95. Rea;onabie efficiencyv
and reliébility is assured at back pressures ranging up fo 4=1/2 inches
éf mercury pressure. Most tﬁrbine equipment is guararteed for oéeration
up to about 5 inches of mercu;y; or 134°F satufation temperature.

éurface condensers are selected by means of establishing an overall
ﬁeat transfer coefficient with foul factor, and aré sized -to produce a
given mean teémperature difference. between the satur;tion stéam
temperature and the hot and cold water circulating within the tubes éf
the condenser. 'The'terﬁinal temperature differgnce,-that is the‘
‘ difference befween temperature of the cooling water exiting the

condenser and the saturated steam temperature, must exceed.5°F at
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- design conditions. This is a minimum level established by the Heat
'Exchaﬁge Institute.

When plant designs are evaluated to determine relative costs,
studies are made to determine.year-round opefating economics by
examining'different:pombinétions of water system components. The
pumps, éipihg syétem, condensers and cbbling towers aré considered in
these evaluations. In addition the.chénges in KW output capability and
changes in the fuel costs must be considered. Uncertainties in cost‘
estimates occur due to changihg_éosts of materials used fo make various
components. The influence of complexitj of the design on labor cost
have a iarge bearing on the initial cost of a plant. Whén the turbines
are operated at a higher back pressure, the fuel consumption must
increase to maiﬁtain the saﬁe eleétrical power dutput. M&re heat is
expelled in a éooiing tower when.it is operated atvhigher températures,
therefore as the turbine back preésuré is increased ﬁhé_size of tﬁe
cooling tower may'be'decreaSed. If equipment and tower costs;have more
effect than the fuel costs on total expénses it is more economical
to operate at these higher backlpressures.

It is important to define the tyﬁe of operation that ié to be
egpected at a given plant. For exémple, if a plan; is-to-be operated
‘under conditions which cause high tower cost such as operaﬁing full
load during the summer when wet bulb temperétures are highest, it is

possible that optimum economic conditions will indicate using a
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furbine back pressure beyond the turbine manufacturers' point of
guarantee, Since this cannot be'done the choice ﬁust-be made, in order
to evaluate the costs, as.to whethef.the plant'can be operated with
some degree of unloading, relying on péaking plants or other éystems';o
pick up thé difference in loads. Thisiwould not be acceptable in
locations that have summertime peaks throughout thé whole area, -as all-
the plants within the area will be dea$ing'with.the peak loadsi
simultaneoﬁsly. When dfy éooling is considgred it may EConomically call
for t;ubine back éressures far above the limits of what is available
today.

When economically optimizing the range and approach for operating
wet cooling towers, it is necessary to consider the expécted variation
of load and simgltaneous_Weather.condition variations at thé location
being studied. The most accurate study is one which uses the smallest
time increment possible. -However, hourly stgdies on & year-round baéis
can be too time consuming and expensive'evén for todays computers;
because there are a'Wide variety of condeﬁsers, pumps,and cooling towers
than can be ;nciuded in such a study. Such studies are usually done
after turbine specifications have beén fixed. ﬁach_combipation of
tower, pump, and condenser can be evaluated separately in conjunction
Iwith probably changes in fuel costs to indicate relative gconomic
advantages of one system versus the other.

Estimating the expected weather conditions and load is difficult
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for a proposed site. Pést weéther conditions for a proposed site are
not usually completely recorded, and loa& demand will:be influenced by
cost, futuré poﬁulation levels, and other factors which are as dffficult.
to forecast as thé‘weather.. The averaggAtemperature of a montHly time
period is usually far below the‘maxiﬁﬁm_tempefature; making it pogsible‘
to misinterpret the maximum back pres;ure that ﬁight Bé ‘encountered
during the hottest periqu:of the summer..'In actual operatiop,tas‘the
high wet bulb conditions occur within a monthly period, plant fuel
consumption rates rise due to turbine inefficiencieS'at high Back
pressure. The resuit is that the fuel cost component . of the evaluation
will be somewhét low. These are facter'whigh should not be overlooked,
if full load conditions occur at the séme time as extreme high wet

bulb temperatures.

Choosing components for dry cooling involves many of the same
considerations as for evaporative cooliﬁg, but due to the'increased
costs of equipment, thg'economics will optimize at higher back preésﬁres.‘
If fuel costs increase radically during the life of the plant, the
optimum back pressure will decrease, and this possibility should be
considered in any analysis done. In Chapter 3 examples were‘given Qhere
fhe amount of cooling, nﬁmber of units necessary, and'prgssure droﬁs
were given as a function.of the air Reynolds number.. Giyen typical
fan performance‘curves and costs, the optimum to&e: can be designed'

for particular conditions.-. Since these conditions are not constant
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the overall system Qnd.metgorélogical conditions must:be considered
simultaﬁeously. | |

As with evaporative'SYStems, the use of peaking planfs ér other.:>
méthods 6f handling 16ads during high dry bulb temperatu?es must be
considered. Trade-offs involve an increased initial investment in
eqﬁipmént in return for future sayingé in fuel‘Becéusé of improved
efficiency or lower operating épa'maintenance.costs. Other ﬁeans‘of'.
maintaining generating capacity at. high ;mbieﬁt temperatures include
augmenting heat-tranéfef Qi;h a fine sbray of ﬁater og thé exchanger
fins and tubes, and preqqoling‘the air by evaporative cooling (10).v In
mechanical draft installatiéns,‘the seléctipé-of multispeed fans offers
tﬂé'option'of operating fhe.fans at ;he higher spéed to-imprové heat
tejébtiqn at high ambient teﬁperatures.3 |

"In areas where Watér is évailable the problem of:handling péék
loads duriﬁg éhe summef mgy.be‘soivediby‘the‘use of hybri&-towérs.‘ The
dry cooling is ecénomica; ih cold weather, and the evaporative cooling:
assistancg is the most economical duriﬁg the hot perioas. The use of
hybrid5tpwe;s furtﬁeﬁ compounds the'diffigultj of optimizatién due to-

:the'number of combinations'avai}able. These additional combinations
must also be_aﬁglyéedffof operation thfoughout the year using the '

smallest time increments possiblel




Chapfer Vi
CONCLI.TS IONS'

" Methods previouély'developed for‘si%ihg'évéporativé cooling towers
were studied, and When.aﬁéropriate used in dé&eioping progréms-for.
sizing cooling towers. “Merkel's method 6f obfaiﬁiﬁg.the équatiqn
governiﬁg-the size'of evapéf;tive cooling towgrsiwés—presented:alohg-
with téchniques for integréting‘fhis gquation. Theée téchnidﬁes of.
integration ﬁerg presented for both coﬁp;erflow and croégflow towers.

' The programs developed were deéigned.to use a miniﬁﬁm of inpﬁt, with
the thermodynaﬁics and fluid préperties.COntéinednwitﬁih the programs. .
Wheﬁ'deveiopiﬁg é.ﬁ?égrém to size dry éoqlingltOWerS5 éfanﬁard
heat éxchanger theory was used to dé ﬁhé heat transfer énalyéis. Thg,?

" program fhat.Was.develbped to Size dry ééoiing requiréé the most
input due to the number qf'phjsicallheat‘exchanger_ﬁarameters ﬁhiéh
muét be predetérmined. .Parameters to be éware Qf'when.minimizing
the size of water—to-air heat exchangers wepe'broﬁghp.forward.

The métﬁods‘for_siziﬁg evapérativé and’ dry cooling towers were
used in éombination ;5 size the hybriﬁ towers. Tﬁe.adaptability of the
hybrid tower fo;hostile'environﬁents ﬁas streésed. 'It's'abilify‘to
.overcome the pfbblémsléf.water shoftége,.and ﬁlume'abatement'were:shoWn.
"The use of dr&vor wet/dfy cooling expands the ﬁumber.éf plant sites
'avéilable, and:allows planté to be located in Watér-short areas which
are often less pofulated ﬁﬁan éreas withfﬁlentiful,ﬁétéf sﬁppiies.’

The relations between the cooling tower and cobling SYSEem and’ the
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economics‘of>£ﬁe plant as a wholeuweré presepteé. It was shown thét-fof 
high labor cost and low fuei cost it ig economicai.to ope;éte at‘highef
back pressures than are cﬁfrently used. The relati&é ﬁagnitude of fuel,
1ébor, and material costs Wére shown tb‘cdntrolrthe.most economical

turbine back pressure and cooling tower size.
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APPENDIX I

PROGRAM FOR SIZING COUNTERFLOW COOLING TOWERS

This program will generate curveS;rélaFing the numb;r,of t;aﬁsfer
units to the ratio oflthé leW:rates for a cqunterflow towér'(equatiqp>
(2.23)). The .program was désigned to use & minimﬁm‘of input andih
contains within it ail'the:thermodynamiés necessary to éize a coqntef—'
flow cooling tower. The program was Wfitten.to hgndle‘a specific set of
meter;logical conditions, and arranégd in a manner that makes7£ﬁe.

inclusion of year round conditions a minor adjustment.

T T T=T=T - TT ¢ o i |t
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KEAL KA>NTUST»L,LPERA
Cx»»»w TH1S PROCGKAM SIZES COUNTERFLOW COOLING TOWERS FOR
CH»x% A GIVEN HEAT LOAD WHEN GIVEN; THE DRY AND WET BULB
Cxxx»x TEMPERATURES IN FARENHEIT», THE RELATIVE RHUMIDITY AS
Cxxxw A DECIMAL, ATMOSPHERIC PRESSURE IN INCHES OF MERCURY»
Cx*xxx THF. WATER FLOW RATE PER UNIT OF PLAN AREA, AND THE
C=xx»x TOWER PACKING COEFFICIENT» KA, IN LBM PER HR PER
Cxxxx SQUARE FOOT.

Cx»»» THE VARIARLES ARE DEFINED AS FOLLOWSe.

Cxx¥% HFAT 1S THE TOTAL HEAT TO RE DISSIPATED IN THE TOWER
Cxxxw P IS THE ATMOSPHEKIC PRESSURE.

Cx»xs TWB AND TDB AKE THE WET AND DkY BULB TEMPERATURES
Cxxwxx RESPECTIVELY.

Cxxwx PHI 1S THE RELATIVE HUMIDITY.

Cxx»» T2 IS THE TEMPERATURE OF THE WATER ENTERING THE
Cxxxx TOWEKe

Cx=»» LPERA IS THE WATER FLOW KATE PER UNIT AREA.

INPUT HEAT»Ps»TWR,»TDB»T25PHI»LPERA
PSAT(TDB)=EXP(=11+6638+45:3179/TDB+2¢1423*ALOG(TDB)++081294337%
$TDB)
OUTPUT HEAT
OMEGA1=+6221*PHI%PSAT(TDR)/( +491%P=-PHI%*PSAT(TDB)J )
RHO=(P*70«53,/7(53+3b%#(TDR+460+.0))
UVUTPUT RHO
LPERA=T70.0%8+ 337
LPERA=LPERA%*1.+5
DU 1v I1=10,35,5
C WILL GENERATE LINES FOR rIXED RANGES» AND FIXED APPROACKES
RANGE=I%*1.0
L=HEAT/KANGE
AREA =L/LPEKA
C*%%%% T]1 1S THE TEMPERATURE OF THE WATER LEAVING THE TOWER
T1=T2=-RANGE
APHCH=T1=TWB
WRITEC108,22)
22 FORMATC'1', "RANGE',2X» '"APPRKOACH'»2X» '"PLAN AREA', 7X» 'WATER RATE")
WKITEC108,21) RANGE,»APRCHsAREA,L
21 FORMATCF4¢0s5XsF4+054X51PEL]1¢455X51PEL114)
WRITEC108,23)
23 FORMAT(///3+7%s"L/G'513%X5 'NTU'5>10X» 'AIR RATE'»7X» 'AIR SPEED', 7X»
$'HEIGHT's 9X, "AIR', 12X, 'EVAPORATION ')
WRITEC10&,43)
43 FORMAT(82X, "EXIT'»11X, 'RATE")
WRITEC108,44)
44 FORKMATC79X5 "TEMPERATURE")
WKITEC108,45)
45 FORMATC35Xs 'CLRM/HR) *»9X%s *CFT/MIN) '28Xs "CFEET) '» 5X» *CFARENHEIT) *»
$ S5X,»'(LBM/HR) ")
Cx*¥idkk L/G=C1
Clm.]
40 CONTINUE
G=L/C1




C¥kxx
Cxxxx
Ckx¥x

C®x%xxx

Crexx
Chxxx
C#'sv

42

41
Cxxxax
Crexas

29

50
10

= 8B e

S=G/KHO/AKEA

* THE FUNCTION ENTH HAS THE AKRGUMENTS OF WET BULB TEMPERATURE»
RELATIVE HUMIDITY» AND PRESSURE IN INCHES OF MERCURY

IN THAT ORDER.

ENI=ENTH(TWB,1.0@,P)

* EN2 IS THE ENTHALPY OF THE AlR LEAVING THE TOWER
ENZ2=ENI1+C1*(T2-T})»

C23ENTH(T251+0,P)

IFCEN2¢GE.C2) GO TO 59

F@=1e8/CENTH(T1,1+8,P)=(EN1))
Fim]le@/CENTHC(T1+e1667%(T2=T1)s10 G:P)-(EN1+.1667*(EN2-EN1)))
F2=10/CENTHC(T1+e3333%(T2=T1)510,P)=(EN]1+¢3333%(EN2=EN1)))
F321eQ/CENTHCTI+e5%(T2=T1251e¢0QsP)=CEN1+¢5%CEN2=EN12J s
F4=1e08/CENTHC(T1+e6667%(T2=T1251e0sP)~CENI++6667%(EN2=EN1J))
FS5=1+0/CENTHCT1+e8333%(T2~T1)21e0sP)=(EN1+«8333%CEN2=EN1)))
F6=10/CENTH(T2510,P)~EN2)
NTUST=(T2=T1)/ 18« Q% (FO+4e0%F 1 +2.0%F2+4e QuF3+2.0%F4+4e 0%
»F5+F6)

THE ENTHALPY OF THE AIR LEAVING THE TOWER IS KNOWN»

BUT THE TEMPERATURE AND THE HUMIDITY RA110 OF THE AIR
EXITING IS UNKNOWN SO ITERATE TO FIND THESk.

P2=« 491 %P

PHI2=.97

GT=TWB+10.0

G2T=TWB+20.0
GOMEG=+6221%PHI2xPSATC(GT)/(P2~PHI2%PSAI(GT))
CH=+ 2408%CT+COMEG*( « 43%GT+1061.8)

G20MEG=+« 6221 %PHI 2xPSAT(G2T) /7 (P2=-PHI2%PSATC(G2TJ) )
G2H=+2408xG2T+G20MEG*( « 43%G2T+1061 .8)

TAO=G2T+( GT=G2T) *(EN2-G2H) /7 ( GH=G2H)
OMECGA2=+6221xPHI2*PSAT(TAU)7 (P2=PHI2%PSAT(TAV )
HOUT=+.2408%TAO+OMEGAS*( « 43% 1KU+1U61.8)
ERKROR=ABS((EN2=-HOUT)/ENC*100.0)
IFCERROReLT«8.05)G0 TO 41

GT=GaT

L21=TAOQ

60 TO 42

rVAP=G#(OMEGA2=-OMEGAL)

KA 1S Tne TOWER PACKING COEFFICIENT AnD MAY BE A
FUNCTLIUN OF THE WATER FLOW RATE.

Ka=44.0

HEIGH1=NTUST#L/ (KA*AREA)

5=S5/60.0

wHITE (108,205 Cl,NTUSTs Gs SoHEIGH 15 1AUS EVAP
rORMAT(7(5A,1PE1D«4))

IF(CieGEeSeB) GO TU 10

vi=Cleel

wU 10 49

OUTPUT 'NO DRIVING rURCE ANYMORE'

Cuw i INUE

END

+UNCTION ENTH(TULBsPHI,FIN)

PATM=e 491 2pPiw
PSATBEXPL=3¢9813615e2778E~2+1UB=1 4044~ 4 TDBa%2~4e 71 3B8E-T»ivrs2a»3
271eB30TE=6xIDBX*%4=5: YBYBE=1]1% i up4+5+v8.3956L=14%TUB++6~7+6653E~2}




B e

32TDBax /=3. 5591 E-23xTDB»+8)

PVAP=PHI #PSAT

OMEGA=« 6221 »PVUAP, PATM~PHI »PSAT?
ENTH=+2408+TDOB+*OMEGA+ C 43=TOB+1061.8)
KETUERN .

END
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APPENDIX II

PROGRAM FOR SIZING CROSSFLOW COOLING TOWERS

This program will generate curves relating the number ofltransfer
units to the ratioc of the flow fates for a crossflow cooling tower. It
performs the same integrations as the previous program except in two
dimensions. It includeé all the thermodynamics necessaryAto size thé,

ctossflow cooling tower with a minimum of inputs.
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DIVFNSION TINC51551),HINCS1551)
kAL NTUT,KA,LPELASLS LENGTH
PSATCTDR) =FXP(=3.98136+5:2778F=2P*TDP= 1 ¢ 4844~ L% TDP% %240+ 71 38k= 7%
STHI*%3+ 1 e D3NTE~B4TDF % %4=5 NE9BE=11*TDR* %548 3956E= 1 4%TDF** 6~
$TeGOH3F~21 4TDF¥47=3e5591F=23%TDR%%H)

C

Cx¥kx ALL ONITS AKE FEET» HOUKSs FAKENHEIT,LBF» AND BRTU

Cxk%% UNLESS OTHERWISE SPFCIFIED.

C**%% HATIVU IS THE KATIO OF THE WIDTH OF THE TOWER TO THE
Cx%%* HFIGh1 OF THE TOWFRe

C***% TDR AND TWR ARE THE DRY AND WFT RULR TEMPEFATURES
CH*%% IN FAHENHEIT.

C¥*%% PHI IS THE KFLATIVE HUMIDITY AS A DECIMAL.

Cx*xx T2 IS THE TFMPERATURE OF THE WATER ENTERING THE TOWERe.
Cx*%% PIN 1S THE ATMOSPHERIC PRESSURE IN INCHES OF MERCURY.
C**¥* HFEAT 1S THE TOTAL HEAT TO BE DISSIPATED BY THE TOWER.
C**** LPFKA 1S THE WATER FLOW RATF PER UNIT OF PLAN AREA.
C*%%x KA IS THE TOWER PACKING COEFFICIENT IN LBM PER HOUR
C**%% PEK SQUARE FOOT.

INPUT RATIO»TDB,TWBsPHI»T2,PIN,HEAT,LPEKA

CH¥xx FINDING THE HUMIDITY KATIO OF THE AIR ENTERING THE TUWEK
OMEGN 1=+ 6221 %PHI *¥PSATC(TDR)/C« 491 *PIN=-PHI*PSAT(TDR))
DU 923 I2=1.7
BANGE =12%5.0
L=HEAT/KANGE
AREA=L/LPEKA
TOUT=T2=RANGE
Cc TOUT 1S THE AVEKAGE WATDR TEMPLRATUEE LEAVING THE TOWER
APRCH=TOUT=-TWRB
IF (APRCH«LE«4.0)G0 TO 18
WHITEC(108,303) 5
303 FORMATC 'RANGE'»5Xs '"WATER KATF '»8Xs 'ARKEA *»8Xs *WATER TEMP OUT',
$5Xs '"APPROACH ") ;
WRITEC108,304)KANGE,LsAREAS, TOUT»APKCH
304 FOEMATC(FS5e1,4(5X51PE1164))
WHITEC1028,16)
16 FOKMATC6Xs 'L/G"512Xs "NTU'»12X5 '"HEIGHT *»9X» *WIDTH'» 10X»
$'LENGTH'»9Xs 'AIR RATE',8Xs» 'EVAPUKATION RATE'")
DU 21 13=1,25
I=1
C**%*% C IS THE L/G KRATIO
C=0.2+C13-1)%0.2
G=L/C
DO 208 M=1,51
DO 208 N=1,51
208 TIN(M,N)=HIN(MsN)I=0.0
DO 201 N=1,51
201 TINC1.N)=T2
HTWB=ENTH(TWB»1+@,PIN)
DO 202 M=1,5]
202 HIN(M»1)=HTWB
ENI=HINC1,1)




207

203

TW=TINC1, 1)

CALL ITEKATCEN1s1WsCsPINsPHI»I)
IFCI«GE.41)G0 TO 21
HINC1,2)=EN1

TINC2,1)=TW

IFCTW.LE.TOUT)GO TO 206

1=2

HORIZONTAL PART STARTS HERE

M=1

DO 2063 N=1,1-1

EN1=HINCM,N)D

TW=TINC(MsN)

CALL ITFERATCEN1,TWs»CsPINsPHII)
IFCI.GE«41)G0 TO 21
HINCM,N+1)=ENI

TINCM# 1N =TW

VEKTICLE PAKT STARTS HERE

. N=1

204

205

C koK%
C % kok
C*%xxx
Cxxxx

C *%%¥x
206

11

Chkxx
CHuxxk
Chxxx
Coexxw

DO 204 M=1,1

EN1=HIN(M,N)

TW=TINC(M>N)

CALL ITERATC(EN1,»TWsCsPIN»PHI,»I1)

IFCIGE.41)>G0 TO 21

HINC(M,N+1)=ENI

TIN(M+1,N)=TW

T1=0.0

DO 285 K=1,1

T1=T1+TINCI+1,K)

A=1]

Ti=T1/A

IFC(T1.LE.TOUT)GO TO 206

I=]+]

THE NEXT STATEMENT CONTROLS THE MAXIMUM NUMBER OF UNITS
IN EACH DIRECTION THAT THE CALCULATIONS ARE DONE FOk»
AND THIS NUMBER MAY BE INCREASED IF THE DIMENSIONS
ARE INCREASED.

IFCI+GE«41)G0 TO 22

GO TO 207

THE NEXT STATEMENT MUST CORRESPOND TO THE STEP SIZE
NTUT=1%0.1

EN2=0.0

DO 11 K=1,1

EN2=EN2+HINCK,I+1)

FN2=EN2/1

THE ENTHALPY OF THE AIR LEAVING THE TOWER IS KNOWN.»
BUT THE TEMPERATUKE AND THE HUMIDITY RATIO OF THE AIR
EXITING IS UNKNOWN SO ITERATE TO FIND THESE BY ASSUMING
THE KELATIVE HUMIDITY IS KNOWNe.

P2=+491%PIN

PHI2=+.95

GT=TWB+10.0

G2T=TWB+20.0

GOMEG=+ 6221 %PHI2%PSAT(GT)/(P2=-PHI2%PSAT(GT))

GH® e 2408%GT+GOMEG*( « 43%GT+1061+8)
G20MEG=+6221%PHI2x»PSAT(G2T)/(P2=PHI2*PSAT(G2T))
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GPH=« 2408%G2T+G20MEG*( « 43%G2T+1061.+8)
TAO=G2T+(GT=G2T ) *(EN2=G2H) /7 GH-G2H)
OMEGAZ=. 6221 ¥PHI2%PSAT(TAO)/(P2-PHI2%PSAT\TAO))
HOUT=+2408%TAO+OMEGA2%*C « 43*%TAO+10618)
ERROF=ABS((EN2-HOUTJ)/EN2%*100.0)
IFCEKROR«LT«2.052G0 TO 13.
GT=G2T
G2T=TAO
GO TU 12
13 EVAP=G*(OMEGA2-OMEGA1)
Cxaxx KA IS THE PACKING COEFFICIENT AND MUST BE INPUT TO
Cx=»~+ CORRESPOND TO THE PACKING BEING STUDIEDe. KA IS
Cx#wx OFTEN A FUNCTION OF THE WATER FLOW RATE.
KA=44.0 d
HEIGHT=NTUT*LPEKA/KA
WIDTH=HEIGHT*RATIO
LENGTH=AREA/WIDTH
. WKITE(188515)CsNTUT,HEIGHT» WIDTH, LENGTH» G» EVAP
15 FORMATC7C(S5Xs 1PE10+32
GO TO 21
22 OuiIrUT ‘THE TOWER IS OVER FOUR THANSFER UNITS TALL'
L0 TO 23
21 CONTINUE
GO TO 23
18 OUTPUT ‘IHE APPROACH IS TOO SMALL*
GO TO 20
23 CONTINUE
20 END
SURROUIINE ITERATC(EN1,TWsC»PINs»PHI»I1)
REAL NTU
C¥«++s NTU MUST BE CHANGED TU UOKHESPOND TO THE SPEP Slze
NTU=0.1

Cc C 1> THE L/G RATIO
us=y
ENID=ENTH(TW» 1.0, PINJ~ENI
X1l=VeqerNID
X2=D«B%*EN1D
Y1=X1=CCENTHUTw=-NTU®X1210sPINI=(CxNTU+XI+EN1J) )~
SUENTHUTWs 1e@oPINJI=EN1))/Z72.0
181 Y2=X2-(CENTH(TW-NI1U%X2s10sPINI=(CxNTU»X2*EN1) )~
PVENIACTWs 1 eBoPINI-EN1J)Z72.0
J3=J3rl
LVAD=X1=Y14(X1-X2)7C(Y1-YZ)
EKRUKR=ABS « cavAL=X227 ENAD)
1+ VFRROReLTewe00120GU v 102
1rtJ3ebre8)GO0 TO 103
al=X2
xe=rNAD
Yi=Y2
wu 10 191
103 Fvau=0e8xeNly
WHITEC1085,10)1
19 FOKMATC *CONVEKGENCE PROBLEMS AT ROW AND COLUMN I =',13)»
I=41 3
102 DELT=NTU¥ENAD




DELH=C*DELT

TW=TW=-DELT

EN1=EN1+DELH

TW AND EN1 AkKE NOW THE TEMPEKATURE OF THE WATER AND THE
ENTHALPY OF THE AIks, LEAVING THE SQUARE» RESPECTIVELY.

RETURN

END

FUNCTION ENTHC(TDBs»PHI,PIN)

PATM=« 491 %PIN
PSAT=EXP(~3498136+52778E-2%TDB~ 1+ 4844E-4%TDB*%2=4« 7138E-7*TDB*=*3
3+]1 Q30 7TE-B*TDB*%4=5.0898E~11*%TDR*%5+8+3956E~14%TDB*%6~7+6653E~21
ATDI**7=3559 1 K=23%TDB**§)

PUAP=PHI*PSAT

OMEGA=. 6221 %PVAP/(PATM=PH1 *PSAT)
ENTH=«2408%TDB+OMEGA*L « 43%TDB+ 1061 «8)

KETUERN

END




APPENDIX IIT

PROGRAM FOR SIZING DRY COOLING TOWERS

This program uses conventional heat exchanger tﬁoery in an unusual
method for sizing dry cooling towers. The input variables are defined
wifhin the program.x

This program ié designed to be 'used in conjunction with either of
-the previous two when sizing.wet/dry cooling towers. This program
requires more input than ;he previous two due to the number of physical

characteristics of a heat exchanger whcih must be predetermined.




KHFEAL KCsKE

KEAL LOF»MUA»MUWIMDA»MDWsNUWsNTUSM

PSATCIDR)=FEXP(=3.98136+5277E8E~2%TDR=1 ¢ 4844 E~4%TDB%%*2

$=4.7138F=7T*TDB**3+1.0307k~8*TDB*%4~5.0898E=11%TDB%*%5

$+Be3956E~14%TDR*%6~ T 6653F~21%TDR*%7=3e5591E=23%TDB*%§)
C
Cxxxx THF NUMREK OF HEAT EXCHANGFEK ELEMENTS NEEDED 1S
C*xx% OUTPUT AS NUMEEhs
(o
C*¥¥d%k ALL UNITS IN LRMs»FT» HRKs AND LRF UNLESS OTHERWISE SPECIFIED
Cc
C *xx*x THE VUAKIARLES THAT MUST RE INPUT AKRFE DEFINED AS
C*x%%x FOLLOWS
(o]
C**%x Q IS THE TOTAL HEAT TO BE DISSIPATED IN THE TOWER.
Cxx%% DELTA 1S THE FIN THICKNESS.
C**%x DHA AND DHW AKkE THE HYDRAULIC DIAMETER ON THE AIR
Cx*%x% AND THFE WATEK SIDE KRESPECTIVELY.
Cxxxx SIGMAA AND SIGMAW ARE THE KATIOS OF THE FREE FLOW
Cxxx%x AKEA TO THE FRONTAL AREA ON THE RESPECTIVE SIDES.
C*%%% ALPHAA AND ALPHAW AKRE THE KRATIOS O THE TOTAL
Cx»»x HFAT TRANSFER AKFA TO THE VOLUME FOR THE RESPECTIVE
Cxxxx SIDESe.
C*%¥» AFPA 1S THE KATIO OF THE TOTAL FIN ARFA TO THE TOTAL
C**%x HFAT TRANSFER AREA ON THE Alk SIDE.
Cx%*x» LOF IS THE LINGTH OF THE FINS.
C*x»x CONDM IS THE CONDUCTIVITY OF THE METAL THE HEAT
C*x%xx FXCHANGERS AKE CONSTKUCTED OF.
v

INPUT DELTA»DHA»SIGMAA,ALPHAA,»SIGMAWs ALPHAWsAFPA
INPUT LOF,»CONDM

C*xx» TAl IS THE DRY BULR TEMPERATURE OF THE AIR ENTERING
Cxs%x THE HEAT FXCHANGRFRSe

C*xxx TWlI AND TWO ARE THF TEMPERATURES», IN FARENHEIT»OF
Cxxxx THE WATER ENTERING AND EXITING THE HEAT EXCHANGERS
Cxx»+ RESPECTIVELY.

C*x+» PH1 IS THE RELATIVE HUMIDITY OF THE AIk AS A DECIMAL.
Cx»xx PATM 1S THE ATMOSPHERIC PRESSURE IN INCHES OF MERCURYe.

INPUT 0-TAl»TWI»TWO»PHI»PATM

Cxxxs X AND Y Akk THE DIMENSIONS ON THE AIK SIDE
C++»= Y AND Z AKF THE DIMENSIONS ON THE WATER SIDE
X=10¢035Y=5.032=2¢0
C ENTRANCE CONDITIONS OF WATER AND AIR
© PLOW=Q/CTWI=TWO)
C AC 1S THE MINIMUM FREE FLOW AREA ON THE AIR SIDE
AC=SIGMAAxX%Y
TUR=TAI
PVAP=PHI*PSAT(TDLB,
OMEGA=+ 6221 %PVAP/ (PATM=PVAF
CPW=1.0
DO 15 I=1,10
J=0




REA=50D.N+1%500.0
UUIFUT kKEA
TAU=CTWO+TATI 1720
C CALCULATIONS STAET HEKE
TWA=LTWO+TWI)/2.2
20 TRA=(TAI+TAU272.0
1=TAA+459+ 69
C CrV AND CPA ARF THE SPECIFIC HFATS OF WATER VAPOUR
C AND HUMID AIFR RESPECTIVELY.
LPVU=C 198659707/ SORT(TI~ISVB B, Trs 15016
CPA=2404/¢ 1« @+vOMFEGA)vOMEGAXCrV/s\ 1 « BrUOMEGA )
J=Jd+1
IFCJeEQe13,G0 TO 10
(& FINDING PROPEKTIES ur |HF FLUIDS AND THE METAL
MUA=6419% 100220 -5:.0)+TAA+*.03913 .
MUW=6e 4DU46=BeB6EI33#210eDr2~2eD)2TWA*S243%10eBx¥ =4y
2*TWAR42:0= 141391 +10e0+%.-6:0,2TWA%+3.0
PHRA=+ 721 2EXPL =~ Q00201 2%TAA)
CONDW=+224%TWA++-1877
muA=hrAxMUA*AC/s DHA
Cx+ss+ 1HE NFXT TWU FQUATION oivk THE FILM COEFFICIENI unN
Cx+s+ THE AIK SIDE AND THEY MUST RE CHANGED TO CORRESPOND
Ca+++ (U THF HFAT FXCHANUrr GOEOMETEY BEING STUDlcwue
STPR=+ 0896 70+rrAXa =« 3504)
HA=STPR+MDA+CPA/ \AC+»rnH+=e 66667
M=SUKi1\2eV+HA/ CONDMXDE L1 HI 2
tTAF=TANH M +LOF )7 tM%LOF)
1RO0=] eB~-AFPA® ] e D-LIAr )
MDW=MDA+LrA+ 1TAU-TAI s/ «CPW= 1w1-1w0))
KEw=DHw+mDw/ (MUW+SIGMAW+Y*2J
Prw=CPW*MUW/CUNDW
I1FCHEWeLT«22802)G0 TO 1
NUW=AeD155%«PRWU**D+ SkREW*%De B3
GO TO 2
1 CUNTINUE
NUW=4.01
2 CONTINUE
Hw=CUNDW*NUOW/DHW
U=12/7Cl e/ (FTAO*HA) +ALPHAA/(ALPHAW*HW))
Cl=MDW=CPW
Ce=MDA*CPA
IFCCl+LTe«C226U TO 30
CMIN=C2;CMAX=C]
GU TOU 402
30 CMIN=CliCMAX=C?
40 RATIV=CMIN/CMAX
NTU=U*X*xY*Z*ALPHAA/CMIN ) !
Cxaxax |HF EFFECTIVENESS TO NTU RELATIONS MUST MATCH THE TYPE OF HEAT
Cxxx*x EXCHANGER FLOW
IPCCLIsLTsC2) GO TO S
GAMMA=] «@=EXP(=-NTU*KATIO)
EFF=]e@~EXP(~GAMMA/RATIU)
- 60 TO 6
S5 GAMMAP=]1.0-EXP(=N1U) 5
FFE=C1eA~FXP(~GAMMAP*KATIO))/KATIO
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)

6 CONTINUF y
EkFG=kFF
IFCCl«LT«C2,G0 TO 11
EFFT=(TAO=1AI )7 CTWU-TAI)
GU TU 14
11 EFFPT=CTWI=TWO)/Z(TWI-TAQ)
14 TFC(JekQe1I)GU TO 12
X2=EFFT-EFFG
T3=(T2xX1/X2=T1)/(X1/X2=1.0)
Ti=T2
T2=T3
X1=X2
60 'TO, . 13
12 T2=C1A0+TAI) /2.0
TI1=TAO;X1=EFFT-EFKG
13 TAO=T2
IFCT2.LE«TAI)T2=TAI+5.0;TAO=T2
IFCARS(X1)«LT«0.0001)GO0 TO 10
GO TO 20
18 CONTINUE
HEAT=CPA*MDA¥(TAO=TAI)
NUMBER=FLOW/MDW+1
OUTPUT EFF>HEAT »NUMBER
WRITFC(108,4)
4 FORMAT (3X, 'MDA',8Xs "FTAF '57X» *ETAO '» 7Xs "MDW'»8Xs 'REW "5 8X» "NUW ',
39X, 'U'5>8Xs '"KATIO *» 7Xs *NTU'»EX5 'TAO2 ")
WEITEC1@8,3)MDA,ETAF»ETAO»MDWs REWsNUW»Us RATIOsNTU> TAO
3 FORMATCIQCLIPELL14))
OUTPUT *'J 1S THE NUMBER OF ITFRATIONS TUO GET THE EFFLCTIVENESSES
$TO MATCH'
OUTPUT J
G=MDA/AC
GC=32.2%3600«0%x*2
J=0
FRIN=«4143*%KEA+*( = 4518)
Cxxxxx ENTHANCE AND EXIT LOSS COEFFICIENTS MUST BE CHANGED TO COREESPOND
Cxxxxx WITH THE HEAT EXCHANGEK COKE BEING USED
IFCKEA«GE.2000.0)G0 TO 19
KC=+8063-+0671%*SIGMAA=« 1868*SIGMAAX%2=+1537%SI GMAA**3
KE=]1+008-2« 486%SIGMAA+1.2]13%S1GMAA#»»2-«1335%xSIGMAA*%*3
GO TO 21
19 KC=+4854+.08452%xSIGMAA=«5519%SICMAA**2+.03146*SIGMAA*%3
KE=e9891=1935%¥SIGMAA+«9514%SIGMAA*%2~4+139E-3%S1IGMAA**%3
21 CONTINUE
PI=PATM®144.0
P2=+«9%P]
PHI1=PHI
PG1=PSAT(TAl )+ 144.0
PG2=PSAT(TAO) *144.0
TAIR=TAI+459.69
TAOK=TAD+459 .69
SVU1=1545«0*%TATR/CLPI1=PHI1*PGl)»28+9T7+PHI 1%PG1*18+016)
17 SVU2=1545.0*TAOR*P1/(P2%(\P1=PGI*PHI 1) %28+97+18.616%PG1*PHI1J)
SUM=(S5V1+5V2,72.0
PDKOP=P1~-P2




23

22
15

RHS=G*%2%SVU1/¢22%GCr# (KC+1+0-SIGMAA*%2)+2.0%(SVU2/SVI~10)+
dFHTN*Z*4.07DHAX*SUM/S5V1I~(1.0-SIGCMAA*%2-KE)=®5V2/5V1)
PFO=PDROP=kKHS

J=Jdrl

IF(J«EQe1)GO TO 16

PEQ2=PEQ

Pe2=p2

P2=pP21-PEQ1 *(P22~-P21,/7(PEQ2-PEQR])
IFCARS(PEQ)«LT+001)G0 TO 18

P21=p22

PEQO1=PEQ?2

GO TU 1%

P21=p2

PEQ1=PEQ

P2=+7%P1

GO TO 17

CONTINUE

WRITEC(108,23)

FOKMAT(5X, "ITEKATIONS "»6X» 'P1 '» 12Xs 'P2'» 7X» '"PKESS DROP*)
WRITEC108,22)J5P1,P2:PDKOP

FORMATC(4¢(5Xs 1PE9.2))

CONTINUE

END
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