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CHAPTER 1
INTRODUCTION

In response to the energy-environment crisis, local, state and
national governments have come out with strict regulations regarding the
indiscriminate use of land and water by industry. As a result the once
almost unlimited source of natural river water to the power industry is
no longer freely available for power plant cooling. Rising costs of land
and water and the strict water temperature rise standards are forcing the
utility companies to look at alternate methods of power plant cooling.
The alternatives are and have been:
1. Cooling by dry tower
2. Cooling by wet tower
3. Cooling by ponds
Wet towers and ponds for heat dissipation are not new to the power
industry and dry tower cooling has been used by some European power pro-
ducers. However, in the U.S.A. only the chemical and refinery process in-
dustries possess experience in the application of dry cooling equipment.
They have also used combinations of dry and wet cooling towers (trim cooling),
for better efficiency and economy [1]*.
For a reasonable approach to ambient air dry bulb temperature with dry
cooling towers, large (and expensive) heat transfer surface area is required
because of the small temperature difference between the condenser cooling

water and air, particularly in the last stages of the heat transfer process.

Number in brackets designate references in the List of References.
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A system combining a dry tower and an evaporative system such as a pond or
a wet tower can possibly prove to be a more economical system. It takes
advantage of relatively high initial water - air dry bulb temperature
difference in the dry section; and as this difference diminishes, the
cooling water is transferred to the evaporative section. In the evaporative
section the driving temperature difference again increases, becoming
essentially the difference between the water temperature and the air wet
bulb temperature.

Engineers in the power indus%ry compared to their counterparts in
the process industries are inexperienced in the area of dry cooling. Rossie
and Cecil [2] state that (as of 1970) there are only two (small) power plants
in the U.S.A. using dry towers for cooling purposes. Combination cooling, a
possible next step to the dry or wet cooling is sparingly mentioned in the 1it-
erature. For instance Kolfat [3] mentions the use of a small dry tower as a
solution to dissipate a fraction of heat load so as to help in satisfying the
water rise temperature requirements, when rejecting heat in a stream in
otherwise a once through system.

The main objective of this study was to determine an optimum Teast
cost dry tower - cooling pond combination for power plant heat rejection. This
was accomplished by showing that for a given thermal load, ambient air condi-
conditions, power plant characteristics and different capital and opera-
tional costs, an intermediate temperature Tz, within the cooling range (T]-T3)
can be found which determines the proportions of dry and wet cooling in the
Teast cost combination. The study includes discussion of the influence of the
several variables on the results to illustrate the effects of local environ-
mental conditions, costs and power plant economics. Comparison of the com-

bined system to total dry and total pond systems is also provided.



The heat rejection and the subsequent dissipation is not a simple and
independent process in a power plant. The temperature at which the heat is
rejected in the condenser along with the cooling range, determines not only
the overall thermal efficiency of the power plant but also influences its
economy. For example, the size of the condenser, pumps, the boiler feed-water
heaters etc. are all interrelated to the cooling process. Thus optimizing the
cooling process also involves all the above mentioned variables, step by step
and for the power plant as a whole. As much as the author would have wished,
optimizing the entire power plant and its sectiﬁns with regards to the most
efficient cooling process was beyond the scope of this study. Hence a
number of variables were made constant and many constraints in the plant and
in the method of solving the problem had to be introduced.

The conditions in the entire power plant from the boiler to the steam
condenser were assumed to be fixed, i.e. everything about the plant was known
and the heat rejection load kept constant. From this system a known amount
of heated water at é given temperature T1 comes out to be cooled by a cooling
process and then returns back to the plant at a given temperature T3. With
these assumptions, the heat l1oad was considered to be dissipated by three
different cooling processes:

1. By a dry tower alone
2. By a cooling pond alone
3. By a combination of the above two.

The three systems are indicated in Figures 1a, b and c¢c. Modeling equations
for these systems were written and were used to determine total costs resulting
from specification of different sets of environmental conditions, capital and
operational costs. Additionally, for the combined system, T2 was varied to

determine its influence on total cost. .
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CHAPTER 2

SPECIFICATION OF STANDARD PLANT SIZE AND OPERATING CONDITIONS

Specification of Plant Size

Out of 292 fossil fueled power plants in the 500 MW to 4000 MW range
tentatively planned for the year 1990, Rossie and Cecil [2] estimate that
244 will be in 500-2000 MW range. Most of them seem to be around 1000 MW.
Hence, a 1000 MW plant output was chosen for this study. Based on the
figures given by Cootner and LHf [4] an overall plant efficiency of 40.0
percent, a heat 1oss of 10.0 percent in the boiler furnace and a generator
efficiency of 97.5 percent was assumed. A cooling range of 27°F was

selected, the rationale for this selection will be developed later.

Specification of Environmental Conditions

For reference temperatures, 98°F air dry bulb and 50°F dew point tem-
peratures were picked. These temperatures were obtained after averaging one
percent summer design temperatures given in the ASHRAE Handbook of Funda-
mentals [5] for parts of the states of Wyoming, Utah, South Dakota, Arizona,
New Mexico and Texas. Because of water shortages, these areas are represen-
tative of areas where dry cooling may be planned. Also, being some of the
hottest parts of the country, dry cooling may not be very attractive (thus
hopefully giving equal disadvantages to both dry and wet cooling). Sunny day
conditions (0.1 cloud cover) and a wind velocity of ten miles per hour were
specified.

Because of high condenser cooling water temperatures resulting from dry

5



cooling tower use in hot environments, a high back pressure turbine is required.
An eight inch back pressure turbine was selected as reasonable. Conven-

tional turbines can be operated at this back pressure if modified [2]. For
this back pressure the exhaust steam temperature is 152°F; consequently, the
difference between the exhaust steam temperature and the air dry bulb (initial
temperature difference ITD) is 54°F. Graphs plotted in reference [2] suggest

a cooling range of 27°F for these conditions. A 3°F subcooling effect was

assumed in the condenser. Thus water at 149°F was cooled to 122°F (see

Figure 2).
Transfer of Hot Circ

Turbine Exhaust ¥3t$gw::om Condenser . subcooling Effect
Steam at 152°F ( 1 (3°F)
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Note: The above sketch does not imply flow relationships.

Figure 2. Temperature Diagram of Indirect Dry
Cooling Tower Heat Transfer System.

The intital temperature difference of 54°F fits within the optimum ITD range
suggested by Rossie and Cecil [2]. These conditions also give an approach

of 24°F to the air dry bulb temperature.



Specifications of Dry Tower and Pond Types

Dry tower specifications were taken from a brochure published by the
Hudson Products Corporation [6]. The values were assumed to be typical of
dry tower specifications. An air heat exchanger having an overall heat
transfer coefficient U (referred to the bare tube outside surface) of
2880 Btu/day-ft2-°F, tube size of one inch 0.D. and 0.782 inside diameter
(0.762 sq. ft./lineal ft.) was chosen. Fins are 5/8" high, spaced 8 per
inch with a surface ratio of 16.9. Ratio of bare tube area to face area
of 5.04 and air face velocity Vf of 595 ft./min. was assumed. The depth
of the tube rows, R, was four. On the water side of the exchanger, the water
velocity Vw inside the tubes was fixed as 10 ft./sec.

A flow-through pond with an average depth of five feet was chosen.
Edinger and Geyer [7] point out that a shallow pond dissipates much more
heat than a deep pond. They also show that a flow-through pond requires
less area than a completely mixed pond for the same amount of heat dissi-

pation.



CHAPTER 3

THEORY AND MODELING EQUATIONS

Heat Balance and Transfer Equations

The heat transfer and balance equations for the combined cooling

process were written as:

% = Mo (T7T3) | (1)
mCo (T17T3) = mChy (Tgy-Typ) + KA(T¢-E) (2)
o (a1 Ta) = B0 [TTyp) + ()] )
" - paE:Ab (4)
KAL(TSE) = mCo(ToT3) (5)

Equations for dry tower cooling only can be obtained by substituting Ap=0
and T2-T3 in the above equations. Similarly if Ab=0 and T2=T1 are substituted,
equations for pond cooling only can be obtained.

The theory presented for the heat exchange between the pond and the en-
vironment is that developed by Edinger and Geyer [7]. 1In equation (2), the
equilibrium temperature E 1is the same as that given by Edinger and Geyer [7].
They define it as the water surface temperature TS=E, for which there is no net
heat exchange between the water and the environment. E (calculated for no
heat l1oad from the power plant to the pond), is dependent on the meterological
conditions including radiation, dry and wet bulb temperatures and the wind

velocity. Details of determination of E are given in Appendix A.
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In equation (3), it would be more exact to use a log mean temperature
difference. However, for the conditions being considered, the change in
water temperature in the dry tower is relatively small, making it
acceptable to use the arithmetic mean temperature. The approximation allowed

for algebraic simplicity in determination of Typ from equations 2, 3 and 4.

The Cost Equation

To determine the cooling system costs the following equation was used:
CT = CdAd + CpAp + CwMe + Cpf(Pf + Pp) (6)

The areas Ad and Ap, the evaporated water mass Me and the fan and pump power
requirements Pf and Pp were determined in terms of T2 so that T2 could be varied

M., P

to study its influence on total cost. Detailed derivations of Ad’ Ap, e Ps

and Pp in terms of T2 are shown in Appendix A. In the final form the derived

relationships are as follows:

By the use of equations (1, 2, 3 and 4), Ad can be expressed as

B
a
mwcpw(T]"Tz)“ + sz“—_a dcpa ) (7)
0.5 saU(T] + T, - 2Ta1)

Aq

2

Ap was obtained by Edinger and Geyer [7] theory.

e, C._1Q T,-E
Ap = _lﬁgﬂim x Tlog, (TE:EJ (8)

Me was determined as a function of Ap and T2

Ap(73 + 7.3W) T2«E
M, = P {VP[{TZ-TBYIDge(.—FET) ¢ E] VP(T,) (9)
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Pe was determined from the expression given by Cook [8]

AdFsRVf(l.stvf)]'725x 3.24 x 60 x 24 x 5.20218 x 3.766 x 10~/
P -
f pra (10)

Using friction factors and formula outlined in Kreith's heat transfer
text [9]

0.2

o,V 30 A, x 3600 x 24 x 3.766 x 1077 (11)

0.184R_~
P = £
w "ad

p 2x4xRagc

It may be noted that for the sake of calculational simplicity and uni-
formity, all the dry tower bare tube surface areas Ab were converted to

equivalent face areas, Ad.

Estimation of Cost Factors
Referring back to equation (6), the cost factors to be estimated were

Cd’ & Cw and Cpf' Since the costs vary from location to location, a range

P
had to be estimated in which these factors could vary. Most of the values
were taken directly as quoted in the various literature sources. Different
authors have given different costs which were of great help in determining

the range of variation.

Determination of CEf' Leung and Moore [10] and Larinoff [11] quote unit power

costs of 1.7 cents per KWh to the consumer. Reistad et.al. [12] give a range
of 0.75 cents to 1.75 cents per KWh. From these values a range from ] cent

to 2 cents per KWh was established as reasonable for this study.

Determination of Cw. Smith and Larinoff [13] quote present day water costs

of 30 cents per 1000 gallons which may go up to 50 cents per 1000 gailons in
the future. Several other sources agree with the above figures. Hence the

range was taken to be 30 cents to 50 cents per 1000 gallons.
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Determination of Cp. Estimation of pond capital costs involved mainly three

individual costs, namely: the cost of the land, the cost of excavation, and
the cost of land improvement and initial water fill up. Eicher [14] indicates
land costs between $500 to $2000 per acre which is again confirmed by other
sources. Excavation costs were estimated from some examples given by
Peurifoy [15] to be from 60 cents to 90 cents per cubic yard. Land im-
provement and water fill up costs were taken between $500 to $2000 per acre.

A similar range is given by Szego [16]. Adding all these costs, the range of

Cp for a five foot deep pond was from 38 cents to 60 cents per square foot.

Determination of Cd. Price estimates in reference [6] suggest a range of

$7 to $10 per square foot of bare tube surface area. In terms of face area,
after lowering the Tower end of the‘range and adding approximately $5 as costs
for transportation, steel structures etc., the estimated range selected was

$30 to $54 per square foot of face area.

Calculational Scheme
A computer program (shown in Appendix B) was written which, for
specified values of TZ’ determined values for the terms of equation (6).
After calculating the heat Toad from the power plant, the program calculates
E and K for specified Ta] and po. With E and K known, the program then

through a set of do-loops, determines Ad, A Me’ Pf and Pp and then computes

p!
various subcosts and total costs. 720 data sets were generated by varying en-

vironmental and cost parameters, Ta]’ po, C.s Cw and Cpf, over the ranges

p
specified above.
Several things must be noted at this point. To keep the generated data

to a managable amount, Cp was not varied. Instead an average value of 50 cents

per square foot was assumed. A1l the costs were determined on daily basis
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and included daily capital costs and operational costs, which consisted of the
cost of water evaporated and power costs to run the fan and the pumps. In the
dry tower and pond capital costs a capital recovery factor of 0.0937 was
used (based on a life period of 25 years and an interest rate of eight percent).
The program was arranged to determine minimum total costs and the cor-
responding T2 by a search routine. Since this study was concerned with
illustrating the relative effect of each of the variables, complete informa-
tion for each value of T2 was computed and the minimum cost was easily
selected.
If only the minimum cost conditions dare desired, a preferred method
would be to determine T2 from solution of the equation obtained by differen-
tiating equation (6) the cost equation, with respect to T, and setting it
equal to zero. This development is presented in Appendix A. The solution
by this method is not simple. The problem arises in getting an exact

derivative of the evaporation term in the equation.



CHAPTER 4
RESULTS AND DISCUSSION

As mentioned in the introduction, a reference set of environmental
conditions and costs was assumed. Results for the reference case were
established for comparison to results obtained when the various parameters

were varied over their allowable ranges. The reference case used was:

T, =98F, T, =50°F

al dp

with cost factors Cd = $38.0/sq.ft., C_ = $0.5/sq.ft., C, = $0.000044/1bm

P
and C . = $0.015/KWh.

Eor this reference case the results are shown in Figure 3. The top
curve in the figure is a plot of equation (6) giving the total costs as a
function of Tz, the temperature at which water is taken from the dry tower
and introduced into the pond. A distinct minimum is obtained at 135°F. The
water coming out of the condenser at 149°F is first cooled in the dry tower to
135°F, then transferred to the pond for cooling to 122°F. From Table 1, it
can be seen that this combination results in a net saving of 9.5 percent com-
pared to all-dry cooling costs and a net daily saving of 8.2 percent compared
to total-pond cooling system costs. In Figure 3, the breakdown of various
costs shows that the pond and dry tower capital costs are small compared to
evaporation and power costs on a daily basis. These proportions will change,
of course, with capital costs, depreciation schedule, power and water costs.

The effects of various parameters on the reference case are shown in

Figures 4, 5, 6 and 7. Figure 4 shows the effect of variation of the dry bulb

13



COSTS — $ x1073/pAY

TOTAL

10

150

I I I I

TOTAL COSTS

OPTIMUM POINT (Cy)

Cq = 38.0 $/SQ.FT.

Cpg = 0-015 $/KWH
Tay = 98.0 F
Typ= 50-0 F

POWER COSTS
Cpg(Pp+ P )

Cw= 0.000044 $/LBM

—

W
[ -
L7, ]
o
|9
. ]
o .
Bae

[}
g 3

X
o .
g 3
(VT N
[- 4
.“.‘
( s
3

:’g:}?A:?STS DRY TOWER COSTS
(cd X Ad )
| | I | |
140 130

INTERMEDIATE TEMPERATURE , T — F

Figure 3.

Breakdown of Various Costs for
the Reference Case

120

14



15

$31|Nsay [eotdA] jo Aseumng

L @19el

€6°§ 12"l 0£601 0£021 0Z£0L 8¢l 08 §Z10°0 0§ 0900000
¥8°0 Ly° 92 1688 08611 glLe8 G¥L 59 05L0°0 08¢ #¥0000°0
3sadeayd Burlood puod 628! 06€€1 0$ §L10°0 08¢ 9£0000°0

505 =% ca.001 = L
1sadeayd bulood Aup 8456 6199 08 0L0°0 0°0¢ 250000°0
¥9°9 Sy°LL 00911l 0£zzL 0£801 LEL 59 020°0 0" 9% 090000°0
6L°8 ¥5°6 826 £2v6 258 GEL 05 5L0°0 0°8¢ 7000070

508 = % <4086 = 1%L
Spe Ll €0°¢ 8169 €L€9 0819 LeL 08 52100 0°0¢ 9£0000°0
oF ¥l [0°¢ £EE6 2ve8 686. zZel 59 0510°0 0°9% #70000°0
68°¢l L5°¢ 06401 G£96 1626 ocl 0S S/10°0 0" #§ 260000°0

508 = 99 4006 = L%

puod d3M03 Aup Aep/$ mcmﬂwmw Aep/$

40 pea1suL pasn BuLioo) fuLoo) ABMO]  $3502 wa)sAs do do Kep/$ Kep/§ Aep/$

pauLquo) 4L BuLABS %  puod ALUQ  Aug ALuQ PaU Lquo) ¢ dpy 34, Py "



-
=]

TOTAL COSTS — $x 107 3/pAY

I I | [ |
Cy = 38.0 $/5Q.FT.

Cw = 0.000044 $/LBM
— Cps = 0-015 $/KWH
4 = OPTIMUM POINT

— {90,80)

150 140 130
INTERMEDIATE TEMPERATURE, T9 — F

Figure 4. Effects of Dry Bulb and Dew Point
Temperatures on the Optimum T2.




17

and dew point temperatures. The dry bulb was varied from 98°F to 90°F and
106°F. As the dry bulb temperature goes up, the curves suggest that more
and more pond cooling should be used. For instance the optimum point for the
condition Ta] = 98°F and po = B50°F, occurs at 135°F while for the con-
dition Ta] = 106°F and po = 50°F it occurs at 143°F. The dew point was
varied from 50°F to 80°F in increments of 15°F. For a fixed dry bulb tem-
perature, the change in dew point temperatures suggest that lower the dew-
point, the greater is the proportion of dry cooling in a combined system.
This stems from the fact that a lTower dew point means more water evaporation
which means higher water costs. In Figure 4 with Ta1 of 98°F, for a po
of 80°F, the minimum point is at 140°F while at po of 50°F the minimum
shifts to 135°F.

Figure 5 shows the effects of variation of dry tower costs, Cd. At Tow
dry tower costs, dry cooling definitely is more attractive and the optimum
T2 shifts towards a greater percent of dry cooling in the combined system. As
Cd increases, the minimum moves towards all pond cooling. Effects of dry tower
costs with changing dry bulb are also shown in Figure 5. Combination of
both high dry bulb and high dry tower costs can drive the optimum point to
nearly all pond cooling as shown in the topmost curve of Figure 5. The lower-
most curve shows the other extreme of almost all dry cooling for Tow dry
bulbs and low dry tower costs.

The effects of the water costs, Cw, varijations are shown in Figure 6.
The results support the obvious. The higher the water costs, the greater is
the shift of optimum T2 towards 122°F, implying total dry system. It can
also be deduced by comparing Figure 6 and Figure 4 that high water costs and
high dew point tend to act against each other i.e. the high costs would try to
shift the minimum towards dry cooling while high dew point would try to shift

it in the other direction; towards wet cooling.
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The set of curves shown in Figure 7 are for different power costs.
These illustrate the extreme importance of power costs in the total daily
cooling costs in a power plant. An increase of one cent in power costs from
one cent per KWh to two cents per KWh results in almost fifty percent in-
crease in cooling costs, and the minimum cost shifts from (almost ail dry
cooling at) 125°F to 144°F (almost all pond cooling).

In Table 1, are shown nine different cases selected to illustrate that
depending on the local environmental and cost factors, savings up to 26 per-
cent can be made by using a combined system. Out of 720 different sets of
conditions generated by the computer program, 80 showed that all dry cooling
was cheapest. These were mainly for conditions where dry tower and power
costs were low and dry bulb temperature was low. 105 sets showed that all
pond cooling was cheapest. These cases were again for the extreme cases
where water costs and the dew point temperature were low. However for
average conditions and cost factors, distinct optimum temperatures (Tz's)
were obtained.

The results for the reference case of Figure 3 also show (see sample
results in Appendix B) that while 232 acres of land area would be required
for all pond cooling, only 130 acres are required with the optimum combina-
tion. Land area of 232 acres for all pond cooling for a 1000 MW plant seems
small compared to the areas of at least 1000 acres generally noted in the
literature. The difference in the two figures is due to two facts. First,
the cooling range used typically for all pond cooling is 15 to 20°F. The
range for the system under study is 27°F. For the same thermal load and for
low cooling range, this implies greater cooling water rate and larger ponds
for total pond systems. Secondly, the water approach temperature is usually

very close to the equilibrium temperature, thus decreasing the temperature
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and the heat transfer takes place at the expense of greater required pond
area. In the present case under study the approach is large. Table 2 shows
a minimum approach (122°F - E) of at least 25.5°F.

One more point needs to be discussed. For the same heat load to be
dissipated at a low dew point temperature the water evaporation costs are
high compared to the evaporation costs at a high dew point. However a
question may arise as to how the extra heat formerly dissipated (at low dew
points) by evaporation is dissipated and how much does it cost to dissipate
this extra heat. Table 2 shows the heat exchanges taking place between the
environment and the pond water surface for different dry bulb and dew point
temperatures. As the dew point goes up, E and K also go up. Al1l this results
in less heat dissipation by evaporation and increased dissipation by con-
ducfion and back radiation. Thus more sensible heat dissipation takes place

(at no cost for water replacement) resulting in total savings.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

The results of the study show that optimum dry tower - cooling pond
combinations can be found which are more economical than either all dry or
all wet systems. The combinations are dependent on the local meterological
conditions and cost factors.

Low dry bulb and dew point temperatures suggest greater proportions of
dry cooling. High dry bulb and high dew point imply greater proportions of
wet cooling. The various cost factors alone can influence the optimum com-
bination. Operational power costs and water evaporation costs are the
critical factors in determination of the optimum system. The various cost
factors combined with different environmental conditions can either negate
or enhance the effects of each other.

Dry tower and cooling ponds both have their advantages and disadvantages.
The combined system, while retaining all the advantages of the individual
systems, will minimize the disadvantages of each. In the case of all pond
cooling, the two main disadvantages are the high land usages and water loss
due to evaporation. The optimum combination can greatly reduce the land area
and water loss. An all dry cooling system involves loss of generating
capacity with increasing dry bulb temperatures. Thus the additional benefits
(though not studied in this report) of the combined system can be the minimi-
zation of this loss, since a pond is less sensitive to ambient conditions and
has a stabilizing effect. With proper design a combined system can result in

no loss of generating capacity in a power plant.
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The addition of a small pond to a dry system as a result of a combination
may also mean better public relations for the power plant in the community.
It can provide an excellent public recreational area. It will also give a more
neat look to the plant by reducing the area of heat exchangers to be installed.

This study just scratches the surface of a highly complicated and inter-
esting problem. As pointed out in the introduction, this study was very
limited in scope. The problem can be advanced in several different directions.
The effects of seasonal variations were not studied. Cold weather favors
dry cooling while hot weather favors pond cooling, thus from seasonal variation
point of view the combined system should prove even more advantageous. Another
area of study can be normalizing and combining of different variables thus
making it easier for the designers to pick the right system. It is felt
that true equilibrium temperature E may be modified to be used as the only
meterological parameter by combining all the other ambient conditions. The
ultimate step from this study is to study the optimum cooling process con-
sidering the whole plant and its various components such as the condenser
size, turbine design etc. as variables.

It can be recommended from the results of this study that the power
plant designers should not make arbitrary decisions to go either all pond
(wet) or all dry cooling. Careful study of all processes and local conditions

is required which may lead to a more economically optimum combination system.
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APPENDIX A

Derivation of Equilibrium Temperature E

The natural heat exchanges taking place between the pond and environ-
ment are shown schematically in Figure 8. The corresponding heat balance
equation is

AH = H, # Ha - H. = Har - Hbr & Hc * He (12)

sr
The individual terms are given below as developed by Patterson et.al. [17]
from Edinger and Geyer's [7] theory

H

S

Hy

H0(0.6155 + 0.35)

8(1_.+ 460)%(C + 0.031 Ve .

4.15 x 10 a1)

TaT
where C, the Brunt's coefficient is determined from the air temperature and

ratio of the measured solar radiation to the clear sky solar radiation

Hyw = 7,0 (T + 460)°

Hy = (73 + 7.3N)(es- ea])

Hsr = 0.05 HS and Har = (.03 Ha

HC = 0.26 (73 + 7.3”)(Ts- Ta])(P/760)

For aH =0, E = Ts‘
E is calculated as a function of environmental variables Ta] and po by
a trial and error iteration method in the computer program subroutine EQT

(see Appendix B).
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H, = Solar Rad. (400-2,800 Btu ft~2day—")
H; = L.W. Atmos. Rad. (2,400-3,200 Btu ft~2 day~')

ifb, = L.W. Back Rad. (2,400-3,600 Btu ft—2 day—1)
ife = Evap. Heat Loss (2,000-8,000 Btu ft—2 day—')

IIC = Cond. Heat Loss, or Gain {(—320-+400 Btu ft—2 day— ')

Hgr = Refl. Solar (40-200 Btu ft—2 day—')

Hg, = Atmos. Refl. (70-120 Btu ft—2 day—")

B
il

NET RATE AT WHICH HEAT CROSSES WATER SURFACE

Hg Temp. Dependent Terms
Absorbed Radiation Hpr ~ (T + 460)4
Independent of Temp. He ~(Ts—Tp)

Figure 8. Mechanisms of Heat Transfer Exchanger

Between the Pond Water Surface and
the Environment.

(taken from reference [18])
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Derivation of Ap as a Function of T2

The heat transfer equation for the pond can be written as

A
- = P 5
mCow(T2™ T3) g K(Ty- E) dA, (13)
0

where K is defined in aH = K(Ts - E)
Also

coc o
Pw”pw A, = K(Tp- E) (14)

which has as a solution, when TA = T2 for A = 0 and T3 for A = Ap:

(T3 -E) = (T,- E)e™" (15)
where r = K Ap/pwcpwq
T,- E
-r 3
or e = (¥=—)
TZ' E
which gives
p.C Q T,- E
- W pw 2

Derivation of an Equation of Me

The expression given for Me (1bm/ft2day) in this appendix is simply the
same as used that for He(Btu/ftzday) after dividing it by latent heat of

evaporation 971 Btu/1bm. Rewriting the expression

Me = (73 + 7.3”)(85- eal)/971'0

The unknown parameter in the above equation is e_ since Ts is not known

s
in the problem. Hence an expression for TS was derived in terms of Tz.

Average value of TS can be written, from equation (15), as

| A
T, = %—- J‘p [(T,- E)e™ + E] dA
P
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where r = KA/prpr

which on integration and substitution of limits gives

T,- E
T, = (T,- Ty)flog, (sz—ga + E (92)
hence
T-E
My = A (73 + 7. CVPL(Ty- r3ﬁoge(T§F—E)+E]-vp(Ta1)J (9)

where VP is the vapor pressure (of the temperature inside the brackets)

calculated in function program VPP in the computer program (see Appendix B).

Derivation of Ad as a Function of T2

Rewriting equations (1), (2}, (3) and (4) after substituting A = 0

p
Q = mCo(Ty Tp) (1a)
Q, = mCa{Tap= Tyy) (2a)
UA,
Q, = 5 [(Ty= Tp) + (Ty- Tyy)] (3a)
n o=V (4)

Eliminating Qa from equations (1a) and (2a) and eliminating Qa, m and Tap
from equations (1a), (3a) and (4) Ay is obtained as

B, U
mCo(Ty~ T (1 + ﬁ;%dTpa——) (7)

d =




Derivation of Fan and Pump Power Comsumption Terms Pf and Pp

Fan Power Pf = AdeAP

AP = f(vm)

From the expression given by Cook [8]
1.725
AP 3.24 RFSVm
10 Py
Cook uses a value of 1.1 for Fs, a safety factor.
Then
1.725
3.24)RFSVm

Pe = (Ale) (g
Pa

33

(16)

For a triangular tube spacing of 2-3/8" fin height of 5/8" and 8 fins per

inch with a thickness of 0.014"
]

Vm' = (flow area fraction between tubes) x (fraction flow between
f
fins)
v
mo_ 1375 0.1
Vf 2.375 0.125
Vm = 1.945 Vf

Substituting the above value of V in equation (17)
A F _RY

f
10 Pa

Power for the Pump, Pp = AP x Q

From Kreith [9] 5
L “w'w
8P = fE
Di ch

v 2

-0.2. L Pw'w
0.184 Re X —D-i -z-g—c—-—

P = n9~§——f-(1.945vf)1'725x 3.24 x 60 x 24 x 5.20218 x 3.66 x 10°

(10)

7



Also 2
NnD.V
_ iw
Q = -
then
0.184r 02y 3 nopL
P = 2e 4w i
p g X
Since

where Ra = Dolni

0.184 Re

-0.2
Py

p  2x&X R 9.

3
Vw

BaAd X 3600 x 24 x 3.766 x 10°

7
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Derivative of the Cost Equation

Differentiating with respect to T2 equation (6) becomes:

dc CA dA M d(P.+ P )
T d'd e f 'p
am, “a, * 5% EiTR2 Phoar, t Cor T, (62)

The individual terms differentiated are as follows:

any H—am) ( )
2 from equation 7

dT, B, X 0.5U(T ¥ T2 21,,)
a8 PuCpwd

© K(T,- E) (from equation 8)

2 2
Ap(73 + 7.3W) -

Mg = 97T.0 {VPL(T,- Tg)ﬁoge(Ts g) + EI-VP(Tg )} (9)

In the above equation it was assumed that the vapor pressure terms could
be written as B8 (TS- Ta1) where B8 was the slope of the saturated vapor
pressure curve (w.r.t. temperature) and for small ranges of temperatures g8
was assumed constant. The value of Ts in terms of T2 is given in

equation (9a).

Thus
;;i. = E%E{(Tz- Ts)lloge(;gg—éd + E]
1og (;EZ—EJ - (12 TS)
] T2 -E

[10g,(7p)1°
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and
dM dA T,- E
e _ 73+7.3W 8 2 _
ar, = 970 {Eﬁ% [(Ty- T3)/0g, 778 * & - Tard
T3- E Tz- T3
+ Ap[ 1093(TE:“§9 - (TEFTf*J] b} =0 (17)
A
[1og, (77¢)] dp, dp
From equations (10) and (11) it can be seen that g7~ and HTE' are equal
2 2
to the constant terms in those equations times Eﬂg,
dT
2

The solution of equation (6a) is not simple. The problem lies in
finding a representative temperature from among the several possible (T2, T3,

E) for evaluation of g in equation (17).
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APPENDIX B

145 pages of (results) output data was obtained through the computer
program. The two pages of the sample results included here foliowing the
program show the general format of the output and also include the values

obtained for the reference case.

37



ILLEGIBLE
DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
- COPY AVAILABLE



38

3 == (€L 36 AVW C1l) ®aw3di JUVIUIWI4IN] -=- 4
4 = H3ISNIONDD 30 ANQ INIWOD 9FIVH u3LVA LUH JU *dWdl -- 11

ANIHSHNS NG IiJVad == NOS

¢ﬁuma>qcum*whu\:hz == LNYLSHUD NUmlllud NYHdA3Ls —= ¥euls
S3aNL 3H 30 ITWhfld NI 5800 40 biwWbin —= HROE

— Exeld/R8] —— dIVM A0 ALIShad —— hLHe

Cxxldznd]) =- al¥ 30 ALlSih30 — Vdha

2%0- Li GISIvd a3uwbh SalLTUNAZE —— uda

E S3uNng "3 40 *vIJd IJISNIZ*YIG 3Ufsing 40 Ulive —— @y
APU/Essld == U3dINO4d adlvs LNETD -- O

DHWW == 4#1553¥d Dl udeasdmiVv LaSIeny — a

== 1 # Juhva ON1T0LD —— UN

HILVM AY 03403 T448 MSHuVH au hdlidVda —- Mbddn

ONOd IHL Ao d3VU 03id3033a MIuH wGiidvad —— Mldad

OhNdd _3HE 0L NOLLYICY s JAVMUNDT JExaddSTnlY == Mlsh

(AODDH XIVIH V SV) JdlvM ONug 3H: A J3Lviuve 1V3H —— mdad
¥IAVM dedo 40 OLLvaUdvAS Au SSUTT LVSH -- g¥AaH
a Ohtlg A (HOTLI3ANUTR. NULLJOGNGD UL alGU SSUT Lyan == Gliidn
UNOG NI ¥31VM 3AL AU G3ubusSdy MSBH 3U INMILRY —— ASdden
ANS OGNV NNS Au NJALY NOLLAVIGVI JAVRLEOHS — MSdn
e AVGeda LYl HE_ShYAL _OVUY _1¥3n dav Mul34
HibZiile — a3tide 3ki NI SSUY LVIK —~ uH

ANl 434 adiVHANIY —— NY

J3Sw23S w0 N/ Lawnd) == ALIAVID L4 30U *KDJY —— I9
SNOLAVINITVI Nvd NI C3SH 961DV3 ALTdVS —— S4
AVG/HMA <= Nvd AW ROLidmwiSwud ¥3M0g —— didd

g == NV¥d Ad NULLdafi3HUL o3M0d —— ddd

¥H/NLY == ¥3N10a JHL JL A94d83 UGS -- 335
YHANLY ~= 301Vadn3d UL ihedl LVIH Wiul -- i3
AWU/IIE —— Q3AVdISSId db U4 INlsoldi LWl wWikd LYLY AYaH -— 33

13 —= STuitl AFUNTHIXI *LH du 7lu 3UISNE == 300
N1 -— S3unl dHA9NVHIXI “Lhe 0 *¥1u 3UiSNE -=- 1u
; ONGd Ul Sy SLSUDT Yni WUl Ivadd == d33

NULLYNIGWOD UNESH S1SG) ShlTuud Wiel ~= 1)
NOJAVHIAD awild UNV _NVE U4 S1502 B3M0a Ivill — 44D

HMA 43d $.5ud _YMIMdd —-— dd)

31500 ddlvM GIavdudvad Tvill -~ 3hk)
wWul ddd SEsLD d3avk — d3

SAS07 Goedd Ivahl —— 4]

1334 5 40 HL4IU *3AV) V3IWV JU Z3~1d pie 515Us ONUo —— d)
S51Suld adMor Acsu WiOL -- uwd -
Yihe 309d 40 Zawld a3d 3283 gaMil Aol == 463 0

qubucuuuuuuuuuuuquuuuuuuuuuuUUUUUULUUuuy

Av3 d3d S4v 1100 Nl SaDLI¥S LSUD 3buv Mo i3H J
deWd T/NLlG —= YILVM dU0 LvaH JI30D34d5-— ndd 2 .
Aena /0L == nkv 40 iVIH 31412345~ Va) a
AL OONTUNIa NI O3SN »0LIVI NJILLVZIav3hl 1 —- T¥idd J
4/94Wn == N1 ONIGNIF oI Q350 d0ldvs >ph.qchpaccccn — %idu J
Blad ONIONLY md G450 ° il ad == bt
SNO3 nUTLVHOGVAD Sadahan N1 U3SH *4300 -- d 2
*WO3 NUFLVAUIYAT Seu3A3n NIT UdSH ®*330) —— J
FAS kL 9 f b == HAIEM i ALISUISIA Jin¥NAL —-— lind ]
INY1d 83MO0d dhi 40 ADiixlIEdd3 VivaFAd -- WY 3
Zwxid —— #IM0OL Adu IWL du vdaV 30V == LUy J
i — - 2wsld == Umlla dHL 3w ¥3ia¥ —— gy o}
SLIN == JUNY == JafivIInImuN 3
*SnOILIANDD D1d3HdSUWEY LIN3lumwy 3HL ONV SUNva ¢:Ha:¢u w:p fADn3ID13343 Jiky U
Lladf ENY g 43M0d IHE*SHOLIYS LSO _INIdI4di0 IHL 1 BT, T 0 S

*HIO0Y 40 NOILVYNIGWOD v d0 ¥3MOL 9N1T00D Vv ¥U ¥3MUL A3G v AY *iNVlo a3Mua ¥ 40 3
AVQ dia SiSUD ONITI0T 3HL 3AVINIIVY UL NILalwm SI mydu0ud AlsLVA nNvdlgud SIHL 2

HS51=83UVa*9=IN11® 92 3nd=NNo* 9Ny gors




39

0%00C000T = WM 13

4 == {QvUY INVId GN HLIM) ONOg 40 drnil W0I¥6VEGG3 -- L3d

O"0T = Unln F4 ]
g*0l=_PA 1+
0°¢2%0°09%0°565 = UdA (5]
L*5AG = aA af
. *021xaey = 100G £
0221 = t1 Le
trevl= 1L 11
o?0..= 0% L2
0'00001/51%000°0= wnyisS (13
0= pod 23
——Gu 1YY= _MuHa Fd R
ZELTO/L"T= Vb 1€
1L0®0 = VuhHa CE
Bruyt =@ L2
62 = LA gz
0°ubEz = MSuH Le
_G15%°0=nG L ¥4
2%ze = 24 (¥4 i
I°T = %3 9
0214281 °0 = J]a €2
"284°0 = 14 ¥
€66°0 = Mol .12
SO¥Z') 3 Yol 0z
5°0 = 43 ol R
- . Y1°0 = 3k el
0% = Y& i1
% £l = B 21
0%°0 = NV ST
— ZEZE000°0. = (k¥ 41
0*¢€L = ¥ el
M IadH A TEH MSHaH * MSBUVH BWV L o  dAV ONIM*u* Y *ynD LS *HA NURKWOD 21
AT RL ANV A W LN S A Vs LY E78 PE R LR S-S T WLE A B S
dA* (821024182121 182 ) nau* {2 Xdd *1BTIWIR (BZDdV* 162D LUV NCISNAEW U 11
(o153dVIHI ST ONETOUD bIAUL Aals *X0S *s 4 )iVmbLa 06 o1
£21S3d¥3IHA_SI uNua A8 ONITU0D4*XCS *s o )lVhdlid E06 . B
tela)ivhala Tué -}
1242°64%s= 1024*X3*L%0Tda= 32:%056%2"54%a= dDo*%X1*s 1 )iv¥mbLL TEY L -
S L LVELIC SN PRS § LAY AT V-TAC TN .4 S - S
Lolde*X60%0dDDe*XB s ddDdy .xﬂoown;-Kﬂ-xﬂu-xcuouiunoxm..!l:.u
. CXBOadMI Lt X64 10V X601 0DatXE 1 LCTa*XGYe 24 1%e3dDa*XT%s a)luwals G2% S E
SR (£5%%212% .= GatX545°2T3%1 5 S
.= !3-okm Y ZT4% 1= Um-.xrnwncu-.l AV 'XU*E"TT30= MMA*XT%0 s daVnecud 61Y K
(%°ZT32*€° 1136094 X5° s s )LVneDs 1LY £ .
e LT OOTADT XSG s ) lbnnlla 002 2
(SUNDDHI*X9* »oWAIR*AS" s MHdH. *XY M bR *XY 4o msST
HUVH s *XD o T30 *XB oL s XL 2 D3 L * XL sadlo "X sonVia* XS X5y s )lvkala D6l B
R e _ . MIALVM S0 ALIALISSImnG == KA |
>¢_C\!¢.— == (GzaalliGaa d3lvh b 00T == hh 3
QH/MYE == LIdAND INVId g3Mda == NM 2
Hdlw == ALLDJDNIA ONIM INFlua¥ —— ONIN i |
IS/ L4== S3”ier IH NI ALIJUISA Z3lvM == kA i B
AvQ/L13 == ALIJONZA d)vl 31V == udA 2
NIWAi3 —— AL33013A AWV HIY == 4A s ]
JYVHZ el 4% JxAVOE/NLE -- HIONVHIXI Y3MUL AdQ =0 *435020 "4%h TTwH3IA0 -- LLN 2
CwwidedxAVA/NLY -= UNUd JHL w03 *2300 IBNIHIXD 194H ~— Wl J
i i o A = _*di3L INIUG Ay AN IR —= _a() |
4 —— ®diii 31V INdlud¥ —— GWVL 2
3
J

3 == tIuNvd ONITLLD = €1 - T1) a3Llvh U3 10D sU dwdl -- E£1




40

009 04 LY a0t
*1
12678 dAY—{031+{Z L JOLNIVACEL~IZ102 L) daA)+ {ONT a4y ) {2])dV=12])mnIH [3°
) 1I0% UL w9 10°0*G3™12l)uv)al Bb
tZilUinTvsuhla = (<1)aY it
T — (= VA O P A P T FAY DR M A B I 1A Y&
UN*T = 21 009 Lu S6
NL/OxAdI=MLHY = Uhua L1
UNUIH  dYAIH " Hd dH ‘Hnbl (OCE49) ol LE
{UG6T*9)uilon o
(UnIm*t +V)m(vidd + 22°0) + L°uTIxTvidu = dL OQE 16
Tar—ZdA_= _¥l3d Lo
(S°0+03Llddah= ZdA bl
($°0-044i)duA= 1lah -1
S — . BOUSE°T = _TVi3t (0°Go " v 0alddl L8
980£*T = Tvi3e (0*06*L1*DILUNV U 05 2LS%Call4l 98
44921 = IVE3G {01101 UGNV O 0L LY 0aL )i =8
$0£2°1 = IMAIW (G20L° LYT0AL uhA " (™09 19 aadal k3]
: T06T°1=1Tvl3d (O"09 L1031 "UNV 0O *0u*19%03L) 41 131
{0T*T0*0*GNLIH*dVAIH* MuaH*HIFU*CI L) LGI 11V 4]
B I G 1°0 = Usi_= 03l is
00t Jr DY (0°0°G3I"HIIUY 41 og
(CT 1 0‘UNUDH Y AVAIH MubH HT40% 0210 103 T1IvD [-Y3
SRS ¢ Aol G20 V-3 G 7T~ B N BL
" 00t ur DY (Q*C*BA"HTITU) d] i
. {0S*0°T*ONUDH  dVATH My gH *H 13U 02 1) 103 TTIVD 9L
ey = 03l Sd
M1a1#E0%0= Klaah L 73
{(dAV ) LHOSSTEO O+ 0ul v en (9 "6S b +un VLI xTnSls = mlad tl
fdUllduA = of¥ 2l
F = dul iL
s1*08'Cs = Q0% 0OG oL
(11} 1de=dhwitd = (I1dned GOS 89
ETI)1OveNyd = (11)xad &9
% . ((BnVEa®2~-{TIDZL4T b edi0rS0aVE R /0H 20{TI)EL ~TLl)2Hadsnh = (T1)Luv L9
ON*E = 1§ 008 ul 99
1. = unvl 1
8*901°G6 = 1 O0% ud 9
_ - 1L = (25)7} 001 £9
I+J1 = 2} 29
6%T424T = 11 UOT uu 19
a_= 21 L%
H530VHE50"0 = MSHEH ©s
(SE*D+ NNSHT9*0)«MSuh = MSuuve 39
OtmMtI3NT*aM {61%49)351aM LS
T (I+%*3)zl1lan 94
. } Le®Z9/am = G 11
f : oo ' %2733 = wi 45
" 0°9Z+ (9 We L3-uf=3a) = 9 4
. 14%620° = 9 2%
NU/uMs0®LIvE= i3 15
g ! C1°Cx 3d=uh os
e RV/L EivE=a2 o¥
2 (HEY L PUPLANHET RS WAT ES O TS 3101 b%
. "eL*0/99L:l
0000° 00" ¥Z»0"FEx (0" YaVu4I930°2 ) /VEBxMAXMASMAMOHU* GIY£581°0 = gwiid Ly
AZ%0-)ex i1V /MCHYe L LaMAD= Lagd G -
SLTO/99LEGUU (442" L+" el
ofmumopccxxcc-ooccncoaﬂ—\mmmawuniu>*mu416u«mNh._.*_meauaum>_ou MNed mn
%0 = MA ;




aQis 981

4

(2°93%:= 031 * SLIWIT 378VY1IS50 NIALIA LON 031 o diVedud 05 €51
L4l (069)3§Tan 241
1d+ 3k = 031 001 161
00T*GGEA00Z (H14u) al 0s I
: ONOIH=dYATH-MEuH-. MIddr=AlaHtRS adH-H3abVn. = HI3G_ &%l . |
(UWVi-0F L)% {UNIRxg+7) £0° 0V /amFE% Y =uluUH b4l
‘ @ LaAvV~ (Q3L)ddAl»(UNIn3dey} = dPAUR At
el 6oy +0IL) s fa9lSsMA = Bunmi ubl
T = 1 00T wa, s%1
AIddH A TdH *HSHdH * RS EEVH YWV L*d* dAVEONIM B Y * YR D IS *MA NunsD) (221
YDl OM H1IIA A3)¥A UNOD 30 dik3l wIdg] 11603 FHL S3AV N WD dNlididadils sty 0y ]
IN* LU*GODH D VAIH MU BH*HIFU 03 L) 10T 2N LINJGYIS ivl
- —_Und o 2T
aldis N %1
JimlinNL ) Doy owl
5 119%* 933114 fOO0Z7°8L3Awid]l O%%  6ET
120c*9)31inn 06 el
0%% UL LY : Lel
. LE0G DY i1 lcM %06 1
0%y ur 09 Sl

i (913124 1910a334(911daD* 191D Maa 1Tl INadl
. $49133MD [} ImIMA IO TIANI{9INav  (REDADALIIRIUNLEQ1)ZL LTI ) 30lnm - ofT |

500 Ul Uy (DON“ua®3i) a2a . etl
: v00 01 DY (T1*03°%i) al ZiT
_ 10MP I IENYADD S EON) 64T % fUND Nda® (Lt daa L
SCONIIMIIONIWIHS CONDAND [ONI Y * (ONJUD* IDNFLAVS (O IZE $TT%*9F3alan 1£3

ARIIEDCUINE DD INE FA34D3 INT D daa® ENL ) ndat

SINTIING (D Vi 3HE ANTYQOMD S ANDDAY S ANLIODAANL DLV aENE )2, (110" mhukrhhlbbbhllllbﬁhllllle

445 ¢%% = NI DOOT wQ 621
1T3L2% 010022 %¢( Thaad Il naat i) 1
A TIIMD LT WIH (1D aM A TDay LT R0DIT0Iav LT)2] (11t 9hdilan a2l
. SNl EHODY 006 L2t
s = 51 9Z1
e 8G1310 = i 0yms 106 SFT
00640064106 [LOTWRS~ 15131D)41 921
GNT= u1 006 Ou €21
- 1= 31 221
11313 = LIRS . 1et"
. IN)ADD +IN)MdID +INMUD = (N}LD OGS 021
L AIN}Nddd IN)Mad)s4a) stlldad 0 LIT ]
uN*T= N 0S% L 8il
a3 {129*9)aiian L1t -
060004 = 4421 911
! GZ*OuZtn0l= n dU% uu sil
tC2%*3)ailom 211
N°GYELICLO00w LYL)i0V4Ll0D = 191302 008 1L . _ |
Un*T = %1 OCB UG (4§
103°%324d) {1E9*3)3ALlum It
S I % NS . ) (S
B*9540E=T CO¥ Lu 601
B : {EX)gRI+ (E1D3MD = (Ei}adD GOL aol
e i : i i (E1bmidHs3) = LET}=MD 4qat
. 0"69€/Le60"0x(EL)uVed) = {El)aM] 901
LN*T = £1 004 wu S01
02 00CCal/an = 31 %01
) BeGY*YE = % GI¥ Uu £ol
ainlANUD 009 2ol

0*C = 1Z10m3H 10% Il




42

AHiNI$
e : ON3 91
Naise  I9L
Gy TL°T1S+dmILxx0 Q17002 = oaA el
. {X=881200°0+N° 1T
1/ 1E2+X+D°0000000 172 T1*0+X «BIHS00 0 » 92 E 10 19%0S%+01/8 TaX = dudd . Oul |
B*T/09%59%+ A} — L2%Lvy = X usl
SHAW ~~ dnli NIAID v LV 3dNSS38d HO4WA UIRVELYS SAL¥DTPD b lidNi $Ikl D
LildoA hOILdN i}
o . oha 961
Ndilas 002 g6




o)
=t

0 32E8L°0 %0 32€0L°0 00 30000 00 3000°0 00 3000°0

%0 35858°0 HO

S0 J1e01"0

39a9E*Q

%) ALGESTO %y 32922°0  %0.499%°(
EU Jen%E°0 HU 3TYL*D

t S0 AUCTTI®*0 OC 3CI06*0 %0 3T58°0 90 3200

153dV¥3HD SI ONOd A4 INITOOD

90 IE59°0 6O
20 30BBL°0 &0 _3%299°0__ %0 JI01°0. G0 3I622°0 S0 3I9LZ°0  H0 1855°0_._60
%0 32218°0- %0 19%1I5°0 %0 Ju€2°0

40 325LL°0 40

e Y0 3Z2EULD 70 dZCHL 0

%3 A%6LL°0 %0
%0 deenl*0 w0

20 32608°0 $0_3569E°0 ..

%3 3666H°0 %0
%0 419€5°0 €O

—— 0 36566°0._00 3000U0"0 .40 30li°0 . 9C 32027090 _3£42%0_00 J000°0 00 3GCG0 _00_3I0CO*0__ 00 30060°0 %0 _3L12°0.. 90 ITHE*0 —2zezL.

%2 ds09L°0

432c3 %0

35Eé99®0
494152 "0

L2 "0
43648 "0

S0 JEXS0 SO0 IPS9°0 w0 ATZ*0 &0 ILIT*0 €0 4960 L0 48Z.°0 €0 3Z85°0 SO 2984°0 *0+1
%0 J%0€°0 G0 3L6E°0 90 ILOT*0 40 3662°C O 20€3°0 EO0 3IW0L°0 4D 3ISS*0 EO0 JIS6°C 9C¢ 247T1°0 “gil
90 36210 90356170 %0 3181°0._80. 3205°0 €0 366%°0 L0 _3LGE°0 +0 38£1°C._9C 2o L% *C€1
90 JELLI*0 90 IBOZ®0 €0 199°0 90 3ISBT*0 €0 32810 L0 325%1°0 H0 3641°0 90 3092°0 %5zl
90 3E¥Z°0 0N 305G°0 00 3G00°C 00 3J00°0 00 30LU°Q %0 4012°C 90 atwz®0 *z2l
— — e e e _0OZD®0 = 493 ]
%0 3ZT1°0 S0 FaBe"0 SO JUYE"0 %0 3226°0 &0 35%1°0 %0 3011°0 L0 d8ub*0 €0 301€°0U €0 3EG%°0 =wbl
0. 5000°0 . _0G. 30000 00 3000°0 . %0 J€59°0. 60 1261°0D &0 30€1°0 80 4I01°0 OO0 I0CCD. 6O ICQ0*G. . *6%L . .
B0 24640 GO0 36220 4D 49L¢°0 40 JuvST0 60 I24TI°0 0 ILTIL*0 L0 :#060*D £0 4S%2°0 SO 361c°0 *uul
»0 201270 S0 HE4S°0 S0 4959°0 40 J12%°0 60 3LTI°0 €0 J%L6°0 L0 35¢4°0 L0 é8u®0 S0 39sl*0 oI
%0 3¥9E°0._ 60 3£66%0_.90 301D %0 _3662°0 . ¥0 I0EL°0  EQ F80L°0 . L0. 3TSS"0 . €0 3256°0.. 90 4%21°0 . *Sii -
YU 396%*°0 90 36Z1°0 90 H551°0 40 ITET0 RO IL0S*0 E0 46590 L0 3LSE'0 40 38e1*0 90 s621°0 °CEl
0 4999°0 90 JELT"0 90 1&0Z°0 €0 3299°0 80 3SBT"0 €0 3IZBL°0 L0 a251°0 40 3631°0 96 30%2°0 *621

»0 3T68L°0 &0 3192Z2°0 %0 3IGZH"0 90 3621%0

%0 ITTTL°0 %0 Ju0%E*0 %0 3192°3 S0 J896°0 90 3911°0 40 4612°0 €0 IEFL0 €0 4099°0 40 3wie G %0 3901°0

%0 3CEaLl°D %0 3ICewi*0 00 J000°C QG 40000 00 3I000°0

%) 3wZZL*D

%0 a9%16°0 %0 3051°0 SO
%0 3E1IL°0 %0 39o9c®0 %0 19%2°U S50

k680

90 3L01°0

%0 3£99°0 &0 3IZu1°C %0 J0ET10
%0 JV0GL°0 %0 J9¢99°0 €0 31E9°0_S0 4622°0 SO _3I9LZ°0__ %0 3uvu"0 60 3Z51°0 40 3%11°0 _JO 3068°0 €0 35%2°0_ SU
de¥S°"0 SO 4wS9°0 %0 ITZH¥"0 60 ILTI*0 €0 3I%Eb°0

42810 %0 JO0e1"0

80 3101°0 ©QO0 3000°0 0O 3000%0
325170 - %0-3%I1°0. 10 3068°0. €0 d5%.°0 60 36le®Q  *gul |

‘6%l

L0 119€°0

30 a101°0

L0 38EL"0

%0 36e2°¢ BO J0CB*0 €0 330L°0C L0 3155°0
—— ¥ JEHTL0 %0 /2770 %0 Jb0e®0__ 90 G6€1°0 90 d9S1°C v 4181°0  BO 32060 _F0 Jagh®0 40 USE*0 40 36,10 9G 36210  "vEl._ .

S e #0_39764°0 %0 4991670 _%0 J0H1°0__50 JEXS°0__ S0 IS 0. 90 AT2%°0._6C ILIT°0. €0 3ves°0 . L0. 38ZL°0_..E0. 326570 L6 39610 _
%0 JZ€6L°N 0 3IZeBLT0 00 I000*0 GO A0UG*0 00 IOCG°0 40 IESH 0 60 210 _+G 3VET"O

0 3LZ9L°0 %0 3%Z99°0 €0 JLSL°0 S0 36220 S0 IO YD 48HSG 60 I¢STC0 %0 IHIT®O

— %0 39Z61°0 50 _39%15°C_ %0 3061°0 U JE9S*0._ 50 d%6%°0.. %0 3T2v*u__60 3LT1°0 €0 3%E6°0 40 347,°0 €0 328
#0 4%64L°0 %0 3567°0 S0 JEGET0 90 JLOI*D H0 5662°0 B0 I0€48°0 €0 3IS0L*U 10 s155°0 €0 4£56°0
90 3581°0 40 JIBL*0 80 3JZus"0 €0 I659*0
—— Y0 ACTHE®Y _£0 355%3°0... 20 _A1:%°0 90 _3EL1°0 490 3802°0 €0 3192°0 80 3ISET°0._ £0_3ZBL*Q. . L0.3251°0 %0 4581°0
%0 35%83°0 00 3LOLC™C %0 SH99*C 90 3E0¢°0 90 3€%2°0 00 30000 00 3ICC0"0 00 3000°0 00 3000°0 %0 4212°0

SL10%0 = 34d

Ca €15 NSRS
80 J101°6 O JI000°0 0O 3000°0 “u¥l
L0 3068°0 £0 a5%2°0 S0 361€*0 "uvl
270 80 d4955°0  *fe]
9u 3910 *uel
0 JdetE"C 90 a6L1°0  *CEl
MO 2049270 %521
90 atwi®¢ *221

0s10*C = J4)

W 3410 "%l
0O S0CC e oU L000°0 “oevl

CAGLES __CSseX
€0 42d%"0 %0 39s5L°0 “*Co1
£0 3L46°0 90 39210 °stl

%0 3ISYL®) €0 J9648°0 %0 I9L%°) 90 IELT®0 90 35C2°0C €0 3299°0 BO 34810 €0 3Z81°0 L0 4241°0 %0 3681°0 9G 3092°0 "2l
0 32€£L°0 00 30000°0 %0 3LSS°0 90 JZUCT0 0 3EYZ°C 00 40600 00 3060°0 00 ID00°0 00 I00O*0 %0 5L12°C 9B 31e2°0 *221
S ey SR Sy GORORRIOMIEINE BN DSDU SN NEM  SOpnOR fpiou Swme g s e —_ . &MZI0°G = Add ..
%0 359%9°0 v0 36591°0 0 ITZE"0 90 394T°0 90 3sL1°G %D 3SE€I®0 B0 I9LE*0 €0 32SE°0 L0 3%i¢°0 %0 39510 90 37uz®0 "zl
0 32e¥270 G _3IZE6L0__00 2000°0 G0 4000°0 _00 3005°0_ %0 5659°0 _0_3Z01*0 %0 3INE1°C_ BO_3IIC1°0  OC 300u"0  CL 3Co0"C. *evl
90 3SLEL°0 %0 492%9°0 €0 3905°) %0 362I°0 40 39LZ*0 %0 38%5°0 60 3251°0 0 4%11°0 40 3066°0 €0 45%2°0 SO soit G *csl
%0 35269°0 0 39916°0 %O J0ZLI°0 SO 3E9C°0 SO 3%56°0 Y0 TZ¥°0 60 ILTI®0 6P 3I4Es0 L0 36<L°0 €0 4765°0 4G S95.°0  *04l
90 312993 %0 3959£70__»0 JLol®0 S0 3€68°0 90 3L0[°0 _ %0 3662°0 _BO 3UEE"0 0 3U0L°Q_ 40 _3144°0. 0. 3l4e®0 90 aw2I1°C  "ofl _ |
%0 35199°0 0 4L922°0 40 4£82°0 90 I621°0 90 45510 w0 J{BI°0 80 3ZLS™0 €0 465#°0 L0 JLGESO 40 33cI0G 96 16.11°0 "Dil
%0 39059°0 ED I65%6°0 40 JIBE"0 90 HELI®0 96 3U0Z*G €D 3L99°0 B0 3$8I°0 €0 32610 L0 2z%1°0 %0 441°0 90 3rwe"0 °s2l
#0_36199°0 00 JOUCC°0 w0 _35%%°0 90 120270 _90 _3€%2°C_ 00 .3000°0__0D_ 330070 Q0 3000°G__0¢_ 0600 %0 3¢12°0 90 31ge°0  *22% o
A 0010°C = 403
e aly dd2 Add Add ELE W3H a4 gy G kv . &L 3d) |
. 00°0€= 1u) C9E0000°0 = 34 05°0 = a2
- L0°G65— 50°€9i2 BE*69vE 69°GHER  0Z2°Lisz  09°0- 0% 161 zz*z8 00°04 oo*8s
GNGOH d¥AIH Mdad Mlan MSHYVH “HI30 Al [ ENE ald HRVL




44

¥Q 36516%0 ¥ IL9%L 0 %0 Ju2(®0 90 366Z°0 €5 38%c"0 %0 3I6EP°0 &0 ISHT*0 40 IOLTI*C L0 3358°C €0 3ebE®0 S0 30w 0 *9ol
¥ 3%826°0 %0 3%8Z%°0 00 30000 00 J000°0 Q0 3000°0 %0 H65L°0 60 Izal*0 0 J0€1°D 80 3101°0 00 3000°0 00 3D0uv®D *&vl
%0 3%»916%9 %3 4£v3L°0 %0 ILuI®0 90 _36FE°0 S0 _3912°0_ %0 40.9°0 o0 IS1*N %0 4511°0 L0 3065°0 €0 JTIS*0. SU 361c*0  *avi
%3 3:1Z5°0 %0 a2Z3u3"0 %0 F0£Z°0 S0 IELL"0 50 IHG9'0 4O ISTL0 60 IL1T*0  EO 39EL*0 10 5udl*0 €0 4Lel°Q SO 393L°0 °uvl
%0 38093°0 ¥L aG9EH°0 %) J¥eL0 S0 IE38°0 90 ILOT"0 40U 399€"D 6D IVELTO £0 I63L"0 L0 dTwbL®G %0 STZ1°G 90 3%21°0  *sei
.57 3800170 _ %5 30220 %0 4996°0. 90 4621%0. 0 3591°0 %0 JT2E°0 _BO 3406°0_ £D_ 3659 °0_ L0 JLS€°0. 0 a%L1°0 90 3bil%9  “(&l
S0 3560T°0 €U awlob™ %0 J419L°0 QU SEL1°0 40 3IWUL"D €0 3918°C B0 I5d41°0 "€ 32481°0 L0 32%1°0 %0 39L2°0 90 aG»2°0  *s2l
S0 35911°N Q0 1GI00°0 %0 3Tey*0 20 322Z°0 90 3e%Z°0 0O 3000°0 00 3000°0 G0 3006°%0 00 2HL"0 %0 39L2°0 90 alscto vt

— - — I T s . & 0GZL*0 = 31a)

%0 37168°3 %0 3{002°0 %0 3012*°0 60 4i%s*0 S0 3%69°0 %0 3515°0 o0 ILT1*0 <0 3I¥E5°0 L0 3IWZL°0 €0 ILel*0 SO a%sL°*0 *iwl
%0 37620 20 3%025°0 00 3000°Q D0 30000 GO S0COT0 _ %0 460l°C 60 32810 %0 310cl1°0 w0 JIQL"0 GO 200070 _ug 3370°0 _ "o¥l

%0 31L€05°0 YU 3E%bl*0 €0 3%98"0 G0 36220 4D 33Le*C 0 J0L9°0C 60 3251°0 90 3%11°0 L0 3use*U €0 3110 &0 361€°0  *g%)

40 3213d°0 %0 4.297°0 %0 3012°0 G0 3Fe%5°C 40 3%59°0 %0 3STs*0 60 ILT1I*G €0 I9E6°0 L0 4420°) €6 FLEL®*0 50 4393L°0 *u%1
—— N0 39125%0 _%d d79EY "0 40 3YvET0. 40 Je69"0___90 J:01°0  H0 4596°0_ 30 JJIEV*0 _EL IBILTO L0 3T55%0  v0 SE21°0 90 3%21°0 *atl

%0 399E6°0 S0 ILIIZ*0 %0 I36%°Q 90 I621°0 90 I5sT1°0 »0 3122°0 490 3I206°0 €D 329%°0 1O L5200 %0 3%L1°J 90 3&6L1°0 “~0el

G0 30031°7 20 =dLon®0 %0 3999%0 90 ELT*0 90 HdIZ°N €0 3914°0 O 31u81°0 €0 32u1°0 L0 32%1°) %0 I%¢2*0 SC a0%é*0  *¢cl
— 50 395010 0G aCiuu®D w0 Hobl0 90 02090 FEw<Q__00 36C0°0 _ 00 H200°0 00 J000°0Q._00 3020°0 %0 3Ivlg*C 0 ldg*u  *ggl |

' SL10%u = 3d)

— &3 3p28u*) _¥d 309¢%°0__ %0 3902°%J) S0 JE60°0 90 4.01%0 %0 359:°0 80 JOL@°*0D 0 30L°0 L0 TS50 %0 JIZT0_ w0 Lw?1°Q  *SET
%0 396252 %0 39425°0 00 40000 QU QUL 0 00 3F000°0 %0 J66L°*0 HO 1ZEI*0 HO IIET°0 €2 STOTI"C GO 330C°0 DO 46UG"0  "o¥l
$J J1T53°0 HU0 4cH3L°0 €0 3L6L°0 SO 3322°0 SO 39LZ2%*0 %) J0L9*0 60 LG1°0  H0 I»TI°0 40 3C6E"0 w0 4110 G4 361€°0 "4%1
— 50 35123%°0__ 20 3230970 o 3041°0 60 3c»5°0 90 3%99°0 50 3G1s°0._60 B IT°0 0 I¥eo°Q LU 29¢i°C €0 JLSL°0 90 393L°0  °0%1
¥0 342560 %0 S0IEY"0 %0 3%62°Q S0 JEou*0 90 3ILOT0 0 359€°0 8O HOLB®*O €0 380.4°0 210 3ITSS°0 %0 SI2T°C 9C #%Z1*0 °*Giel
%9 30993°0 %0 18332°0 %0 452%°0 30 3621°0 90 3551%0 &0 3122°0 80 3205°0 €0 369%°0 L0 4H42%9€°0 &0 3%L1°0 90 dei1°0 "0:1
— %0 31€75°) _ift 23155°0_ %0 .3145°0_ 90 3£471°0 90 340Z°0__£0 3914°C 80 39wi®0 _E0 3241°0. iQ 32910 90 4962y 90 Juwe*C "52l
%0 3£2%6°] 006 30202°0 %0 3093°0 90 3J202°0 90 3€%2°0C 00 jUuu*y 00 3uud*) 00 JOOO "y N0 33000 %0 J4.¢"0 9L Fiec*u *Z2et
} dsiu*v = dald

%0 JIS5L°N 40 4G00€°0 %0 ITEL*D 9G 3IVL1*0 90 35%1°0 0 365Z°0 B8O IL96°0 €0 ITIG*0 LO 4o€®0 %0 A€91°0 90 229170 *I€l
%) I+82Z6%3 Y0 3I9325°0 00 F00L0°0 OO0 3000°0 00 JONO*G %0 166L°0 &0 F2U1°*0 %O JOLI°Q 80 IATOI*C OO 300G"0 OO 300C°C “6¥l
—— 0 _15648°0 %0 3rv6L®0 _£0_41E9°0 . S0_3522°0 S0 IYLZ*0._ %0 3UL9°0_ 60 JZSTTQ 20 3LT1°0. L0 30a6°0 _£0 3TIL*0 60 J61E°0 °*ye)
#0 I5TE£6°0 %9 I2827°0 %0 4041"0 60 3IEHS™0 S0 5942°0 %0 3S15°0 60 AL1T°) ED 49e6°0 L0 3WEl®D €U 3LE4*0 SO 396170 *a%1
$0 3Ze08*D ) 459¥*0 %0 J9%ZTT0- SO 3ELYTO  9C ALUTCO w0 ISYEC0 8D 30EW"0 £0 JIHOL0 L0 TSSO w0 3T21%0 90 3%21°%0  *sEl
— 50 3Z286L°0__ 40 3639270 . wJ IYSCCI. 90 _30dT1°0 _%D.35S1°0._.%0 3TZ2Z°0 . 80 140S°Q0 . €0 36s4°0_ 40 I4S€°2 %0 3%11°0 96 deil=0 -¢
- %0 30018°0 €06 3816670 %0 3I9L%°0 90 ILLI®0 50 3I302°C €0 3I918°0 B0 2541°0 €0 32ul*v L0 IZ¥1*0 %0 %0 96 30%2*0 *521
%0 3160€8°0 0C 3C200%0 %0 3¢55°0 9C 1202°0. 90 3Ie%Z°0 0D 3000°G OO0 3000°0 OO0 3090°0 00 3000°0 %0 3%L2*0 90 313Z*0 *221
SR ; 2 S e SZID°0 = 3]

%0 33911472 U 48L66°0 40 3186€°0 90 ILLT1*Q 90 JE02°0 €0 J913°0 80 J581I°0 €0 3ZHI°0 LO 3IZYI°0 40 I»€Z"0 30 0%2°0 *521

$0_3%BZ5°0 _%0. 3%326°0.00 A000°0 00 4000°0__ 00 _3000*0 %0 36os*0 60 3281°0 %0 40610 _£J 310120 00 00L°0 OO IGOC°0  *abl

%0 3665d°0 %0 3EvBL*0 ©Q 350%%0 SU d6¢¢*0 50 3WLZT0 YO 304970 60 #2S1°0 %0 3IFIT*D L0 duad®G €0 4T1T€°0 o0 4I1€°0  °avl

¥J 39108°0 %0 3Z2409°*2 %0 J0¢1°0 SO JEHS°0 SO0 3I459°0 %0 3514°0 60 FLTTI®D €0 I2EL*0 L0 ad2L®0 €0 3L:4°0 SO 42470 °0%1
———350 30%5L°0 %y 309e%%0 %0 _J161°0 G0 3eLuQ 90 SJOL®D %G 469¢°0 30 J0€4°0 €0 3u02°0 20 314650 &0 3ITZ1°Q 4 40771°0 °*cfl

%0 3%54L°0  wu 39920 w) ILH2°0 90 IJoZ1°0 90 Jusl1*0 0 3ITZZ°0 90 32040 €0 I65%°0 L0 IESE"N w0 I¥LI°3 56 36LT1°0 *Cel

%0 3u%1L°0 €0 20260°0 %0 418E°0 90 4%L1°C 90 340Z°0 €0 4718°0 80 1501°0 €0 H2ui®0 10 3z91°0 %0 29€£°0 90 30%2°0  °Sil
———%0 335140 00 JO300°0 &0 Jgesu=0 90 3202°0 90 3I€v2°0 00 3000°0 00 3300°0 00 3000°0 U0 I0DG0 4 delZ°g %0 5182° 2

00T0°0 = 3d)

12 ~ald 44) Ada . Mdd 1. . vy Jbd G aM) a¥ 11 10y ZL 4

o . ‘ 00°8€= 10D 0»%0C00°0 = 3, 05°0 = a2 |.“




ACKNOWLEDGEMENTS

The author would like to express his sincere gratitude and appreciation
to his major professor, Dr. Robert L. Gorton, for his continual guidance,
suggestions and comments throughout the soltuion of the problem and in the
preparation of this thesis.

His thanks also to Dr. H. D. Ball and Dr. T. 0. Hodges for serving on
the graduate committee and to the Department of Mechanical Engineering for
the financial support.

Finally, very personal acknowledgements to Papaji, Mummyji, Babbu and

Guddi for their constant understanding, encouragement and inspiration.



VITA
Arun Kumar Gupta

Candidate for the Degree of

Master of Science

Thesis: OPTIMUM DRY COOLING TOWER-COOLING POND COMBINATIONS FOR POWER
PLANT HEAT REJECTIONS

Major Field: Mechanical Engineering

Biographical:

Personal Data: Born in Bijnor (U.P.) India, April 22, 1950, the son
of Girdharilal and Ramawati Gupta.

Education: Graduated from I.A.F. Higher Secondary School in May, 1966,
enrolled at Jodhpur University, Jodhpur, India in July, 1966, before
transferring to Kansas State University in January, 1969; re-
ceived Bachelor of Science degree from Kansas State University with
a major in Mechanical Engineering in December, 1970; completed re-
requirements for the Masters of Science degree in Mechanical
Engineering in May, 1973.

Professional Experience: Worked as graduate research assistant in the
Institute for Environmental Research at Kansas State University
from January, 1971 to May, 1972; worked as graduate research
assistant in the Department of Mechanical Engineering at Kansas
State University from September, 1972 to May, 1973.



OPTIMUM DRY COOLING TOWER-COOLING POND

COMBINATIONS FOR POWER PLANT HEAT REJECTIOQNS

by

ARUN KUMAR GUPTA

B.S5., Kansas State University, 1970

AN ABSTRACT OF A MASTER'S THESIS

submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Department of Mechanical Engineering
KANSAS STATE UNIVERSITY

Manhattan, Kansas

1973



ABSTRACT

Due to recent environmental concerns, limitations on unrestricted use of
water for cooling purposes, siting flexibility and water costs, dry cooling
towers are receiving increased attention for power plant heat rejections.

For reasonable approach to ambient air dry bulb temperature with dry
cooling towers, large (expensive) heat transfer surface area is required
because of the low temperature difference between the condenser cooling water
and the air.

A system combining a dry tower and a cooling pond, can possibly provide
a more economical attainment of the same heat load rejection with only minimal
water use. In such a system, condenser cooling water would be received by a
dry tower first and cooled to an intermediate temperature, and then trans-
ferred to the pond to dissipate the remaining heat load. The system takes
the advantages of the relatively high initial water-air dry bulb temperature
difference in the dry section. As this difference diminishes, the water is
transferred to the pond where the driving temperature difference again
increases, becoming essentially that between the water and the air wet bulb.

Optimum dry tower-cooling pond combinations were found for different sets
of environmental conditions and cost factors. Effects of different air dry
bulb and dew point temperatures, dry tower and cooling pond capital costs,
water (evaporation) costs and power consumption (to run the fan and the pumps)
costs on the optimum combination were studied.

It was found that on a daily cost basis water and power costs (i.e. opera-

tional costs) far exceed the capital costs. Water costs and power costs could



drastically shift the proportions of dry and wet cooling in the optimum
combination.

Low dry bulb and dew point temperatures implied greater proportions of
dry cooling and high temperatures suggested greater proportions of pond
cooling. Depending on the combination of extreme ambient temperatures and
various costs, some cases showed that either all dry or all wet cooling was
more economical then a combined system.

Summary of results showed that depending on local conditions and cost
factors net monetary savings in cooling costs of up to 26 percent and signi-
ficant amount of land area savings can result by the use of a combination

system rather than an all dry or all wet cooling system.



