
rr 

ORNL/TM-4471 

Coupling Technology for Dual-Purpose 
Nuclear-Desalting Plants 

J. E. Jones Jr. 
T. D. Anderson 
S. A. Reed 

l£>1 

OAK RIDGE -NATIONAL LABORATORY 
OPERATED BY U N I O N CARBIDE CORPSRATION-FOR THE ENERGY RESEARCH A N l f & E V E l O P f t E N T A D M I N I S T R A T I O N » -

1 * 1 

X .v \ "v m 





Printed in the U n i t e d States o f A m e r i c a . Avai lable f r o m 

Na t iona l Technica l I n f o r m a t i o n Service 

U .S . D e p a r t m e n t of Commerce 

5 2 8 5 Port R o y a l Road , Spr ingf ie ld , Virginia 2 2 1 6 1 

Price: Pr in ted Copy S 4 . 5 0 ; Microf iche S 2 . 2 5 

This report was prepared as an account of work sponsored bv the United States 
Government. Neither the United States nor the Energv Research and Development 
Administration/United States Nuclear Regulatory Commission, nor any of their 
employees, nor any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would net infringe privately owned rights. 



OHNL/TM-1^71 

Contract No. W-7^05-eng-26 

Engineering Technology Division 

COUPLING TECHNOLOGY FOR DUAL-PURPOSE 
NUCLEAR-DESALTING PLANTS 

J. E. Jones Jr. 
T. D. Anderson 
S. A. Reed 

Contributors 

F. G. Welfare 
W. H. Kelley 
L. C. Fuller 

-ttOTKl* 
rTlUM Sum •« IW V««> .oj >Mt>' «»"•»'«* *"* " 
aMiwM. « l>-r» f̂W*"!""-
„r..>,- <>r» « '«*«»• » utat>« nwuwii <- • .»•*»««•*<• 

Date Published: November 1976 

NOTICE: This document contains information of a pre-
liminary nature. It is subject to revision or cor-
rection and therefore does not represent a final report. 

Prepared by the « | 9 f ^ T r ^ } 
OAK RIDGE NATIONAL LABORATORY M l W 8 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 



iii 

CONTENTS 

Page 

ABSTRACT 1 
INTRODUCTION 1 
SUMMARY fc 
ECONOMIC INCENTIVES 6 
WATER-TO-POWER RATIOS III DUAL-PURPOSE PLANTS 8 

Design-Point Product Ratio 10 
DESCRIPTION OF REACTORS ,.. 10 

Pressurized Water Reactors 15 
The Soiling Water Reactor 16 

TURBINE CYCLE TECHNOLOGY 16 
Back-Pressure Turbines 16 Demonstration Plant Turbine Cycles 17 
Process Heat Cost 22 

DESCRIPTION OF EVAPORATORS 26 
COUPLING CRITERIA 30 

Plant Flexibility 30 
Plant Availability 31 
Control 31 

CONDENSATE QUALITY CONTROL 32 
PU3LIC HEALTH AMD SAFETY ASPECTS OF A NUCLEAR DUAL-FURPOSE PLANT 3k 

Itsproveaents in the Brine Heater 35 
Operating Restrictions 35 
Isolating Loops 39 

REFERENCES ^2 
Appendix A. THE COST OF ISOLATION LOOPS 1<3 

Capital and Pumping Costs for a Pressurized Water 
Isolating Loop 1.3 

Capital Cost for a Water-Stem Isolating Loop 
Calculation of the Penalty for Reduced Electrical Output ... 
Calculation of the Optimum Loop Cost 50 



COUPLING TECHNOLOGY FOR DUAL-PURPOSE 
NUCLEAR-DESALTING PLANTS 

J. E. Jones Jr. 
T. D. Anderson 
S. A. Reed 

ABSTRACT 

Although the basic technology for the various components 
of nuclear dual-purpose plants is reasonably well developed, 
the techniques of coupling the elements together to form a re-
liable, economical system that will satisfy the diverse oper-
ating requirements are not well established. The purpose of 
the present study is to examine the technical, economic, and 
safety considerations in coupling nuclear power plants with 
distillation units to form a dual-purpose power and water 
plant. 

The basic coupling arrangement required to provide a 
large-scale dual-purpose water plant is to supply steam to 
the water plant from the exhaust of a back-pressure turbine. 
The principal component at the interface that may require 
major research and development is the back-pressure turbine. 
To satisfy the operational requirements, two major auxiliary 
systems will be needed. These are: (l) a prime-, vteam bypass 
system, and (2) auxiliary condensers. These systems will pro-
vide a degree of independence between waxer and power produc-
tion and can be justified economically. 

INTRODUCTION 

If distillation of seawater is to be used as an economical source of 
fresh water for general regional use, cost improvements must be made in 
desalting plants. .Most investigators agree that large dual-purpose (elec-
tricity and fresh water) plants are essential for economical desalting. 
The heat source for dual purpose plants could be either fossil or nuclear, 
but it appears that nuclear would, in general, be the economic choice. 

Although the basic technology for the various components of nuclear 
dual-purpose plants is reasonably well developed, the techniques of cou-
pling the elements together to form a reliable, economical system that 
will satisfy the diverse operating requirements are not well established. 
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The purpose of this study is "to examine "the technical, economic, and safety 
considerations in coupling nuclear power plants vith distillation units to 
form a dual-purpose power and water plant. 

The coupling arrangement considered typical of future dual-purpose 
plants for regional water supply is shown in Fig. 1. In this example, a 
large [3293 MW(t)] nuclear steam generator supplies energy to a back-
pressure turbine generator plant which produces 705 MW of electricity. 
The back-pressure turbines exhaust steam at VL27°C (^260oF) to six paral-
lel trains of the desalting plant. The total desalting capacity is 1135 
3 3 nr/day (300 Mgd). The product ratio for the plant is 0.16 m /day product 

water or per kilowatt electricity generated (^26 gpd/kW). 
The fact that a large portion of the steam that flows through the 

turbine-generator plant is also used in the desalting plant results in a 
very close interrelationship between electricity production and water pro-
duction. The production of electricity depends on the opera'oility of the 
evaporator since the evaporator plant provides the heat sink for the power 
plant. On the other hand, the production of water depends on the production 
of electricity since the energy source for the evaporators is exhaust steam 
from the back-pressure turbines. Yet the nature of the two products is 
vastly different. Electricity must be produced as it is consumed. Even 
large efficient power plants that would normally be considered base load 
units must follow load changes to some extent; thus, a power plant must 
be designed with a certain amount of capability for off-design performance. 
Also, the production of electricity makes minute-to-minute reliability an 
important design criterion. In contrast with the electricity production 
requirements, water is storable and therefore need not be produced as it 
is consumed. Because water production is a capital intensive process, 
economics dictate that desalting plants have a high average value of plant 
factor. The minute-to-minute reliability factor is not as important as 
for a power plant. Evaporators, unlike power plants, have a narrow margin 
of off-design operating conditions — they are essentially base-load 
machines. 

The challenge in coupling the two processes is to provide a design 
that will satisfy the diverse operational requirements imposed by power 
and water production and yet retain the inherent economic advantages of 
the dual-purpose plant. 
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The purpose of this study is to examine the technical, economic, and safety 
considerations in coupling nuclear power plants with di .tillation units to 
form a dual-purpose power and water plant. 

The coupling arrangement considered typical, of future dual-purpose 
plants for regional water supply is shown in Fig. 1. In this example, a 
large [3293 MW(t)] nuclear steam generator supplies energy to a back-
pressure turbine generator plant which produces 705 MW of electricity. 
The back-pressure turbines exhaust steam at 'VL27°C (^-260°F) to six paral-
lel trains of the desalting plant. The total desalting capacity is 1135 
*? 3 

m"/day (300 Mgd). The product ratio for the plant is 0.16 m /day product 
water or per kilowatt electricity generated (1*26 gpd/kW). 

The fact that a large portion of the steam that flows through the 
turbine-generator plant is also used in the desalting plant results in a 
very close interrelationship betwtsn electricity production and water pro-
duction. The production of electricity depends on the operability of the 
evaporator since the evaporator plant provides the heat sink for the power 
plant. On the other hand, the production of water depends on the production 
of electricity since the energy source for the evaporators is exhaust steam 
from the back-pressure turbines. Yet the nature of the two products is 
vastly different. Electricity must be produced as it is consumed. Even 
large efficient power plants that would normally be considered base load 
units must follow load changes to some extent; thus, a power plant must 
be designed with a certain amount of capability for off-design performance. 
Also, the production of electricity makes minute-to-minute reliability an 
important design criterion. In contrast with the electricity production 
requirements, water is storable and therefore need not be produced as it 
is consumed. Because water production is a capital intensive process, 
economics dictate that desalting plants have a high average value of plant 
factor. The minute-to-minute reliability factor is not as important as 
for a power plant. Evaporators, unlike power plants, have a narrow margin 
of off-design operating conditions — they are essentially base-load 
machines. 

The challenge in coupling the two processes is to provide a design 
that will satisfy the diverse operational requirements imposed by power 
and water production and yet retain the inherent economic advantages of 
the dual-purpose plant. 
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Fig. 1. Schematic of full-scale dual-purpose plant. 
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Since dual-purpose plants have been built, one might ask why present 
technology cannot be applied. The answer lies in the differences between 
present and future plants. These differences are as follows: 

1. The amount of water produced relative to the amount of power 
produced in present plants is in the range of 0.075 to 0.19 m /day.kW 
(20 to 50 gpd/kW). Future large-scale plants are expected to have product 

•3 
ratios of 0.38 to 1.90 m /day.kW (100 to 500 gpd/kW). The degree of inter-
dependence of production is determined by the product ratio. 

2. The size of present evaporator installations i- i few million 
gallons per day. Future plants will be several times larger and more 
costly. For example, the plant illustrated in Fig. 1 would be over $1 
billion in total cost. The difference in size requires a different ap-
proach in the design of coupling arrangements and control systems. Pres-
ent practice is to field modify evaporator plants to achieve satisfactory 
operation. In a single large-scale plant, one week of downtime for such 
work could mean a loss in revenue of $2 to $3 x 10^. A research and de-
velopment program t,o assure that plants will operate as designed is jus-
tified for large-scale plants whereas a more empirical approach may be 
acceptable for present plants. 

3. Perhaps the most important difference between present and future 
plants is in the economic objectives of such plants. To reduce the cost 
of water to meet the economic objectives for regional water supplies re-
quires a new level of understanding of the processes involved. Cut and 
try methods are no longer applicable. 

SUMMARY 

Implementation of the dual-purpose plant concept is essential if the 
United States' goal to develop desalting technology for regional water sup-
ply is to be realized. The Energy Research and Development Administration-
(ERDA) sponsored program at Oak Ridge National Laboratory (0RNL) is directed 
toward developing technology needed to couple large evaporators with nuclear 
power plants and to control the combined plant. 



Several questions concerning coupling of evaporators with nuclear power 
plants haver u«ren identified and investigated. These are as follows: 

1. brine heatc-r coupling arrangeznepts required for large-scale dual-
purpose plants, 

2. auxiliary -stems needed to satisfy operational requirements imposed 
by power and water production, 

3. interface components needing further development, 
protection of the power plant and the public from the consequences 
of leaks in brine heaters, 

5. type of prototype plant needed to demonstrate technology. 

The basic coupling arrangement required to provide a large-scale dual-
purpose plant is to supply steam to the water plant from the exhaust of a 
back-pressure turbine. The principal component at the interface that may 
require major research and development i3 the back-pressure +urbine. To 
satisfy the operational requirements, two major auxiliary systems will be 
needed. These are: (l) e prime-steam bypass system, and (2) auxiliary 
condensers. These systems will provide a degree of independence between 
water and power production and can be justified economically. Studies at 
OKuL on the multistage-flash (MSF) evaporator indicate that the public 
health and safety would not. be endangered by brine heater failures under 
very severe conditions of power plant operation, even without special de-
sign features to isolate the nuclear steam supply from the water plant. 
As a further safeguard, however, we believe it is practicable and desirable 
to design the interface system so that the pressure of the brine sid^ of 
the brine heater always exceeds the pressure of the heating steam. This 
will eliminate the possibility of any radioactive materials entering the 
desalting plant. 

As a prerequisite to the construction of large economical dual-purpose 
plants, one or more demonstration projects are required. Analyses were 
made of several options for coupling the evaporator to the energy source. 
Coupling the evaporator to a small back-pressure turbine which, in turn, 
receives its steam supply from the crossover between the high- and low-
pressure main turbines of a nuclear power plant appears to be the best 
choice for a demonstration plant. 
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ECONOMIC INCENTIVES 

The major goal of the federal desalting program is to reduce the cost 
cf desalted water. The long-range objective suggested by the Office of 
Science and Technology (OST) is for a water cost of "V20^/Kgal based on 
1970 dollars. With the current rate of inflation the goal might now be 
closer to 26<£/m3 ($l/Kgal). 

Such a cost goal severely limits the possible economically feasible 
concepts. Traditionally, the energy cost has been a large component of 
the total cost of making distilled water, and this part of the cost alone 
can far exceed the cost goal suggested in the OST report. For example, 
the cost of low sulfur oil is presently M>2.Urj/GJ in Southern California. 
Using this fuel to power a single-purpose water plant would contribute 
370 to 530/m3 ($l.i+0 to $2.00/Kgal) to the cost of desalted water. It 
should be noted that this cost contribution is from the fuel alone and 
does not include the additional cost of facilities and operation necessary 
to actually produce steam. Studies sponsored by the ERDA and others have 
shown that the only presently known way to meet the economic goals for 
large-scale desalting is through combining electric power and water pro-
duction in a dual-purpose plant. For example, based on present costs, 
the energy component of water cost from a large nuclear dual-purpose plant 

o 
would be in the range 5$ to 8<t>/m (200 to 300/Kgal). In contrast with the 
previous figure given for oil costs, the nuclear energy cost includes 
everything required to produce steam. 

A dual-purpose plant is one which produces both power and desalted 
water with the most efficient use of thermal energy in producing each pro-
duct. Figure 2 illustrates the dual-purpose plant concept. Prime steam 
at high temperature and pressure is supplied to the turbine where it is 
expanded to produce electrical power. At the much lower condition of tem-
perature and pressure appropriate for the evaporator plant, the steam is 
exhausted from the turbine and used to provide heat for the evaporator. 
The steam condensate passes through feed heaters as in any power plant 
cycle and returns to the steam supply for recycle. 

There are three economic advantages of the dual-purpose plant. The 
first, and by far the most important, is the thermodynamic effect. This 
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Pig. 2. Dual-purpose plant concept. 
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can be illustrated quite simply by considering the thermal power required 
and the waste heat exhausted in producing power and water from separate 
single-purpose plants vs a single dual-purpose plant. Figure 3 illustrates 
this comparison. First, considering the single-purpose power plant, to 
produce 1000 MW(e) requires 3000 MW(t) energy. The remaining 2000 MW are 
exhausted as low temperature waste heat. To produce 1135 m /day (300 Mgd) 
of desalted water in a single-purpose plant requires about 3000 MW(t), all 
of which ultimately is discharged as low temperature waste heat. The sum 
total of the two separate single-purpose plants requires 6000 MVj(t) and 
exhausts 5000 MW(t) to the atmosphere as waste heat. 

Now consider a dual-purpose plant to produce these same two products, 
•3 

1000 MW(e) and 1135 m /day of water. The total energy required in this 
case is 1*000 MW(t), and the total waste heat exhausted is 3000 MW(t). Thus 
a savings in energy generation of 2000 MW(t) is realized, and the exhaust 
heat load is reduced from 5000 MW(t) to 3000 MW(t). 

The second advantage results from the size effect for energy source. 
For either nuclear or fossil plants there is a decrease in unit capital 
cost as size increases over any reasonable range. By combining the two 
products in a dual-purpose plant, the size of the steam supply is increased 
and the unit cost of steam is less. 

The third advantage results from shared facilities in the dual-purpose 
plant, such as intakes and outfalls. Certain components, shop areas, and 
service areas with slight increases in size can serve both facilities. 
Also, certain staff personnel can be shared between the facilities. This 
results in an overall savings in fche dual-purpose plant. 

WATER-TO-POWER RATIOS IN DUAL-PURPOSE PLANTS 

Within the general concept of dual-purpose plants there are an unlim-
ited number of variations of such plants, and each variation will have its 
own peculiar requirements relative to coupling arrangements and control 
systems. It is important to recognize that, given the variety of possible 
future dual-purpose plants and applications, one cannot obtain all solutions 
to coupling and control problems with one general study. The following dis-
cussion shows the range of choices possible. 
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3. Thermodynamic effect — comparison of single- and dual-purpose plants. 
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Design-Point Product Ratio 

The spectrum of conceivable plant designs as characterized by design-
point product ratios is shown in Fig. 1+. The hardware variations associated 
with various product ratios are indicated. Schematic diagrams of several 
plants having representative product ratios are shown in Figs. 5 through 7; 
the diagrams show MSF plants but similar arrangements could be drawn for 
vertical tube evaporator (VTE) plants. 

The "balanced" plants are most truly representative of the dual-purpose 
concept because all of the heat given up at the turbine exhaust furnishes 
all of the heat input to the water plant. Plants of lower water-to-power 
ratio would utilize extraction steam or parallel back-pressure and condens-
ing turbines to produce the desired lesser water outputs. Many early dual-
purpose plant designs are in this category in that only a fraction of the 
total prime steam is utilised in the back-pressure turbine, which was in 
parallel with much larger condensing turbines. Others make use of the ex-
traction steam alternative. In either of these cases the water plant could 
be shut down entirely without materially affecting the total plant power 
output. At the opposite end of the product-ratio spectrum are plants uti-
lizing steam bypass around the turbine, or vapor compression cycles, to 
produce high ratios of water to power. 

The question of how much water and how much power a plant should pro-
duce is not one that can be answered by simply examining the characteristics 
of dual-purpose plants- consideration must be given to the projected market 
for the products, elasticity of the market, and alternative means of meeting 
the needs. 

DESCRIPTION OF REACTORS 

Four industrial firms in the United States currently offer nuclear 
steam supply systems for approximately 500- to 1200-MW(e) light-water re-
actor power plants. The current commercial acceptance of these plants is 
the culmination of about 20 years of effort and several billion dollars of 
expenditures by the federal government, the manufacturers, and utilities. 
Continued developmental improvements are now principally carried out by 
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MSF PLANT WITH VAPOR COMPRESSION-VE TOPPING 

Fig. 5- MSF plant with steam "by-pass and attemperator. 
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Fig- 6. Balanced dual-purpose plant. 



PLANT WITH PARALLEL CONDENSING AND BACK-PRESSURE TURBINES 

Fig. J. Condensing turbine with extraction steam for water plant. 
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private industry, except for continuing research and development by the 
ERDA in the areas of fuel processing, waste disposal, and improved safety. 

The two types of light-water reactors, the pressurized water reactor 
(PWR) and the boiling water reactor (BWR), are both considered to be fully 
developed, commercially available systems and are generally competitive 
power producers. 

The light-water reactors account for virtually all of the nuclear 
capacity now on line and planned. It seems most likely that this reactor 
type would be used as a power source for a nuclear powered desalting fa-
cility. For this reason light-water reactors have been emphasized in this 
work. 

A significant factor in coupling an evaporator into a nuclear dual-
purpose plant is the potential for leakage of radioactive contaminants 
from the reactor to the evaporator. Each reactor type is discussed in 
terms of its potential for contamination and the factors available for 
attenuation or elimination of possible contamination. 

Pressurized Water Reactors 

In the PWR the water in the reactor core is held under pressure high 
enough to prevent bulk boiling. This water (the primary coolant) picks 
up the heat released in the nuclear core and is then pumped to a steam 
generator where the heat is passed through a heat transfer surface to boil-
ing water (the secondary coolant). The steam thus generated is typically 

3 2 
delivered to a turbogenerator at about 5^8. U x 10 kg/m (780 psia) and 
267.8°C (515°F). This steam may be exhausted or extracted from the turbine 
at a temperature high enough to be used as a heat source for a desalting 
plant. In this type of plant, the nuclear steam is separated from any 
radioactivity in the primary coolant by the heat transfer surface in the 
steam generator. The pressure is higher in the primary system than in 
the secondary system; therefore, if leaks develop the primary coolant will 
leak into the secondary coolant. The integrity of the heat transfer sur-
face in the steam generator will be considered further. If radioactivity 
leaks into the liquid on the secondary side of the steam generator, the 
radioactivity is further attenuated by the liquid-to-vapor change. The 
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attenuation factor obtained in the change of state varies with the specific 
material involved and with the chemical and physical parameters of the so-
lution. The attenuation factors obtained in specific situations will be 
described later. 

The Boiling Water Reactor 

In the BWR the water within the nuclear core actually boils resulting 
in -:he generation of steam within the reactor vessel. The steam generator 
and associated equipment as described in the PWR are not present in the BWR. 
The attenuation of l-adioactivity by the heat transfer surface of the steam 
generator is not present in the BWR. The steam delivered to the turbogener-
ator at about 67&-5 kg/m2 (965 psia) and 283°C (5ltl°F) results directly from 
boiling within the reactor core. The attenuation of radioactive materials 
which is accomplished by the liquid-to-vapor phase change is the only re-
duction accomplished between the reactor water and the turbine cycle steam. 

As in the case of the PWR, the steam may be exhausted or extracted 
from the turbine at a temperature appropriate to supply heat to a desalting 
plant. 

TURBINE CYCLE TECHNOLOGY 

Back-Pressure Turbines 

A number of preliminary examinations have been made of back-pressure 
turbines that would be required for dual-purpose plants. These include a 
turbine flexibility study by A'lis-Chalmers, some preliminary cost esti-
mates by General Electric and Westinghouse, and some cost studies by 
Dr. Kenneth Salisbury — an ORNL consultant. The upshot of these studies 
is that (l) there is probably no question of technical feasibility, (2) 
there would be a cost savings (relative to conventional turbines) if a 
reasonable market develops, and (3) a design study is needed to better 
define the technical characteristics of these machines. 

Back-pressure turbines are essential elements of large dual-purpose 
desalting plants. The fact that these turbines are not presently available 
is a major stumbling block for any near term dual-purpose demonstration 
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plant. Although such turbines are technically feasible, there is very 
little detailed information available on technical characteristics and 
cost. Certain technical information (full-load, part-load, and off-design 
performance", control schemes; dynamic characteristics; etc.) vould be re-
quired for detailed design studies on coupling, flexibility, and control 
of a dual-purpose demonstration plant. Furthermore, the incentive for 
constructing large dual-purpose plants will depend to some extent on the 
economic benefits associated with back-pressure turbines. 

Demonstration Plant Turbine Cycles 

Three basic turbine cycle options were considered for the dual-purpose 
demonstration plant. In evaluating these coupling options, the following 
criteria were considered. 

First, the paramount factor is the necessity for reliable power sta-
tion operation, regardless of the condition of the evaporator, and for ef-
fective means of control between the two. In the demonstration plant, a 
very large nuclear power plant is being coupled to a relatively small scale 
demonstration evaporator plant. 

The second criteria is in the area of economics. Since our preliminary 
studies show substantial cost differences between some of the possible ar-
rangements, economics may be a very important factor. And finally, but no 
less important, since the project's purpose is to provide experience and 
data applicable to the future large-scale plants, the coupling should have 
the maximum feasible similarity to the large-scale plants. 

Figure 8 illustrates the first of the three basic turbine cycle op-
tions. In this case, steam extraction for the evaporator is taken from 
the prime steam and passes through a much smaller completely independent 
turbine cyclc including a high-pressure and the back-pressure turbine which 
generates 'VLOl N5W(e) and exhaust steam to the evaporator to produce M89,000 
3 

m /day ( v > 0 Mgd). In this case the prime steam which passes through the 
primary turbine generator produces M . 0 1 3 MW(e) for a total of lllU MW(e). 
Although this cycle arrangement is quite similar to the ultimate plant 
and satisfies the criteria of reliable power station operation, it was 
found that the completely independent turbine cycle provides unnecessary 
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Fig. 8. Case 1. Extraction from prime steam. 
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and expensive duplication of auxiliary components such as feedheaters, 
pumps, moisture separators, and reheaters. In addition, the much smaller 
high-pressure turbine is considerably less efficient. Assuming an esti-
mate of $130 kW for the independent turbine cycle, its resulting cost would 
be about $13.1 million. 

The second turbine cycle alternative shown in Fig. 9 considers the 
extraction of crossover steam between the high- ana low-pressure turbine 
to a smaller back-pressure turbine which exhausts its steam to the evap-
orator, again producing ^189,000 m /day (^50 Mgd). In this case, the 
back-pressure turbine alone generates ^ 9 MW(e) and the primary cycle 
generates ^106t MW for a total of 1116 MW(e). In this case, the primary 
features of the back-pressure turbine coupling to the evaporator module 
is demonstrated with a much simpler and less expensive flow sheet. Again, 
assuming $130/kW cost for the back-pressure turbine generator, the total 
cost for the auxiliary turbine cycle would be about $6.1* million. 

The final coupling option shown in Fig. io considers the extraction 
of steam directly from the low-pressure turbine of the primary power cycle 
to supply steam to the evaporator. Again, the product is ^189,000 m /day, 
and the primary turbine generator would produce about 1116 MW(e). Although 
this would appear to have the advantages of lowest cost and simplicity, 
there are two major questions related to it. First, extraction for such a 
large evaporator module would amount to about 15% of the turbine flow; and, 
if it were taken at a normal feedheater extraction point, which would most 
likely be the case, this might amount to a total extraction of ^20% of the 
turbine flow. An extraction in excess of about 10$ flow would probably re-
quire a special low-pressure turbine design in order to avoid turbine blade 
vibration problems. We did not attempt to estimate the cost of such a de-
sign modification. The other disadvantage is that this turbine cycle would 
not demonstrate the important feature of back-pressure turbine coupling as 
would be required for the future large-scale plant. We therefore selected 
Case 2 for further study because it is the most economical choice which 
satisfies the other basic coupling criteria. 

Figure 11 shows a detailed heat balance for the back-pressure turbine 
Case 2. 
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Process Heat Cost 

The cost to the power plant to provide process heat at various- tem-
peratures has been estimated. The analysis assumes the use of a back-
pressure turbine. 

Three existing computer codes and one short "bookkeeping" code were 
used to obtain process heat cost. Briefly, ORCENT1 was used to make a 
heat balance for each cycle; CONCEPT II (Ref. 2J was used to determine 
breakdown of capital cost to nuclear island, turbine-generator plant, and 
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heat removal system; and ORCOST was used to estimate turbine-generator 
plant cost for various back pressures. A process heat cost code was used 
to combine the results from the above three codes, add in operation and 
maintenance costs and fuel-cycle costs (derived from Ref. k output) and, 
finally, calculate process heat cost. 

In making the process heat cost estimate, it is assumed that the unit 
power cost is the same for the dual-purpose plant as for a single-purpose 
plant of the same type and thermal power rating. In the dual-purpose plant 
less electrical power is produced and thus less revenue is available from 
power. This loss of revenue must be made up by the sale of the process heat. 
The cost of process heat is based on providing revenue for the dual-purpose 
plant equivalent to the loss in revenue from its reduced electrical power 
production. 

Figure 12 presents a process flow sheet of a single-purpose PWR elec-
tric power plant with turbine throttle steam conditions of 268°C (515.3°F), 
5^8.It x 10 kg/m (?80 psia) (dry and saturated). Gross generator output 
is ll68 MW(e) for the 1800 rpm tandem-compound turbine-generator. There 
are two turbine sections in series consisting of a double-flow high-pressure 
section and a six-flow low-pressure section (three double-flow low-pressure 
sections). For the reference cycle, steam is condensed at a pressure of 
mm Hg (2 in. HgA). 

Three moisture removal stages are included in the low-pressure turbine. 
An external moisture separator (assumed 100$ effective) and two stages of 
steam reheat, each with a lit°C (25°F) terminal temperature difference, are 
included between the high- and low-pressure sections of the turbine. The 
cycle employs seven stages of feedwater heating with three stages supplied 



Fig. 12. Process flowsheet for reference power-only cycle. 
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from the high-pressure section of the turbine and four stages supplied from 
the low-pressure section. For simplicity in this analysis, all feed water 
heaters are of the closed type with 2.8°C (5°F) terminal temperature differ-
ence, flashed drains, and a 5.6°C (10°F) approach in the drain cooler. The 
turbine driven feed water pump is located before feed water heater No. 8. 

For the dual-purpose cycles, steam is condensed at progressively higher 
pressures with decreasing plant electrical output. The condensing tempera-
tures and pressures for the eight dual-purpose cases are shown below. As 
single stages are removed from the low-pressure turbine, the total number 
of feed water heating stages is reduced, as are the number of moisture re-
moval stages. These are presented in Table 1. 

Table 1. Extraction steam conditions 

Temperature 
°C (°F) Fressure 

Feed 
water 

heaters 

Moisture 
removal 
stages 

U9 (120) 87.6 mm HgA (3.1*5 in. HgA) 7 2 

60 (lUO) 1U9.U «TX> H g A (5.88 in. HgA) 6 1 
71 (160) 2^5.1 mm HgA (9.65 in. HgA) 6 1 
82 (180) 5280 kg/m2 (7.51 p^ia) 5 1 
93 (200) 8106 kg/m2 (11.53 psia) 5 1 

10U (220) 12.085 x 10 3 kg/m2 (17.19 psia) It none 
116 (2U0) 17.556 x 103 kg/m2 (2U.97 psia) k none 
131 (267) 28.123 x 103 kg/m2 (UO.OO psia) none 

Figure 13 presents the resulting cost of process steam for the PWR 
in terms of 3rd quarter 1975 dollars. The cost of process steam varies 
from 500/GJ at 131°C extraction temperature to zero near 60°C. The zero 
cost means that the value of the steam at this temperature is offset by 
elimination of the normal power plant condenser and waste heat removal 
equipment. 
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DESCRIPTION OF EVAPORATORS 

Two basic evaporator processes are the major contenders in the sea-
water distillation arena. At the present time, the most highly developed 
and widely used process is the MSF, with approximately 285 plants having 
capacities larger than 95 m /day (25,000 Mgd) in operation, with a combined 
capacity of about 1.33 x 10^ m^/day (352 Mgd). The vertical tube evaporator 
(VTE) is being rapidly developed, and there are some 105 plants of this type 
having capacities larger than 95 m /day (25,000 Mgd) in operation, with a 
combined capacity of approximately 20b x 10 m /day (5^ Mgd). Together, 
the two types account for about 79% of the total existing distillation 
desalting capacity in this size range. 

Large-scale plants have not been built with either process; the largest 
MSF plants in existence have capacities of about 30,300 m /day (8 Mgd/train) 

o 
and VTE plants having 2 Mgd (7570 m /day) capacities are in operation. To 
assist in bridging the technology gap to the construction of very large ca-
pacity plants from the present state of the art, the Office of Saline Water 
operated at its San Diego Test Facility a large-scale MSF module and a VTE 
component test unit. These facilities permitted the testing of units that 
represented sections of large plants having capacities of ^189,000 m /day 
(50 Mgd) or larger. In addition, numerous engineering studies of large 
plants have been conducted, and the need for major breakthroughs in process 
or material development is not anticipated. 

A schematic diagram of an MSF evaporator is shown in Fig. 1^. The 
brine is heated under pressure by condensing steam in the brine heater. 
The DrJne then enters a series of stages in the heat recovery section 
which are held at successively lower pressures so that a portion of the 
brine flashes into vapor. This vapor is condensed by heating cool brine 
and is collected to form the product water. After leaving the heat re-
covery section the brine enters a heat reject section where more of the 
brine flashes into steam. In the heat reject section the vapor is con-
densed by heating of seawater. After the brine leaves the heat reject 
section a portion of the brine is blown down, and a portion of the cool-
ing water from the heat reject section is added to the brine as makeup. 
The salinity of the brine is adjusted to the desired value in this manner. 
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The brine then pansea through the heat recovery section where it i:i heated 
by condensing product water and then to the brine heater where the cycle 
is repeated. 

A more advanced distillation concept, a VTS that uses MSF feed heat-
ing (VTS-MSF), is being; developed. The concept incorporates the best oper-
ating features of the MSF process with the VTE distillation process. An 
11,35Q n3/day (3 Mgd) module of this type, expandable to 1»7,310 ra^/duy 
(12.5 Mgd) capacity, was in operation in Orange County, California. 

A schematic flowsheet of the VTE-MSF evaporator process is shown in 
Fig. 15. Part of the seawater feed stream that serves as coolant in the 
final condenser of the VTE section is acidified, deaerated, and pumped 
into the condenser tube bundles of the MSF section. This feed progresses 
through the condenser tubes of all MSF stages, picking up heat as it con-
denses the steam from the flashing, counterflowing, brine and product 
streams. The feed finally enters the brine heaters (not shown in Fig. 15), 
where its temperature is raised to a final temperature, approximately 127°C 
(260°F), by condensation of a portion of the steam exhausted by the back-
pressure turbine. 

The heated seawater is split so that a portion is admitted to the 
tubes of the first VTE effect and the remainder becomes the flashing brine 
stream in the MSF stages. Steam from the turbine plant condenses on the 
tubes of the first VTE effect, vaporizing a comparable amount of the sea-
water. The brine from the first effect is delivered to the first MSF stage 
where it mixes with the balance of the seawater. Steam from the first ef-
fect is delivered to the second effect as in a normal VTE cycle. Product 
condensate is routed to an appropriate stage of the MSF section. Brine 
flashes downstream in the MSF as in a normal MSF cycle. However, from 
certain stages, brine is withdrawn to feed the VTE effects operating at 
the same temperatures as those stages. 

The process is repeated and continues through the last VTE effect to 
the final condenser. In this fashion all of the heat supplied to the first 
effect is passed on as latent heat to the final condenser, each effect has 
the same heat duty, and there is virtually no gain or loss of heat between 
the VTE and MSF feed heater. 
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COUPLING CRITERIA 

For a specific dual-purpose plant design, certain coupling criteria 
must be defined before a satisfactory design can be made. These criteria 
are disctisscd here to define the general information which ic required and 
some of the coupling alternatives which may be considered. 

Plant Flexibility 

A plant- must have a certain capacity to operate in steady state at 
off-design conditions. The plant must also be capable of responding to 
some transient conditions. With a dual-purpose plant, the off-design con-
ditions include not only part-load operations but also changes from design-
point product ratios (ratios of water-to-pover production). 

The flexibility requirements imposed on the plant will influence the 
manner in which the components are coupled together and the type of control 
system required. With a simple coupling arrangement, the quantity of water 
and electricity produced is directly related. If there is a requirement 
chat water and power production be made more independent, then such items 
as bypass lines, desuperheaters, and standby condensers would need to be 
included in the system design to meet the flexibility requirement. Gener-
ally spea>.?ng, the degree of plant flexibility required is not a rigidly 
established ground rule at the outset; the economic benefit of flexibility 
must be evaluated, along with its cost and complexity, for the specific 
application. Any basic plant will have some natural range of flexibility; 
flexibility outside the natural range will cost something. 

Pure economics of a single plant is not, of course, the only thing 
that governs flexibility requirements. The utility must integrate each 
plant into its system, so that the system will be able to meet the total 
demand. Also, with the dual-purpose plant there is always the possibility 
of joint ownership which requires agreements regarding product output. 
All of these considerations and many others impose requirements and con-
straints on the coupling arrangement and control system. Each plant that 
is built, even though similar to other plants, will be tailored to match 
the needs of the specific application. 



31 

Plant Availability 

3-Iany of the factors considered under flexibility also influence plant 
availability. In the simple "balanced" plant coupling arrangement, the 
nuclear power plant must depend on the evaporator as a heat sink and the 
evaporator must depend on both the reactor and the turbine-generator in 
series as a heat source. Therefore, a loss in availability of any one of 
these three major components dictates a loss in availability for all. Of 
course, the maintenance period required by any one of the three major com-
ponents may be used to carry out the rou:ine maintenance needed for the 
other two> However, the interdependence implied in the direct coupled 
"balanced" dual-purpose plant dictates that its availability will be less 
than that of an equivalent power-only plant. 

Auxiliary equipment such as standby low-pressure turbines and/or con-
densers, turbine bypass lines with desuperheaters, or standby brine heaters 
are often proposed or considered as a means of reducing this interdependence 
and resulting loss of availability. 

As in the case of flexibility, economics is, of course, a considera-
tion in evaluating the alternatives. However, the requirements of the 
utilities involved, especially in the case of joint ownership, and the de-
mands of the systems may override the purely economic conclusions. Each 
dual-purpose plant must also be tailored in terms of availability to meet 
the needs and dictates of the specific application. 

Control 

At present, the fundamentals of large flash plant designs are not 
well understood. The present small commercial plants have evolved through 
cut-and-try methods, and the resulting designs are unsuited to large plants 
intended for economical regional water supply. Conceptual studies of large 
MSF plants have assumed plain (unbaffled) orifices, high flow rates, and 
low brine levels. Further, the design studies have been concerned with 
steady-state, design-point operation. Implicit in these studies is the 
assumption that the resulting "optimum" plant can be operated satisfacto-
rily. What often happens, however, is that the more effective the economic 
optimization becomes, the less tractable the eventual plant control and 
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operation rend to "become. This, unfortunately, has been borne out by the-
oretical and experimental studies made to date on the dynamic and flexibil-
ity characteristics of several large MSF plant designs.^-® Resolution of 
the overall plant dynamics and control problems in advance cJ final plant 
design and construction is therefore a clear necessity. 

Several methods have been developed for predicting the dynamic be-
havior and controllability of large MSF plant designs. These techniques 
are general-purpose to the extent that the detailed design features of a 
particular plant may be used directly as input data to the dynamics and 
flexibility codes for studying specific control features. While the simu-
lator codes themselves are operable, the mathematical models used in the 
codes are not yet sufficient for making relialle and accurate predictions 
of plant behavior. 

The above discussion applies to MSF evaporators. Much less work has 
been done on the operational characteristics of vertical tube evaporators. 
The basic VTE process is inherently more stable and flexible than the flash 
process. Nevertheless, the combined VTE-MSF evaporator, which is the more 
advanced plant, will have the usual MSF problems in the preheating section 
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plus problems of coupling the two processes together. Recent dynamics 
tests on the Fountain Valley VTE-MSF evaporator indicated that the process 
is very stable, as predicted, at least up to the intermediate (l60 to 200°F) 
temperature range. 

CONDENSATE QUALITY CONTROL 

Leakage of brine into the reactor coolant system was found to present 
a serious problem in condensate cleanup. The problem in condensate de-
mineralization stems from the fact that dual-purpose plant condensate is 
inherently at a higher temperature, 12T°C (260°F) than that of a powe:-
only plant, 32°C (90°F). The higher temperature results in deterioration 
of the anion resin portion of the demineraliser bed. 

A power-only plant can utilize a conventional full-flow condensate 
mixed bed demineralizer. This unit may remain on stream for extended pe-
riods for normal removal of corrosion-erosion products, and have great 
capacity for cleaning up occasional salt or other inleakage. This long 
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term duty is, of course, not possible at the higher temperature of the 
dual-purpose plant. 

The demineralization problem for dual-purpose plants has been given 
considerable study as reported by Allis-Chalmers"*"^ exid by ORNL."^ In the 
Allis-Chalmers report, a conceptual design for a "conventional" aeminer-
alizer was recommended as a solution to the problem. In the ORNL report, 
the use of a commercially available resin coated filter was recommended 
as the most practicable presently available solution. High-temperature 
demineralizer development work was recommended in both reports. 

The Allis-Chalmers conceptual design represents a considerable de-
parture from normal practice .in the anion resin density (cation-anion 
resin ratio) and in the ck-'pth of mixed resin bed. Normally the bed depth 
is about 0.9 m (3 ft), and the cation-to-anion resin ratio, by volume, is 
about 3 to 2 which gives approximately equal ion exchange capacities. In 
the Allis-Chalmers design the mixed bed depth was only 0.3 m (l ft), and 
the cation-to-anion ratio in the mixed bed is 36 to 1. (There is a sepa-
rate cation-only bed, which would not remove salt inleakage.) Both of 
these factors, anion resin density and bed depth, were selected to mini-
mize the cost of anion resin replacement, resulting in a very favorable 
cost comparison with the resin-coat^d filter concept. Both factors also, 
however, reduce the contact time for the water passing through the unit. 

Contact time is simply the length of time that each molecule of water 
is in contact with a given resin during the dwell time of the molecule in 
the resin bed. Due to the sharp reductions in the percentage of anion 
resin beads present and in the bed depth, there is a question as to whether 
the Allis-Chalmers design will produce the required high-purity water even 
with no inleakage. A survey of several representatives of manufacturers 
of resins and demineralizer equipment indicated no experience with cation-
to-anion ratios of over If to 1. 

Resin-coated filters (precoated filters, the "Powdex" process of the 
Graver Water Condition Company) are in widespread and growing use in power 
plants. The advantage of these units is that they are used at high tem-
perature in the feed heater train, permitting more effective cleanup of 
corrosion and erosion products. The resin inventory is relatively small 
because only a 0.6H cm (lA-in. ) coating of finely ground resins is re-
quired. The coating is replaced about each four weeks due to pressure 
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drop increase; anion resin deterioration is not a problem for this short 
length of time. Although tests have been run for some power plant oper-
ating conditions, no data have been found on salt inleakage effects at 
dual-purpose plant temperatures. 

A proven high-temperature demineralizer is not available at this 
time. For modest leakage it would appear that blowdown in the steam gen-
erator, as is currently practiced, would be satisfactory for the PWR with 
a pool boiling type steam generator. Another alternative is a regenerative 
heat exchanger with a conventional low-temperature demineralizer. Although 
satisfactory, this would be the least economically attractive alternative. 
Further development work on a high-temperature demineralizer appears to be 
the most promising solution to the problem of condensate quality control. 

PUBLIC HEALTH AND SAFETY ASPECTS OF A NUCLEAR 
DUAL-PURPOSE PLANT 

A fundamental requirement placed upon water which is to become part 
of a public water supply or which is to be released from control is that 
the water conform to regulations designed to protect the health and safety 
of the public. These regulations define the permissible limits for those 
characteristics which may have an impact upon public health. One area of 
concern is the concentration of radioactive materials in the water. The 
use of a nuclear steam supply as a source of heat for an evaporator brings 
together a source of radioactivity (the nuclear reactor) and a source of 
water (the evaporator). The degree of interaction between these units and 
the means by which such interaction may be reduced or eliminated must 
therefore be considered. 

This work has been directed primarily toward the general application 
of the MSF evaporatox. A specific analysis for the proposed Diablo Canyon 

12 
desalting plant was reported separately. An analysis of public health 
aspects of the vertical tube evaporator has been completed and also re-
ported separately. 
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Methods for preventing or controlling interactions between the nuclear 
system and the evaporator are of three types: (l) improvements in the brine 
heater, (2) operating restrictions, and (3) use of special isolating equip-
ment. 

Improvements in the Brine Heater 

A conventional brine heater is illustrated in Fig. 16. In the illu-
stration the brine enters from the right and is heated while passing through 
the small tubes. The source of heat is the steam condensing on the outside 
of the tubes. After passing through the tubes the brine flow is recombined 
in the chamber on the left end and routed to the evaporator. 

The tubes, tube sheets, and the manner in which the tubes are attached 
to them constitute the area of major potential improvement. In the conven-
tional brine heater the tubes are attached by an expansion fit. The tubes 
are placed in the holes and then rolled outward from the inside until they 
fit the holes tightly. In the improved brine heater the tubes are welded 
to the tube sheets. Since the welded joint is more reliable than the ex-
pansion fit, the integrity of the system is substantially improved. The 
probability of significant leakage is therefore sharply reduced. In ad-
dition, the use of high integrity tubes further reduces the likelihood 
of leakage. 

It has been estimated that the additional cost of the improved brine 
neater for a single 151,^00 m /day (1+0 Mgd) train would be $169,000. At 
a 10$ annual charge rate and an 0.9 plant factor, this corresponds to a 
cost of about 0.1<£ per cubic meter of product water. The improved reli-
ability would seem to be well worth this small additional cost. 

Operating Restrictions 
o p 

In the brine heater, steam at about 12T°C (260°F) and 2k.9 x 10° kg/m 
(35.^ psia) is used to heat brine to about 121°C (250°F). The brine must 
be kept at a pressure which will prevent boiling at this temperature. 
Therefore, in the conventional system, the brine must be pressurized so 
that the minimum pressure is greater than 22,000 kg/m (30 psia). 
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An operating restriction may be placed upon the brine pressure as an 
additional safeguard. If the brine pressure is kept greater than the steam 
pressure, any leaks which may develop would result in brine leaking into 
the steam. In this way the water plant would be protected from any con-
tamination by the nuclear steam. This condition would be satisfied by a 
minimum brine pressure of near 28,123 kg/m (1+0 psia). The additional cost 
of provisions for increasing the brine pressure by this amount is minor. 

The leakage of brine into the nuclear steam is an undesirable situ-
ation; however, this situation can be handled by careful monitoring of the 
condensate and adjustments in the cleanup procedures. 

The combination of improved brine heater and overpressurized brine 
allows the probability of leakage to be minimized and the water plant to 
be protected from contamination even if such leaks develop. 

Based on the application of these two alternatives, the expected de-
gree of contamination of the water plant under conditions of misoperation 
has been calculated for the four kinds of radioactive contaminants which 
are felt to have possible significance. These paths are (l) contamination 
by tritium contained in the steam, (2) contamination by iodine contained 
in the steam, (3) contamination by particulates entrained in the steam, 
and (U) contamination by decay of gaseous fission products. 

Paragraph 20.106 in Part 20 of Title 10 of the Code of Federal Regu-
lations and Appendix B to Part 20 state the conditions which will be ap-
plied to assess the contamination of the product water and plant effluent. 
The conditions which must be satisfied may be generally stated in the fol-
lowing manner. If Cn is the actual concentration of the n isotope and 
MPCn is the maximum permissible concentration for the use being considered 
then 

V < i Ld MPC - • n n 

Table 2 presents a summary of the results of this analysis. The con-
centration of radioactive contamination for both the product water and ef-
fluent is conservatively estimated to be about four orders of magnitude 
below the MPC based on 10 CFR 20. 



Table 2. Summary of contaminants in product water and e f f l u e n t 

Concentration during 
misoperat ion 
(uc/md) 

Produce E f f l u e n t 

Coiifontration 
annual average 

(uc/mZ) 
Product E f f l u e n t 

Annual average 
MPC from lOCFRgQ 

(iic/me) 
Fraction of <PC 

Product Effluent. 

Tri t ium 

Iodine 

1.2b x 10~ 1.05 x 10 -5 1.13 x 10 9.59 x 10 -9 3 x 10 -3 

P a r t i c u l a t e s 

F iss ion product daughters 

TOTAL 

.000030 

Negligible15 

! iegl lg ibleb 

.000156 

.000003 

1-131 2.95 X ID" 8 2.50 X 10- 8 2.69 X 10" 1 1 2.28 X 1 0 " n 3 X 10-7 .000090 .000070 

1-132 I.61 X 10"9 1.36 X 10-9 1.U7 X io" 1 2 X.2h X io" 1 2 8 X 10-6 negligible ricgii^ibi'--

1-133 2.89 X 10- 8 2.146 X 10- 8 2.6I4 X lO" 1 1 2.25 X 1 0 - 1 1 i X 10-6 .000026 . 000025 

1-13 h.2h X lO" 1 0 3.59 X 10" 1 0 3.87 X ID" 1 3 3.28 X 10- 1 3 ? X 10"5 Negligible V.ee lh;ible 

1-135 0.35 X lO"9 7.06 X 10"9 7.63 X 10" 1 ? 6.1*5 X 10- 1 2 1* X 10- 6 .000002 . 0000 

:;<?Kii?ibie 

tlepllElhle13 

.000098 

Based on assumed value of 8 hr of misoperation per yea r . 
^Frac t ion of MPC i s n e g l i g i b l e compared with o ther contaminants. 

(See Refs. 13 and lU. ) 
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We may summarize the results obtained for MSF plants as follows: 

1. Under normal operating conditions there will be no radioactive 
contamination of either the product water or the effluent. 

2. Before any contamination of the water plant can occur, two heat 
transfer surfaces must leak and brine overpressure must be lost simulta-
neously. 

3. Practically all of the contamination of the water plant which 
is assumed to occur is due to tritium and iodine. 

h. The quantity 

S MFC 

is about 0.00010 for the effluent and about 0.00016 for the product water 
based on the assumed 8 hr per year of misoperation. 

Isolating Loops 

More elaborate provisions for isolating the water plant are possible. 
One such provision is illustrated in Fig. 17. This system, consists of a 
closed loop placed between the nuclear steam and the water plant. In this 
system the exhaust steam is condensed and the heat is transferred to a 
medium within the loop. The medium within the loop is then used to heat 
the brine. 

Two heat transfer media have been considered for use within the loop. 
These are pressurized water and boiling water. 

If boiling water is used within the loop the pressure within the loop 
must be less than the pressure of the exhaust steam. This means that leaks 
in the condenser would allow nuclear steam to leak into the loop. If this 
happened the brine heater would constitute the only separation between the 
possible contamination and the water plant. In this circumstance the water 
plant is protected only if the brine is at a higher pressure than the steam 
within the loop. This situation is so nearly the same as the case where 
the exhaust steam was used directly in the brine heater with the brine at 
an increased pressure that the loop does not seem to accomplish much. 
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Fig. 17. Pressurized water isolation loop. 
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If pressurized water is used within the loop the loop pressure can 
be kept at a higher pressure than the exhaust steam or the brine by oper-
ational control. If leaks develop in either the condenser or the brine 
heater the result would be leakage of water from the loop into the nuclear 
steam or the water plant. Since the quality of the loop water is control-
lable, neither of these contingencies would cause difficulty. The pres-
surized water loop would require the pumping of large amounts of water 
and would require large amounts of heat transfer surface. For these rea-
sons it is an expensive alternative. 

The capital and operating costs of isolating loops are obvious costs. 
There is, however, an additional cost attributable to the loop. If a loop 
is to be included the turbine must be operated at a higher exhaust pressure 
and temperature in order to supply the thermal potential necessary to cause 
the heat to flow through the loop. This higher exhaust pressure and tem-
perature results in a loss of electrical capacity. This loss of capacity 
constitutes an additional cost. 

The capital and operating costs decrease with increasing exhaust 
pressure while the cost due to loss of power increases with increasing 
exhaust prersure. This type of variation implies a pressure for which 
the total cost of a loop is a minimum. An extensive calculation of this 
optimum cost was performed in 1972. This calculation is treated in de-
tail in Appendix A. The results are presented parametrically for costs 
of heat transfer surface ($/m ) and the value of electrical capacity ($/kW) 
over a realistic range for that period. The va.ues of these parameters 

P 
presently felt to be most probable are about $15/m of heat transfer sur-

o 
face and $500/kW. For these values a cost of about 11<£ to 15^/m (3^ to 
l|$/Kgal) results for a steam loop and about l60/m (5$ per Kgal) for a 
pressurized water loop. These costs constitute a significant addition 
to the cost of water. In view of the fact that a combination of improved 
brine heater and overpressurized brine can protect the water plant, the 
addition of a loop would seem to be justified only in exceptional cases 
where the alternative methods are not applicable. 
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Appendix A 

THE COST OF ISOLATION LOOPS 

The cost of an isolation loop is the total of several components. 
These components in turn are functions of several operational and eco-
nomic parameters. The technique used in the cost calculation was to de-
termine each of the components for a range of the parameters and then to 
find the combination of these components which resulted in the minimum 
total cost. This analysis was completed in 1972 and, as a result, the cost 
information is out of date. The final loop costs have been escalated for 
presentation in the text. This appendix is presented to show the method 
of analysis for future reference. 

Capital and Pumping Costs for a Pressurized Water Isolating Loop 

The calculation of the characteristics of the closed loop proceeded 
as follows. First the amount of water circulating in the loop was assumed 
to be equal to the amount of brine passing through the brine heater. The 
temperature rise in the loop was then determined as 

T 2 - T - ( T ^ - T , 
W 

where the temperatures are as defined in Fig. A.l, C„ represents the 
D 

specific heat of brine and C^ represents the specific heat of water. 
T^ and T^ are equal to 250 and 237-7°F respectively. The ratio CB/CW 

is equal to 0.9^ so that T 2 — T ) is equal to 11.6°F. 
The heat transfer area required in the condenser is then found by 

the relationship 

A U At . = Q , c c c£m 

where 
Q = the rate at which heat is transferred (Btu/hr), 

Uc = the coefficient of heat transfer (750 Btu/hr ft °F), 

^c&m = the log mean temperature difference in the condenser, 
A__ = the heat transfer area required in the condenser. 
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The heat transfer area required in the brine heater is found from 

^ H UBH AtBH£m = Q * 

In this equation the rate at which heat is transferred is the same as in 
t ie condenser equation; IL,,, represents the coefficient of heat transfer 'tin 2 o 
in the brine heater (i*80 Btu/hr ft F), ^t^^ represents the log mean 
temperature difference in the brine heater, and A^^ represents the amount 
of heat transfer area required. 

The total heat transfer area required is then A^ = A^ + A ^ and the 
capital cost is C^ = ^A^, = (A + Agjj)- The unit cost of the loop 
expressed in terms of dollars per square foot of heat transfer area, C^, 
is treated parametrically. 

The calculation of pumping power (based largely on the calculation 
used by F. E. Crever*) proceeds as follows. 

The pressure drop through the tubes of a heat exchanger is given 
by 

AP = 
F(pV)2 i L 

P 
2gc rh 

where 
F = coefficient of friction for the heat exchanger tubes * 
p = the density of the material being pumped» 
L = length of the heat exchanger tubes » 
r^ = hydraulic radius of the tubes , 
g = 32.2 ft lb/sec2 lb, c 
V = velocity of the pumped material (assumed 7 ft/sec). 

The coefficient of friction can be found from correlations with the 
Reynolds number. The length L is found from 

L = ADN/ir , 

F. E. Crever, "A Study of Water Plant Isolation from 
Contamination, Department of Interior, Office of Saline Water, 
R&D Report No. 526, October 1969. 
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where 
A = heat transfer surface required, 
D = tuhe diameter, 
N = number of tubes. 

The number of tubes required is found by requiring the total cross-
section area to be that which will allow the required mass of water to 
pass at the assumed velocity. That is 

.D2 

or 

where 

NV - f - p = W w , 

II = It U /VirD2 p, w 

2 
TTD = cross-sectional area of tubes, 
k 
p = density of water, 

W = rate a.t which water is circulated, w 
Using the relationships stated above, ail of the quantities required 

for calculations of the pressure drop can be found. This calculation was 
used for the pressure drop in the tubes of the condenser. The assumption 
was then made that the drop in the rest of the loop was equal to twice 
the pressure drop in the tubes of the brine heater. 

The electrical horsepower was found from 

D 2 
hpe = VPN*(J-)/ze, 

where all of the quantities have been previously defined except P, z, 
and e. These quantities are 

P = pressure drop around the entire loop 
z = mechanical equivalent of a horsepower = 550 ft lb/sec hp, 
e = efficiency for the conversion of electrical to mechanical 

energy = 0.85-

The electrical energy (kWhr) required annually is then 

E = hp 0.7^6 kW/hp 8760 hr/year (plant factor), 
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where a plant factor of 0.9 was assumed. The annual cost, C, is then 
given by 

C = (E kl-fhr/year) (0.006 $/kWhr), 

where electrical energy has been assumed to cost 6 mills per kWhr. The 
actual expenditure for the 30-year life of the plant would be C ^ q . The 
value of this expenditure at startup has been assumed to be 

30 

C30 = ° S (1.0 + B.C.)n ' 
n = 1 

where D.C. is the discount rate. A discount rate of 1% was assumed. 
Using D.C. = 0.07, C ^ is equal to 12.U09C. 

The total of capital and pumping cost is then Ĉ . + C^. This sum 
was used as characteristic of the various pressurized water loops. It 
does not include any maintenance or operating cost for the loop. 

Capital Cost for a Water-Steam Isolating Loop 

In the design of an isolating loop using steam, a single temperature 
has been assumed in the closed loop. In the condenser the exhaust steam 
is condensed by boiling the water within the loop at constant temperature. 
In the brine heater the steam within the loop is condensed at a constant 
temperature by heating the brine. 

The heat transfer area required in the condenser is given by 

k = Q/[U(T - T j ] , 
C O c. 

where 
Q = rate at which heat is transferred (1.381* x 10^ Btu/hr), 
U = coefficient of heat transfer (750 Btu/hr °F ft2), 

T q = exhaust temperature, 
Tg = temperature within the closed loop. 

The heat transfer area required in the brine heater is given by 
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A b h = Q/U AtBH,m 

where 
Q p 

Q, = rate at which heat is transferred (1.381* x 10 Btu/hr °F ft ), 
U = coefficient of heat transfer (750 Btu/hr ft2 °F), 

4t.u. = log mean temperature difference in the brine heater. riii X-IT1 

Then the total heat transfer area A T is given by AT = A + Ag^ and the 
capital cost is given by C^ = ATCs = Cs(Ac + Agy); where "the cost 
of the loop expressed in terms of the cost per square foot of heat 
transfer area, is treated as a parameter. 

Wo consideration is given to pumping cost in the case of the steam 
loop. Some pumping will be necessary, but the cost will be very small 
compared to the system capital cost. 

Calculation of the Penalty for Reduced Electrical Output 

If a closed loop is added between the exhaust of the back-pressure 
turbine and the brine heater, th.3 exhaust temperature and pressure of the 
turbine must be increased. This increase in temperature provides the 
thermal potential necessary to cause heat to flow through the loop. This 
increase also reduces the electrical capacity of the turbine. The re-
duction in capacity represents an additional cost attributable to the 
loop. This additional cost was evaluated by calculating the loss in 
electrical capacity associated with a given exhaust temperature and then 
multiplying the loss by the unit value of capacity. The unit value of 
capacity was allowed to vary from $200/kW to $300/kW. 

The electrical output was calculated in the following manner. As-
sumptions were made as follows: 

1. The steam enthalpy at the bowl (l: ) is constant at 1266.1+. 
2. The efficiency of the turbine (n) is constant at 0.9039. 
3. The efficiency of the generator (e) is constant at 0-975-
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li. The exhaust loss (E.L. ) can he found as a function of exhaust 
pressure in Fig. 8 of the report by Baily, Cotton and Spencer.* 

The expansion line end point at pressure P, [(ELEP)p], is then given by 

(ELEP)p = hQ - n(hQ - h p) , 

where hp is the enthalpy at pressure P assuming the entropy to be con-
stant at the bowl conditions. The used energy end point at pressure P, 

(UEEP)p = (ELEP)p + E.L., 

where E.L. (the exhaust loss) is determined by assumption (U) above. 
The electrical output (Ep) may then be found by 

E p - e(hQ - UEEPp) j , 

where W = steam flow and y = 3^12.75 Btu/hr-kW. 

Table A.l shows the loss in capacity as a function of the exhaust 
temperature which one obtains in this manner. 

*F. G. Baily, K. C. Cotton, and R. C. Spencer, Predicting the Per-
formance of Large Steam Turbine-Generators Operating with Saturated and 
Low Superheat Steam Conditions, Report GER-2U5UA, General Electric 
Company, presented at American Power Conference, April 1967. 

Tahle A.l. Loss of electrical capacity as a function 
of exhaust temperature 

Temperature 
(°F) 

Loss of electrical capacity because of change from 260 F 
(kW) 

260 0 
263. U 1538. 
267.25 31*61. 
270.9 5000. 

6880. 
277.8 8U19. 

281.0 99.58 
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Calculation of the Optimum Loop Cost 

The cost of adding an isolating loop between the turbine exhaust and 
the water plant consists of three components. These are (a) the capital 
cost of the loop, (b) the pumping cost of the loop (assumed zero for a 
steam loop), and (2) the value of the reduced electrical capacity re-
sulting from addition of the loop. The capital cost and the pumping cost 
decrease with increasing exhaust temperature while the value of the lost 
capacity increases with increasing exhaust temperature. This implies an 
exhaust temperature for which the total cost is a minimum. The calcula-
tion of the components of the loop cost has already been considered. The 
selection of the conditions which result in minimum total cost will now 
be described. 

An exhaust temperature, T q , was assumed, and the cost of the loop 
was calculated for the possible range of values for the loop temperatures, 
T^ and T^. The resulting data, when plotted, give a single curve of the 
type shown in Fig. A.2. A new T q was then assumed and another of the 
curves of Fig. A.2 was calculated. This process was continued -until the 
complete set of curves of Fig. A.2 was generated. The minimum cost was 
then read from each of the curves and plotted as a function of T q result-
ing in Curve A of Fig. A.3. The loss of capacity as a function of T q 

was then found as previously described. Curves B, C, and D of Fig. A.3 
were found by multiplying the capacity loss by the assumed value of a 
kilowatt. Curves A+B, A+C, and A+D then represent the total cost of the 
loop under the assumed economic conditions. The minimum cost of the loop 
is obtained by locating the minimum value on one of the curves. The net 
cost of the loop is then calculated by subtracting the cost of the orig-
inal brine heater from this loop cost. This entire process is repeated 
for each value of loop ($ per ft of heat transfer area) and each loop 
type (water or steam). 

Total loop cost is presented parametrically in Fig. A.k. 
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280 
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