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NOMENCLATURE

a mean area of water-air interface per cubic foot of
packed volume

A cooling tower base area ft2 or available energy

B energy availability BTU or a parameter defined by
Equation IV-53

b enerqgy availability in flow systems BTU/lbm

C Chilton coefficient or specific heat of water

Ce,Ch,Cr constants defined by Equation III-~39

D duty coefficient or tube diameter

Dy equivalent diameter

Dv volumetric diameter

e effectiveness defined by Equation III-1 or a

parameter defined by Equation IV-54

E total energy

E mean driving force factor defined by Equation IV-7 or
fin-side frictional factor defined by Equation IV-41

G air load in cooling towers lbm/ftz—hr

Gm air flow rate through minimum cross-sectional area

G$ average air mass flow rate over total area including

finned tube projected area and free spacing area in
a dry type cooling tower

G water flow rate through a tube lbm/ftz—hr

H height of cooling tower or total enthalpy of air-
vapor mixture

h enthalpy of air-vapor mixture per lbm of air or
enthalpy of steam or air side heat transfer coefficient
for finned tubes
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h, tube side heat transfer coefficient
1
: Bty

hm mean enthalpy corresponding to the temperature g

nd mean driving enthalpy force

ID inner diameter of a tube

5 air side heat transfer factor defined by Equation IV-38

jh tube side heat transfer factor

K heat conductivity or Merkel's heat transfer coefficient
defined by Equation IV-3, or a constant defined by
Equation III-39

Ka a combined coefficient of k and a

Kp pumping factor defined by Equation III-25

L water flow rate lbm/ftz—hr in a cooling tower or
length of a tube

Ll liner thickness of a finned tube

LMTD log mean temperature difference

=

steam mass flow rate

m index defining the variation of mass-transfer
coefficient with water loading in Equation IV-15 (a
constant for a given packing)

n index defining variation of mass-transfer coefficient
with air loading in Equation IV-15 (a constant for
a given packing)

N a resistance to air flow in velocity heads referred
to the reference plane as defined in Equation IV-21
or number of rows of finned tube per cooling unit or
mass of component defined by Equation III-3

N_; number of cooling towers

Nt number:-of finned tubes per ft of pitch length

oD outer diameter of a tube

P pressure
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b v

J " = =

o
rf

s

di
Re

Re
v

oav

power plant profit

amount of heat transfer or heat input in a thermal
cycle

tube side heat transfer resistance

fouling resistance

liner resistance

bond resistance

root tube resistance

total resistance

bond resistance factor

fouling factor

Reynolds number

volumetric Reynolds number defined by Equation IV-40
entropy per unit of mass

entropy or contact area of liquid with air defined by
Equation IV-3 or contact area of finned tube with air
defined by Equation IV-51

dry bulb temperature

dew point temperature

wet bulb temperature

heat input temperature for a thermal cycle

heat rejection temperature for a thermal cycle

average heat input temperature

cooling water temperature leaving cooling system-
recooled water temperature

a reference temperature defined by Equation III-39

average cooling water temperature in condenser
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Tlav average heat rejection temperature

ATl the difference between Toav and Tlav

ATO cooling water cooling range

ATt true temperature difference

TTD terminal temperature difference

T, hot fluid inlet temperature

T, hot fluid outlet temperature

ty cold fluid inlet temperature

t, cold fluid outlet temperature

U overall heat transfer coefficient

u air velocity in a cooling tower

v specific volumé

\' height of packing

W work output of a thermal cycle or cooling water total
flow rate

w work per unit mass

X steam quality or air absolute humidity

Y unknown temperature of cooling water

z potential height

Greek Notation

p air density

o Merkel's cooling factor or a factor defined by
Equation III-44

X latent heat of steam or a constant for a given
packing defined by Egquation IV-16

u viscosity or Gibb's free energy

Q viscosity at wall temperature
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Carnot thermal efficiency or thermal efficiency

Prefix Notation

A

d

d

the change of value between conditions 1 and 2

differentiation

partial differentiation

Superscript Notation

C

creation

isentropic process or saturated state

Subscript Notation

a,b

av

max

min

state a or b

average

condenser

exit

fin-side

gas

high temperature side
inlet

low temperature side
mean

maximum

minimum

cooling water or equilibrium with surroundings
pump

pipe

root tube

liner

xii
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rej rejection
t turbine, tube side or total
w water or wall temperature

1 and 2 above or below packing or inlet and exit

Constant Notation

g gravitational acceleration, taken as 32.2 ft/sec2

9. universal constant
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SUMMARY

The objective of this thesis is to present an investi-
gation comparing the wet type and dry type cooling tower by
energy availability methods. The current various cocoling
systems for power plants are discussed. A suitable equation,
via energy availability methods, is developed to clearly
reflect the effect of cooling water temperature on the power
production rate. In order to facilitate the comparison, a
1000 MW modern power plant is considered using both the wet
type and dry type cooling tower for rejecting its waste heat.
Successful comparisons are made by using the derived equation
to evaluate and compare the performances of each type of

cooling tower under different weather conditions.



CHAPTER I
INTRODUCTION

During the past several decades, electric power loads
have approximately doubled every ten years in the United
States and they are expected to continue increasing at this
rate through 1990. At present, more than 80 percent of the
electric energy produced in the United States is generated
in steam-electric plants. Favorable sites for new hydro-
electric developments are comparatively limited, and other
noncondensing types of generating plants now in use are not
likely to account for a substantial portion of future energy
requirements. Thus, even considering the results of research
under way to develop new means of energy conversion, it
appears likely that for the foreseeable future the bulk of
electric generation will be produced by steam-electric plants,
either nuclear or fossil fuel. Figure 1 shows the projected

corresponding generation to 1990 [1].

Unit: lOlZKWH

5.9

3.1
1.5

1970 1980 1990

Figure 1. Electricity Demand Through 1990



In the operation of a steam electric plant, steam is
produced at high temperature and pressure in the boiler or
reactor, then flows through the turbine giving up energy
which drives the generator to produce electricity. At the
exhaust of the turbine, steam is condensed so as to maximize
the energy conversion. A large amount of heat is given up
to the cooling water in the condensing process. The amount
of heat discharged to the condenser is related to the plant
efficiency. Normally stating, current thermal efficiency
of 33 to 40 percent for modern steam power plants results in
a mistaken notion that the efficiency is extremely low. This
occurs because any thermal cycle is subject to the unbreakable
second law of thermodynamics, in other words, heat rejection
is an inherent byproduct of all heat machines [2]. The amount
of heat is inversely proportiocnal to the cycle efficiency.
Thus, an increasing demand for the electric energy means an
increasing amount of heat to be rejected to the surroundings.

Figure 2 illustrates the total estimated waste heat to be

Unit: lOlSBTU

28.4

12.8

[ s3]

1970 1980 1890

Figure 2. Amount of Heat to be Rejected Through 1990



discharged by the fossil and nuclear steam plants projected
for operation to 1990. For comparative purposes, it may be
noted that the total estimated waste heat for 1990 is 40 per-

A5 BTU equivalent of the elec-

cent greater than the 20 x 10
tricity generation in that year by all types of generation
plants. Some even have forecast the electrical generation
waste heat from steam power plants will amount to 55 x 1015 BTU
in the year of 2000 [3].

Attendant upon such a large amount of heat to be
rejected, there arise two problems which interest power plant
engineers most: (1) How to dispose of this vast amount of
waste heat without adversely affecting the environment, and
(2) How to choose heat rejection systems taking in consideration
the capital investment and the thermal efficiency of the
power plant.

In summary, the power industry faces the problem of
meeting the growing demand for electrical energy and at the
same time controlling thermal pollution with the view of
thermal efficiency and capital investments. The contents of

this thesis will focus on the discussion of the thermal

efficiency based on each different heat rejection system.
‘ T~
The Carnot thermal efficiency n = ; 1 tells us that
h

for any thermal cycle, the heat input temperature Th should

be as high as possible while the heat rejection temperature

Tl should be as low as possible. These two requirements must

be fulfilled when trying to increase thermal efficiencies of



power cycles. The heat input temperature T, depends on the

h
type of heat source. Generally speaking, a fossil-fired
boiler can produce higher temperature and pressure steam than
a nuclear reactor. Therefore, in real practice an efficiency
of almost 40 percent is attainable for a fossil-fired power
plant, while an efficiency of only 33 percent is obtained by
nuclear power plants. The heat rejection temperature Tl of

a power plant is referred to the steam exhaust temperature
from turbines. Tl is determined by the temperature of cooling
water in the condensers, or further by the cooling systems.
The steam exhaust pressure Pl is fixed also since the steam

is condensed along the steam saturation line as shown on
Figure 1-3. It is apparent that a lower cooling water
temperature will reduce the steam exhaust temperature and
pressure and vice versa. Therefore, the thermal efficiency

of a power plant is intimately related to the performance of
its heat rejection system [4].

There are several typical heat rejection systems avail-
able now. As they are superimposed on Figure 3, the cooling
systems can roughly be divided into three types according to
that heat transfer mechanism: (1) Once-through cooling range,
(2) Wet-tower cooling range, and (3) Dry-tower cooling range.
There is considerable current interest in comparing the
relative merits of these methods. Much of this interest has

recently centered upon a comparison of evaporative versus dry

cooling towers. Some previous work comparing the recooled
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Figure 3. Cooling System Temperatures Determine Turbine
Exhaust Temperature and Pressure Along the Steam
Condensing Line. (Ranges of exhaust pressures

are indicated for basic types of cooling systems
according to heat transfer mechanism employed.)

water temperatures of these two types of cooling towers has
been done by H. Heeren and L. Holly ([27]..- However, no one

has as yet compared the effects of the recooled water temper-
atures of these two cooling systems on the thermal effic-
ienéies of power plants. Such a special comparison can easily
be done if we have certain analytical procedures to evaluate
how the performance of a power plant varies with the cooling
water temperature, i.e., the performances of the cooling

systems being evaluated by the performances of its power



plant.

The purpose of this thesis is to use energy availability
methods to demonstrate a direct means of comparison which will
reflect clearly the comparative effects of recooled water
temperature on power production rates from modern power
plants--an essential step in making comprehensive decisions
regarding the design and use of cooling systems.

In order to facilitate the comparison, a power plant
of 1000 MW employing a supercritical thermal cycle is consid-
ered for the design of both the dry and wet type of cooling
towers to dispose of its waste heat. A more comprehensive
comparison of their recooled water temperatures than that of
Heeren and Holly is obtained. Finally, the efficiencies of
the power plant, calculated by an equation derived from
energy availability methods, are also compared by plotting

against different dry bulb temperatures.



CHAPTER IT
TECHNICAL DISCUSSION

Before entering the main subject of this thesis, a
brief discussion on the recent techniques of discharging
waste heat from a power plant is in order. As was mentioned
in the previous chapter, many electric utilities have been
confronted with tﬁe problem of how to reject waste heat from
future electric generating steam power plants. Several heat
rejection systems have been devised and are now being used
for the purpose of fitting the special situations of differ-
~ent plant sites. As a consequence of their employing
different heat transfer mechanisms, each type has some
advantages and disadvantages, respectively. A literature
survey of conventional and modern heat rejection systems is
presented in this chapter, together with a comparative analysis

of their merits and demerits.

Classification of Heat Rejection Systems

The cooling systems can be divided into four systems
according to their devices [4]:

(1) Once-through cooling system

(2) Cooling lake system

(3) Spray pond cooling system

(4) Cooling tower cocoling system

The cooling tower system can further be separated into



several types:
Cross Flow

Natural Draft ‘[

-~ Evaporative Counter Flow

Cooling Towers

Forced
Mechanical Draft _[ F{:Counter Fiow

Induced | L Cross Flow

Direct

- Dry Cooling Towers

Mechanical Draft
Inditect _[
'Natural Draft

Series Types

. Evaporative/Dry Cooling Towers -[
Parallel Types

Each cooling system will be discussed separately in

the following sections [5].

(1) Once-through cooling systemn

Turbine
Generator

.
S T

Boiler

A

Condenser

i ——

River

Figure 4. Once-through Cooling System



Once-through cooling takes water from a lake or river
at temperatures about 70°F and heats it about 20 to 25° F
in the condenser, and then discharges it at a point downstream
from the plant. With such a cooling system, the cooling
water doesn't form a closed cycle. Therefore, the once-
through cooling systems provide the lowest naturally occurring
condensing temperature available to the steam turbine, i.e.,
provide the most efficient utilization of turbine heat input,
since the steam can expand to a low exhaust pressure and
produce more useful work. Recently; because of the widespread
adoption of federal and state thermal pollution control
regulations, there are fewer and fewer new applications of
this conventional cooling system.
Advantages:

1. The simplest and most economical method.
2, Minimum water consumption.

Disadvantages:

1. Limited availability of large supplies of cooling

water.
2. May violate water quality standards.

(2) Cooling lake system

Spillway
Power

Plant

Coonling Lake

Figure 5. Cooling Lake System
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This system resembles the once-through system, with
the exception that the cooling water is recirculated. The
water surface temperature will be closely identical with a
once-through cooling system, if the lake size is large
enough. However, many cooling lakes are much smaller, and
therefore operate at much higher surface water temperature
and, likewise, higher turbine exhaust pressure. An approxi-
mate estimate indicates that the minimum area required for a
cooling lake is 2 acre/MW for a fossil plant, or 3 acre/MwW
for a nuclear power plant. At such rates, the cooling lake
will perform as well as a once-through system.

Advantages:

L. Reasgnable construction costs where soil conditions

permit.

2. Can possibly operate over a long period of time

without make-up water.
3. May be beneficial for other purposes--sailing.

Disadvantages:

1. Requires large land area.

2. The basin soil of low permeability is seriously
required.

3. Possibility of fogging and icing.

4, Concentrate dissolved solid. '

(3) Spray-pond cooling system
7
Air ® \\\ / i\x 1,7 Alr
In \\\ y}’l \A //-/ Out
P .

7l i

— — - — L —
. —— e — — — —
— — — — —

Water
In

1|

Figure 6. Spray-pond Cooling System
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A spray-pond cooling system is shown in Figure 6. The
spray nozzles atomize the droplets into fine sprays, thereby
increasing the heat transfer per unit area of land. Heat is
rejected by direct contact of ambient air with the water
sprays direct from condenser. A nominal water loading rate
of 500 lbm/hr—ft2 of pond area, and wind speeds of 6 miles/hr
would be typical design parameters for such a cooling system.
Advantages:

1. Reduces required area compared to cooling lake.
2. Relatively simple and economic compared to cooling
lakes.

Disadvantages:

1. Increased water losses due to drift.
2. Performance strongly depends on wind speed and

direction.
3. May cause localized icing and fogging.

(4) Wet or evaporative cooling towers

There are two basic classes of evaporative cooling

towers:

(a) Mechanical draft type -- a fan is used to produce
air draft through the
tower.

(b) Natural draft type -- the air draft is produced
by the "chimney effect" of
the tower height.

For both types, heat transfer takes place within the

cooling tower by direct contact of cooling water with air.
Most of the heat is dissipated by evaporating a portion of

the circulating water, while the remaining heat is lost by

sensible heat transferring to the air.
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Air Qut

111

Packing —\

L IVIVIVIVI

Air In —_— )
/ €——— Air In

Figure 8. Natural Draft Wet Type Cooling Tower

12



13

The towers are also divided into two types according
to the flow direction of air in the tower relative to the
flow direction of water.

1. Counter-flow -- The air flow direction is just the
opposite of that of cooling water. Such
an arrangement provides the most efficient
means of heat transfer.

2. Cross-flow -- The air flow is perpendicular to the
water flow.

Advantages of mechanical wet type cooling tower:

1. Positive control over air supply.

2, Pumping head is law.

3. Close control of cold water temperature.

4. A minimum effect on performance by relative
humidity.

5. Lower capital cost than natural draft tower.

Disadvantages of mechanical wet type cooling tower:

1. Subject tc mechanical failure.

2, Subject to recirculation of the humid exhaust air.

3. Operation and maintenance costs are higher than
natural-draft tower.

4., Exhaust air may cause icing and fogging.

Advantages of natural wet type cocling tower:

. No mechanical or electrical components.

. Low maintenance costs.

Large water loading capacity.

Use comparatively small ground area.

Local icing and fogging may be eliminated by high
level plume discharge.

Ul W=

Disadvantages of natural wet type cooling tower:

1. Internal resistance to air flow must be kept to a
minimum.

2. Great tower height is necessary to produce draft,

thus capital investment is higher than for

mechanical type.

Exact control of outlet temperature is difficult.

Blow down disposal problem.

W
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(5) Dry type cooling towers

The shape of dry type cooling towers are very similar
to that of wet type towers except the internal construction.
A dry type cooling system operates on the same principles
as an automobile radiator. Thus, there are no evaporative
losses. Heat is rejected through a fin-~tube exchanger.
Another type of dry cooling system, known as an air-cooled
condenser, will condense steam directly inside the finned
tubes. The flow of cooling air, in either dry cooling design
could be promoted by fans or a natural draft stack.
Advantages:

1. Eliminate fogging, mist, icing.

2. Eliminate water problems, such as availability of
water, evaporative losses, blow down and thermal

pollution.
Disadvantages:

1. High construction costs.

2. High maintenance costs.

3. Large volume of air flow is needed.

4. Turbine output is limited by high cooling temper-
ature.

5. Larger land area is required than for wet tower.

(6) Wet/dry type cooling tower

The vapor-plume emissions or large water consumption
rate of wet type cooling towers and the high condensing
temperature of dry cooling towers are undesirable to power
plant cooling .systems. A newly proposed method, known as a
wet/dry cooling tower, provides great flexibility in plant
design and siting because of its ability to reduce or even to

eliminate viesible plumes. It can also reduce annual water
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consumption to perhaps 20% of the conventional wet type tower
value, without increasing the economic penalties associated
with dry cooling systems. Figure 9 illustrates the
construction of one of this type of coocling towers. The
upper part of the tower is of dry type and the lower part is -

of wet type.

Air QOut

|11

Dry
Cooling
Section

Wet
Cooling

Section

Ajr In  ————» € Ajr In

Figure 9. Wet/Dry Type Cooling_Towers

There are several basic configurations for wet/dry
tower design. Parallel flow designs have separate air
passages through convective and evaporative sections and rely
on the fan to.mix the warm dry air with the warm saturated
air. In series design, the dry cooling section can be

located either behind or ahead of the wet cooling sections [6].
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The theoretical analysis of a wet/dry cooling tower as
compared with a wet type tower can easily be done on a
psychrometric chart. The conventional wet type cooling
processes result in warm-saturated exhaust air, which becomes
supersaturated as it mixes with the cooler ambient air.
Supersaturated air is a mixture of the moist air and water
droplets that have condensed to form visible plumes. These
processes can be shown on a psychrometric chart. As for the
'wet/dry type towers, the air never becomes saturated. The
air exhausts from the tower in a warm but unsaturated
condition; As it mixes with the cooler ambient air, the
mixture follows line 3-1 (Figure 10) , never becomes super-

saturated and never forms a visible vapor plume.

0.6 7 06 7
/
| Wet Type Cooling / = WEI/Dry Type COO“HQ /
2 //
ng- 04} // 5
E |  Saturation =
* Line Saturation
202 02 -
502 Line .
° .
3 B B /'i' - - 2
< - =" 3 1 L L
““““ L1 ] ! l 0
20 40 60 80 100 20 40 60 80 100 120

Figure 10. Psychrometric Chart for Wet Cooling Towers
-and Wet/Dry Type Cooling Towers

Summary :

Four principal types of cooling systems have been
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devised. Owing to the recent widespread adoption of federal
and state thermal pollution regulations, fewer and fewer
conventional once-through condenser cooling systems are
being installed. This has resulted in an increasing trend
toward using supplementary methods to reject waste heat at
future plant sites. Man-made cooling lakes, spray ponds,
wet type cooling towers, dry type cooling towers and wet/dry
cooling towers appear to be popular and satisfactory devices
for some specific purposes. As a consequence of their
employing different modes of heat transfer, each cooling

system has its own advantages and disadvantages, respectively.
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CHAPTER III
THEORY OF ENERGY AVAILABILITY METHODS

As we pointed out in Chapter I, it is well known that
the cooling water temperature is one of the factors which
affect the output of turbines. Before building a new power
plant, a method which will reflect directly the effect of
cooling water temperature on the power production rate is
quite necessary for making a comparative analysis on the
cooling systems available. In this chapter, we are going to
develop such a method using availability methods which employ
the concepts of available energy and then derive an equation
containing all the pertinent parameters.

Discussion on enerqy availability

There are two forms of energy to be considered--heat
and work [7]. The first law of thermodynamics shows a
balance between them. However, the second law of thermody-
namics marks the distinction between theﬁ. The concepts of
energy availability are derived from a combination of these
two laws of thermodynamics. Since the time of Carnot (1824),
the concept of potential work--in the sense of the maximum
work which can be produced by a system or process--has been
of concern to engineers dealing with power systems. The

concept was inherent in the free energy and available energy
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functions of von Helmholtz and Gibbs (1873). In 1941,
Keenan formulated the following measure of the maximum work

of closed systems--a measure which he called "Availability":
A = E+P_V-T_S-(E_+P_V_-T_S ) (ITI-Y)

The subscript "o" denotes the closed system when it is in
equilibrium with the surrounding medium so that the quanti-
ties Po, T0 and (EO+P0V0—TOSO) are constants. Since A is
thus a function of the system properties E, V, and S, it may
be regarded as being a property of the system for any given
surrounding medium. Keenan refers to the property A as
being "the maximum work which can be delivered to things
other than the system and medium by the two unaided by any
change in external things." The availability A is a measure
of the potential work of systems. In regard to the potential
work of processes, Keenan pointed out that the steady flow
availability derived earlier by Darrieus and Keenan is given

simply by:
([
Aprocess = (E+PV TDS)—(EO+POVO—TOSO) (II1I-2)
In 1958, Tribus suggested that the potential work of
processes should be given by a balance of availability rather

than by a balance equation for the term E+P0VﬂToS, since

E+POV—TOS is not a general measure of the potential work of
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open systems. Dr. R. B. Evans, the advisor of this thesis,
carried out the generalization by replacing the term
(EO+POV0—TOSO) in availability by the term gucoNc; where u
is Gibb's free energy and N is the quantity of mass [36].

_ _ _ _ Al
= E+P_V-T_S-Ip_ N (ITI-3)

A ¢ .
generalization o COcC

Equation III-1 and Equation III-2/ are special cases
of Equation III-3, This is a brief history of available
energy. Evans also proved that Equation III-3 is the only
consistent measure of potential work for a very large class
of systems [36]. Tribus and McIrvine [35] have recently
displayed the relationship between this function and
statistical thermodynamics and information theory closely
related to the energy availability is effectiveness. A
further discussion on energy availability and effectiveness
is given in Appendix I.

Availability analysis of a Rankine cycle

The available energy in a steady flow system may be

= E +P V -T §
O

O 0O OO0

defined as b = h-TOs by neglecting the term ZUCONC
C

which cancels out of steady flow processes. There is an
inherent decrease in energy availability when heat transfers
across a definite temperature difference or when a fluid
flows through a pipe with friction. Both processes cause
increases in entropy [9].

Any Rankine power cycle will consist of the following
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four main processes:

1. Heat input in the boiler or superheater.

2. Work output from the turbines.

3. Heat rejection in the condenser.

4, Work input in the pumps.

Processes 1 and 3 concern the heat transfer across
a temperature difference. Processes 2 and 4 include some
friction work. All of these four processes will cause a
change in the energy availability of the working fluid. Thus,
when analyzing thermal power cycles, two theoretical analyses

can be made, i.e., the first law analysis and the second law

analysis. An example is given here:

— Boiler

e
Wp ’| P Pump Turbine —>w,

1 Condenser .

Figure 11. Simple Power Cycle Analysis

The following states are given

P, = l.p51a n, = np = 0.8
e 1 — 4]

P3 = 600 psia To = 70°F

T, = 800°F
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From steam tables

h, = 69.7 BTU/1lbm s, = 0.1326 BTU/lbm-F

bl = hl-TOSl = 69.7-530 x 0.1326 = 0

The pumping work

wsp = v dp = 0.01614 (600-1) x 144/778 = 1.8 BTU/lbm

W= wsp/nP = 1.8/0.8 = 2.25 BTU/lbm

h, = h +Wp = 69.7 + 2.25 = 71.95 BTU/lbm

1

From steam table h = 71.95, P = 600 psia, we find that

0.134 BTU/lbm-F

= i v o = =
b2 = h2 Tos2 71.95-530 x 0.134 1.03 BTU/1lbm

From steam table P = 600 psia, T = B800°F

1407.7 BTU/lbm sy = 1.6343 BTU/lbm-F

o g
Il

3 = by

o
I

—TOS3 = 1407.7 - 530 x 1.6343 = 541.52 BTU/lbm

The entropy of state 4' can be calculated by



The

The

The

The

h4 = h4f + X4 X hfg4 1012.2

X4 = 0.9095
The entropy of state 4 is
S4 = Sf4 + X4 X ng4 = 0.1326 + 0.9095 x 1.8456
b4 = h4 i TOS4 = 1012.2 - 530 x 1.6785

1.6343 0.1326 + Xé x 1.8456

hl’

4 h

[ [ e |
4f+Xh

4 fg4

isentropic work is thus;

g = By

-h'! &

A 1407.3 - 9213.3

w

actual work is

494.4 x 0.8

X n =

t

= 69.7 # 0.8135 % 1036.3

23

X) 0.8135

913.3 BTU/1lbm

494.4 BTU/1lbm

395.5 BTU/lbm

enthalpy of state 4 can be calculated

t 1407 .7 = 385.5

quality of state 4

1012.2 BTU/1lbm

x 1036.3

_§9.7 + X,

1.6785 BTU/lbm-F

121.6 BTU/lbm



Summaries are given as follows:
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state h BTU/lbm b BTU/lbm
L 69.7 0
2 71.95 1.03
3 1407.7 541.52
4 1012.2 121.6
(1) The First Law Analysis
Energy in BTU/1lbm percentage
Feedpump 2,25 0.168%
Boiler 1335.75 99.832%
Total 1338 100 %
Energy out BTU/1lbm percentage
turbines 395:5 29.5 &
condenser 942.5 70.5 %
Total 1338 100 %
Overall thermal efficiency = 395.5/1335.75 = 0.296
(2) The Second Law Analysis
| Availability gain BTU/1lbm percentage
feed pump 1.03 0.19 &
boiler 540.49 99.81 %
Total 541,52 100 %
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Availability loss BTU/1bm percentage
turbine 419.92 77.3%
condenser 121.6 22.7%
Total 541.52 100 2

Overall thermal effectiveness = 395.5/540.49 = 0.731
A more complicated example is presented in Thermodynamics--
Keenan [8].

It is obvious that the second law analysis provides
much more detailed information than the simple first law
analysis because several ideas are suggested as follows:

(1) The ambient temperature To' which can be taken
to be the cooling water temperature leaving the cooling
system before entering the condenser, enters the whole
calculation as a variable parameter. This is a special
merit of 2nd law analysis that the lst law analysis doesn't
reveal.

(2) The effect of cooling water temperature on the
power output rate can be investigated by applying the
effectiveness of the power plant. The definition of the

effectiveness of a power plant is

- work output
energy availability input

(III-1)

We know that both the work output and the availability energy
input increase as T0 decreases and vice versa. Thus, if we

can find an equation of effectiveness as a function of To’
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namely,

e = f(TO)

Then the work output rate can be calculated by

Wnet = e x availlability input

Wnet = f(To) X availability input (III-2)

Letting the energy availability input = heat input x g(TO)

and substituting into Equation III-2 yields,

=
Il

_— heat input x g(To) X f(TO)

]

heat input x k(T) (I11-3)

Such an equation will reflect directly the effect of cooling
water on the power output rate.

(3) The second law analysis also'éuggests some detailed
improvements since the various irreversibilities may readily
be .isolated and their importance compared. We find that the
most serious availability loss occurs in the boiler due to the
very large temperature difference between the heat source and
steam. In practice, the availability loss is reduced by
incorporating superheaters which abstract some heat from the

furnace gases before the boiler, and economizers which preheat
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the feed water and abstract heat from the furnace gases after
the boiler [10].

(4) Considering the effect of cooling water tempera-
ture on the power cycle and repeating the same calculation,
we find that, with respect to To' the effectiveness of a
power cycle is more stable than its efficiency. The state-
ment can be proved by considering a simple power cycle in
which heat is supplied to the steam in a boiler. The energy
availability gained by the steam is

in = M -T s )-(h;=T s;)

(ITI1-4)

m(he—hi)-Io(se—si)
where the subscripts e and i refer to the inlet and exit

of the boiler. Since

L] L ] . déh éh
m(h_-h,) = Qp; m(s -s;) = J = (III-5)

Substituting Equation III-5 into Equation III-4 yields:

T
B = Q0 o o) TL=6)
in h 'I'hav

where the éh is the heat absorbed by steam and the Thav is

the average temperature of the steam in the boiler.

Substituting Equation III-6 into Equation III-1 we get
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& = nEt . FEET-T)

& B w2

h Thav

Slnce_wnet/oh = npower cycle’ thms
T
hav
& & n () (I11I-8)
power cycle Thav ‘I‘O

It is clear from Equation III-8 that when '1‘o increases,
the efficiency of the power plant tends to decrease, mean-

while, the denominator T - T0 also tends to decrease.

hav
Thus, we can conclude that the effectiveness of a power cycle
is more stable, with respect to To' than its efficiency. The
efficiency may be equal to the effectiveness only when T,
is equal to absolute zero. It is impossible to reach such a
low temperature. Therefore, the effectiveness is always
larger than the efficiency of a power cycle. Also, as
pointed out by Kreith [34], the effectiveness tends to be a
constant, as will be demonstrated in this thesis.

The previous four statements are gll derived from a
comparison of the first and second law analysis and will be

quite useful later on.

Derivation of Equation e = f{TOL

Figure 12 illustrates the typical arrangement of a
simplified power plant. The subscripts h and 1 refer to
boiler and condenser. The output of the turbine is equal to

the isentropic work minus the lost work and the pumping work
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Combustion Gas

/ System Boundary

— € Thav > -
P
I w_Elpump " [rurbine IT
P | _—1 t
Tlav ==

Cooling Water
To Tot AT,

Figure 12. The Typical Simplified Power Plant

plus the pumping loss:

. . ph . . ph
Wt =m [ vt(dp}S - m hloss £ = Nyl [ vt(dp)s (ITI1-9)
3 Py By
= Dy tEp) # M 1 a Ry (apy (11I-10)
P ] s loss p n P s
Pq pump . Pq
The net work of the output is thus,
i = Wt—Wp (III-11)
. T ph . ph 12
et = Ngl /v ldp) g - 1/np m J vp(dp)s (III-12)

Py Py
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The enerqgy availability supplied to the boiler is,

c o c e
in ~ Wnet ¥ Tom(Sturbine+Spump+scondenser+spipe) " mbout
(ITII-13)
where the superscript c denotes entropy creation [35].
Repeating the effectiveness of the power cycle,
e = wnet/Bln (III-14)

Substituting Equation III-12 and III-13 into Equation III-14,

yields
P p
v 24y 1 h
n . omSf v, (dp). - - m/S v_ (dp)
o - turbine P t s n ump 1 P s
p -
5 WS e s 8. @ O ¢ . _m P
mfplvt(dpjs mﬁthSS t+TOm(St+sp+sc+spi)+mbOut 7 Iphvp(dp)s
pump 1
(ITII-15)

The enthalpy loss can be related to the entropy
increase in a turbine. Since most of the turbines try to
expand the steam to a low pressure, i.e., the state of
exhaust steam is normally in the two phase region or near the
saturation line on a Mollier diagram. In these regions,
the?e are two special advantages that we have: (1) In two
phase region, the constant pressure lines are straight
lines and in the region near saturation line, the constant
pressure lines bend upward a little bit; and (2) In the two

phase region, the constant pressure and constant temperature



lines overlap, and nearly overlap in the region near the

saturation line. Figure 13 shows such a diagram duplicated

from a Mollier diagram [11,12]. The enthalpy loss is

From the thermodynamic basic relationships [13]

]

dh =T ds + v dp 35 p

thus

3h

(as P

Since the constant pressure lines are constant

lines in the two phase regions, thus

h
A

Ahjges

Constant P&T

oh dh
(=) _ds + (§E)sdp"'

(III-16)

L3

(III-17)

(ITI-18)

temperature

Constant Pressure Line

Straight Line

Z

Constant Temperature

Line

\ 4
®

Figure 13. h-s Diagram
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c &hloss t
Sturbine "_Tl__ (III-19)
or
Ah - x s° (III-20)
loss t i turbine

These two equations are exactly valid for the exhaust
steam in the two phase region. In the superheated region
near the saturation line, it still holds approximately well.

Here a real example is checked.

P, = 3000 psia si =Sy = 1.7163 BTU/lbm-F
T, = 1600°F hi = 959.47 BTU/lbm

sy, = 1.7163 BTU/1lbm-F sy = 2.144 BTU/lbm-F

ng = 07 h, = 1217.6 BTU/1lbm

Pi = 1 psia p, =1 psia

Ti = 101.74°F T, = 350°F

The theoretical entropy increase is As_ = $,=8; = 0.4277.

The entropy increase calculated by our methed is

'
_ hloss B hl hl
- []

b Tl 'I'l

= 0.46

_ 0.46-0.4277 _
The percentage of error = 02277 = 7.5%.
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If we check the point of h = 1217.6 BTU/lbm and s = 2.144
BTU/1lbm-F on a Mollier diagram, we find that the point is
not near the saturation line, however, the error is limited
to 7.5%. Thus, we can surely conclude that our method holds
pretty well for a turbine which exhausts steam in the super-
heat region near the saturation line.

I also have to point out that the entropy increase
Asy calculated by Equation III-19 is always larger than the
real entropy increase Aba because the constant pressure line
in the superheated region is an upward bended curve relative
to the straight line lengthened from the same pressure line
in the two-phase region. This fact has enabled our method
of calculating the entropy increase to closely approximate
to the real entropy increase.

Now we return to the derivation of our equation.

Substituting Equation III-19 into Equation III-15 and

. c .
rearranging sg ... yields
By (4 1 Phy (a
ntmfpl v (dp) g, - /npump p i ap) g
e =
. Pn ' s O 1 Ph 4
mfpl vt(dp)s4(To-Tl)m 8L +T m(s +S Cts ) mbout A p ( p)
pump
(II1I-21)
Again,
« P
. (1-n,) mS (dp)
mAh P
« C _ loss _ 1 -
ML = —g = = (III-22)
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Substituting Equation III-22 into Equation III-21, yields

Py
v (dp) -l/n mf By (dp)

n
_ £" Pl Pi F
e =
(1-n ) Ph s . G, . C, C .
mf lv (dp) j+ (T ~T;) T mf By (dp)S+TOm(sp+sC+spi)+mbout
1 (II1-23)
~ i mf Ny (dp)s..
pump *1
.ph
Dividing Equation III-23 by mfp vt(dp)s yields
- -
Ph
d
fplvp( P g
‘r] —
tur phv (dp)
Nl py vt
e = =
T_=T T (sS+sS+sC.)+b B
1+ (-2 l)(l—nt)* o'"p c pi out fplv (dp)s iae
1 h Tp
S vt(dp)S Py
P / vt(dp)s
Py (III-24)

For simplification, we neglect some insignificant
terms in the above equation.

(1) The entropy increase in the pipe and pump are
almost negligible in comparison with the entropy increase in
the condenser.

(2) Tye ratio of isentropic pumping work to isetropic
turbine work tends to be a very small number and for a
given cycle, the variation in this ratio is almost negligible

that for a given power cycle, it can be treated as a constant
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without causing too much error.

Let

Ry (ap)
By B e g
= K (ITI-25)
Py P
npfplvt(dp)s

Neglecting the insignificant terms and substituting

Equation III-25 into III-24 results in

n . - K 4
o = turbine . p (III-26)
1+(T0*T1)(l_ )+Toscondenser+bout .
T e Py, P
fplvt(dp)s

The entropy creation for a heat exchanger

T_ and T, are the average temperature of cooling

a b
water and heated water [14].

Figure 14. Heat Exchanger






