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ABSTRACT

The purpose of this years' work has been to test and'analyze the new

' dry cooling tower surface previously developed. The model heat transfer

test apparatus built last yéaf has been instrumented for temperature,
humidity and'flow‘measurement and performance‘has beén meagsured under
é variety of operating condifions;

Tower.Tests‘showed approximately 40-50% of'the total.energy transfer
as taking place due to evaporafion. This'can be compared to approximately
80 to 852,for a conventional wet cooling tower. Comparison of the model
tower test results with those of a computer simulatibn has demonstrafed
the validity of that.simulation And its use as a deéigh foql. Compufér
predictions have beén made for a full-size tower system opera;ing at
several locations.

Experiénce with this counterflow model tower has suggested that
sevefal decign problems may be avoided by blowing the cooling air hori-
zontally thrOggh the packing section. This‘crossflow concept was built
from the previcus counterflow apparatus and included'the design and fabri-
cation of new packing plates.

Instrumentation and testing of the counterflow model produced data

with an average experimental error of 10%. These results were compared to the

A

predictions of a computer model written for the crossflow configu-
ration. 1In 14 test runs the prédicted total heap transfer differed from the
measured total heat transfer by no more than 8% with mos; runs coﬁihg
well within 5%. With the cbmputer analogy's validity established, it
may now be used to help predict the performance of fullscale wet-dry

towers.
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" Principle Symbols
Description
area
heat capacity
heat capac1ty
hydraulic diameter
height :
specific enthalpy
dry'surtace heat transfer coefficient
wet‘surface mass'transfer coefflclenr
latent heat to vaporization of water a: T
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(T - T )
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heat transfer rate

design heat transfer rate for perfcrmance models

of Chapter 4, 20,000 BTU/min/tower
Reynolds Number
relative humidity

-plate thickness
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Symbol . . ' Description SN
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: To reference température
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basis
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W specific humiditybof air-water vapor mixture
Greek
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p density

Subscripts

a : air

in ' ] inlet

£ liquid (water)

mix mixture(air-water vapor)
out ‘outlet

v water vapor
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CHAPTER 1
INTRODUCTION

1.1 History of Proiect

'Early in 1975, work wéé?étarted at M.I.T. to'develop a single heat
transfér surface which would give low evaporation rates at costs competitive
with equal wet tower capécfﬁ?@ The wet-dry concept is the result of this
work. In this design, watef is distributed onto a packing plate fabricated
(see Figure 1-1) to kééﬁ'ﬁﬁe hot water in.discreté channels over which
¢ooling air is blowm, THe$e channels serve to restrict the free surface
area of the water, thus redﬁéing evaporation aﬁd water loss. The packing
plates are made of conductive material which acts as a fin heated at the
base by the channeled water and cooled by forced convection [1]. By
concediﬁg a small amount of évaporation the fabrication costs for the wet-dry
surface have been reduced far below those of a completely closed or dry
heat exchanger.

To deﬁonstrate this concept a model test tower was built during 1975.
In addition, a computer program was written based on anal?tic studies of
evaporative cooling. Tests of the partially instrumented tower indicated
high heat transfet rateSVWEile the initial results of the computer analogy
indicated a substanzial réediiction in evaporation rate. This year's work

has led to more quantitativé results and predictioms.

1.2 Progress This Year

Work this year has in¢luded the instrumentation and festing of the
model cooling tower referred to above. Comparison (Chapter 3) of these
test results with the computer program predictions has shown the program
to accuratéiy predict thé heéat transfer performénce of the V-trough packing

section under the availablé range of operating conditions.
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FIGURE 1-1  V-TROUGH PACKING PLATE



Using the computer analogy as a design tool several types of cooling
tower systems were sized and compared under a wide range of inlet conditions.
These comparisons are reveiwed in Chapter 4 and include compargsons for
several sites around the United States. .

During the course of the experimental evaluation several design drawbacks
were found to the present air-water counterflow design. A proposed solution
to these shortcomings was to alter the air flow to blow horizontally across
the packiné sectioﬁ.' The advantages of tﬁis crossflow deéign are described
in Chapter 5 as well'as«a discussion of the appearance of a full size cross=
flow tower. |

Chapter 6 contains a simplified estimation of the costs of a full size
set-dry'towers system Baéed on cost estimation procedures described inAthe
WASH-1360 rebort { 1@-‘Volume 2 of the report describes the adaptétian of

the counterflow model tower to a crossflow configuration. This new de-

" sign required a new type of packing plate as well as complete re-instru-

mentation of the former model tower.
The final project cohclusions, along with recommendations for future

work can also be found in Volume 2. Technical and special interest subjects

are included as appendices at the end of each part.
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CHAPTER 2

EXPERIMENTAL APPARATUS AND DESCRIPTION OF INSTRUMENTATION MODEL

2.1 Model Tower

The model -tower tested for this report is essentially the same as
described in Referencg [1], and instrumented as described in the foilowing 
secﬁions.

As a brief review; the‘modei tower (Figure 2-1) is an induced—dréft
counterflow design with a plan area of four square feet (0.37 mz). The
heat transfer.packing section holds the packing plates;‘_ﬁot water is
distributed at the top of the packing section and collected in troughs at
the bottom; Ambient air from the laboratory enters from the bottom of
the packing section and exits at the top.

There are 14 V-trough packing piates each (Figure 2-2) with 21 troughs
making up a total heat transfer area of 280 ft2 (26 mz) [i]._ Airlflow was
fixed'by fan size and was approximately 350 ft3/min/pian foot square area
(1.8 m3/s/plaﬁ m2 area). Inlet water flow rate could be varied from 2.7
to 6.0 gpm/plan ft2 (1.8 to 4.1 1/s/plan m2) with temperatures as high as
1150 F(66 C). [1].

Instrqmentation of the model included installation of 55 thermocouples
measuring air aéd water temperature at the inlet and exhaust of the packiﬁg
section. Calibrated rotometer; ﬁeasured water flow rate'and a>pitot tube
was used to check airflow rate. Changes in moisture content of the air
were measured by an optical dewpoiqt hygrometer (Section 2.3).

Error analysis (Section'2.5) has predicte& a maximum error between
the air and water energy balance of about 15%. The highest error observed
in the nine test runs was 24% with the average error approximately 137

(See section 3.3)..



~ HOOD
DRIFT ELIMINATOR

OBSERVATION WINDOW
PLATE SPACER-

" WINDONW -
" V-TROUGH PLATES —

. PACKING MODULE SUPPORT

SCREEN

-

SPILL PAN—._ 1.

| DIsTRIBUTION

PTPES

B

o

To |
— ]

FIGURE 2.1 HEAT TRANSFER TEST APPARATUS ASSEMBLY

AIR EXHAUST DUCT
HOT WATER INLET
FEEDER TANK

SPLASH PLATE

TANK SUPPORTS -
PACKING PLATE _
SPACER

PACKING PLATE
LOWER SUPPORT

N

COOLED WATER .
OUTLET

FLOW STRAIGHTENERS

-
\__ SCREEN AIR INLET

N SPILL PAN DRAIN

—
COLLECTING CHANNELS *
DRAIN BOX |



2.2 Temperature Measurement

The principal goals of the tower instrumentation were to fully
describe the performance of the tower and to check the validity of the
computer program. To accomplish this it was necessary to determine the
inlet and outlet conditions of both the air and water. The specific
measurements required included the temperatdre chaﬁge experienced by
the water and aif streams, the amount of water transferred to the air
and the air and water flow reates. It was decided that an accuracy of
at least + 10% be required for the temperature differences measured, and
the water evaporation,rate. 'This would result in possible errors.in
the energy balance of less than 10%.

Copper constantén thermocoupleé were chosen for. the teﬁperatufe
‘measurement. Preliminary computer runs predicted a water temperature drop
of less than 4°F_for some typical laboratofy operating conditions. In
order to maintain the accuracy required for this change, the two water temp-
erature measurements would have to be repeatable to about .2°F. However,
thermocouple wire manufacturers do not guarantee this accuracy for all
lengths of wire. Therefore, before installation a calibration check was
made of the fifty-four thermocouples aftgr assembly with switches and
other hardware (See Appendix A). A single ice bath junction.was used
between the switches and the readout device. The calibration method was
to use gpe thermocouple as a standard and tb compare each of the others to
it, when placed in the same constant temperature bath. A steam bath
was first used in ah attempt to maintain a constant temperature. However,
it was found that a calibration to better. than .5°F was difficult using

this method. A stirred silicon o0il bath was then obtained which was




thermostatically controlled. The two thermocouples being tested were
placed in.a narrow glass tube with oil covering the junctions. The
temperature of the bath inside the tube was held constant to + .1°F at

about 176°F. However, these fluctuations were slow enough so that the out-
put of the thermocouples cquld be mggsured and cbmpgred to + .05°F. 1It

was fourd that.while the tﬁefﬁocouples produce a steady voltage for a short
time, their calibrgtion will change by about + .1°F over a period of several

hours. 1In addition, the thermocouples were in general with + .1°F of

- each other. Therefore, the thermocouples were found to have a repeatability

of + .1°F not only with-time, but also with respect to each other. Accuracy‘
of the system was of lesser importance than repeatabiiity, but comparison
with an NBS claibrated thermometer readable to i .5°F showed that the
thermocouple millivolt outputs could be converted to temperatures by use
of standard conversion tables. Also, testing at a lower temperature (104°F)
indicated that the efror,teﬁds to decrease as.the temperature decreases.
During both calibrégion tests and tower runs, a digital voltmeter
was used to measure the ?hermocouple output. This meter had a resélution
of + 1 microvolt which édrresponas to about + .O5°F. An accurate
potentiometer was used té check the calibration of thé voltmeter. Since
the meter had high input:impedance (10.MQ) cdmpared tn» the wire resistance
(50Q) the effect of the Small current flow on the thermocouple voltage
is much smaller than l”méérovolg snesitivity of the meter. Poten;iometers
were not used for the rﬁéé, because a device of the accuracy required is

often bulky and sensitive to vibration. The digital meter also made it

possible to read all fifty-four thermocouples in a shorter time.
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Cross Section Packing Plates (water side)

Figure 2.2 Instrumentation of the Packing Plates Including Locations
of Thermocouples and Hygrometer Sampling Tube
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. Temperatures were measured at eight locations. The water temperature
was measured inside the distribution pipes, at the top and bottom of
the packing plates and at the outlet of tﬂe céllection channels. The air
temperature was measﬁred below the collection channels, at the bottom and
top of the packing and above the distributionjpipes. To obtain an average
bover the cross—section of the tower, nine méasurements Qere nade at each
location, except in the collection channels, where three measurements were
made. The air and water temﬁerature on the plates were ﬁeasured by using
-nine separéte thermocouples for each measurement. They were fastened at
three locatiéns at the top and bottom of three different plates. (See
Figure 2-2). The temperature in the water collection chamnels Qas
measured at the outlet of the chénnels below the plates iﬁstrﬁmented for
air and water measurements  (See Figﬁre 2-4). The thermocouples in the
pipes were placed in the same nine locations as in the p;cking section.
(Figure 2-3). The measurement of the air temperature above the pipes :
andAbelow the channels.was accomplished using rakes with three thermo-
couples (Figﬁre 2-5). These rakes were moved to three positions as at
'the other tower iocations. The air and water measuring thermocouples
on the plates and in the troughs, were fastened in place with'silicon
'seal. In the distribﬁtion pipes, the thermocouples were iﬁserted through

holes in the pipes and similarly cemented in place.

2.3 Evaporation Measurement

In order to determine the rate of water loss in the tower, two
methods were considered. These were a direct measurement of the water

in the system before and after a run, and a measurement of the air
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humidity at both ends of the packing section. The first method was not
ﬁseﬁ since it was decided that leakage in the tower would greatly affect
the measurement of the'sméll amount of loss expected. - Several different
types of hygrometers were }ngstigatgd. It was determined that + .3°F
accuracy waé required for a gew ppipt measurement, to ensure less than

+ 10% error in the evaporation rate, assuming thag appcoximately..lz of

the water is evaporated. Hygrometers which use variable resistance probes
are in general greatly affected by wetting. They are also subject to

some drift and are margina%ly acceptable when calibrated. An optical

dew point device was found to be sufficiently accurate, zs well as reliable.

A demonstrator model was used for the test runs, which was found to be

repeatable to at least + .3°F (See Figure 2-2).

2.4 Flow Measurements

Two rotometers wérg used to determine the water f10w.rate through
the tower, each measuring the flow to one of the plexiglass feeder tanks.
Each rotometer had a capacityagf appquimately 20 gpm and were calibrated
by means of a weight tank. They.were readable to + .2 gpm (+ 1% maximum
flow). For the lowest flow rate used in the tower ( 5 gpm per meter)
this error was + 4%. |

To speed the process~§y which the air fiow rate was determined
in the packing section, it{tas decided to fix a pitot tute in place between
the plates and take only 6nevmeasuremgnt'for each data run.

The air flow between the individual plates was assumed to be turbulent
with ﬁaximum velocity at ;hg midpoint of the §eparating gap. Measurements
of this midpoint velocity showed that it was nearly uniform throughout

the packing section.



The pitot tube was fiﬁed between the plates.about 1/3 of'tﬁe way
back and 1/3 of the way (Fiéuré 2-6) in from the sides of‘£he packing
section. Great care was taken to align . the ﬁube parallel to the plates:
andvin the éentér of the gap. A movable pigdt tube was positioned parallel
in the plenum above the packing sectioﬁ and used fo scan tﬁe airflow at
that point.

Data taken at’various air flow rates were then compared and a ratio
was found between bulk air flow as‘measured by the scanning pitot tube
and mid—poiht air velocity measured by the fixed pitot tube.

For a pitot .tube in a low velocity airstream the'velociﬁy is given

by the_relatioﬁf

1/2 pv” = 4P | (-1

Thus, for any two pitot tubes in air .at the same temperature and pressure,

the ratio of velocities is:

v, /APl . /EI
V— = = = (2-2)
2 AP, /th‘

and the ratio of the average velocity measured in the plenum and the

vélocity measured by the fixed pitot tube is given by:

wg O e B9

(2-3)-

fixed Vheixed

Where h, - h

1

g are the mgnometér heights taken at the 9 scan locations.
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Eight sets of measurements were made at varying airflow and
averaged to give the velocity ratio. (See Table 2-1).

For the analytic comparison,

Re = ¥ D /v V = 300 to 500 ft/min (1.52 to 2.54 iw/s)
D, = 0.25 ft (.08 m)
Re = 6400 to 11,000

From Reference [12] by integrating the relation:

v
vi = (y/r )l/n where
CL ° Bi
Re . n ‘ V/VCL
4,000 6 0.791
110,000 7 0.817

Indicating a ratio of approximately 0.80 for this range of Reynold's
numbers. This compares féﬁ@gably with the experimentally measured ratio

of 0.81.

2.5 Error Analysis

" To determine the significdnce of the instrument errors, their
effect on the energy balance must be shown. The energy balance for a

heat exchanger reduces toT[A]:
‘Rate of enthalpy in =“Rate of enthalpy out
) N N .
In the case of the cooling tower, this becomes,

L
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TABLE 2-1

Averagé and Centerline Air Velocities Between Packing Plates.

RUN habove avg~ hfixed ' Ratio
plates
(fin) (/in) Vave!VeL
1 0.1213 B 0.1367 9.89
2 0.0779 ' 0.1095 | 0.71
3 0.1232 . 0.1500 0.82
4 0.1406, 0.1590 "~ 0.88
5 0.1397 0.1711 0.82
6 0.1176 ' 0.1539 0.76
7 0.1186 i 0.1410 0.84

8 0.0864 ©0.1090 0.79

Average Ratio = 0.81
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Q=m ., (h_, +w, h - h -w h ) =
air air, in vapor, air out vapor
in in out out
- .c T, . . - T) + (m - Am c’ water
Mwater P -« water, ‘o) .( water water) p
water in
T - T . : 2-4
( water o) ‘ \ : ( )
out

where m, h, w, and T are mass flow rates, enthalpies, absolute humidities

-and temperature respectively. Q is the heat transfer rate and c is

water
the specific heat at constafit pressure for water, which is assumed to be

1 BTU/lbm°F. To is the reference temperature at which. the enthalpies
are evaluated. Here To is 32°F. The reference for the water vapor is

liquid water at 32°F. Am water is the amount of water transferred to the
air stream, and is given byi

Amwater ma1r ( out win) 2=3)

The value of ﬁair is detefimined by the pitot tube measurement, and is

subject to the associated efror. hai and hai are determined by

. / : - : out '

the air temperature meadsiféments as are h ._and h_ " . Errors
vapor vapor

out
in these valués are detériiified by inaccuracies in the thermocouple reading,

as are errors in T ~and T . W, and w are measured with
waterin waterOut in out

the dew point hygrometet.
To evaluate the effect 6f instrument limitations, an uncertainty
analysis is made  using the following form of equaticn 2-4, combined with

equation 2-5,
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6Q = n + h - h -
Q Mair (hair. win vapor, air wout hvapor )
in- in out . . out
'.water ¢ (T ater, T - ¢
Puater v in ° Puater .
5 -1 -w -T -
(mwater mair (wout win))(Twaterout o) (2-6)

where § Q is the discrepancy between the air and water sides of heat

balance. The uncertainty usé is calculated by the following equation [9]:

2 . 2

o 2 Toe
. _ ¢96Q . 94Q -38Q
u8Q - (Bxl ul) + (SXZ'UZ) oo d (axn un) ]

where Xy xz,.r.xn are the humidities, enthalpies, temperatures and flow

rates in equation 2-6 and Ups Uy...u  are their respective uncertainties.
n A

The following values which satisfy the energy balance might be typiéal

test conditions for the model tower:

.. =150 + 8 1b /min
air T = m

m =170 +1.7 1b /min
water T = m

Air temperature in = 90°F + .1°F (after collection troughs)
Dew point temperature in = 50°F i‘.3°?
Air temperature out = 100°F + .1°F

Dew point -temperature out = 55°F + ,3°§



30

- [+] ]
Twater, = 120°F &+ .1°F
in

Teater = 116.4°F + .1°F
out -

The heat transfer rate ‘for this case as cauculated using equation
2-4 is 625.6 BTU/min. The unéértainty’according to equation 2-7 is
46.6 BTU/min or 7.5%. To illustrate the dependence of the error in

Q on the test conditions ‘thé following set of conditions is investigated:

moir ™ 150 + 8 lbm/m%?m

m . =90 + 1.7 1b /min.
water - ‘m

Air temperature in = 90°F + .1°F

Dew point temperature in = 20°F + .3°F

FURTE S'S o

Air temperature out = 103°F + .1°F

Dew point temperature out = 33°F + .3°F

- 0 Qs
Toater = L40°F + .1°F
in

° ) 0
T rer 132°F + .1°F
out

In this case Q

745.43«and;£he uﬂcertainty is 43.83, Even though the
water temperature change and the absolute humidity may te more accurately
measured for this case, the effect on the energy balance is insignificant.
The efror_in the air flow measufement still predominates, and the un-
certaiunty is essentially ﬁnchanged (see Appendix B). Due to an increase
in Q, however, the percent error is reduced to 5.9%.

Other factors which may influence the accuracy of the data, include

the fact that the nine locations may not give a true average over the
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cross-section. The hygrometer sampling tube may occasionally remove

water droplets with the air, and the pitot tube measurements may
be affected by the proximity of other tower components such as the dis-
tribution pipes and the drift elminators. (See Fig. 2-6). The magnitude

of these possible errors is difficult to predict analytically.
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'CHAPTER 3

COMPARISON OF TEST RESULTS AND COMPUTER PRQGRAM

3.1 Computer Program
The éofiputer program (Appendix H) was the same as given in reference
!
[1], modified to match measured values of the dry plate surface heat

transfer coefficient and the ﬁet—to—dry surface area ratio.

The basic eduationé were taken from a paper by G. Yadigaroglu which
~ was concerned with totall& wet towers with flat packing plates. They
were then modified to inclu&é heat transfer from the dfy surface. The
solution involves choosing values for the temperatures, water flow rates,
absdlute humidity and heat transfer rates and solving for the incremental
changes.- These chariges are then added to the initial values and the
solution found in a "marching out" or Euler process.

The exbressions for the water surface and dry piate heat transfer
coefficinets h and hop are’ taken from the Dittus-Boelter relation as

1 i

used by Yadigaroglu [21. "~ '
P
Nu = .022 P08 ge0:®

P TN

(3-1)

For calculating fin'éfficienpy, the packing plates were modeled
as simple plate fins (shoim ‘in Fig. 2-3). Fin efficiency was then

calculated from the expréssion:

_ tan Wz%h/ke . .
e
Z"h/kt - i i

(3-2)

taken from reference [12]. ..
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The mass transfer coefficient is derived from the Chilton-Colburn

- analogy between heat and mass transfer may be written: 1

h . : .
hy _ _wet su?faceb'(Pr/Sc)2/3 (3-3)
wet surface o, C .
mix "mix .
where p . , C . and Sc are the density, épetific heat and Schmidt number
mix® “min :

of the air-water vapor mixfﬁre.. The éharacterisfic length used for these
relations is the hydraulic diameter of the air flow channel between
the packing plates [12].

Provision was also made t§ allow the prograﬁ to run for a domplefel&
wet and completely dry surface area. Comparison witﬁ previéusly published
results provided a check on the program's validity [1]f

Physiéal properties of air, liéuid water and water vapor were
approxiﬁéted by correlating equations [4 and 5] and/or simple curve fits [1],
and may be seeﬁ in the computer lis&ing (Appendix H).

Overall keat transfer is given by the equation:

Qo = (Tg = Tg dby +m(w - w )(T, =T ) (3-4)

tot . t in
- in out out u . in

i
in out ngg : Ain out
o in .

Q = (m - ml; )[h » —'Ca(TSL -'T. )l (3-5)

Where T0 is the temperature at which the enthalpy of the saturated liquid

. to be zero, in this case To = 32°F(0°C) so as to remain ccnsistant with

published psychrometric charts and tables.
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3.2 Determination of Surface Transfer Coefficients

Certain parameters 6f the packing section Qere unknown functions
of geometry and flow conditions. . Two of these, the wet—to-dry surface area
ratio and the dry plate surface heat transfer coefficient, were defermined
in auxiliary experiments and these values used to modify the analytic
predictions in the computer analogy.

The determination of Aw /A

was done twice, before and after
et’ dry

painting thne packing plates. (See Appendix E).

Before painting tﬁe deﬁosit buildup was easily visible on the surface
and its width could be directly measured with a scale. This was assumed
to be the entire extent of the wet surface area due to the "blotter
effect" noted in Appendix E. TUsing the observed deposit width of 0.25 in
(0.6 cm) from the trough'bottom and the'water free surface width as
0.125 in. (0.3 cm) gives a calculated A.wet/Adry of 11%.

After painting the plates a photographic method was necessary as there
was noklonger a meésureablevdeposit line. The paint used was non-reflecting
and black. A columnated light source was shone down into the trough from
the side. Any reflection seen would have to come from the water surface,
since the'water did not:wet the plate and could not 'climb" up the side
of the trbugh;, The_reflecpion'was recorded by a high quality single-lens
reflex camera using close—qp lenses for magnification. " Enlargements of
the photographs showed a~élear separation between water surface and plate -
area. These photographs, after correction for depth-of-field, show a water
surface areg width of 0.13% in (0.34 cm). This corresponds to a wet~to-dry
surface area ratio of 4%. This was later increased to 5.5% as it became

evident that the same non-wetting characteristics that helped cut the
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total wetted surface area were now letting the wéter streams wander on the
upper portion of the packing plétes.

This area ratio did not change significantly over tﬁg available
range of water ‘low rétes. |

The dry surface heat transfer coefficient of tﬁe packing plates was
checked by évé;uation of the transient response of the plate temperature
to a step change in air temperature. The packing pla;es were cooled 15
to 20°F (8-11°C) below ambient (intake)air temperature. The apparatus
exhaust fan was then ;tarted, pulling the warmer ambient air into thelpacking
section at é known réte of flow. Local plate and air temperatures were
recorded at 10 second intervals unfil plate temperature apﬁroached intake
air temperature. |

Analysis (Ref. I8], Chaptér 3) of thié data (See Appendix J) indicatedA
a dry.plate_Surface heat transfer coefficient equal to 3.3 BTU/hr—ft2°F

(l60/kal/h—m2

°Cy. This valqé was approximately 1.5 times higher than
the value predicted by equation 3-1 when corrected for éntrance effects [16].
This increase was attributed to the highly irregular flow channel and
the high inlet turbulence from the flow straighteners and colleétion
channels (Figure 2-1).

Two other‘paramters, the wet surface heat and mass tfansfef coeffiéients
could not be experimentally measured but were increasedlby a factor of
1.5 also. . Thic was done as the wet surface heat and mass transfer
coefficients depend on:tﬁe same flow coﬁditions as the dry-heatvtransfer

coefficient (except for ithe relative Reynolds number betweenvthe air

and the moving water surface).
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3;3 Summary of Test Data'anq,Computer Predictions

The summary charts (Tables 3-1, 3-2) list the major points of

comparison between the computer prediction and the mocdel tower test

|
E: results. For the model tower tests both air side and vater side enthalpy
ii change was calculated. On the air side:

|

: o S ‘fg To v T
§ ain
|

T . T T
| _ . 0  35ut oy o air, a
. AHa = ma[wout(hfg + fT ; tCvdT) win(h + [ in CVdT)+ /%out Ca dT] (3.6) -~

Where T0 is the reference temperature where the enthalpy of saturated

Lo ot o ' s
liquid is taken as zero, and where hfg is the latent heat of vaporization |

at the .reference temperatufe.' In préctice the air side enthalpy change

was evaluated from tabulated values [6] of dry air and water vapor.-enthalpy.
These tables were based on'TO = 32°F (0°C) and for cSnsistency this value
e : |
of T will be used in all calculations. : |
On the water side: ‘

Ty Ty
z AH = my J Tin CQdT - ma(wout - win) fT nnCQdT (3-7)
: out T o :
: & oo
g _ 4

out ..,
‘Where the second term_én @heurighthané side of the equation represents
f ' the enthalpy loss due to mass transfer. In practice, the heat capacity
of water was taken to be a éonstant, 1 BTU/1bm-°F (1 kcal/kg-°C) and

AH2 evaluated directly from the measured inlet and outlet conditions.

For energy balance calculations, the error was calculated from the
| : equation;
| A+ AH -
a R : (3-8)
1/2 (AH - AH,)
a 2‘1-: o ¢

: Error =



where 1/2(AHa - AHz) is the average of the air and water side enthalpy

changes and appears in Tables (3-1, 3-2) as Q for the model tower

total

tests.

Qevap was evaluated for the model tower tests from the inlet

and exhaust conditions based on the thermodynamic relations:

: T T
. _ o a _  water, _
Qevap = ma(wout win)[hfg + fT out CVdT 'fTo in CldT] (3-9)

o .

Assuming constant Cv and rearranging this can be wriften as:
Tzin ‘
fg - Cv(Tg' - Ta ) (3-10)

in . out

Q =m (w_ - w h

evap a out Avin)[

Ty

Where CV was taken to be 0.4458 BTU/1bm°F (0.4458 kcal/kg®C) and hfg' in

was taken from tabulated values [6].

Ihe valugs qf Qevap and Qtotal

for the computer model were calculated
ffom the exhaust conditions predicted by the program and'ére presented

in the tables for eacﬁ test run. A specific discussion of each table
follows below.

The energy balance (AHQ + AHa = 0) provides an indication of the
validity of the experimental process. Aﬁalysié (see Section 2.5) of this
particular experiment showed a maximum possible error of 15% (as defined
above) based on individual instrument repeatability. 1In practice this )
limit was exceeded on several occasions; These descrepencies have been
attributed to'changing flow conditionso Data meaSurementsvfor a typical
run required approximately one héur. Water -temperatures were observed

to remain fairly constant during this time as were, to a lesser extent

air temperatures. The greatest problem was encountered in the humidity'
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data. The optical dewpoint hydrometer, while highly repeatable, was
slow reading and as much as 20 to 30 minutes could elapse between
beginning to scan the inlet section and finishing the scan of the outlet

section. Water sprays, steam jets and. other watery experiments in the

laboratory had a noticeable effect on the air humidity content. Efforts

to reduce this interference included running at odd hours and attempting
. \

to control local sources of humidity. Reasonable energy balances were

thus obtained with the 1arggr errors blamed on unobserved humidity and

air temperature transients.

.This summary is divided into two parts, 5 data runs completed before

painting the packing plates and 4 runs done since that: time (see Appendix E).

Program inputs for the first part consist of ambient inlet conditions

to the model tower packiné section plus these approximate parameters

(see Section 3-2):

A‘wet'/Adry.= 11z .
_ o _ 2,
hdry plate - 3.3 BTU/hr=ft °F (16.1 kcal/h-m“°C)

o hr-fe2e —mZeoc
et surface = 3-6 BIU/hr-ft“°F(18.0 kcal/h-m“°C)

By = 240 ft/hr (75 m/k)
wet surface

As can be seen from the summary chart (Table 3-1), only once does
the predicted evaporative heat transfer rate differ by more than 10% of
the measured rate and never does the total heat transfer rate fall outside
the measured air and water side héat transfer rates.

Corrosion‘noted'on the plates éfter the initial series of data runs
eventuaily necessitated the coating of the packing plates with an acrylic

. . : . . th .
protective paint (App. E). After painting the plates the A,wet/Adry ratio
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was found tu be 5.5% (Section 3-2); An order of magnitude analysis
shows that the resis;ancg to heat transfer added by painting the surface
is very small when compared to the convective heat transfer coefficient.
Since the wet surface characteristics have been assumed to remain
the same as before the painting, (except for the surfape area ratio)
" all the transfer coefficients have been leftvas in the previous runs.

Refering to the summary chart, Tgble 3-2, the four runs produced
good energy balances, however the correlation between measured and
computer-predicted total heat transfer is not as close as in the previous
series. The experimentally measured heat transfer rate is cohsistently
low in-each of the four cases, but moves closer to the computer-predicted
value in consecutive runs. By the last run (on 6/24) the difference is
. much less than 10% of the measured value and the predicfed valﬁe well
within the measured air aﬁd wéter side heaf'transfer rates.

It was speculated that a temporary resistaﬁce to hegt transfer
was caused.ﬁy‘incomplete wetting of the newly péinted plate§. The
approach of ﬁeasured to predicted heat transfer can be a "wearing in"
period during which the non-wetting characteristic declined. There was
no noticeable change in the wet-to-dry surface area ratio.

As Table 3;2 shows, the evapérative heat transfer predictions match
closeiy with the measured values in-each run.

From these results it was concluded that the agreement between the
analytic (compﬁter) model and the heat transfer model tower test results
were good enough to permit the use of the computer program (listed in

Appendix H) to generate data for the comparisons in Chapter 4,
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TABLE 3-1

Comparison of Computer ProgFaim and Model Tower Test Results -

Unpainted Packing Plates Awe'/A

Run
Date

3/19
measured
computer

3/22
measured
computer

3/23 am
measured
computer

-~ 3/23 pm
measured
computér

3/25
measured

coimputer

ITD
(F)

43.7

36.7

38.1

43.3

44.5

gtotal
BTU/min

839

875

677
700

759
765

935
955

877
900

t.

Qevaﬁ ,
BTU/min

405
460 -

336
358

427

402+

490
526

463
481

dry

Air Side
Heat Trans-
fer (BTU/min)

738

638

750

835

844

= 11%Z, Galvanized Plates

Water Side Q
Heat Trans-

fer (BTU/min) Qevap

(

939
?27
e
1617;

909

tot

%)

48
53

50
51

56
53

52
55

55
54

Energy
Balance
Errox (%)

24

13

18
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TABLE 3-2

Comparison of Computer Program and Model Tower Test Results -

Painted Packing Plates

-t co : ) AR
Awet/Adry = 5.5%, Plates coated 0.001 in Crylon palgt

Run ITD Q Q Air Side Water Side Q Energy
‘Dates (F) ﬁ;g;:in B;Eigin Heat Trans- Heat Trans- 622521 Balance

o fer(BTU/min)  fer(BTU/min) “evap  Error(%)

(%)

5/6 _ _ :
measured 42.3 544 279 518 571 51 10
computer - 654 278 43
5/11 : .
measured 53.7 755 440 - 812 : 697 58 15
computer 366 371 43
5/25 v :
measured 52.8 701 316 653 ' 749 45 14 -
computer 771 305 . o 40 '
6/24 '
measured 28.0 380 195 413 346 - - 51 17

computer - 400 171 _ 43
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CRAPTER 4

?ERFORMANbE.COMPARiSON:FOR VARIOUS COOLING TOWER COMBINATIONS

" This chéptéf compares the performance for a given power plant of
the two most widespread types of cooling towers used today,.the
evaporative (wet) and the non-evaporative (&ry), with that of the V—frough
packing design developed in this project (wet-dry) (éee Section 2-1).
To generate the data nécéssiary for these comparisons an idealized design
‘has been made of each tower type (Appendix D). Each of these designs
is sized to give the saiié Lot water temperature drop and total heat transfer
rate for 4 set of fiked design inlet conditions. The designs have then
ﬁéen evaludted by cdhpUter drialogy under a number of differing inlet
‘conditions ard the results (evaporation rate, heat transfer réte, exit
air conditioné) uSed as a bdsis for the following comparisons.

Also included are Ehé combination-type towers usé&d by some désigners

to overcome the disadvéﬁiégés of single wet and dry 5y§tems. Studies
of tﬁese [13] systems aré very promising and the main thrust of this

chapter is directed toward the analysis of these syétems.

4.1 pescription of Combination—Type Systems

A combination tower design consists of two individual cooling towers
in parallel or series tanﬁECtidn, each bearing a share éf the heat load
fequirement. Towers caii be inter-connected in several different ways
'(Figﬁre 4-1), but for éimplicity it was assumed that each tower acted .
independently and réceiVéd its share of the hot water to be cooled at

the same temperature as in Figure 4-1C. 1In this anaiysis, the designs

use a dry tower sized so that it alone can handle the required heat load
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below a certain ambiene dry-bulb temperature, and a wet ebwer which is
added only &t higher ambient temperatures when the dry tower is unable
to carry the entire heatlload alone. This design has the advantages of
being much lower in cost .than a single dry tower sized to handle the
fixed heat load at all operating conditions [13] while evaporating
much less wate”lthan a 51ngle equivalent wet tower.

The advantages of this concept are auch that it was decided to
include combinations of dry and wet- dry concept towers (deecribed in
this_work) which would also reflect some of the advantages of the con-
ventional dry and wet tower combination systems.

For the purposes of this comparison, it was assumed that the basic
component towers (dry, wet, wet-dry) could each be llnearly employed
that is, 1f a certain tower could transfer heat at a rate Q under one
set of ambient conditions, and.at a rate 2Q at some other amBient eondition,
it would be possible‘to eimply take onefhaif.df the tower out of service .

to keep the heat transfer rate constant at this second set of conditions.

‘The fan power and water loss would also be reduced by .the same fraction.

This assumption is more accurate when applied to large cooling tower

systems which consist of many controlable units than when applied to a

. single tower.

The following eight representative combinations will be compared
and referred to by the names listed here.
1) bRthower: ~completely non-evaporative, this.tower transfers
all heat by forced convection;' |

2) WET tower: deluge-type packing, this tower transfers approximately
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852 of its’heat load through latent heat of evaporation with
the remaining ﬁéat frﬁnsfer due to convection from the water
surface;

3) WET/DRY tower: V-trough type packlng with a wet-to-dry surface
area ratio of 5%. This conflguratlon is similar to the model
tower which was:bhilt and evaluated at M.I.T. within the last
year, |

&) WET1+>DRY @ 80°%‘ a DRY tower sized to handle ‘the design heat
load below 80°F dry-bulb (27 C) inlet air and a WET tower to
help carry tHe de51gn heat load at higher ambient temperatures.

5) WET + DRY @ 603:' 51m11ar to (4), with the DRY tower sized at

.60°F(16 Cc) 1nlet air and the WET tower added at higher ambient
temperatureé. ; |

6) WET + DRY @ 40 F yéimilar to (4), with the DRY tower sized at\
40°F (4°C) inlet ait and the WET tower added.at higher ambient
temperatures. = '

7) WET/DRY -'i-‘DRY,' @ 60°F: ‘a DRY tower sized to handle the required
heat load at 60°F (16°C) inlet air and a WET/DRY tower to help
carry the design héat load at higher - ambient temperatures.

8) WET/DRY + DRY @ 40°F: similar to (7), with the DRY tower sized
‘at 40°F (4°C) inlét air and the WET/DRY tower added at higher

ambient temperaturés.

Performance for each of these configuations was evaluated by means

of the computer program llsted in Appendlx H using the individual design

4

parameters given in Appendlx D



4.2 Performance Pfedictions

The'following sections and figures compéfe various aépects of
performance for the combination cooling towers described above. For the .
most paft these comparisons are based on a constant rate of heat rejeétion
aﬁd a constant inlet hot water temperatupe for each system Being"'
evaluated. At high ambient teﬁperatures'both components of a combination -

system share the heat load, with the DRY component operating at its

" maximum capéCity for those conditions and'the'evaporating (WET or WET/DRY)

component making up the rest of'the requirement,

As the ambient. temperature decreases, the DRY component éarrieé an
increasing portion of the fixed heat load as the evapdrating‘tower is-
cut back. to hold thé sysfem heat rejection rate constant. When the DRY
componént sizihg temperatﬁre is réached;.the DRY tower. carries the entire
heat load and the WET component is completely shut down. Oniy for
temperatures below this point is the DRY component capécity reduced
in order to maintain a constant system heat rejection rate.

Use of these graphs must be tempered with ‘the knowledge that each
basic tower type (DRY, WET,:WET/DRY) has a different mechanism for heat
transfer. Usual heat exchénger performance comparison parameters may be
migleading when applied to‘a WET or WET/DRY tower due. to the portion of
heat transferred by evaporation. For this reason, no attempt has been
made to consélidate the findings into a single ‘figure or secfion, but
rather many views of system performance are presented, with overall

conclusions appearing below. -
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4.2.1 Heat Transfer Rate

Figure 4-2 shows the variation of the overall heat rejection
capabilities of the three‘bgéjc designs with inlet dry bulb temperature.
These and the following performance curves were taken from data
calculated by the comptuef}prqgram listed in Appendix K.

DRY tower heat transfer rate under these conaitions is linearly
dependent on the initial temperature difference (ITD) between the
ambient air and the inlet hot water. Thus the total heat rejection
rate at Tamb = 906F (329C)? ITD = 40°F (22°C), would be half that at
Tamb = 50°F (10°C), ITD = 80°F (44°C), etc.

The WET tower has two heat transfer mechanisms which must be taken
together to determine the overall heat_transfer rate. One, dry convection

from the hot water surface is essentially the same as that of the dry

tower above, decreasing linearly to zero as T =T . . .
wer ’ & rearty amb 2. This mechanism,

in
however, makes up only 15% of the total heat rejection on the average
and thus has small influence on the total performance of the tower. The
major portion of the heat 16ad is transferred by evaporation &hich varies
linearly aé to the difference of the partial water vapor pressures of
the ambient air and inlet hot water. For most of the operating range
of the WET tower, this difference is a strong function of the inlet hot
water temperature due to the’non4linearity of the temperature-saturation
pressure curve for water. Only at ambient temperatures close to the inlet
hot water temperature, does the moisture content of the ambient air
become an important parameters (Figure 273),

The combined result of these two mechanisms gives the WET tower

a fairly flat performance curve over most of its operating range.
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For the WET/DRY tower, the same two mechanisms for heat transfer
are also operating, but their proportional share of the hea£‘load has
been chaﬁgéd. On the average about 60 to 70% of the heat load is
rejected by dry convection with the temaining 30 go 407 rejected through
evaporation. Thué the WET/DRY tower seems to behave mﬁch more like the
DRY tower, where overall capacity increases with the ITD. The WET/DRY
tower is also less affected than the WET tower by ambient air moisture

content at high ambient air temperatures (Figure 4-3).

4.2.2 Air Flow Requirements

Figure 4-4 compares the required air mass flow rates of the various
designs using a purely WET tower as a basis; Heat load is held constant
here at QdesignA?nd the combination towers are employed as described in Sec..
4.1, .Air mass flow is proportional to fan equipment and power consumption
as well as overall tower size.. |

For a DRY tower tﬁe necessary air mass flow increases rapidly as
the initial temperature difference is reduced,

The WET + DRY combination towers behave as a purely DRY tower until
they reach the temperature for which the DRY portion was sized. Above
this design point the raﬁe of increase of the air flow rate is reduced
as the WET portion now ;akes a growing share of the heat load;

The WET/DRY tower operated above the WET tower flow rate, but well
below those of'the WET + DRY towers in all cases. It also exhibits much
less of a tendency to rise at higher Eemperatures than does the DRY tower.

TheAWET/DRY + DRY towers require slightly more air flow than the
WET + DRY towers Qith the same all-dry design temperature. This was due
to the reduced evaporative share of the heat load and the higher air flow

requirements of the WET/DRY tower over a WET tower,




; Fiq- ’4‘4

Air Mass Inlet Air

4.0 ‘F1ow’Rate@vs'?Temperature
Thot water~ 130 F (53 €)
Inlet Air @ 40% R.H. L
] 0pegign _"ET + DRY @ 80 F
3.0 1 . _
£  MET+DRY @ 60F
s ' WNET/DRY + DRY @ 60F
- , e ———======"WET + DRY @ 40 F
£2.0 e WET/DRY + DRY @ 40 F
£° | - »
= I
o I WET/DRY
o  =TTTTTT
10 10 20 30 40 (c)
1 1 i 1 1 .
1 T ¥ ¥ ¥ L

1
40 60 80
Inlet Air Temperature

160. (F)




53

This graph does not take into account air pressure drop across

the. tower which is an essential paraﬁetér'of pumping power costs.

4.2.3 Water Consumption

Figure 4-5 compares the rate of water consumption of the various
towers for a fixed heat rejection rate using a purely WET tower continuously
operating at 90°F dfy-bulb (32°C), 40% R.H, for comparison. Inlet hot

water for all towers was assumed to be constant at 130°F (54°C),.

The combiﬁation towers of both WET + DRY énd WET/DRY + DRY
configurations.cdnsume no water unfil inlet conditions rise above the
DRY component design temperature at which time the evaporating component
must be brought into service. The water consumption rates for all designs
then rise to meet where Ta ='130°F (54°C),‘at which point all heat
transfer must be done by evaporation.

The‘WET/DRY tower has é~relatively constant  consumption r&te in
the lower operating raﬁges, but begins to consume more water as inlet
air temperature increases and the convective heét transfer rate is
reducéd.

All the Eombination towers and the WET/DRY tower consume much less
water than a WET tower under the same conditions. All WET/DRY + DRY
systems conéume far less water than -similar WET + DRY systems having
the same DKY tower design temperature.

. The variation of water consumption rate with ambient and inlet hot
water temperature was'investigated as one means of optimizing the wet-dry

design. The WET/DRY tower used in the previous comparisons was evaluated
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with varying inlet temperétures and fixed heat load: ‘The results appear
in Figure 4-6.

‘As an example, fof the T, = 130°F (54°C) curvye, water consumptlon is
seen to rise with amblent alintemperature as more of the tower comes
on line and evaporation takes over a growing share of the heat load.
Finally, at 90°F (3é°Cj, the WET/DRY tower is operating at full capacity.
Aﬁy further increase in ambient air temperature would cause the tower
heat transfer rate to drop below the flxed heat load consumptlon of the
WET/DRY tower for f1xed hot water inlet temperature of 130°F (54° C) over

a range of-inlet air temperatures.

The same procedure was followed for Tl = 120°F (49°C), 110°F
“in :

. (43°C), and 100°F (38°C) with the same tower design. These curves also

appear in Figure 4?5f Ihe endpoints and the dashed line représent
water consumption and inle; air temperature when the design is allowed
to }un'continuously at full capacity,undef a fixed heat load.

A WET/DRY tower system, optimized for-miqimum water consumption, would
thefeforg be run at maximum capacity whenévér.possible, and only cut
back when TQ_ (and thus turbine back pressure) falls below an acceptable

in ~ :

level. This alzo minimized turbine back pressure under all operating
conditions and increases power plant gross output.

Running the tower system at full capacity also means higher operating
and maintenance costs, but these should be mére than offset by reductions

in power generating costs.
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Figures 4-7 A,B,C,D compére the monthly_water consumption rates
of the various systems for locations around the country. All systems
had a constant heat_load,inlet hot water of 130°F (54°C), and were again
compared using a WET tower working at 90°F (32°F) for a basis.

Water consumption for all designs in general climbs during the
summer months and declines during the winter. It can also be seég
that the WET + DRY @ 60°F and the WET/DRY + DRY @ 40°F de31gns have

approximately equal water consumptlon in each locatlon.

T Climatic data were Summarlzed from reference [14] and individual .

conflguratlon performance under various conditions (evaporatlon rate,
heat transfer rate, etc) taken from the preceeding flgures. This use
of hourly temperature distributions gives an accurate description of
the weather conditions under which towers would be operating and makes
bossible this sort of anal&sis.

Please note that eacﬁ value is a monthly consumption, ihdependent
of the preceeding and following months. For clarity the curves are
continuous rather than stepped. |

Figures 4-8 A,B represent the yearly totals of the monthly water
consumption values shown in figuresA4—7 A,B,C,D.A WET cOwef operating A
at 90°F (32°C) was again the basis.

The WET/DRY tower is shown to consume. approximately 60% less water
than a WET téwef»under the some conaitioﬁs. ‘The consumption totals for
the WET + DRY @ 40°F are also fairly close for most locations, and about

90% lower than a comparable WET tower.
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4.2.4 Minimum Turbine Back Pressure

Figure 4-9 shows the variation of condenser pressure with inlet
air temperature for the three basic component towers, At lower ambient
temperatures it is possible, by running the towers at full capacity,
to reduce the hot inlet water temperature while maintaining the design
heat rejection rate, .

The inlet hot water temperature is related to the turbine back
pressure and overall power plant efficiency. Modern turbines can have
an operating range from 1.5 up to 15 in. of Hg (300-1300 N/mz) back
pressure with efficiency decreasing and capital costs increasing very
rapidly for designs above 5 in. of Hg. (600 N/mz), Most turbines now
being installed are low back pressure designs.

Note that the DRY tower is extremely sensitive to ambient
temperature and requires very hot water above the design point of
90°F (32°7).inlet air. The WET/DRY and WET  towers are respéctively
less sensitive and could continue to deliver full service at higher
temperatures. | |

In practice, the inlet'hpt water temperature would'be allowed to
"float" with ambient conditions, rising or falling until the turbine
designvlimit is reached. At low ambient temperatures where the turbine
back pressure is likely to drop below the design limit, the tower sys-
tem capaéify would be reduced to maintain the minimum back pressure,
At high ambient temperatures where maximum turbine back pressufe would
be ekceeded, the generating turbines would be throttled back to reduce
tﬁe total he;t load requirement to within the capacity of the tower

system under the prevailing ambient conditions.
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Fig. 4-9
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4.2.5 1Incidence of Fogging . -

Figures 4-10,11 show the exhaust air conditions (tempéerature, for
each relative humidity, spécific humidity of the three basic tower designs.

Inlet conditions'tambient air temperature and hot wa&er temperature)
were varied over the normal operating range of a cooliﬁg tower system,
while ambient air relative humidity was set at 90%.

Except at high ambient temperature conditions, the WET tower‘exhausts_:f
air at over 100% relative humidity, i.e. with entrained air droplets.-

This indicates the immediate presence of a fog plume. At air exhaust

conditions of less than 100% R.H. fogging may occur depending on the mix-
ing conditions bf thé ambient air and the tower‘exhauét. If the mixture
passes through the saturation region for water vapor during mixing, fog
will form in the area around the tower.

The WET/DRY tower, with its reduced evaporative heat tranéfer,'does
not produce a fog plume even under the most unfavorable ambient con-
ditions.

Some tyﬁes of WET+DRY combination tower systems mix thelexhéust air
from each component before discharging it to.the atmosphére. This will
reduce the incidence of fogging by allowing the wet tower exhaust to pre-
mix with hot air at ambient humidity before being discharged.

.- However, due to cost and land use considerations, the mofe recent
trend in combination systems has beeﬁ to build two separate towers, each
exhausting separately into the atmosphere. In this case the individual

towers would be described as in figures. 4-10 and 4-11.
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Fig. 4-10 C
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Fig. 4-10 E
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Fig. 4-11 A
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. CHAPTER 5

" 'CONCEPTUAL DISCUSSION OF CROSSFLOW CONFIGURATTION

5.1 Need for a Crossflow, Design

Early in thé prdjeéfjié was recognized that the counterflow con-
figuration would pose difficult design questions which would have to
be answered before the concept could be used in practice.

Tne pfeéent desigﬁuﬁaélthe cool air éntering(af the bottom of
the packing sectién aﬁd,égiting at the top .[l]. The hot water is

distributed over the packing plates at the top of, the section and

1

R L, TR .
collected at the bottom, hence the designation counterflow. Since
. ) . o s "\i‘ri;"‘:'; : .
the distribution and collection of the water is done in the airstream,

1

great care had to be taken in the original design to reduce the amount

e

of evaporation which wbuid'fake pléce.

This wés eventhaiifjédne by diétributiﬁg the hot wéter by rows
of éobper.piﬁes:withwé§e6f§'spaced holes dfilled along their length,
These were arfanged so‘éélto provide one étream of water for each
channel on each packiné piaéé. Coliectioﬁ was accoﬁplished by large
sheet metal gutters aiwtﬁ;:bottom of each paéking plate which would
catch the cooled water ;ﬁd‘channel it quickly aside out of the air
flow (Figufe 2¥i); h

On an eiperiment;i ieQel, this design presente& several problems.
Alignment of both the bibgé and gutters was difficuit and had to be

done very closely to aVoidvsplashing and dripping of water in the

airstream. The distributidn pipes became clogged with impurities and
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héd to.be individually cleaned [1]. 'The'collection gutters were large
enough to warm theincoming air about 10°F (6°C) or more before it
reached thé packing section, thus precluding low air temperature
tests. Despite the above precautions, in some tests the humidity
change across Lhe distribution system matched the change across
the entire packing seciton. o

For a fﬁll—size tower the size of the pipes and gutters would
have to be increased to account for the greater width of the tqwér.
Clogging and aligmment would be én evern greater problem, while the
larger pipes and gutters would decfeaée the airflow area and fequire-
more fan power for an equivalent rate of heat'trapsfer. Evaporation
in the distribution section woula continue at what is-considéred an

: \
unacceptable level.

The solutions to each of thesé problems éf the éounterflow design.
would be costly and domplicafed. In an effort to keep the design
both simple and effective, it was decided to inyestigateAaﬁother'
configuration.

Instead of having the air flow from the bottom of the packing
section to the top, the proposed design‘would have the air flowing
across the plétes horizontally, thus "crossflow'.

This idea has several advaﬁtages:
1) It is possible to distribute aﬁd collect the hof Qater in
an enclosed space, out of the airflow. This would eliminate

most of the unwanted evaporation,

2) The distribution and collection are simplified. It would
be possible to distribute the water with large spray nozzles
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and collect it in a simple catch basin, thus cutting both
fabrication and maintenance costs,

'3) The elevation profile is reduced. There would be no need
for an air inlet space under the packing section or for
exhaust fans or ducting mounted above the packing section.

4) "Air pressure drO? can be adjusted by varying the width of
the plates in addition to plate length and plate spacing.
This would help in the optimization of the final design,

Disadvantages of this design include:

1) Reduced theorétical efficiency in heat trznsfer due to the
change from couiiterflow to crossflow configuration.
L3
2) Lack of knowle&éé of the heat and mass transfer character-
istics of the V-trough packing plate under .these conditions.
. IJ“ |
3) The need for majéf modification of the modél tower presently
in use if this ceenfiguration is to be tested.
. . o

o . - L
5.2 Feasibility and Compter Program ' 'i

£, :l'-
In order to provide an estimate of the reductiqn in heat transfer
rate caused by the change to crossflow configuration, a new computer
o i
program (listed in Appendix T) has been written. This program
1

follows the analogy developed for the counterflow prbgram (Appendix H,

[1]1) except for some minor bookeeping changes. ,

The Crossflow'packiﬁg is modeled by the program as a grid of series
exchangers each of whichhas a small enoughvpropertygchénge to be approxi-
matéd by a counterflow heat!exchanger._ The program sﬁarts in the upper
corner of the grid where both air and wéter inlet conditions are
knqwn; Using the methédi‘described in Chapter 3, the outlet conditions
of this section are calculated and the results used as inlet conditions
for the grid sections below and directly to the side. By moving

downward one column at a time, using the previously calculated outlet
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conditions from the adjoiping grid squares it is possible‘to calculate
the performance of the entire packing section.
The accurécy of'this calculation depends oﬁ the number of grid
squares employed. Trial runs for completely dry paqking sections
give resuits'within 5% of published [iSJ solutions when a 25 x 25
grid is used. Further increase in the number of grid squares does
give some bettér agreement, but the calculating time is greatly increased.
The program also contained provision for mixing the ccoling -air
-as it passea thréugh the'packing section, However the difference
in heat transfer rate befween weil—mi#ed and unmixed airflow was found
to be very small (5%) for';he operating range qf an atmospheric tower.
Using thé program described above a wet—drylcrossflow tower was
sized in the same way>as.the component towers used for the comparison
in Chapfer 4. This crossflow wet-dry required about 6% more éurface
area thén»the comparable counterflow WET/DRY tower where both.were
sized to carry fhe same heat load under 90°F (32°C), 40% RiH. conditions.
: Performance curves under varying ambient air conditions for the
- tower designs are quite close and are shown in Figure 5-1.
Althouéh‘these initial estimateé are very rough and were not
optimized in any way, they do indicate that the .necessary increase in
heat transfer surface for the crossflow design is not unreasonable.
The savings in design and production costs would well offset the cost

of the additional surface area,
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5.3 VisualiZation of Large Crossflow Towers

The full size crossflow module shown here (Figure 5-2) is
meant to give the reader a feel for the general size and shape of such
a system. The module is approximately the same size aé a mechanical
draft wet tower module, with the pécking section about 30 ft.(9.19 m)
high and 20 ft (6.1 m) thick. The air intake area is about 4300 ft2
(400 mz) and requires a fan of about 160 hp. Approximately 60 of these
modules would be required to cool a 1000 MWe fossil fuel plant.

Part 2 of this report, printéd under sepéra;e cover, will discuss
the construction, ins;rumentation, testing and analysis of a crossfiow
model. Also included are project conclusions and recommendations'fqr

future investigation.



Fig. 5-2
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CHAPTER 6: PRELIMINARY COST COﬁPARISON

This chzapter presents.a‘preliminary cost estimate of the wet-dry
cooling tower concept and compares it with estimates for non-evapora-
tive (dry) and evéporative‘(wet) cooling systems. Due to lack of

operating experience with the wet«dry'concept this analysis will rely

_heavilonn previous economic comparisons [16] of cooling systems from

which the wet-dry costs will be approximated.

~ Please noté that ghe wvet, dry and wet-dry performance models sum-
marizéd in Sec, 6.2 are not the same as those preéented in Appéndix A
and used in Chapter 4. The dry and wet system design parameters and
total costs have been taken diréctly from the WASH-1360 report ([16].
These designs are optimized for a 1000 Mwe fossil fuel plant at a fic-
tional location designated as Middletown, USA. The wet~dry pérformance
module has been designed to match certain parameters (airflow, water
loading, exterior dimensions) of the wet system module, roughly opti-
mized for minimum capital costs. .

Section6'.l.will describe the ecénomic modélsAdeveloped.in Ref.

(16] .and used here for the calculation of capital and penalty costs
for each t?pe of cooling system. Section 6.2 suﬁmariies the design
parameters of the wét«dry desigﬁ and sketches its performance at a few
inlet cénditions. A step-by-step déscription of the wet-dry cost ‘!
evaluation and a short discussion of results will be found in Sec. 6.3
and 6 .4, respectively. A more complete discussion of the cost evalu-
ation method and optimizatton procedure for the dry and wet systems

can be found by consuiting Ref. [16].“
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6.1 Economic Model

The cooling systém of :a ‘power plant determines theiheat rejection
temperature of ‘the ‘thermodynamic cycle and hence overall efficiency
[12]. Cooling system performance is a function of a wide variety of
factots-inciuding;geograyhic location, ambient weather conditionms,
éqoling system type and capacity, etc; Thus the determination of the
true cost of a cooling system must dnclude not only ‘the initial and

maintenance costs, but al®o an assessment of costs based on the perfor-

'mance of the cooling system.

The economic model consists of 1) the capital costs of the cool-
ing system, 2) various economic penalties to account for the effects
of changes in ambient conditions and other variables of cooling system
and poyer p1ant operation, and 3) a total evaluated cost of the cool-

ing system.

6.1.1 Capital Costof.Cog;igg System
The capital cost of a cooling sysfem includes all expenditures
u
for parts and labor on thé system. The major equipment for the systems A
under consideration here includes condensers, circulating pumps, piping,
makeup and blowdown equipment, and the terminal heat sink, e.g. the

cooling tower structure. Indirect costs include engineering and con-

tingency charges.,

6.1.2 Economic Penalties of Cooling Systems

The method of placing'a ‘dollar value on the performance of a
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cooling system is to assign economic penalties to this cooling system
[16]. Two major penalties are the loss of'capaci£y and the cooling
system auxiliary power requirement. In assessing the capacity .penalty,
the actual capaéify of a plant and the cérresponding energy prgduced by
the plant are compared to a base capacity and its corresponding energy.
Deviations below base wvalues are charged to the cooling system as pen-
alties, whereas deviations above the base values are taken as credits.
The auxiliary power requirement is charged to the system according to
the costs of the energy consumed.

Six penalties, in captialized dollars, have been assigned to the
economié models. They'are as fdllows [16]: | |

,Capacity:penalty cost due to highest turbine back pressure

Pl =

P2 = Replacement energy cost due to turbine back pressure vari-
. ation . : . :

P3 = Cost for operating circulating pumps

P4 = Cost of supplying makeup water to the cooling system’

P5 = Cost for operating the terminal heat sink

P6 = Cost of operating and maintaining the cooling system

The equation used to evaluate the capacity penalty is:

"P1 = (K) (_AKWm) : ' | 6-1)

where: K = Capacity penalty charge rate ($/kwe)

Amea.x = Maximum loss of capacity at the worst ambient condi-
tion as cﬁmparéd to base plant capacity (kwe)
This penalty is treatéd as a éapital expenditure and represents
the cost of suppiementiﬁg the capacity 1oss'as compared to the base

capacity, perhaps by the addition of gas turbine generating units.
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fhe base capacity discussed here is a?bitrarily defined. This
capacity was chosen to correspond to an exhaust pressure of 1.5 in. of
Hg (5080N/ﬁ2); a cotmon desigﬁ point for a power plant using a once -
through cooling system [16].

A levalized capacity faetor of 0.75 is introduced into the mainte-
nance and operating cost equations. This factor assumes the plant will
run at maximum power for 75% of the year and otherwise be at zero load.
This is believed to be an adédiiate representation of central station
base load power plants whiéﬁ gre usually run at full capacity due to
their low operating costs:

The replacement energy penalty, P2, and the cooling system auxili-

ary requirement energy penaiéies P3 and P5 atre evaluated as follows

[16]: C e
, 8760
P2 = Cap (=) J(RY [AKW(T)] dt (6-2)
afcr 0 s . ) :
' o L., 8760
P3 = (K)(HPw)max + Cap (afcr) £ ®R) [HPW(T)] dt (6-3)
. ' 1 8760
P5 = (.K)(HPt)max + Cap C;fgg) ﬁ-(R) [HPt(T)] dt (6-4)
where:
afer = Annual fixed charge rate
Cap = Levalized capacity factor
R = Replacement éﬁ%?éy charge rate ($/kw=hr)
KW(T) = Loss of capa61E§ due to variation in ambient conditions

i.e., (blantAqépacity at ambient conditions) -
(Base plant capacity) (kwe)
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(HP_ ) Maximum power requirement for pumping cooling water
WA (kve) | '

Power requirement for operating the terminal heat

HPt(T) =
o sink at ambient condition (kwe)
(HP ) = Maximum power requirement for operating the terminal

t max heat sink at the worst amhient condition (kwe)

_t = Time (hrs)

n

Note that P3 and P5 bath have two components, i.e., the capital
expenditure of additional generating eqﬁipment and the capitalized re-

placement energy costs.’

Penalty P4 is the makeup water costs for the system given by:

= ( : - - 6.~
P4 = (6 ) (C)) (1/afer) ‘ | j (6+5)
where; .
Qm'= Yearly makeup requirement (gal/yr)

Cw = Coct of makeup water ($/gal)

The annual operation and maintenance cost P6é of the system is

based on the total capital cost and the amount of rotating machinery.
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6.2 Pperformance Model
‘The cost of heat rejection from a 1000 Mwe fossil fuel generating

plant will be considered. Figure 6-1 shows the heat rate correction

for this type of plant usihg low exhaust pressure turbines.

The wet and dry systemg compared in the following section (6.3)
are taken directiy'frqm c@é’WASHw136O report. These two systems are
the results of an extensiye cost and performance optimization procedure
based on the economic modél described in SeF. 6.1. The wet-dry system

used in this economic comparison is the result of a very rough optimi-

1

‘zation procedure which 1s described below.

6 .2.1 Optimization of the Wet-Dry System ‘
| Dﬁe to the large nhmber of variahle parameters in the wet-dry con-
cept, a few major assumptioné have been made about theifinal design
model, and an optimumvfouﬁd.for the remaining variable. |
These major initial assumptiona include:
vl) Air flow per system module equal to 1,5 x 10 ft/min
(10 m /s) based on fan limitations.
2) Pressure drop of 0. 5 in H 0 (125 N/m ) across packing gection,
based on fan limitations. |
- 3) Individual water channel loading 6f 1 lbm Héo/min (0.008 &/s),
bhased onobserved model tower performancel
4) Pécking plate spaéing of 1.5 in (3.8 cm), based on consider-

ation of fabrication limitationms.
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5) Plite length in diréétioni of water flow of 30 £t (9.1 m) based

on comparably sizéd wet modules.

6) Air and water floW Streams in crossflow configuration for de-

sign considerations discussed in Chaptet 5:

As in the casé of both W&t and dry systems, the wet-dry cooling
system is made up of a niufibe¥ of modules, all ideritic¢al ifi construc—
tion and performance: THé Hiidibier of modules necessary for a given.
cooling load is then detérmiféd by the heat rejectiofi Gapacity at a
given désign temperature. = The optimization presented here first de-
termines thé remaining design variable, packing surfice area per
module, then seeks an optimiii design point for sizing the final tower
systenm.

Using fhe ahove assqmﬁﬁions tower modules with packing widths.of
10, 20 and 30 ft were optimized on the basis of minimum capital invest-
ment in the terminal heat. sink, The cost of each module is broken
down into three groups, fans and motors (identical in cost for all de-
signs), structure aiid piping (here based on data from Ref;[l6] and
the ground area of individial modules) and. packing material cost
(based on packing surface aréa and material and fabrication costs dis-
cussed in Sec. 6.3.2). Fdf'&etermining the number of modules for a
full Sizevsystem a design point of 93 F (34 C) ambient alr temperature
and 121 F (40C) hot water teémperature has been assumed: The following

césts in thousands of dollars can now be estimated for each fodule.
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TABLE6 -1 MODULE COST OPTIMIZATION

Component Cost in thousands Packing Width
of dollars A :
10 ft 20 ft 30 ft
Fans and Motors 19.2 19.2 19.2
Structure and Piping ' 35.7 52.8 61.0

Packing Material and -

Fabrication s ' 37.4 106.6 194.4
Cost per modﬁle . 92.3 - 179.0 276.0 .
Number of modules neéded A

for 1000 MWe facility 138 65 46

Total goét of Terminal
Heat Sink 12,7 11.6 . 12.7

(millions of dollars)

As shown in Table 6-1, the 20 ft wide packing section design is
the optimum. Next the design inlet hot water temperature was_dptimized.
A higher design inlet hot water temperature would require fewer modules
at highér ambient temperatures to reject the same heat 1o§4 as a system
sized to a lower design water temperafure. The reducéd capifai costs |

would be offset, however, by an increase in the operating penalty costs

associated with the resulting higher turbine back pressure. The actual
functional relationships are discussed in Sec. 6 .1 and 6.3.1 and will

" not be described here in detatil.
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" The results of this check show that savings in overall systenm

costs are achieved by sizing' the wet-dry system for a high inlet hot

watér temperature. This imftovement is limited. by the maximum turbine
back pressure of 5 in. Hg. (17 000 N/m ). Higher inlet water tempera-
tures: would require the' uge of so~called high back pressure turbines.
These proposed designs can accomodate back pressures of up to 15 in.

Hg. (51,000 N/m ) thus allowing a major reduction in the number of

“necessary modules. Inefficiency penalties are suhstantial, but in the

case of a dry cooling system[16] proved to be the best alternative.

" For the wet-dry system (Table6 ~4) costs were significantly increased.

6.2.2 Wet-Dry Module Design‘

Tabieﬁ -2 shbws the’rééults of the wet~dry opfimization. The
performance ofAthis module Aesign was calculated under a wide range of
Aoperating conditiéns by thé”computer analogy listed in Appendix I and
the results summarized for both high and low back-pressure turbines in
Tahle 6-3.

An estimate of the possible savings which could be produced by re-
laxing some of the initial design criteria follows. These figures are
meant to point out possible directions for future inveétigation, not
as definite savings.

With this in mind, the effect of increased water loading per
channel was investigated. By re-~shaping the water channel it may be
possible to double or triple the water flow over a given plate surface

area. PFurther assuming that this could be done with little or no in-



TABLE 6 -2

DESIGN PARAMETERS OF WET-DRY MODULE

Configuration

Surface Heat Transfer
Coefficient

Wet-to-Dry Surface
Area Ratio

Packing Height

~ Packing Width

Spacing of Packing Plates

Packing Plate Material

Plate thickness

Number of plates per
module

Water Channels ber plate

Air flow per module

WaterAflow~per module

Pressure Drop across

Packing Section

“Air Velocity in Packing

Section

Fan Horsepower

Number of modules in System:
Low Back-Pressure Design

High Back~Pressure Design

crossflow - (Fig. 6—2)
5.8 BTU/hr—ftz—F (28 kecal/h-m>—C)

0.05
30 ft (9.1 m)’
20 ft (6.1 m)

1.5 in (3.8 cm)
galvanized steel
0.025 in (0.64 mm)

620
80

1.5 x 10° £c3/min (710 m2/s)
6000 gal/min (380 &/s)

0.5 in H,0 (125 N/m’) |

'10.8 ft/sec (3.3 m/s)

186 hp (140 kw)

27
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FIGURE'6-2 .CROSSFLOW PACKING PLATE
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TABLE 6 -3 SUMMARY OF WET-DRY SYSTEMS PERFORMANCE

Low Back-Pressure Design High Back-Pressure Design

-Ambient Air . Inlet Hot Capacity - System » Inlet Hot - Capacity System
Temperature . Water Penalty . - Water o Water ~ Penalty Water

F )y Temperature Consumption Temperature - . Consumption

F (%) kwe - gal/hr (&/s) F (c). kwe lgal/hr &/s)
‘ o . : (x105)

100 (38) : 129 (54) | 58,500 3.18x10" (23) 170 (77) 132,000 3.28 (24)
90 (32) 123 (51) 36,500 2.77x105 (20) 166 (74) | 116,000 | 3.04 (22)
80 (27) 118 (48) 23,500 , 2.49x105-(18) 162 (72) : 110,000 2.82 (21)
70 (21) 111 (44) 12,500 2.10x105 (15) 158 (70) 103,000 2.59 (19)
60 (16) 105 (41) 6,500 1;79x105 13) 154 (68) 96,000 2.37 (17)
50 (10) 98. (37) 2,000 : 1.48x105 (11) { - 149 (65) 90,000 2,12 (16)
40 ( 4) '92.‘ (33) 0 1;213105 (8.9) 144 (62) 86,000 1.87 (14)
30 (-1) - 84 (29) -1,500 0;94x105 (679) 140 (60) 83,000 1.68 (12)
20 (-7) 80 (27) | -2,000 0.84x10° (6.2)] 135 (57) 80,000 | 1.48 (11)

Yearly total water consumption for Middletown, U.S.A.

Low Back - Pressure Design - 1.39 x 109:ga1 (3.67 x 108'2)
High Back - Pressure Design - 1.90 x 109 gal (5.01 x 108 2)

(8
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N

crease invthe'wgt«tq—dry éurggée'area ratio would produce an increase

in the total module design heat transfer rate of '22% for 2X water load-

ing and 32% for 3X water loading. This occurs due to the reduced water

side effectivyeness thus rgis;ng the log mean temperature difference [12],
In cost figures, if gimilar performance to the original module is

system cost reductions of 5% and 6% will be realized for the doubled
and tripled water loading degigns, respectively.

Continuing the proéggg, should the plate height.and spacing re-
strictibns now be te};xed, the plates lengthened from 30 ft, to 45 ft.
(9 to 14 m), plate spacing decreased to 1.25 in'(3.2 c¢m), and normal
water loading restored, the module dgsign heat transfgr will rise an
‘ estimated 20%. This tranéla;es into an estimated decregse of 77 in
capital cost and 4% in tqt@l}evaluated cost for Ehe ;qtire system. In
;his particular design,- however, the lengthened plé;gg also increase
water cénsumpciqn for a givgn amount of total heat transfer. Initial
% | Ealculations show that this could be a 20% increase in system yearly

water consumption. Furthexr study into this type of optimization will

E be necessary for the final design process,

ok



6.3 Cost Estimation

This step-by-step calculation presents only the values for

the low back pressure design. The final figures for the high back

pressure design are listed in Table 6-4.

6.3.1 Penalty Costs

Following the procedure described in Sec. 6.1.2,

Capacity Penalty Cost

= - ' 6.—-
P1 ‘ (K)CAmeax) . o (6-1)
AKW. -~ = AKW @100F = 58,500 kwe
max .
K = $150/kwe
P1 = $8.78 x4106

Repiacement Energy Cost due to Turbine Back Pressure Variation

8760 :
P, = Cap(1/afcr) S(R) [AKW(T)]dt - (6.-2)
. 5 o
Cap = 0.75
~afcr = 0.15
R = $8.5 x 107 >/ku-hr
18760 pgu(ryae = 5.19 x 10 k-
s ; \
P2 = $2.21 x 10
8760 | .
The integral [AKW(T)dt has been evaluated from Table 6-2 and
o )

climatic data for Boston, Mass. (Table G-3). This data is comparable

to the composite climate of Middletown, U.S.A.
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Cost for Operating Circulating Watér Pumps

This cost has beéeh set equal to that of the mechanical draft
wet tower of Ref. [16],

P3 = $3.83 x 106
This is felt to be accurate due to the similar water flow rate and
pumping head requirements of the two designs.
Cost of Makeup Water and Water Treatment for the Codling System

Due to the 40% lowér water consumption of the wet-dry design

(see Fig. 4 .8), water consumption costs should he likewise reduced.

_ Thus:

P, = $0.07 x 10°
Cost for Operating the Teifitnal Heat Sink (fan powef)

8760 A
) (R) IHPt(T)]dt (6 -4)
)

o n _ 1
P = (K)(HPt)maﬁ + Cap(afcf

Assuming that all the module fans run constantly throughout
the operating year,

_ . _ . 3
HP) % = HP (T) = 11.8 x 10° hp

© Thus:

$1.23 x 16° + $4.06 x 106

Py

P

5 $5.29 x 106

n

Cost of Operating and Mafiitalning the Cooling System
This cost is based (as described in Sec. 6.1.2) on the

amount of rotating machinefy in the tower gyatem. Assuming this 1s

- roughly proportichal to the number of modules in the cooling system
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and using the cost of $1.21 x 106 for a wet tower system with 23 modules,

and  $2,61 x 10 for a dry system with 94 modulea, then for a wet-dry

system of 59 modules:

P6 = $1.92 x 106

Adding up all of these capitalized penalties gives a total.

penalty cost of $22,1 x 106. Individual penalties assessed to each

system (wet, dry and wet-dry) have been tabulated for comparison in

Table6 -3.

6,3.2 Capital Costs

The capital costs of the wet-dry tower system are very de-
pendent on the system design parameters, However, all tower system§
will'have costs that will be relatively fiied for any given size
system (water pumps, biping, electrical work, condensers), costs that
will be proportional to the number of tower modules (fans,‘structure,
basins) and costs that will be unique to each design (packing, fin-tube
units, etc.).

Using the capital cost breakdown of Ref. [16] for mechanical
draft.wet and dry.systems and the wet-dry module design of Sec. 62,
the first two groups of these costs have been evaluated for the wet-
dry systems. As the major difference between a wet and a wet-dry
module is in the packing section, this cost for a wet-dry tower system
will be based on ﬁhe<material requirement.

ﬁsing $0.143 per ft2 of 0.025 in. (0.06cm) thick galvanized

sheet (a June 1976 U.S Steel quote adjusted for inflatfon) and the
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totai cooling system requirement of 21.9 x 108¢¢2 of packing matéfial
gives a' material éo.sfc of $3.11 x 10‘6., One rule of thumb for estimat-
ing fabrication costs is to set them roughly equal to ma‘téerial costs
for a final cost 0f$6.21 x '?1’56 for packing platés alone, | Adding this
to the fixed a'nd‘ proportional coé-ts gives a i:a'pital cost of $26.6 x 106
for the low-back pressure wet~dry system.

A more completé breakdowm of the capital ¢ost estimation for

the wet, dry and wet=dry design is presented in Table6 -4.
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"TABLE 6-4

. SUMMARY OF COST COMPARISONS

(millions of dollars)
(Year of printing 1973)

Category Dry Tower Wet Tower Wet/Dry Towers
: (WASH~1360) (WASH-1360) High Back Low Back
Pressure Pressure
Design - Design

Capital Costs
Circulating Water

Structure - 0.550 .710 710 . .710
Circulating Water o _ A :

Pumps 0.670 1.030 0.471 - 1.030
Concrete Pipe . 1.920 1.100 1.100 ‘ 1.100
Terminal Heat Sink- 10.880 2.940 5,308  11.600

Basins and S . ‘
Foundations .0.550 1,180 - 0.540 1.180
'Condensers, Installed 4.780 4,950 . . "4.78Q 4.950
" Electrical Work 1.050 0.925 . 0,925 . 0.925
Indirect Charges (#25%) 5.100 3.209 A3.459 . 5i38

Total Capital Investment 25.500 16.044 17.293 26,875
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TABLE €4 Part 2

Category bey TPower Wet Tower  Wet/bry Towers
: (WASH=1360) (WASH=1360) High Back Low Back
Predsure Pressure
1 Design Design

Operatinig Penalty Costs

~Ji
o

Capacity: Penalty 1747 3.53 19.8 8.78
Due. to highest

turbine Back Pressute
Capitaltzed

Eneigy Replacement o 4 )

v Peﬁélty _ 28.32 2:46 29.1 2,21

Die to titrbine hack

presaure variations

(o8 1)

Capitalized Annual 1.94
Cost fot Operating
Cooling Water
Puiiips
Capitalized Cost for 6.80 2.04 2.42 5.29
Operating Tetminal :
Heat Sink
Capitalized Annual Cost = 0.18 - 0.07 0.07
for Water Makeup and
Treatment
Capitalized Annual 2,61 .21 1.23 1.92
Maintenance Cost : :

Total Penalty Costs 53:45 13.25 54.37 22.10

S s Rkt o smsasy

Total Evaluated Cost  B82.95  29.29 71.66  48.70

T T L S N T L T S U




6.4 Results
| Referring to Tahle 6-4, 1ﬁ'1s now possible to get an estimate

of thé‘felative éost of the wet-dry alternative, The high back ﬁresr
'sure design has an initial capital cost competitiye with the mechanical
draft wet tower of the WASH-1360 report. The price for this initial
saving is paid, however! in the higher operating penalty costs which
approach those of the mechanical draft dry tower. The low back prés-,
sure design wet-dry system has a higher initial cost due to the higher
number of tower modules, but incurs penalty 1osaés«mofé on the order of
the wet. tower sfstem, far below those of a dry tower éysteﬁ. On an
overall basts, the wet~dry éystem has higher costs than a wet system,
but again consumes oﬁly 40% as much water over the course of an oper-
afing year,

Using the results of Sec. 63 and Ref; [16] 1t is possible
to roughly estimate the costs of the performance models deécribgd'in
Chapter 4. Although these models are not of exactly the same configu-
_'rat;on, their behavior will be similar enough under varying operating
conditions go permit sizing of each component for a combination tower
éystem. |

1f the assumption is made of no egonomies of scale in tower
"construction (a -good assumption for large multi-module systems), the

capital costs of each type of cooling system may be compared as follows;



Lapeds
- o . R B 75 3 B
Systenm SR Cost/kwe (generated) Relative Water
(See Chap. 4). - LA rense o ©  Consumption
wet Syatem‘~ R S 5,29.3.0 0 “»‘{}xﬂ.O (basis)
' WET + DRY @ 40° o 53.2 o v 0.18
e Tt Y Mg st o e v :
WET + DRY @v60°. " 60.0 0.06 L
DRY -~ - - midergyg oot 0.00
WET/DRY + DRY @ 4Q° .« fpat +63.9 - - ¢ = . <o . 0.08
WET/DRY + DRY @.60° o 583 ’ 0.03
S, pnapratin P T .
WET/DRY (1ow back pressure) 48.7 : 0.38
PN . "’{3 11+ S SN T RO ’

Comparable destgns for reduced ‘water consumption, WET + DRY
TR v hu, ,},f, . .-
~.J
C 60° and WET/DRY @ 40°, show the WET/DRY combination system costing -

s L PETCgrLe - - AR A AT
about 7% more than a WET and DRY combination system.
! Soof towe s e £y o LR
. These figures are open to some criticizm, which will appear
S B getedry fno b
here first. Material and fabrication costs have beén rather arbitrar—
L een nt S » ’ Coin

ily assigned and may Be ich different in reality Por ekample, pres—

19 BN .
v yﬂ(ﬂg RS ¥ k] [ o1
ent day packing costs fof a vet-dry tower have been estimated at about

$0 20 per ft of air-side surface area. ($2 16/m ) A check with dry

T, K :\f IP!“ . “r- N }‘
cooling tover vendors has produced an estimate of $0 30 to $0.40 per
i i ;,utr} o ¢ . ’ .
2 ($3.24 to $4. 32/m ) of air-sidé surface area. These figures do
:_. '.'~‘>B ¢i€s

not demonstrate the major surface cost advantage that the wet~dry con-
W l--l «
cept initially promised) Contact with an architect«engineering firm

(United Engineers and Congtfuctoxs, Inc:; Philadelphia, PA) has sugges-
téd -that doubling the packing plate raw material cost to account for
fabrication and asgembly fay be too conservative. Using a suggested
nultiplierfof 1.5 will give a reduction of $l-7 x 10.6 (6%) in the

[ o

- ' e ERTAE L e ST
initial capital»investmeﬁtifor a wet-dry system.

?

Lotedvy ‘



The treatment of lost capacity when figuring'systém penalty
costs can also be argued. A fixed capitai charge.for the worst possi-

ble loading condition (high temperature, peak power load) may not

accurately reflect the true cost of meeting this load. Pumped stor-

age, long distance tranamigsion or specific peaking facilitles are

- possible solutions to the peak load problem that depend on each power

_'company’s resources,  The availability and cost of this peaking-capa-

city could significantly influence a particular company's choice of
system. This if‘further_discussed in Section 6.5.

It may also. be poséible to operate the wet-dry concept towers

in a peaking mode by deluging the packing. This could provide the

additional cooling capacity at a minimal increase in cost and,cumula—‘
tive water coﬁsumption.

With the.above points in min&, these approximate costs are
presented with the belief that further analysis.and oétimiza;ion,can

only reduce them.




98

6.5 Discussion of Lost Capacity Penalty

The penalty charged to each type of cooling system for the highest
operating turbine back pressure will be discussed heré. This penalty
(de;ignatedipl in section 6.2) compares the capacity of a base generating
system operating at 1.5" Hg ‘absolute (5080 N/m2a) turbine back pressure
with the heat rate of an identical plant operating»at the maximum yearly
temperature, rejecting heat with the tower design being evaluated. The

difference in the two generating capacities is called ‘the maximum lost

- capacity and is charged to the tower at a rate representing the cost of

replacing this capacity by gas turbine generators.

This charge as a percéntage of the total-péna]ty and evaluated costs
varies with each type of' tower system, wet tower (11% penalty, 12% total),
dry tower (30%, 22%) wet:dry (40%, 18%). P

‘Using the figures of Sect. 4.3 and Ref. [16], the following effects

can be noted for a 50% reduction in the capacity charge rate:

Sensitivity of Tower Costs to Maximum Capacity
Penalty Rate (Base cha}ge = $150/kwe)
‘Reduced Charge $75/kwe

Tower $ Savings % Penalty Cost % Total Cost

(millions) ~ Reduction Reduction
DRY 8.89 15% : 11%
WET 1.77 L 8% 6%
WEf/DRY - 4.39 20% : 9%

The cost of this replacement capacity is a noteable factor in the

case of the dry and wet-dry towers, and this price may easily vary from
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éystem to system. Since this maximum temberature is encoﬁntered for only
brief periods in the summer it is very likely that the system may have
extra capacity elsewhere within its grid that is provided for scheduled
maintenance and for peak periods such as this. The possibilities of

pumped storage and inter-company sharing of power also come to mind.

AEach of these alternatives would differ in cost from gas turbine capacity

and the penalty assessed to an individual plants' cooling tower system
would vary with the available alternatives.

The applicability of the peak ambient temperature to this analysis
can also be questioned. For Middletown (Boston, MA),lthe hypqthetica]
site of this generating plant, thé maximum temperature over the year Was
taken as 99 F (37C). Using the climatic data of Appendix G; if can be
seen that the dry bulb temperature exceeds 90F (32C) for only 0.5% of

the years. If the lost cépacity is calculated for this temperafure range:

Loss of Capacity for 1000 Mde Fossil Fuel Plants

Dry BU]b Temperatures % Change in - % Change in
Tower 99F . 89F Lost Capacity Total Cost
Type '
DRY 118,560 97,410 22% . 4 5%
WET 23,500 17,870 31% 4y

WET/DRY 58,500 36,500 40% 7%

The last column indicates that the wet-dry tower is being.more
heavily penalized for the last few degrees in maximum.ambient temperéture.
Another way of looking at this is to say thap 7% of the total wet-dry

cooling system cost is due_to conditions found only 0.5% of the time.
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B Thisisevererﬁgh tempera¢uréapena1ty could be avoided by providing

a companion wet tower to the wet-dry system for occasional use as the.

-weather‘demqnds, ‘Due to the:short duration of this peak period, a

yenyattractiye propqsa1;ﬁ§eto proVide a few of the wet-dry cells with

>moveab1e baffles that would defeat the water channeling plates and

force the cells to run wet for the necessary length of time. This method

would not significantly increase the yearly water consumption total al-
though the instantaneous water consumption would be higher when'running in
he de]uge-mode:, |

The maximum lost capacity penalty charged to each cooling tower type

thus seems to be biased toward the wet cooling tower system which experi-

ences very little loss of capacity at high ambient temperatures.

These factors shbuid be taken under consideration when sizing and

pricing a new cooling tower system.
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APPENDIX A:' RESULTS OF THERMOCOUPLE CALIBRATION TESTS

The following table reports the 6utput differences in micro-

in the same constant temperature bath. The firs;‘tes; was made using
a standard cquble which'was'csnnected.through tﬁe s&itches, but not
the plugs and other hardware uSedfvith the other thermocoﬁples. The
second run, made four days later, used thermocouple #25 as a reference;
which waé four microvolts'higher than the previous standard at the time

of the test. The position.numbers refer to Figure A-1. For more details

1

to about .05°F,

103

- volts between each thermocouple and a standard when both are placed

of thermocouple installation see Figure 2-2. One microvolt corresponds

1 2
4 5
7 - 8

9

\\j—- Front of Tower

Figure A-l. Tower Cross Section showing the nine positions for

Thermocouple Installation.
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TABLE A-1: THERMOCOUPLE CALIBRATION RESULTS

Run #1 Run #2 Run {3
12/11/75 12/15/75 12/17/75
. # = Location Temp. = 176°F Temp. = 176°F Temp. = 104°F
External Std. Standard:T.C. External Std.
#28 : '
Distributioﬁ
- Pipes
1 1 +3 -2
2 2 +4 ;1
3 3 +3.. -5 +1
4 4 + -3 0
5 5 . + -3
6 6 -2
7 7 -1 +1
8 8 -1 -2 +1
9 9 0 -1 0
Air at Top
of Plates E
10 1 +3 ‘0 +1
1 2 +5 0 +4
12 3 +3 b +3
13 4 - +2 -3 +2
14 5 +1 ~3 +1
15 6 +2 =2
16 7 +2 -3
- 17 8 +1 -3 +1
18 9 +1 -3 +1
Water at Top
of Plates
19 1 +3 0
20 +4 +3
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‘Table A-1 continued

Run #1 ‘Run #2 Run #3
| . : 1211775 12/15/75 12/17/75
T.C. # : Location Temp. = 176°F Temp. = 176°F Temp. = 104°F
External Std. Standard:T.C. External Std.
#28
Wa;er at Top
of plates
21 3 43 - o#H : +4
22 4 +1 -4 )
23 5 +2 A S
24 6 +1 -2 B
25 7 +3 B S +1
26 8 1 -2 R |
27 9 1 -3 oW
Air at Bottoﬁ
of Plates .
28 . 1 ' +3 : - +1
29 2 +1 ' 0 _ -1
30 3 +1 | 1 R 5 §
31 4 +3 | -3 -1
32 5 0 ' -1 -1
33 6 +1 -4 ’ 0
34 7 +2 +1 42
35 8 +4 -3 .0
36 9 +3 . -1 -2
Wéter at Bottom
of Plates
37 1 0 -1
38 2 +2 -2
39 3 +1 0 o+l
40 4 +4 -1 -2
41 5 +1 o owa -2
42 6 0 -3 -1 }
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Table A-1 continued
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Run #2

| . Run #1 Run #3
S . 12/11/75 12/15/75 S 12/17/75
T.C. # Location Temp. = 176°F Temp. = 176°F Temp. = 104°F
External Std. Standard:T.C. External Std.
o #28
Water at Bbttbﬁ
of Platés :
43 . +4 22 +2
44 8 +4 -1 +1
45 0 -3 0
Collectiot
Channels
46 -2 =2 -1
47 +1 -1 0
48 +2 0
Top Rake
49 - 1,4,7 -2 -1 ‘41
50 2,5,8 -1 -1 1
51 3,6,9 gy 1 +1
Bottom Rake
52 C1,4,7 - -2 -1 +1
53 . 2,5,8 -1 no data no data
54 ' 3,6,9 0 =2 +1
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APPENDIX pB: SAMPLE CALCULATIONS

B.1 Error Analysis for the Heat Balance

From Chapter 2¢ the discrepancy in the heat balance is,given

by:
8Q=m ., (h, +w,  h - h_ -w__h ,
air airin in vapor, airOut out vapor, .’
m c (T -T) =
water pwater yaterin o
Cp - (mwater T Mair (wout - Win)) (Twater - To) (B-1)
water out
The uncertainty in 66 is given by:
. 1/2
Y Y 360 |2
usy = (axl u) + (ax2 uy) + ..-+.(axn u) (B-2)

where Xy X SaX are the following teﬁ variables:

20
; h , h LW, . W .
out airin airout in

’ h ’ h s

m ’
air vapor, ° vapor

m T
out’ water’ “water
. in

Twater ul,'uz,..,un are the respective uncertainties of ;hese
out :

variables. The calculation will be shown for a typical set of con-

ditions:

m = 150 1b /min
a m

water= 170 lbm/mip

} Air Temperature in = 90°F

Dew Rdint Temperature in = 50°
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Air Temperature Out = 100°F
Dew Point Temperature Out = 55°F

T = 120°F
water R
in

T . = 116.4°F
water
. out
The following values may be obtained from air property tables using

the air temperatures and the dew point temperatures.

BT

h_._ = 13938 BIU/1b
alr, °
1n A
h = 16,341 BTU/1b
g out
h = 1100.5 BTU/1b
vapor :
in
B apor .= 1104.8 BTU/1b
T oout T T
Yin = .007655 1bm/1bm
w__ = .009225 1bm/lbm
out LI ST o

The follpﬁing uncertainties are determined directly‘by the instrument

limitations: Y
us = 8 lbm/min
air - ‘
ue = 1.7 1b/min.
water
- (-]
jPAir Temp. in *A?} F .

. . - R °
YDew Point in -3°F

YAir Temp. out = ,1°F



YDew Point out

. = 1°

uTwat:er b
in

u - = ,1°F

T
water
out

The uncertainties in the enthalpies and absolute humidities are deter-

mined by linear interpolation using the air property tables:

.024 BTU/Lbm-

air,
in A
uh ‘ . = ,024 BTU/Lbm
air .
out.
u = ,045 BTU/Lbm
. vapor, '
in
up = .045 BTU/Lbm
vapor .
u = ,000087 Lbm/Lbm
w
in .
u = .000102 Lbm/Lbm
w
out

The partial differential are given in Table 11.

" Substituting the appropriate values into’equationB-Z results in an
uncertainty:

usq = 45.87 BTU/min
For the operating conditions given, 625.6 BTU/min is calculated using

equation 2-4. The ‘uncertainty therefore results in a 7.3% error.

i
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TABLE B-1 PARTIAL DIFFERENTIALS FOR ERROR ANALYSIS

- aég“ = + w .. i -
3. (hair. wfn~hvdpor hair Yout hvapor )
in : out out
I &

f,(wbu¢ “ Vi) Toater " T e = ~4.038
out water

m .
air

= win'méir = 1,148

‘s
N

869 = -y mc ==1i.38
h Vout Mair T 1..384

38%Q_ m . h - m. (T -T)ec
awin air vapor, atr” waterout " Piater - 152415

38Q i h . +m (T -T) e = ~153060.
ow_ air “vapor alr " “water . o P
out : out water

Taater ) = 3f6

s Twater
4 in out

3_6-3_. = I;l . c_ o= 170
oT water p :
. water

= - cp(mWatef - méir(wout - win)) = - 1§9'76
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B.2 Energy balance for Experimental Data

The heat transfer to the air is given by:

= m ,_(h +w__h_. -h, -w, h ) )
air ai? airout out “vapor_ . airin in vapor, ° (8-3)

e

The heat transfer from the water is given by:

Qwater = Tyater Cp (Twater - To) -
water in
) . _ . _ _ BP4
cp ‘ (mwater Mair (wbut win))(Twater To) ( )
water out :

As an example the data from the first experimental run will be used.

m, = 143.4 lbm/min

Air Tempergture in = 88 .4°F

Air Température out = 97.9°F

Dew Point Temperature in = 32.8°F

Dew Point Temperature out = 41.5°F

w = .003912 1bm/1bm
in )

w = .005528 1bm/1lbm
out

h . = 13.5526 BTU/1lbm
air .

in

h . = 15.8360 BTU/1lbm
air

. out

h = 1099.76 BTU/1bm
vaporin .

h = 1103.86 BTU/lbm
vapor

out




Substituting theseivalues into ‘'equation B-3 gnd B-4.

'Qair

Qwater

Q

average

585.5 BTU/min
670.62

= 628.1

percent error =

Qwater f]Qair

Q

“average

113

(100) = 13.5%
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APPENDIX C
R&i DATA
Table C-1 contains'thé raw inputs to the model tower and the
computer analogy. 'The measured response of the mﬁdel is also compared’
with the computer prediction. The first S runs were done witﬁ the un-
painted packing plates and the last 4 (after 5/5) used the péinted

plates (seé Section 2.4 and App.E).




Date of Run

Air FPlow Rate (1lbm/min)

Inlet Water Flow Rate (1lbm/min)
Inlet Air Temperature (F)

Inlet Air Humidity (1bm/1bm)
Inlet Water Temperature (F)
Outlet: Air Téﬁpefatufé (F)
Outlét Air Humidity (Ibm/lbm) .
Outlet Water Temperature (F)
Air Temperature Change (F)
Water Temperature Change (F)
Air Humidity Change (lbm/ibm)
Air Side of Energy Balance (Btu/min)

Water Side of Energy Balance
' (Btu/min)

Average Heat Transfer Rate (Btu/min)
Percent Error in Energy Ralance
Evaporative Heat Transfer (Btu/min)

Percent Evaporative Heat Transfer

Data

99.9

$ 00870

125.5
12.1
6.0

.00364

738

938
839
2
405
48

Table.C-1

3/19
Computer

136
152
87.8
. 005065
131.5
101.7
200920
126.0
13.9
5.5
.00414

875

460
53

Data

94.5

.00521

116.3
10.3
4.6

.00300

638

727
677
13
336
50

3/22
Computer

. 110

152
84,2

.002212

120.9
95.9°
.00541
116.5
11.7
4.4
.00320

3/23 AM .

Data Computer
110
192
86.6
.002373
124.7
97.4° 98.9°
100619 .00598
120.9 120.9
10.8 12.25
3.8 3.8
.00382 .00361
750 -
767 -
759 766
2 -
427 403
56 53

STT



Date of Run

Air Flow Rate (lbm/min)
Inlet Water Flow Rate (1b
Inlet Air Temperature (F)

m/min)

Inlet Air Humidity (1bm/l1bm)

Inlet Water Temperature (

F)

Outlet Air'Temperature (F)

OQutlet Air Humidity (1lbm/
Outlet Water Temperature
Air Temperature Change (F
Water Temperature Change
Air Humidity Change (1bm/
Air Side of Energy Balanc
Water Side of Energy Balé

Average Heat Transfer Rat
Percent Error in Energy B
Evaporative Heat Transfer

Percent Evaporative Heat

1bm)

(F)

)

(F) -

1bm)

e (Btu/min)

nce
(Btu/min)

e (Btu/min)
alance
(Btu/min)

Transfer

Table C-1 con't A

3/23 PM
Data Computer
110
190
91.7
.002613
135.0
103.0  105.2
.00703 .00736
129.9 . 130.3
11.3 14.1
5.1 4.8
.00441 .00475
853 -
1017 -
935 955
18 -
490 527
52 55

3/25
Data Computer
109
126
89.8
.005400
134.3
102.6 103.7
.00961 .00978
127.4 127.5
12.8 13.9
6.9 6.8
.00421 .00438
844 -
909 -
877 899
7 -
463 482
55 54

5/6
Data Computer
105
170
90.8 -
.009363
133.1
101.1 104.3
.01200 .01200
1129.9 129.4
10.2 13.5
3.2 3.7
.00263 .00263
518 ~
571 -
544 654
10 -
279 278

51 43

911



Date of Run

. Air Flow Rate (1bm/min)

Inlet Water Floﬁ Rate  (1bm/min)
.Inlet Air Temperature (F)

Inlet Air Humidity (1bm/1lbm)
Inlet Water Temperature(F);
OQutlet Air Temperature!(F)”?
Ouflet Air'Humﬂdity'(lﬁm/lbm)
Outlet Water Temperature (F)
Air Temperature Change (F)
Water Temperature Changé (F)
Air Humidity Change (1bm/1bm)
Air Side of Energy Balance (Btu/min)

Water Side of Energy Balance
(Btu/min)

‘Average Heat Transfer Rate (Btu/min)

Percent Error in Energy Balance

‘Evaporative Heat Transfer (Btu/min) -

Percent Evaporative Heat Transfer

Table C-1 con't

Data

101.3 -
. 0%146
. 138.5

12.1
3.8

*.00395

812
697

755
15
440
58

5/11
Computer
111
171
89.2

.007512

142.3
© 106.0
.01085
137.5
16.8
4.8
.00334

866.

372
43

Data

96.9

~00909

130.5
11.4
7.8

.00285

653
749

701
14

- 316

45

5/25
Computer
111
95
85.5

.006241

138.3
101.6
. 00899
130.5
16.3
7.8
.00275

-

-—

771

305
40

6/24
Data ‘Computer
91
164
95,9
.01946
124.3
104.8 105.2
.02156 02131
122.3 S 122.0
8,9 - 9,3
2,0 2,3
.00210 .00185
413 -
346 -
379 399
17 -
195 171
51 43

LT
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APPENDIX D

DESIGN FACTORS OF COMPARISON TOWERS

To provide some basis for the comparison of the advanced wet/dry
packing section to the types of heat transfer surfaces now used by
power genergting companies, Lhree types of towers have been modeled
which meet the same standards of heat rejection and water temperature
drop at a deéign inlet air temperature.

These three'towers are: 1) Completely non-evaporative (DRY)

where the water to be cooled is circulated through a closed system of

finned tuBes and. the heat transferred by forced convection. 2) Evaporative
(WET) where the hot water is distribued ovér a film-type packing to

; maximize the air-to-water surface area. Approximately 85% of the heat
transfer in this tower is due. to. evaporation with the rémaining heat
transfer coming from convection at the water surface, 3) Wet/dry
(WET/DRY) with the V-trough type paékiné'no$ béing ﬁested at M.I1I,T.

This design‘seeks to minimize the air-water contact area thus cutting
evaporation while still allowing convective.heat transfer by - the fin
effect of the unwetted plate surface.

The inlet conditions for each of the models was thenfvaried from
10°F (—125C) to  120°F (49°C) and. their performance calculated by means
of the compfer program. This program is essentially the same as listed
in [1] with a few additions determined by experimentationland deéign
considerations.

No effort has been made to optimize any one model, rather the goal

was to give each an equal advantage (or handicap) in order to make
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a fair comparison. .Thus the results can.be éxtended, at least quali-
tatively, to give an indication of more efficient designs.
The following discussion will review the design parameters and

summarize the final tower configuations.

Inlet Water Temperature; 130°F (54°C), corresponding to a turbine

back pressure of 3.5 in Hg absolute (8.9 cm Hg).

Water Temperature Drop: 20°F (11°C) at the design point.

Design Point; inlet air at 90°F (32°C) dry-bulb and 40% R.H,
giving an ITD of 40°F (22°C) and an approach temperature of 20°F

(11°C) to the dry-bulb and 39°F (22°C) to the wet=bulb.

Pagking Qonfiguratioﬁf . DRY tower, no exact fin arrangement was assumed
in this case as the valu@s for the surface heatktransfer coefficient
and the fin efficiency were arbitrarily fixed in this analysis

(see Table D-1), Forbthi;‘reason, while the tota£ surface area of
the ﬁRY model isaccufage‘for a counterflow design, £he surface area
per plan area value iékgdbjective and therefore not;included in the
summary table. WET/ﬁﬁé gower,.thié‘wa; chosen to be as close to the
heat transfer model tested at M.I.T. Each.packing plate is made of
galvanized sheet steel 0,0233 in (.059 cm) thick. The V—troughs are
one inch (2.5 cm) on a side and ‘are bent to an angle of 60° at the
bottom of the V. The wet-to-dry surface area ratio was set at 5%,

close to the experimentally measured value. The plates were spaced

1.5 in (3,8 cm) center-to-center and no evaporation was assumed in
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the distribution and collection processes. WET tower, this was

‘modeled as a film-type packing with all heat transfer done at the

water surface.  The packing plates were considered to be flat and
evenly coated with water, Plate spacing was increased to 4 in,
(10 cm) and the plate angle to the vertical was changed from 10° to

45°,

Heat and Mass Transfer Coefficients: DRY tower, the surface convective

heat transfer coefficient and fin efficiency were set at 8 BTU/hr—ft2°F

(39 kcal/h-m2°C) and 0.8, respectively. These figures did not

change with operating conditions. WET/DRY téwer, the dry surface
convective heat transfer coefficient was also set at 8 BTU/hr—ft2°F
(39 kcal/h—ﬁ2°F) the reasoning begin that augmentation of the surface
could produce a higher convective coefficient than was measured on
the simple‘experimenfai packing plates.' The water surface convective
heat transfer coefficient was calculated from the Dittus-Boelter

(see éection 2.1) equation and modified on the basis of experimental

2°F

evidence [3_2. The average value was approximately 5.3.BTU/hr—ft
(26 kcal/h—m2°C). The mass transfer coefficient was calculated by
the Chilton-Colburn analegy and had an average value of 370 ft/hr
(113m/h) (Section 2.1). WET tower, the coefficients for this model
were calculated as above and had average values of 4.4 BTU/hr-ft2°F

(21 kcal/h~m2°C) and 300 ft/hr (90 m/h) for the respectiye heat and

mass transfer coefficients.
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Water‘Flow4per Unit Area - DRY tower, not relevant due to the fixed

values of heat transfer surface area Per unit plan area. WET/DRY
tower, approximately 4 gpm/plan ft2 (2.7%/s/plan m2). This value
was wifhin the range of tﬁé”model tower tests. WET tower, approximately

6 gpm/plan ft2 (4.11fs/p1;n mz).

Air Flow Ratios - DRY tower, to give a temperature effectiveness of

0.7 where effectiveness is‘defined as:

TeaTe1
E;__‘_
Th1 Te1

This produced a mass flow ratio of MairAMwater = 3.0, WET/DRY tower,

to give an air temperature rise approximately equal to that of the

™

DRY model, M M iter = 1+5. This was fairly close to the mass flow

air
ratios used with the experimental model tower, WET tower, the mass

.

flow ratio was set here at.M ., /M. :
air’ “water

= 1, a widely used value.
The following table ‘summarized the three computer models used in
the performance comparisons, Wherever possible parameters have -been non-

dimensionalized. or relatéd to heat load so that the results could be

extended for any'desire&"ﬁeét rejection rate.

[
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Table D-1

-Sunmary of Design Parameters of Tower Models

Tower type DRY WET/DRY WET
"Total Surface Area . : ' ' ' J
££%/1000 Btu/hr . 9.8 : 7.1 0.4
m?/1000 keal/h 3.6 2.6 0.2
Masa Flow Rate of Air @ Design Point#* ' |
i lbm/lOOO Btu 150 75 47
kg/1000 kcal 270 135 85
-Mass Flow Rate of Water @ Design Point*
1b /1000 Btu - © 6.0 57 5.6
kg/1000 kcal 1.5 1.4 : 1.4
Specif?c Heat Ra?io
aiGCair/MwateGCwater 0.72 0.38 0.24
Average Fin Efficiency . 0.8 0.7 -
' Average Dry.Plate Surface Heat Transfer Coefficient -
- Btu/hr-ft -F 8.0 8.0 -
' kcal/h—mz—C 39. 39. -
Average Wet Surface Heat Transfer Coefficient ‘
Btu/hr-ft2-F - 5.3 4ok
keal/h-m’~C - 26. 21,
Average Water Surface Mass Transfer Coefficient A '
ft/hr - 370 : 300
m/h - 113 .91

*Design Point, all Towers
Inlet Air 90 F (32 C) Dry Bulb, 40% R.H.
Inlet Water 130 F (54 C) '

20 F (11 ¢)

T
water
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_"APPENDIX E

CORROSION 'AND PAINTING OF PACKING ' PLATES"

After several data runs had been completed with the model tower
a white, crusty deposit was noticed in the bottom of the V-troughs.
Visual observations showed -that when water was present in the bottom
of the ‘troughs it tended to climb up the deposit layer in the same
way water would sodk up into a blotter,

The "blotter effect" increased the wet-to-dry surface area ratio
and raised the portion of heat transfered by evaporation. Attempts
to scrub away the scaling were only temporarily successful as the
deposits returned very quickly.

Close examiration of the packing plates revealed that the pro-
tective galvanizing had been worn away in some places and the reaction
of the steel plate with the city water was contributing to the scaling,

To prevernt this cofrosion and to help keep the wet-to-dry surface
area ratio low, one packing plate was coated with an acrylic spray paint
aé a test. Several combinatian‘of primer and topcoat were compared and the
one which seemed most.resistant to deposit buildup was used. The
plates were clegned by scrubbing down the water side with citric acid
and steel wool,then "agéd";by rubbing down with acetic acid. The

primer was standard for.galvanized material, two coats of zinc chromate

primer, This was follow%d by two spray coats of C_rylonR flat back.,
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The sufface wag fairly smooth to the touch and was not wetted
by the water in the troughs. This tendeﬁcy appearea to décreése
aftér several hours of‘ruﬁning'but little or noideposit pﬁildup was
observed. | |

Micrometer measurements showed that the thickness of fhe paint

'layer was approximately ,001 in (2;5 b'e 10—-3

mm) , Assuming the paint
to have a thermal conductivity equal to that of .hard rubbef,'6.09
BTU/hr—ft2°F (0.13 kcél/h-m°C); calculations showed a change in the
surface convective heat transfer coefficient from.3.50.to 3,49 BTU/hr—ft2°f' |
(17.09'to 17,04 kcal/h—m2°C), an insignificant change;
Only the side of the plates wetted by the water streams was
painted As the dry_side,showgd no cbr;osion or wear.
After approximately 48 running hours since painting very little

depositation can be seen.  What there is wipes off easily and does

not-seem to affect the wet-to-dry surface area ratio,
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APPENDIX F

‘FLOW VISUALIZATION: -

The flow visualization test apparatus used in the inital design
of the V—trough papking.piates was used again to provide qualitative
information on the relationship of vertical angle to the water
channeling characteristics.

The angle presently used in the model tower is 10° from the
vertical, After the plate surface had been cleaned and'painted the
water flowing down the plates was observed to wander at the top and
in some cases did not settle in the bottom of the trough until well
down the plate, These tendencies diminshed somewhat aé total running
time increased, but it QasAfelt that observations of the channeling
properties of a painted packing plate should be performed.

Using a small test plate whose surface ﬁad been treated similarly
to thoée in the model tower, qualitative oBservations were taken for
plate. angles from 10° to 45° from the vertical;

At 45° water spread over the top portion of the plate channeled

itself immediately into the bottom of the troughs and stayed channeled

down the plate with no wandering. The water channel was approximately

0.125 in wide (0.32 ém) for the apparatus fiowrate.

At 10° the water Chénneled itself poorly by comparison, in some
cases jumping from one trough to another and in most troughs requiring
several inches before becoming channeled iﬁ the trough bottoﬁs, Once

channeled the stream tended to ‘stay that way, aithough several troughs



|

The sufface was fairly smooth to the touch and was not wetted
by the water in the troughs. This tendency appeared to décrease
after several hours of.ruﬁning but little or no . deposit bﬁildup was
observed. |

Micrometer measurements showed that the thickness of the paint

‘1ayer was approximately ,001 in (2.5 x 10—3 mm) , Assuming the paint

to have a thermal conductivity equal to that of hard rubbef,.6.09
BTU/hr—ft2°F (0.13 kcél/h~m°C); calculations showed a change in the
surface cbnvective heat transfer coefficient from. 3.50. to 3.49 BTU/hr—ft2°F‘
(l7.09lto 17,04 kcal/h—m2°C); an insignificant,changg;

Only the side of the plates wetted by the water streams was
painted és the dry_side showed no cbr;osion or wear.

After approximately 48 running hours since painting very little
depositation can be seen.  What there is wipes off easily and does

not-seem to affect the wet-to-dry surface area ratio,
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APPENDIX F

‘FLOW VISUALIZATION: -

The flow-visualizétiqn test apparatus used in the inital design
of the V-trough packing plates was used again to provide qualitative
information on the relationship of vertical angle to the water
channeling characteristics., 4

The angle presently used in the model tower is 10° from the
vertical. After the plate surface had been cleaned‘and'Painted the
water flowing down the plates was observed to wander at the top and
in some cases did not ‘settle in the bottom. of the trough until well
down the plate, These tendencies diminshed somewhat aé total running
time increased, but it was'felt that observations of the channeling
properties of a painted packing plate should be performed,

Using a small test plate whose surface had been treated similarly
to those in the model tower, qualitative observations were taken for
plate angles from 10° to 45° from the vertical;

At 45° water spread over the top portion of thé plate channeled
itself immediately into the bottom of the troughs and stayed channeled
down tﬁe plate with no wandering. The water channel.was approximately
0.125 in wide (0.32 cm) for the apparatus fiowrate.

At 10° the water channeled itself poorly by comparison, in some
cases jumping from one thugh to another and in most trqughé requiring
several inches before becoming channeled iﬁ the.trbugh bottoms. Once

channeled the stream tended to stay that way, aithough several troughs



did exhibit a sort of .meandering flow up and down the.sides of the
"V-trough, The water'éurface, once channeled;;was aboﬁt .063 inches
(0.159 cm), or about half that at 45°, |

The compromise angle was felt to be about 30° frém the vertical,
At this angle the water was channeled much better than at:iO° or
20° and the water surface was narrower than at eitheyr .45° or 40°,

The resﬁiting recoﬁmendation:is based on simple, qualitative
observations and is meant to provide a starting point for further
work. The flo& visualizatioh apparatus will have to be modified to
allow more realistic flow rates and distribution if quantitativé

data are desired.
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APPENDIX G

CLIMATIC DATA

Climatic Data from four representative cities were summarized from
Reference [14]. The summaries show the number of hours each month that
the ambient dry-~bulb temperature was within each of a range of temperature

spans. These spans are:

111 F 48 - 43 ¢
109 - 100 F 43 - 38 C
99 - 90 F 37 -32¢C
89 - 80 F 32 -27¢
79 - 70 F 26 - 21 C
69 - 60 F 21 - 16 C
59 - 50 F 15 =10 C
49 - 40 F 9 - 4cC
39 = 30 F - 1c
29 - 20F -2--7C
19 - 10 F -7 --12 C.
9- OF -13 --18 C
-1 - -10 F -18 --23 C
-11 — -20 F -24 --29 C

" Also included for each month is the total number '6f hours in the

< 110

month and the average relative humidity.
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. .Table G-1

Albequerque, N.M.'

Jan. 7440 hrs 50% RH Feb. 6792 hrs 307 RH
69/60 45 ‘ _ © 69/60 298 '
59/50 722 ' | 59/50 1013

49/40 2475 : 49/40 - 2089

39/30 2938 | 39/30 2206

29/20 1364 ' 29/20 924

19/10 178 19/10 - 230

9/0 18 9/0 2

‘Mar. 7440 hrs . 30% RH = Apr. 6792 hrs  30% RH
79/70 120 , 89/80 .99

69/60 097 . 79/70° 918

59/50 1812 R 69/60 1758

49/40 2395 59/50 2201

39/30 1709 . . 49/40 1716
$29/20 484 | 39/30 498

19/10 13 o 29/20 10

May 7440 hrs 30 % RH ~ June 7200 hrs  15% RH
99/90 75 109/100 ! 6

89/80 849 ‘ : 99790 " 968

79/70 1821 ' ~89/80 | 1933

69/60 2335 o 79/70 2295

59/50 1752 - 69/60 1660

49/40 561 59/50 328

39/30 47 - 49/40 10




Table G=1 (Continued)

July
109/100
99/90
89/80
79/70
69/60
59/50

Sept

99/90
89/80
79/70
69/60
59/50
49/40

Nov
79/70
69/60 .
59/50
49/40

- 39/30

29/20

19/10

7440 hrs 30 % RH
27
1089
2135
2692
1483
14

7200 hrs 30 % RH
188
1527
2223
2409
835
28

7200 tirs 30 % RH
24
505
1586
2533
1848
630
74
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Aug

99/90
89/80
79/70
69/60
59/50

Oc;

89/80
79/70
69/60

" 59/50

49/40
39/30

Dec

79/70
69/60
59/50
49/40
39/30
29/20
19/10

9/0

7440 hrs °~ 40% RH
622 ’
2027
2792
2971
29

7440 hrs 25% RH
165
1132
2063
2428
1469
183

7440 hts 50% %H
,
65
658
1874
2974
1789
273



Los Angeles, Calif.

Jan
89/80

79/70v

69/60
59/50
49/40
39/30

Mar

89/80
79/70
69/60
59/50
49/40
39/30

May

99/90
89/80
79/70
69/60
59/50
49/40

7440 hrs  75% RH
22
196
1234 -
4212
172
49

i

7440 hrs 75% RH

40
300
1953
4371
765
11

7440 hrs 70%. RH -
.
49
540
4090
269
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Table G-2

Feb
89/80
79/70

69/60 .

59/50
49/40
39/30

Apr

89/80
79/70
69/60
59/50
49/40

June

99/90
89/80
79/70
69/60
59/50

2792 hrs”

36
218
1510
3987
1132
9

© 7200 hrs

58
1368
2570
4025
189

7200 hrs
13
35

1286

5094
772

70%Z RH

‘80% RH

75% RH
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Table G-2 (Continued)

July 7440 hrs 75% . Aug 7440 hrs 807 RH
99790 7 " 99/90 6
89/80 287 | 89/80 236
79/70 2617 ’ 1 79/70 2695
69/60 4283 o 69/60 4469
59/50 246 - ' 59/50 34
Sept 7200 hrs  75% RH Oct - 7440 hrs  80% RH
109/100 6 S 109/100 4
99/90 36 99/90 39
89/80 302  89/80 - 170
79/70 2252 79/70 1119
69/60 4276 69/60 4369
59/50 338 59/50 1734
49/40 5
Nov 7200 hrs  75% RH Dec 7440 hrs
99/90 9 y 99/90 . . 2
89/80 142 ' 89/80 .70
79/70 622 | 79/70 351
69/60 2774 | o 69/60 1848
59/50 3267 59/50  .3992

49740 386 ’ 49/40 1143
‘ 39/30 . .34
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" TABLE G-3

Boston, Mass. ‘ _
Jan. 7440 hrs 50% RH . Feb 6792 hrs =~ 50% RH ‘;
69/60 5 69/60 20
59/50 253 . ' 59/50 261
49/40 825 ' . : 49/40 - 1144
39/3 3055 | 39/30 3092
29/20 2180 29/20 1561
19/10 . 906 : 19/10 554

9/0 168 -  9/0 119
<1/-10 47 |  -1/-10 41
Mar 7440 hrs 50% RH Apr 7200 hrs '50% RH
70/70 1 89/80 26 '
69/60 73 . ' 79/70 133
59/50 391 69/60 633
49/40 2168 ‘ 59/50 1990
39/30 3521 49/40 2579
29/20 1115 39/30 - 808
19/10 171 . 29/20 29

19/10 2

May 7440 hrs 50 RH June 7200 hrs . 607 RH
99/90 11 109/100 . 1 |
89/80 192 © 99/90 107 | o
79/70 729 89/80 737 |
69/60 1925 . 79/70 1909
59/50 3270 . - 69/60 2895
49/40 1312 59/50 1500

39/30 12 ‘ 49/40 51



Table G=3 Continued

July

99/90
89/80
79/70
69/60
59/50

Sept
109/100
99/90
89/80
79/70
69/60
59/50
49/40
39/30

‘Nov

79/170
69/60
59/50
49/40
39/30
29/20
19/10

7440 hrs
209
1367
3363
2410
91

7200 hrs
L
26
357
1703
2949
1947
216
2

7200 hrs .

32
479 -
1740
2912
1726
- 286
25

60% RH

70% RH.

50% RH
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Aug
109/100
99/90
89/80
79/70
69/60
59/50

Oct

89/80
79/70
69/60
59/50

49/40
39/30

Dec

69/60
59/50
49/40
39/30

©29/20

19/10
9/10

7440 hrs 65% RH
1
142
1997
12931
3149
220

7440 hrs 60% RH
44
289
1658
3344
1848
263

7440 hrs 50% RH

44
461 -
1799
2745
1676
596
111
8



New York, N.Y.

~Jan
59/50

49/40

39/30
29/20
19/10
9/0

Mar

79/70

69/60
59/50
49/40
39/30
29/20

19/10

May

99/90
89/80
79/70
69/60

59/50

49/40
39/30

7440 hrs
95
1511
3491
1835
485
23

7440 hrs
3
74
560
2345
. 3097
740
21

7440 hrs
3 4
78
772
2669
3244
671
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TABLE G- 4

50% RH : " Feb
‘ 69/60
59/50
49/40
39/30
'29/20
19/10
9/0

50% RH o Apr
89/80
79/70
69/60
59/50
49/40
39/30
29/20

50% RH . JJune
| 99/90

89/80

79/70

69/60

59/50

6792 hrs 50% RH
13
206
1871
3212
1096
337
57

7200 hrs 50% RH
24 '
164
757
2713
3064
463

16

7200 hrs 50% RH
88 |
614

2464

3358
676
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Table G-4 (continued)

July 7440 hrs 60% RH Aug 7440 hrs 70% RH
1097100 3 99/90 85
99/90 132 | - 89/80 1223
89/80 1405 79/70 4296
79/70 4524 69/60 1881
69/60 1354 59/50 55
59/50 22
Sept 7200 hts 70% RH Oct 7440 hrs 50% RH
99/90 19 89/80 33
| 89/80 317 79/70 547
f | 79/70 2532 69760 2491
i 69/60 3297 59/50 3043
Q ' 59/50 969 49/40 1229
| k9/40 66 39/30 97
: Nov 7200 hrs 50% RH " Dec .
i 79/70 5 - 69/60 14
| 69/60 402 59/50 659
; 59/50 2428 . 49/40 2143
| 49/40 2840 | 39/30 2999
39/30 1350 . 29/20 1330
29/20 167 : 19/10 376

19/10 8 . : 9/0 19



APPENDIX H. COUNTERFLOW COMPUTER. LISTING

‘RERAL K,XP,L,¥R,¥UA,MUL, MV,NG,NPL,NU, L ,MLIN,HLOUT
DIMENSION RT(200),RML(200)
2 NAMELIST(4¥A,MLIN,P,TLIN,TIN,RIN, B,L, PPL SP,THETA, TP, KP,
*RATIO,NG, PACKW)
J=0
7 FEAD(8E2)
J=J+1
IF(¥2.1LT.0.)GO TO 80
FRITE(6,100)J
100 FNORMAT(I3)
T0=TLIN
T0=32
¥A=MA*60,
ELIN=NLIN*60.
P=P*70,727
TLIN=TLIN+459.67
TIN=TIN+459,67
P=R/12.
TO=TO+459 .67
1=L/12.
Sp=SP/12.
THETA= T"VTA*.O17u5
PACKW=PACKW/12.
TP lp/120
DZ=L/25.
CA=.2U1
ClL
IR=.72
FV=85.83333 . -
EA=53.35
IF(RATIO.EQ.C. )BL-O.
IF(RATIO.GT.O0. )BL'B/( 5/RATIO+1.)

9¢1




APPENDIX H. COUNTERFLOW COMPUTER LISTING

i

JF(RATIO.EQ.1,)BL=2,*B

ED=B-2.*BL
L=BD./NG

- HFGO=-.5942*T0+1370.16

DH=2.*PACXW*SP/(SP+B)
¥L.OUT=.98*MLIN - =~
IF(RATIO.EQ.0.) MLOUT=MLIN -

TLOUT=TIIN-30.

I=2

- ET(1)= O.A

“m(?b 0.

IF(I.GT.100)G0O TO 40
ML=MLOUT

IL=TLOUT

T=TIN.

H=WIN

. Z=O o

-2

¢CL=0

QEL=04

QDP=O 'S

C,='0 . .

BV=W+MA
ROA=P/((W*RV+RR)*T)
JIF(Z.5T.(L-.001))GOTO55S.
ROV=W*ROA .
IF(TL-500.)3,3,4
ROL=62.4

GO TO 6

ROL=62,.4~-,00024792*(TL-500. )"1.8~

PA=ROA*RA*T

[
w
-~

PRE Ty AL IR S
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APPENDIX H. COUNTERFLOW COMPUTER LISTING

PV=P-PA
HFG=-.5942*TL+1370. 16
PVSAT=((.0006369*TL+2.0883)*1.E24+TL**-5, 387'EXP( 12386 /TL))*144
*

ROVSAT PVSAT/(RV*TL)

ROMTIX=(ROA+ROV*W)/(1.+W)

"X=.0008946*SCRT(T)/(1.4205.2/T)

¥UA=T7  420E-7*SQRT(T)/(1.+205.2/T)
¥YUL=(EXDP(~-(TL-492.)/49.5)+.2)*1.E-3
IF(TL.GT.613.5)¥UL=MUL-.5936E-6*(TL-613.5)
VA=(MA+MYV)/(ROMIX*PACKU*SP*NPL)/3600.
IF(RATIC.EQ.1.)VL=ROL*32.2*COS(THETA)*(3.*ML*MUL/ROL**2/BL/32. 2/3
*600./COS(THETR) /NPL)**(2,./3.)/2./M8UL ‘

JF(RETIO.GT, 0..AhD RATIO.LT.1.)VL= FL/NPL/NG/ROL/.Q33/(BL/NG)**2/3
*600.

JF(RATIO.EQ.O0.)VL=0.

V=V A+VL .

CV=(19.86-597./SQRT(T)+7500./T)/18.

CMIX=(CL+CV*R)/(1.+W)

RE=V*DH*ROMIX/MUA

«N230*K/DH*PR** 6 *RE**,8 .

P’H*1 5 o
DV=,0001L46*((T+TL)/2. )**2 5/(((T*TL)/2 )+uu1 )'1“ 696'1“&./P

HD=H/FEOKIY /CHIX *(ROMIX*CMIX*DV/K)**(2./3.)

EEDP=VA *DH*RCHTIX/MUR

PDP=,0230*K/U*PR** ,6*REDP2* .8

EDhP=¢. ’

IF(RATIO.GCT.0eAND.RATIO.LT.1.)RU= TBNH(SQRT(Z.'DZ*(D/2 YrR2*
*HDP/KP/DZ/TP))/SCRT(2.*DZ*(D/2. )*'2*HDP/KP/DZ/TP)

" "IF(RATIO.EQ.0.0)FU=0.8 .

IF(RATIOWEQ.1.)MU=0.

IF(RNTIO.EQ.Q0.0)NU=0.8 '

CML=+HD*(ROVSAT~-ROV)*BL*DZ*NPL

IR T Y ST TIPSy TN R

8¢ET

YRR



APPENDIX H. COUNTERFLOW COMPUTER LISTING

555

DOCL=H*(TL-T)*BL*DZ*NPL

DOEL=+(HFG+CL*(-TL-TO))*DNL

DQDP=(NU*HDP*(TL~- T)*BD*z.*DZ+HDP*(TL—T)*BL*Z.*DZ)*NPL
IF(RATIN.EQ.1.)DQDP=0. o

DQ=DOCL+DOEL+DQDP

DTL=+((LQ+(ML*CL*(TL- TO)))/(+((HL+DHL)*CL)))-TL+T0
DMV=+DML- ,

PR=(MV+DHUV)/MA~W

DT=(=-DQ-MA*CL*(T-TO)~- H'MA*(CV*(T-TO)+HFGO)+(H+DW)'HA'HFGO)/(-HA'C
*A~(W+DWI*KA*CV)~-T+TO
. ML=ML+DML

CCL=NCL+DQCL. -

- CEL=QEL4DQEL

ODP=QDP+DQDP .

O:O+DQ

T1.=TL+DTL

My=NV+DMVY

h=W+DW

T=T+DT

Z2=Z+DZ

COTO5 )

PELTL=T1OUT~-TL

DELT=T-TIN

F¥Ll=(¥L-NLOUT)/ML*x100.

RT(I) Tl ‘

ML(I)=¥L

'IOLT TLIN-TL

JF(ARS(INLT).LE..001)GO TO 30
IF(AINT(RT(I)*1.E3)EQ.AINT(RT(I-2)*1. E3).AND ABS(TOLT). LE..002)
*GO TO 30

TLOUT=TLOUT+.50 *TOLT

GO TO 1

30 TOLM=MLIN-ML

6T

o N AR AT O



APPENDIX H. COUNTERFLOW COMPUTER LISTING

IF(ABS(TOLH).LE..O1)GO TO 40
- JF(AINT(RML(I)*10.).EQ.AINT(RML(I-2)*10.). AND.ABS(TOLH).LE..02)
*GO TO 40
MLOUT=M1OUT+.5*TOLM \
Go TG 1 '
40 L-I*12.~
=E*12,
P;cvf PRCKH'12..
SP=SP*12.
THETA=THETA/.01745
TP=TP*12., -
TO=T0-459.67
YA=MA /60,
E=P/70.727
TIN=TIN-459.67
T=T-459.67
MLIN=MLIN/60.
TLIN=TLIN-459,67
. MLOUT=M1LOUT/60.

" ML=Y4L/60.
TLOUT=TILOUT-459.67
TL=TIL.-459.67
CWRITE(5,45) J
C=(TLIR-TLOUT)*MLOUT+MA*(WN~- HIN)*(TLIN-32 )

- QEL=(MLIN- MLOUT)*(-.S9R2*(TLIN+R60.)+1370 16~
* (L281)*(TLIN-T))
PQEL=0EL/Q*100. g
PUT HDP,H,KD,NU VL0 k
WRITF(5,50)RATIO,L,B,PACKW,NPL,NG, SP,THETR o
WRITE(5,6C)TP,KP,TG,¥A,P,TIN,T , WIN,W ML, ,NLOUT
¥RITE(5,70)TL,TLOUT, DELTL PFL DELT,Q.QEL PQEL
us FORMAT(//141,40%,13/) :
50 FOKMAT(41Y,'TOWER GEOMETRY® //43X ,*WET-DRY SURFACE °,

oyt



APPENDIX H. COUNTERFLOW COMPUTER LISTING

**'RATIO=",F5.3//43X, *PRCKING HEIGHT=',F6.2,' IN.'//43X,'TOTAL °*,
* *HEAT TRANSFER SURFACE WIDTH=*,F7.2,' IN.'//43X,°'PACKING °*,
*'WIDTH=",F7.2," IN.'//QBX,'NUMBEP OF -PLATES=",FS5S. 0//Q3X,'NUHBER'
** OF CHANNELS PER PLATE=',F5.0//43X, "PLATE SPACINC '/FSe2

*,* IN.'//43Y,'PLATE ANGLE FROM VEETICAL=',Fl4.1,*' DEGREES"*/)

60 FORMAT(43X,°'PLATE THICKNESS=',FS5.3,* IN.°'//43Y, 'PLATE CONDUCTIVITY

*=' ¥7.3,* BTU/HR FT F*'//41X,*'REFERENCE TEMPERATURE=',F7.2,

** F*////6U4X,*INLET® ,17X,*OUTLET*//41¥%,*AIR FLOW RATE®,6X,F8.2

*,* LBM/MIN*//41%,“AIR PRESSURE®,9X,F5.2,' IN. HG'/741X,

**AIR TEYPERATURE®,5Z,2{F7.2,"* F',13X)//Q1¥,'HU"IDITY',1BX 2(F8. 6,
*! LBY/LRY*,7X)//41X, *WATER FLOW -RATE",4X,2(F9.3," LBM/NIN',6X)/)

“70 FORVKT@H1X,.SATLR TENPFRRTURE',3Y 2(¥F7.2," ?',1“?)////“1X.9WATER .

*, *TEMPERATURE -CHANGE=",F7.2,* F‘//H1X,'P°BCENT ‘WATER L10SS=?,
*F6 3," %*//41%,*A1R TEFPFRATURE CHANCE=", E
*F7.2,* F*//741%, *TOTAL HEAT TRANSFER= ,F11 2, BTU/HIN'//
*41X,*CVAPORATIVE HEAT TRANSFEB"pF11 2, BTU/HIN'//U1X:
*'PERCENT EVAPORATIVE HEAT TRANSFER=',F4. 1, %*)

¢n TO 7

WETTE(5,85)

FORHAT(1H1)

CONTIXUE

STNP

tND

132 ¢



- BD
BL
CA

CL

cv

DELT
DELTL

DH

DML
DMV
DQ
DQCL

DQDP
DQEL
DTL

DV

DW

TABLE H-1 LIST OF CMPUTER PROGRAM VARIABLES

Total Sur
Total Wid

Total Wid

142

face Area of a Plate Per Foot of Height

th of Dry Portion of a Plate

th of Wet Portion of a Plate

Specific Heat at Constant Pressure for Air

Specific Heat at Constant Pressure for

Specific
Mixture

Specific
Vapor

Distance

Heat at Constant Pressure
Heat at Constant Pressure for Water

Between Water Channels in the Packing

Air Temperature Change

Water Temperature Change

Hydraulic Diameter of the Space Between Packing

Plates

Chaﬁge in
Change in
Chénge in

Change in
Surface

Change in
Surface

Change in
Change in
Chaﬁge in
Diffusion

Change in

Water Flow Rate
Vapor Flow‘Rate
Heat Transfer Rate

Convective Heat Transfer from Water
Convective Heat Transfer from Dry

Evaporative Hea; Transfer
Aif—Vapor Temperature
Wager‘Temperature

Coeffiéient for Water Vapor in Air

Absolute Humidity

for Air and Water

" ft.
ft.
f;.

BTU/lbm °R

Liquid Water BTU/lbm °R

BTU/1bm °R

BTU/le °R
ft.
'°F.

°F

ft.

1bm/hr.

ibm/hr.

BTU/hr.
BYU/hr.

BTU/hr.
BTU/hr.
;R
°R
: ftZ/hr.

1bm/1bm




DZ

HD

HFG

HFGO

B

MLIN

MLOUT

NG

NPL

PA .

143

Ve fN45

Change in Distance THESUEH the Packing

Convective Heat Transt&f Coeffictent from Liquid
Water to Air

Miss Transfer Coefficiddt for Water in Air

Convective Heat Tratiéf&# Coéfficient from Dry
Surfacé to Air

Heat of Vaporizatidn $8¢F Wateér

Heat of Vaporizatish £6f Watér at 10
Counter for Number 6f Ttératiods
Cotinter fof Nunibet 6f 1édd Cases

Thermal Condudtivity 8f Air (uSed for Air-Vapst
Mikture)

W

Thetihal Conduttivity 6 the plates

Total Height of Packing

Mass Fiow Rate of Al¥

Mass Flow Rate of Wité¥

Mass Flow Rate of Wdt&f at Inlet

Mass Flow Raté of Witek at Outlet

Absbiqte Viscosity 6f air (Used for Ali-Vapor
Mixture)

Maés Flow Rate of Vipdt

2

Number of Channeis &H Each Packing Plate

Number of Plates iff Elie Packing

Fin Efficieéncy BeétW%e&fi the Channels
Total Pressure of tHé Alf-Vapor Mixture

Partial Pressuré Bf the Air

ft.

BTU/hr.ft2°R

ft/hr;

ﬁTUIhr.ft2°R
BTU/1bm

BTU/1bm

BTU/hr. ££°R
BTU/hr.ft°R
ft.

lbm/hr.
ibm/hr.
1bm/hr.

1bm/hr.

1bm/ft.sec.

ibm/hr.

lbf/ft2

1bE/£t2




PACKW
PQEL

PR

PML
PV

PVSAT

QCL
QDP

QEL

RATIO

RE

REDP

ROA
ROL
ROMIX
ROV
ROVSAT

RT

RV

SP

Actual Width of Packing

Percent Evaporative Heat Transfer

Prandtl Number for Air (used for Air-Water
Mixture)

Percent Water Loss

Partial Pressure of Water Vapor

Partial Pressure of Water Vapor at.Saturation
Total Heat Transfer Rate

Convective Heat Transfer from Water Surface
Convective Heat Transfer from Dry Surface
Evaporaﬁive ﬁeat Transfer

Géé Constént fér Air

‘Fraction of Paéking Surface Which is Wet

Reynoid's'Number-for Air Over Water with
Counter Flow

Reynold's Number for Air Over Dry Surface -

Array which Records the Values of ML After
Each Iteration

i |
Density of Air

'Dénsity_of.Water

Density of Air-Vapor Mixture
Dénsity of Water Vapor
Density of Water Vapor at Saturation

Array which Records the Values of TL After
Each Iteration

Gas Constant for Water Vapor
Spacing Between Packing Plates

Temperature of Air-Vapor Mixture

ft.

1bf/£t?
1b£/£t2
BTU/hr.
BTU/hr..
BTU/hr.
BTU/hr.

ft. 1bf/1bm°R

 1bm/ft>
lbm/ft>
1bm/ £t
1bm/ft3ﬂ

 1bw/ft3

ft./1bf/1bm°R

ft.



THETA
TIN'
TL
TLIN
TLOUT
TO
TOLM
TOLT

TP

VA

VL

WIN
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Angle Between the Plates and Vertical

‘Temperature of Air at Inlet

Temperature of Water

Temperature of Water at Inlet

1

Temperature of Water at Outlet

Reference Temperature

Parameter Used to Check Convergence of TL

Parameter Used to Check Convergence of ML

Thickness of the Plates

Velocigy of Air Relative to Water

Alr Velocity

Water Velocity

Absolute Humidity of the Air

Absolute Humidity of the Air at Inlet

Distance from Air Inlet

radians
°R
°R
°R
°R

°R

ft.
ft/sec.
ft/sec.
ft/sec.
1bm/1bm
1bm/1bm

ft..



MLIN

NG

NPL

PACKW

RATIO

SP

THETA

TIN
TLIN
TP

WIN
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TABLE H-2: LIST OF PROGRAM INPUT PARAMETERS

Total Surface Area of Plate Per Foot of Height - in.
Thermal Conductivity of Plates BTU/hr.ft°R
Total Height of Packing in.
Mass Flow Rate of Air " 1bim/min.
Mass flow Rate of Water at Inlet 1bm/min.
Number of Channels on Each Packing Plate |
Number of Plates in the Packing
Total Pressure of the Air-Vapor Mixture - in.hg'
Actual Width of Packing in.
Fraction of Packing Surface Which is Wet
Spacing Between Packing Plates in.
AngleABetween the Plates and Vertical "degrees
Temperature of Air at Inlet .°F
Temperature Water at Inlet °F |
Thickness of the Plates. in.’
1bm/1bm

Absolute Humidity of Air at Inlet



RPPENDIX I. CROSSFLOW COMPUTER LISTING

INTEGER ATRHUY,AIRTEM,AIRFLO
FEAL OUTAIR(S50),0UTHUN(50),0UTLIQ(50),0UTFLO(50),NU

ETAL K,KP,L,RG,NPL,MLIN,KLOUT,DATA(H1,Q1,SQ,MR,NOHIX 

LOGICAL LMIX,SCAN
DATA YESMIX/'  */,NOMIX/'UN‘/
AMELTST(®A,MLIN,P,TLIN,TIN,WIN,B,L,NPL,SP,THET2,

C TP XP,RATIO NG ,PACKW,LUIX,SCAN)

JJJI=0
LVIL"'QFIL Fo

SCANS.FALSE. - oo

,L.PD(‘?*CA) . '
IF(MA.LT. U.) GOTOLuUY
IxXX=25, :
IXX= 20

S XX=IXY

1TQTEN=1
BIRTZ¥=D

IIQFLG=3

ATEFLO=U

AIRHUN=G

RFARLY= I’NPL*SP/1UU./XX
TI=TLIN+U459 .67

NG 11 1I=1,1IXX

CATA(1,T,LTQTEN)= TLTN+U59 67
CATA(T,1,AIRTEN)=TIN+459.67
CATA(l,A,LIOFLO) YLIN*60,/XX
DATA(T,1,ATPELO)=¥A*R0, /XX
E?TA(I,T,EIRHU¥)=WIN

CONTINUY

IF(RATIC.EQ.C.)2BLIN=0.
IF(RATIO.CT.C.) ABLTO B/(.5/RATIO+1, )*L*NPL/XX*'zo

Lyt



APPENDIX I. CRQSSFLOW COMPUTER LISTING

C /144,

IF(RATIC.EQ.1.) ABLIQ=2.*B*L*NPL/14lL. /XX'*Z.A
ARDRY=L*NPL*D/X¥**2./144. ~2,*ABLIQ

" DH=2.*AFARLK/L/NPL*12.*XX*PRCKW/B

D=ATMNEY /L*AX/EG*EX* 12, /NPL R

O 33 J=1,IXX

DO 22 I=1,IXX

II=1+1

JI=J+1

CALL RLOCYX(DMATA(I,J,AIRTEM),DATA(I J'LIQTEH):

"C DATR(I,J,AIRHUM),DATA(I,J,LIQFLO),DATAR( I,JJ,AIRTEN),

22

34
33

18

19
24

¢ Da7T2(II, J,LIQTEX),DATRC I,JJ,AIPHUM),DATA

(11, J,LIQFLO),IXX,AFABLK,DH, ABLTQ ABDRY,P, DATA
(1,1,4),0,7C,Kp,TP,RATIO,NU,HDE, R, D) :

CONTINUY

IF(LMTX)CALL MIX(DATA,IXX,J+1, DATAC1,1,4),XHAV,XTAYV)

IF(.SOT,L¥IX)GOTO33

. TO 34 IECW=1,IXX

EATA(lRCW,J+1,AIRHUH)=XHAV
EATL(IRCH,J+1,AIRTEX)=XTAV

CONTINUE

LO 18 I=1,IXX
CUTATE(I)=DATA(TI,IXX+1,AIRTEM)~UE9.67
GUTHUM(I)=DATA(I,IXX+1,AIRHUN)
CONTIXNU®

DO 19 I=1,TXX '
CUTLIG(I)=DATA(I¥X+1,I,LIQTEN)-459.67
QUTFLO(T)= DATA(T)X+1 I, IIQFLO)/60.
COMTINUE

}:()R""T(/ﬂ( ,IS,F10.‘Q,- 10 ou)

¥FL=0.

ATL=0-

bo 31 I=1,IXX

891
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APPENDIX I. CROSSFLOW COMPUTER LISTING

KPL=ATL+DATA(IXX+1,I,LIQTEN)
FL=FL+DATA(IXX+1,T,LIQFLO)
31 CONTIWUE
" PLOUT=FL/60. .

TLOUT=ATL/XX~ usg 67

J=IYX+1

CALL NIK(UATK IXX J,DATA(1,1,4),R0UT,TAV)
TOUT=TAV-459.67
CTOT=(TITN-TLOUT)*MLCUT+¥A*(WOUT-WIN)*(TLIN=-32.)
GEL=(WLIN=-MLCUT)*(-.5942*(TLIN+460.)+1370.16
C =(. 26N *(TLIN=-TOUT))

OEAT=QEL/QTOT*100.. . -

DELT=TOUT-TTh S

JELTL=TLOUT-TLIN

?HL=(FLIN-MLOUT)/HLIN*100.

=T)-459.67 -
"UT“IA NOMTIX : :
F(INTY)OUTHIX=YESX be's
dRITf(S ,M3)JJT,0UTMIX
PUT JJJ,H,HDR,HD,NU- .
45  FORFAT(1H1 ,U0Y,13,4%, ' CROSSFLO¥ CONFIGURATIOK, RIRFLOW °,
C A2,'NIXED'/)" 4
WRITT(5,50)RATIO,L,B,PACKR, NPL, Nc,qp THETA
wWRIT®(5,62)TP,KP,TO, ) +P,TIN,TOUT,HWIN,WOUT,MLTN,MLOUT
WRITE(5,70)TLIN,TLOUT, DFLTL F"L DFLT,CTOT QLEL,QRAT
50 FORMAT(41Y, TOWER GROXFTRY'//U3X, WRT-DRY SURFACF *,

*'RATIO=',FS.B//MBX}'PACKING dEIGHT="*,F6.2,*' IN.'//43X,'TOTAL *,
*HEAT THANSFER SUREACE WIDTH=',F7.2,*' IN.'//43%,°'PACKING ',
*CRINTH=',¥T7.2,° TN.'//83%, NUMBER OF FLATES=',F7.0//43X, 'NUMBER',
** OF CHANKELS PER PLATE=',FS.0//43Y,'FLATE SPACING=',FS5.2

*,% T4.v//43Y,'PLLTF A¥GLE FDOM VFKTICAL=',F4.1,® DEGREES'/)

60 FOR¥AT(NW37Z,*'PLATE THICKNESS=',F5.3,* IN.'//43¥,°'PLATE CONDUCTIVITY

*=',¥7.3,' RTU/HR FT F*'//41X, 'REFERENCE TEKPERATURE=',F7.2,.

6%1



APPENDIX XI. CROSSFLOW COH?UTER LISTING

PROGRAM

** F'///7/6UX, *TNLET"® 17X, 'OUTLET" //41Y, *AIR FLOW RATE',6Y,E9.3

*,' LBU/UIN®//W1%,°RIR PRESSURE',9X,F5.2,°* IN. HG*//41X,

**AIR TEMPERATURE',5X,2(F7.2," F';13X)//Q1X,'HUMIDITY',13X,2(F8.6,
** LUM/LENM®,7Y)//41X,*'WATER FLOW RATE',4X,2(F9,.3,° LBM/MIN',6X)/)

70 FORMAT(4L1Y,'%2TER TEWPERATUEFR® ,3%,2(F7:2,* F*,14¥)////41%, *UATER °

877

4ug

*,'TZMPERXTURE CHANGE=',F7.2,' F*//81Y%, PERCENT WATER LOSS=',
*F6.3,' %'//81%, RIR TE¥PERATURE CHANCE=',
*T7.2," F'//81Y, *TOTAL HEET TBANSFFR=',E11.3,' RTU/HIN'//
*41X,*EVAPOEATIVE HEAT TRANSFER=',E11.3,* BTU/HIN'//41X,
*'PERCTNT RVRAPORATIVE HEAT TRANSFER=',Fl.1,' %°*)
TF(.NGT.SCAN)GATOT
WRITE(5,378)
L0 879 T=1,IXX , ,
KRITZ(5,877)1,0UTLIN(I),OUTFLO(I),0UTAIR(I),OUTRUNCI),I
_FORMAT(141,5¥, WRTER OUTLET CONDITIONS-',6X,*AIR OUTLET CONDIT®,
C 'IONS'/6X,'IN DIRECTION OF ATRFLOW®,7X,*TOP TO ROTTOM®/7X,
C ‘'TE¥P.',7X,'FLOW RATE',10¥,'TEMP.’,6X, SPEC. HUMIDITY'/7X,
C *DEC. F',5X,°LBM/MTIN',12X,'DEG. F*,SX, LBRM/LBH'/)
FORMAT(1Y,13,2Y,F7.1,5%X,F7.1,11X,F7.1,5%X,58.5,4%,I3)
- GOTO7
STOP
SN D

*MATN* HRS NO ERRORS

0s1T
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SUBROUTINE BLOCK(TIN,TLIN,WIN,MLIN,TOUT,TLOUT, , .
C WNUT,MIOUT,TXX,AFARLK,DH,ARLIQ,ABDRY,PP,MA,D, . . , ‘
c TO,XP,TP,RATIO,NU,HDP,H,HD) -
°  RERL X,%P,L,MR,MUA,MUL,MV,NU,MLIN,MLOUT
”n—.2u1 .
cL=1. o
5V=25,8333 |
E=PP*70.727 C - o T
RA=53.35 :
HPGOE- 5942 %T0+1370.. 16 . , .
KV=WLE*MR ' 4 : )
ROR= P/T(HIN*FV+RK)*TI“) S : :
TOVEFTNAROR = -
IF(TLIN-500, )3 3,4
3 BOL 2.4
4 ﬁﬂl £2 u-.0002u792*(TLIN 500.)**1.8
6 TA=ROA*RA*TIN
FVY=P-PA
HFG=-.5QU42*TLIN+1370.16
IVSAT=((.0006369*TLTN+2.0883)*1, qu*TLIV**—

C 5.387*FPXP(-12386./TLIN))*1u4,
FAVSET=PVSAT/RV/TLIN
KOMIY=(ROXM+ROQOV*HUIN) /(1. 4WIN)

K= 0008 WEASCRT(TINY/(1.4205.,2/TIN)
MUR=T U2E=T*SORT(TINY/(1.4205. 2/TTN)

CPUL=(FXD(-(TLIN=-492.)/49.5)+.,2)*1,E-.
IF(TLIN.GT.613.S)EUL=EUL—.5936E-6*(TLIN-613.5) '
VA= (¥2+hV)/RCOMIY/AFARLK /3600,
CY=(19,66=-597./SORT(TIN)+7500./TTN)/18. -
CMIX=(CA+CY*UTN) /(1. +WIN) :
FE=VA*DU*ROMTX/MUR

[
Ul
P
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APPENDIX I. CROSSFLOW COXPUTER LISTING

PROGRAY

y=5,.,78

DV-.OOO1H6*((TIN+TLIN)/2 Y**2.5/(((TIN+TLIN)/
C JHUBT.)*18,.696* L4, /P

" Wb= P/POHIX/"HTY'(ROWIX*CWTX*DV/K)**( o/3)

HDP=S.7¢ :

H AND'HDP CALCUKATED BY HAND FROM JF-CHIN CORRELATION

IF(RATIO.GE.O. ) HU=TANH(SQRT(2.*(D/2.)**2. *HDP/
C KP/TP*12.))/SORT(2.*(D/2. )**2.*HDP/KP/TP*12 )

IF(RATION.FQ.1.)HU=0.

TF(RATIO."Q.0.)RU=.8

MHL=HD*(ROVSAT-ROV)*ABLIQ

TOCL=H* (TLIN-TIN)*ARLIQ .
DOEL=(H¥G+CL*(TLIN-TO0)) *DML

PQDP=(NU*UDP*(TLIN- TIN)*ABDRY*Z )+HDP*(TLIN-TIN)
T *ARLIO*2.

IF(RATIO.LEQ.1.)DODP=0.

L= F:PL+POfL+DQDp

DTL= +((DD+((MLIH-DFL)*CL*(TLIV-TO)))/(+(FLIN*CL)))'TLIN+TO
D¥V=DML

DH=(MV+DMV ) /MA-WIN

LT=(-NC-UA*CA*(TIK-TO)~ —WIN*MA*(CV*(TIN~TO)+HFGO)
C +(HIN4DW)*MAYHFGO) /(-MA*CA-(WIN+DW)*HA*CV)
C =-TIH+TO :
BLOUT=MLI¥-DPL

TLOUT=TLIN-DTL

WOUT=WIN4DW

TOUT=TIN+DT

RVETURN

BLOCK HAS NO ERRORS:

[A9) ¢



APPENDIY I. 'CROSSFLOW COMPUTER LISTING

SURROUTINE MIX(DATA,IXX,J,ATRFLO,WOUT,TOUT)
INTEGER AIRHUM,AIRTEM
REAL DATA(41,41,5)
KIRTEM=2 :
AIRAU#=5 i
BAIR=0, ‘ ‘
WAIR=0,
. DO 1 I=1,IXX
BATR=HATIR+((.261)+(. uS)*DATh(I J AIRHUH))*AIRFLO*
C DATA(T,J,AIRTEN) :
1_;HAIn JAIR+DATA(I 3., RIRHUY)
D © ¥ : ;
xﬂu =HATR/XX -~ © . ) ‘
- TOUT=HA TRV XX /NIRFHO/ (020 T¥. us*wour)
RRTURN
: END S
DPROGRAM  MIX HAS NO ERRORS

[N
W
W
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"TABLE I-1 LIST OF VARIABLES - CROSSFLOW PkOGRAM UNITS

VARIABLE DESCRIPTION -UNITS
ABDRY Convective heat transfer surface area : ft2
per grid section
ABLIQ - Water free surface area per grid section ft2
AFABLK Airflow area per grid section - ft2
AIRFLO Dummy index for DATA array
. ATRHUM  Dummy index for DATA array
AIRTEM Dummy index for DATA array .
ATL Intermediate variable for averaging exit . F
water temperature )
B - Total plate width . : in
BLOCK Subroutine which calculates heat and mass
~ transfer for a grid section v
D Distance between water channels in the packing  ft
plates
DATA Array holding air and water inlet conditions
for each grid section
DELT Average air temperature change across the = F
: tower o
DELTL Average water temperature change across the . F
tower
DH .Hydraulic diameter of airflow channel ft
FL Sum of exit water flow rates 4 lbm/hr
FML Ratio of water evaporation rate to 1n1et : %
flow rate :
H Convective heat transfer coefficient from BTU/hr-ft2°F
free water surface .
HD Mass transfer coefficient fromifree water ft/hr
surface ‘
HDP ' Convective heat transfer coefficient from BTU/hr—ft2°F
dry surface of packing plate '
1,11 Dummny counting variables \
IROW Dummy variable
IXX Number of rows and columns of grid

J,JJJ Dumny counting variables S




VARIABLE
KP

L

LIQFLO
LIQTEM
LMIX

MA
MIX

MLIN
MLOUT
NG
NOMIX
NPL
NU
OUTAIR
~ OUTFLO
OUTHUM -
OUTLIQ
| OUTMIX
P
PACKW
QEL
QRAT

QTOT
RATIO.
SCAN
SP
TAV
THETA
TIN
TLIN
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. DESCRIPTION

Thermal conductivity of packing plate
Height of; packing plate

Dummy indeﬁ foF DATA array‘

Dummy index for DATA array

Logical switch for unmixed or well-mixed

flow conditions

Inlet air mass flow rate

Subroutine'fot,mixing air flows across

tower

Water mass fiow rate into tower
Water mass flow rate out of tower
Number of water channels per plate
Character string for printout title
Number of packing plates in tower
Fin efficiency '
Scan of air outlet temperatures
Scan of water outlet flow rates
Scan of outlet air specific humidity
Scan of outlet water temperatures
Character string for printout title
Alr pressure ‘ .

Width of pécﬁiﬁg section
Evaporative heat transfer rate

Ratio of Evaporative to total heat
transfer rate °

‘Total heat transfer rate

Wet-to-dry surface area ratio
Logical switch for exit scan output

Packing platé $pacing

Average column ‘air teﬁperatures from MIX

Packing plate angle from vertical
Inlet air temperature

Inlet water temperature

UNITS

BTU/hr-£ft°F
in

lbm/min

1b /min
o

1b /min
m

F
lbm/min
b /1b_
F

in. Hg.
in.
BTU/min
%

BTU/min

in



VARIABLE
TLOUT
TO
TOUT
TP

WIN
WOUT
XTAV-
XWAV
XX
YESMIX

VARIABLE
ABDRY

ABLIQ
AFABLK
CA

CL
CMIX
cv

DH
DML
DMV

DQ
DQCL

DQDP
DQEL .

DT
DTL
DV
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DESCRIPTION
Average Outlet water temperature
Reference Temperature
Average outlet water temperature
Packing plate thickness 4
Inlet air specific humidity
Outlet air specific humidity

Average column air temperature from MIX

Average column air specific humidity from MIX

Number of rows and columns inlgrid

Character string for title printout

SUBROUTINE BLOCK
DESCRIPTION

Convective heat transfer surface area per
grid section

Water free surface area per grid section
Air flow area in grid section '
Heat capacity of air

Heat capacity of liquid water

Heat capacity of air-water vapor mixture

Heat capacity of water vapor

 UNITS

Distance between water channels in packing plate

Hydraulic diameter of air flow channel

Evaporation rate of water in grid section

"Rate of change of water vapor mass flow across

grid section (= DML)
Total heat transfer rate from grid!

Heat transfer rate due to convection from
water free surface ‘

Heat transfer rate due to convection from
dry plate surface

Heat transfer rate due to mass transfer from
water free surface

Change in air temperature across grid section

Change in water temperature across grid section

Diffusivity of water vapor in air

in.

lbmllbm

1b /1b
m T m

lbm/lbm

UNITS

ft2

ft:2
ftz

-BTU/1b_°F

38

BTU/1b_°F

=}

BTU/1b_°F

=

BTU/1b_°F
ft

=]

ft

1b_/hr
m

1b_/hr
m

BTU/hr
BTU/hr

BTU/hr

BTU/hr

ft?/hr



VARIABLE
DW
H

HD
HDP

HFG
HFGO

IXX

8 ER T

IN
MLOUT

5

PA
PP
PR
PV
PVSAT

RA
RATIO
RE

ROA
ROL
ROMIX
ROV
ROVSAT

RV
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DESCRIPTION
Change in specific humidity across grid section

Convective heat transfer coefficient for water
free surface

Mass transfer coefficient for water free surface '

Convective heat transfer coefficient for dry
surface of packing. plate

Latent heat of vaporization of liquid water

Latent heat of vaporization of liquid<waterv
at TO :

Number of rows and columns of grid
Thermal conductivity of air

Thermal condué¢tivity of packing plate

Density of water vapor at saturation
conditions .

UNITS

lbm/lbm

BTU/hr-f£t2°F

ft/hr
BTU/hr—-ft2°F

BTU/1b
m

BTU/1b
.m

BTU/hr-£t°F
BTU/hr-ft°F

Air mass flow rate through grid section 1lbm/hr
Water mass flow rate into grid section 1bm/hr
Water nass flow rate out of grid section 1bm/hr
Water vapor mass flow rate into grid section’ 1bm/hr
Fin efficiency l
Atmospheric pressure _ in.Hg.
Partial pressure of dry air lbf/ft2
Atmospheric pressure in. Hg.
Prandtl number of air . A
Partial pressure of ‘water vapor 1bf/ft2
Partial pressure of water vapor at saturation lbf/ft2
conditions ;. o o
- Gas constant for air ft—lbg/lber
Ratio of wet- to-dry surface area
Reynolds number
Density of air lbm/ft
Density of liquid air lbm/ft
Density of air-water vapor mixture .lbm/ft
Density of water vapor vlbm/ft3
| lbm/ft3

Gas constant for water vapor = ' ft-lbf/lbm-R



- VARIABLE

TIN.
TLIN-
TLOUT
To
TOUT
TP
VA
WIN
WOUT

VARIABLE
'AIRFLO
AIRHUM
AIRTEM
DATA

HAIR
L
IXX
J
TOUT
WAIR
. WoUT
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DESCRIPTION
Temperature of air entering grid section .
Temperature of water entering grid section
Temperautre of water ekiting grid section
Reference temperature '

Temperature of air leaving'grid section

“Thickness of packing plate

Veloc1ty of air through grid section
Specific humidity of air entering grid section
Specific humidity of air leaving grid section

Subroutine MIX

DESCRIPTION

Mass flow rate of air through grid section

Dummy index for DATA matrix
Dummy index for DATA matrix

~Array holding air and water inlet conditions

for each grid section - . p

Summing variable for air enthalpy averaging

- Counting variable

Number of rows and columns in grid

Counting variable

Average alr temperature of well-mixed flbw
Summing variable for specific humidity average
Average specific‘humidity of well-mixed flow

Number of rows and columns in grdd

UNITS

= = =™ =

in

ft/sec
- 1bm/1bm

1bm/1bm

UNITS
1bm/hr

" BTU/1bm

R
1bm/1bm
1bm/1bm
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APPENDIX J

DETERMINATION OF THE DRY PLATE SURFACE HEAT TRANSFER COEFFICIENTS

The dry surface heat transfer coefficient for the modei tower packing
plates was' experimentally determined by monitoring the temperature response
of a single plate when subjected to a step change in air temperature.

Chilled air was used to cool the metal packing plates 15 to 20°F below
ambient laboratory conditions: When the plate reached-a uniform temperature
the model tower exhaust fenAWés started, drawing the warmer laboratory air
over the plates. Plate snrface and local air temperatures were recorded at
10 second intervals until plate temperature matched air temperature. A
set of typical data is shown in Table J-1. -

Reference [15] contains~an analysis for this type of experimental data.
Given air flowrate intake.temperature, time-temperature behavior of the
plates and air stream, and tower physical properties, the average dry surface
heat transfer coefficient may be calculated. The steps involved in this
calculation are outlined below with the values in parentheses being a sample
calculation with the data of Table J-1.

A more detailed explanatlon of the assumptions and dimensionless

-

parameters can be found in Reference [15]."
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TABLE J-1

Teﬁperature Response of Glavanizéd Packing Plh;e

Time Air Temperature’F fime-, Plate'Tempefature°F

0 , s6.8 - 10 57.3"

. | 20 TR 30 60.4
40 67.9 S so 63.0
60 | . 69.8 70  6s.2
80 - : 7Ly T 67.1
100 72.0 o110 68.6
20 12 130, 69.9
140 73.3 150 ' 71.0
160 - 73.7 170 71.9
180 - | 73.8 190 72,5

200 74.0 210 73.0
220 N 74.0 - 230 73.4
240 | 74.2 250 73.7

260 ‘ 744 270 . 74.0



Plate Properties

161

y

Length " 28 inches
Width 43 inches
Spacing 1.5 inches

Thickness .0225 inches

Density 487 lbm/ft3

Heat Capacity 0.113 BTU/lbm—F

Initial Temperature 56.85F

Air Properties

Density (.24 lbm/ft3

Heat Capacity =~ .08 BTU/lbm-F

Velocity 476 ft/min

Temperature 74.4°F

Sﬁeps for Calculating h

Compute Cw from properties and air flow rate_(Cw = 104.8)

Compute 8" (t) (8(t) = 3.4 t) |

Computer NTU from properties allowing h as an unknown (NTU = 9;148 h)
Compute G*t -vl/Cw* (0*(t) - l/Cw* ='G*(C)/CW* = ,0327 t

Select a value of 6* - 1/Cw* aqd compute the time at which that Qalue
occurs. (For 6* - 1/Cw* = 4, t = 122 sec)

From ekpérimental data find Tpiate at time calculated in Step 5.

) . .

Tptae = 69-9):
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' * * ' '
Using this value of T calculate & (e = 0.716)"
plate w w

: * * * :
From Fig. 3-14 (Ref [15]) use € w from Step 7 and 0 -l/Cw from Step 4
to find NTU. (NTU = 0.48).

Use NTU values from Steps 4 and 8 to solve for h. (h = 3.3 BTU/hr-fc2°F)



