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1. Introduction 

The general objectives of the Atomic Fnergy Commis
sion's Nuclear Desalting Program are (1) to explore the 
possible applications of nuclear energy to water desalt
ing and other process uses; (2) to define the nature, 
range, and potential of nuclear desalting applications 
and the locations where they offer greatest promise; 
and (3) to cooperate with industry and other govern
ment agencies in developing the technical understanding 
and the hardware tc implement desalting applications. 
The AEC-supported program is carried nut a? ORNL. 
where closely related desalting research and develop
ment is supported by the Office of Saline Water (OSW) 
under an Interagency Agreement between the Depart
ment of the Interior and the AEC. The general guideline 
is that AEC supports activities concerned with the 
production and application of low-cost energy from 
nuclear fuels, while OSW supports research and develop
ment related to desalting process technology. ORNL 
has shown the advantages and range of application of 
nuclear energy for dual-purpose plants producing both 
electric power and desalted water and has shown that 
these advantages can be extended to other processes 
and operations which benelit from low-cost heat and 
electricity. 

ORNL developed the idea of an agricultural-industrial 
complex using desalted water for irrigation and low-cost 
heat and electricity for industrial processes and has 
shown the idea to be attractive in many ways. In the 
past year effort has been devoted to further develop
ment of the agro-industrial complex concept, including 
the evaluation of new industrial processes for inclusion 
in the complex, the study of new crops and food-

nroccssine meihivk and th-? investigation of possible 
uses of warm water waste streams for raisi :g fish, 
shrimp, or other marine err p" ORNL has also assisted 
in studies by others to explore applications of agro-
industrial complexes in developing countries. 

Study of reactors to produce very low-cost heat for 
desalting applications has shown the promise of 
uranium-meta! fuels in an unclad metal breeder reactor 
with liquid-metal coolant and in a clad fuel element for 
p^ssurized-wicer reactors. Method; cf hrr.dling the 
coupling of the reactor steam system *o the electric 
power generators and to the desalting piant brine 
heaters have been studied. Flexibility of operation is an 
important factor, since the demands for electricity and 
water can change independently whereas production 
cannot. How to achieve minimum cost, greatest flexi
bility, and most dependable operation is a complex 
question which is being studied in greater depth. 

The operation of the Nuclear Desalination Informa
tion Center (NDIC) aids the work on all aspects of 
desalting. As the reputation of the Center spreads, more 
information is supplied to the Center and more infor
mation is requested from it. Rapid growth of the body 
of published information on desalting makes the 
services of the Center especially valuable to engineers 
and others who are hard pressed for time to keep 
abreast of current developments in the field. 

This report summarizes ORNL's work under the AEC 
Nuclear Desalting Program for the period from Novem
ber 1, 1968. through October 31. 1969. More complete 
information can be found in the scientific and engineer
ing reports listed in Sec; ion 4. 
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2. Highlights of Progress 

The emphasis of the AEC program on dual-purpose 
nuclear desalting plants is on developing the technology 
needed for coupling commercial reactors with desalting 
units and on integrating the many subsystems into an 
operable unit. Significant progress was made in the past 
year on developing both steady-state and dynamic 
cofiiputer simulations of desalting plants. In coopera
tion with the OSW, experimental work was conducted 
on evaporator plants to develop and refine the models 
used in the simulations. These test runs also yielded 
valuable experience on instrumentation techniques and 
requirements for large evaporators. 

Explorato-y work was completed on two advanced 
reactor concepts for desalting applications. The 
uranium-metdl-fueled PWR, which was previously 
examined for low-temperature process heat production, 
was found to have significant potential advantages in 
higher temperature applications, including electric 
power production and dual-purpose desalting. 

Experimental scoping studies were completed for the 
Unclad Metal Breeder Reactor (UMBR). Loop tests 
showed excellent compatibility between flowing liquid 
sodium and uranium metal and uranium-thorium alloys; 
this result confirms tests at Dounreay, and gives further 
encouragement that an unclad metal fuel may be 
acceptable in a standard sodium-cooled fast breeder 
reactor. Small-scale fuel fabrication experiments 
indicate that a number of fabrication methods are 
feasible. The work has reinforced previous indications 
of significant reductions in desalted water cost using 
this type of energy source. 

In continuing development of information for agro-
industria! complexes, the application of improved elec
trolytic cells in the production of ammonia was found 
tc be a route to important saving::. When ammonia 
production and hydrogen storage are combined so that 

off-peak electric power is used, economic gains result 
for the electric power system as well as for ammonia 
production. Tne Tennessee Valley Authority has joined 
Oak Ridge National Laboratory in a study of this 
overall subject. 

The D-LM process for electrolytic smelting of par
tially reduced iron ore offers promise of low-cost 
production even at plant capacities as low as 500 
tons/day, which may be important in a developing 
country where markets for pig iron may be limited. 
Ordinary blast furnaces are considered uneconomic if 
the size is much below 2000 tons/day. 

New agricultural data have permitted the design of 
improved agro-industrial complexes with higher returns 
per unit of water consumed. The work showed that rice 
production and poultry fed on wheat were especially 
attractive. Potato storage and processing into dehy
drated granules was found to be economically reward
ing where the market is large enough. 

ORNL has provided information and technical assist
ance to the team from the Indian Atomic Energy 
Agency which is studying applications of agro-industrial 
complexes in India. Under the plains of the Ganges 
River are large aquifers from which fresh water can be 
pumped without requiring desalting. In this region a 
nuclear power plant with the necessary distribution 
system to bring electricity to pumps in every field could 
provide water for crops to be grown the year around 
rather than just during the monsoon season. The system 
cost appears to be about equal to the value of the extra 
food thus produced each year. Electricity might also be 
used for industrial applications especially fertilizers. 
The Indian study team is also evaluating agro-industrial 
complexes for the Kutch-Saurashtra area on the arid 
west coast of India. 
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3. Summaries of Work Completed and in Progress 

3.1 DESALTING PLANT SYSTEM 
COUPLING STUDIES 

Computer Code Development 

Computer codes are used in the design of desalination 
plants and in the design of systems for coupling these 
plants to nuclear heat sources. There are several 
advantages to the use of codes: (1) they facilitate 
parametric studies, (2) they allow problems to be 
reexamined easily and quickly so that the codes can be 
adapted to new purposes (the code may also be used as 
a record of the design assumptions and ground rules), 
and (3) they solve complicated optimization problems 
and evaluate the gains of new developments. Work on 
computer codes consisted of developing new codes and 
upgrading existing codes. 

The conceptual design of a 250-Mgd vapor-compressor 
water-only desalting plant was used as a base to write a 
computer design code. The final cost information is 
presently being checked in the cost subroutine. A draft 
report on this code has also been written. 

The cost information in the computer codes for the 
combined VE-MSF plant and plain MSF plant, ORSEF 
and ORVE, was updated to be consistent with cost 
estimates by the Bechtel Coiporation.1 ' 2 In addition, a 
draft report on the ORVE code was written and is being 
reviewed. A reactor subroutine was added to ORVE aid 
ORSEF which has the flexibility of computing both 
dual plants and water-only plants. The cost estimates in 
the ORSEF cr ""e were modified to give results for small 
plants (2.5-10 .<igd) that are in agreement with current 
available costs. 

Comparative Study of Water-Only Desalting Plants 
Most of the money and effort put on the development 

of commercial nuclear energy has been, and will 

1 Bechtel Corp.. Conceptual Design of 250 Mgd Desalting 
Plant, OSW 14-01-0001-534 (July 31, 1968). 

2 E . C. Hise and S. A. Thompson, Conceptual Design Study of 
a 250 Mgd Combined Vertical-Flash Evaporator Desalting Plant, 
ORNL^t260 (August 1968). 

continue to be, directed toward electrical power plants. 
With such plants it is necessary to achieve a good 
thermodynamic efficiency, and this requires high-
temperature steam. For distillation of seawater it is not 
necessary to produce high-temperature steam, since 
with present distillation technology the maximum 
allowable temperature of the process steam is 260°F. 
Thus, this raises the possibility of a less costly reactor 
that produces low-temperature process heat for desalt
ing plants. 

Studies have been made of both oxide- and metai-
fueled pressurized-water reactors for process heat 
production. These studies indicate that, relative to their 
high-temperature counterparts, process heat PWR's 
show significant economic advantages when judged on 
the basis of energy cost. This simple economic index is 
not, however, sufficient to show whether or not there is 
an incentive to develop low-temperature reactors for 
water-only desalting plants. The reason for thi> is that 
there are alternatives to process heat reactors for 
providing the energy for water-only desalting plants. 

To provide a rational basis for future development 
programs it is essential that we decide whether or not to 
continue work on process heat reactors. More generally, 
we want to know what approach offers the best 
possibility for water-only desalting plants. A compara
tive study is under way to resolve this question. For the 
present the study will concern itself with pressurized-
water reactors, but two levels of PWR technology will 
be considered, as characterized by the type of fuel -
oxide or metal. For each type of fuel the following 
coupling arrangements will be compared on the basis of 
equal water production: 

Reactc; rpflwg 

1. Power Prime steam -*attemperator-* evaporator 
2. Power Prime steam -* vapor compressor-• evaporator 
3. Process heat Prime steam ~*evaporator 

All of the abov coupling arrangements have been 
oversimplified since, in each case, provisions will be 
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made for generating enough electric power for on-site 
needs. Case 1 is probably not interesting in itself, but its 
main purpose is to provide a reference by which the 
other arrangements can be judged. 

Results are now available on two of the three 
coupling schemes to be investigated in the comparative 
study. These include the process heat reactor case and 
the power reactor case where prime steam is attem-
perated to process conditions. A turbine-generator plant 
sized to provide auxiliary power requirements is in
cluded in both cases. The range of plant types and 
parameters considered is shown in Table 1. The 
equations for the reactor, turbine, and operation and 
maintenance costs are given in Table 2. 

Figures 1 and 2 present the estimated water cost trends 
as a function of plant size for the parameters con
sidered. It must be recognized that there are uncer
tainties in cost data for all parts of the plant (reactor, 
turbine-generator, and evaporator). The band presented 
for each case represents the effect of a 30% increase in 
the nominal reactor and turbine plant capital cost. The 
significant result is the relative difference in cost 
between the case: considering power and process heat 
reactors for each set of parameters. The process heat 
reactor provides lower water cost for all cases, with its 
advantage being somewhat greater with the uranium 
metai fuel and with private financing for either evapora
tor type. 

Turbine-Generator Cycle Efficiency Survey 
for Dual-Purpose and Power-Only Plants 

A suitable means for estimating the t'jrbine-generator 
cycle efficiency is necessary for studies involving both 
dual-purpose plants and power-only plants. Although 
high turbine cycle efficiency is not quite as important in 
dual-purpose plants, since turbine exhaust steam has 
value when delivered to the evaporator plant, the turbine 
cycle data should be reasonably accurate in order to allow 
comparison of tentative cycles with existing cycles 
documented by detailed heat balances 

Previoas work on turbine cycles within the Labora
tory and also at Sargent and Lundy Engineers 3 4 

covered throttle conditions from 400 psia (saturated) 
through 2400 psia(1000°F) and evaluated each cycle at 

Table I. Range of Parameters for Comparative Study of PWR's 

Nucleur Desalination Program Annual Progress Report on 
Activities Sponsored by the Atomic Energy Commission for 
Period Ending October 31,1966, ORNL-4087 (March 1967). 

Sargent and Lundy Engineers, Large Turbine Performance 
and Turbine Plant Cost Study, o,i.-.317 (December 1965). 

Reactor type 
Fuel 
Evaporator type 

Evaporator size. Mgd 
Financing 

Capital cost estimate range 
for nuclear and turbine 
island 

Plant load factor 

PWR 
UOj.Umet-1 
MSF ORNL 2 level. 

Bechtel cost estimate" 
VTE - ORNL design. 

Berhtel cost estimate0 

250.500. 1000 
Public - 7T FCRC 

Private - 12~ FCR 
+30-0** 

90% 

"Bechtel Corp.. Conceptual Design of 250 Mgd Desalting Plant, 
OSW 14-01-0001-534. (July 31,1968). 

*E. C. Hise and S. A. Thompson, ronceptual Design Study of 
a 250 Mgd Combined Vertical-Flash Evaporator Desalting Plant. 
ORNL-4260 (August 1968). 

CFCR - fixed charge rate. 

exhaust pressures of 1.5 in. Hgfabs) and 14, 35. and 78 
psia. This early work was intended to give an approxi
mate efficiency for preliminary studies. 

The next step in the program was to develop a 
computer code which calculates steam turbine-genera
tor performance and turbine cycle heat balance for 
steam conditions typical of present-day water reactors. 
This resulted in development of the code ORCENT.s"7 

ORCENT is based on equations presented in a General 
Electric report8 which is a standard reference for 
evaluating turbine plant performance. 

During the last reporting period, a turbine-generator 
eye!?, efficiency survey9 was conducted to provide a 
more accurate estimate of efficiency for dual-purpose 

Nuclear Desalination Program Annual Progse** Report nn 
Activities Sponsored by the Atomic Energy Commissior for 
Period Ending October 31, 1967, ORNL-4239 (April 1968). 

Nuclear Desalination Program Annual Progress Report on 
Activities Sponsored by the Atomic Energy Commission for 
Period Ending October 31, 1968, ORNL-4409 (April 1969). 

7H. I. Bowers, ORCENT: A Digital Computer Program for 
Saturated and Low Superheat Steam Turbine Cycle Analysis, 
ORNL-TM-2395 (January 1969). 

8 F. G. Baily, K. C. Cotton, and R. C. Spencer, Predicting the 
Performance of Large Steam Turbine-Generators Operating with 
Saturated .?.nd Low Superheat Steam Conditions, General 
Electric Company, GER-2454A, American Power Conference, 
Chicago, 111., Apr. 25-27, 1967. 

L. C. Fuller, Turbine Generator Cycle Efficiency Sun>cy jor 
Dual Purpose and Pover Plants, ORNL-TM report, io be issued. 



I .We 7. Cost Bass for Cnmp*r»tive S»"_'dy of V?2*?r-Oriy Des 'ling Hi; 
1968 dollar 

1. Fuel Cost. # i 0 6 B t u 

Process Hea it Reactor 
Private 

Financing 

Power Reactor 
Fuel Public 

Financing 

it Reactor 
Private 

Financing 
Public 

Financing 
Private 

Financing 

Uranium metal 
U0 2 

5.18 
9.67 

718 
»i.l3 

5.67 
10.38 

7.33 
11.64 

2. financing 

Private Public 

Annual charge rate 0.12 007 

3. 

CAPR = 

Reactor cost, $ 
(a X MWT + b) X 10 6 

Power Reactor Process 

Private Public Private Public Private Public 
Financing, Financing. Financing. Financing, Financing Financing 
U 0 2 Fuel U 0 2 Fuel U Fuel U Fuei 

a 0.0127043 
b 33.59923 

0.0119982 
33.37449 

0.0159043 0.0151982 
33.59923 33.37449 

0.01012754 0.00961739 
29.30464 29.00609 

4. Turbine Cost. S 
CAPP = tf(MWEG)n X 10 6 

MWEG 
Range n 

Power Reactor Process Reactor 
MWEG 
Range n Private Public 

K K 
Private Public 

K K 

<200 0 38885 7 31908 2.23791 2.8696 2.7692 
200-350 0.47937 1.43558 1.38533 1.77640 1.71422 
350-800 0.72114 0.348295 0.336101 0.430984 0.415892 
>800 0.916 0.094679 0.091365 0.117160 0.113060 

5. Operating and Maintenance Cost of Reactor, S/year 

O&MR = (0.890381 + i.72816E 4 MWT + 2.12822E - 10 (MWT)2) X 10 6 

6. Operating and Maintenance Cost of Turbine, $/year 

Less than 1000 MW(e): 
O&MT = (0.122133+ 7.89142E 4(MWEG) 5.85135E 7(MWEG)2 

*2.i9304E i(KMV 1>3', X 10 6 

Greater than 1000 MW(c): 
O&MT = (0.00022 X MWEG + 0.32) X 10 6 
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aiui power-oaiy piai.b over ihe range of interest for 
current nuc&ar plant concepts. Figure 3 shows sjo** 
turbine cycle efficiency as a function 01 throttle steam 
pressure wiih various condensing or back-pressure con
ditions and with various temperatures at a given 
pressure. The range of parameters considered included 
throttle pressures from 400 to 2400 psia, condensing 
pressures of 1.5 in. Hg(abs), 15 psia, and 35 psia, and 
up to 300° superheat for throttle steam pressures oyer 
1200 psia. The ORCENT code, which was used for all 
calculations, was not intended to be used at pressures 
above 2000 psia. The curves resulting from calculations 
at pressures above 2000 psia, however, do appear 
reasonable and are almost certainly more accurate than 
hand calculations at high pressure. 

The ranges of superheat cycles considered in this 
study were 0 to 100° F superheat for 400- to 1000-psia 
cycles and 100 to 300°F superheat for 1200- to 
2400-psia cycles. Higher values of superheat would have 
been run for the higher throttle pressures except that 
the design limit of ORCENT was 200° F superheat and 
300° F was believed to be as far as it could be extended 
with any degree of accuracy. 

A set of calculations was made with 35 psia back 
pressure both wiih and without regenerative feedwater 
heaters. It was thought that this might be practical for a 
dual-purpose plant since the fraction of total thermal 
energy that is rejected at the turbine exhaust is not 
wasted to the environment in dual-purpose cases but 
rather is used to drive the evaporator plant. The 
economically optimum degree of feedwater heating 
should be less in dual-purpose than in power-only 
plants. While Fig. 3 would indicate that the effect of 
regenerative feedwater heating on efficiency would vary 
from V2 to 3%, it should be noted that the higher-
pressure cases had higher final feedwater temperatures 
to begin with and thus there was more room for loss of 
efficiency when feedwater heaters were eliminated. 

The break in all the curves between 1000 and 1200 
psia represents the transition from nonreheat to reheat 
cycles. All high-pressure cases employ primary reheat 
but no external moisture separation. All low-prcsuire 
cases use an external moisture separator but no reheat. 
The curves could be extrapolated to determine an 
approximate percentage change in efficiency with a 
change now reheat tc moisture separation. 

ORML-0WG 70-32O4 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 
THROTTLE PRESSURE (psio) 

Fig. 3. Grose Turbine Cycle Efficiency. 
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All of the low-pressure cases were run with 1800-rpm 
tandem-co*Rpound 6-flow (38-in. last-stage blade length) 
turbine-generators. The high-pressure cases used 3600-
rpm tandem-compound 6-flow (33.5-in. last-stage blade 
length) units. A more detailed description of each cycle 
calculated is given in ref. 9, which also shows tabies 
and/or graj>hs of electrical output, gross turbine cycle 
heat -rate, grots turbine cycle efficiency, power required 
by motor-driven feedwater pump, turbine throttle 
steam flow, and turbine exhaust steam flow. 

It is not anticipated that these results would take the 
place of a heat balance calculation for a specific 
application but rather that it would give preliminary 
general information and would be followed up with 
direct application of ORCENT, which is quick, accu
rate, and complete. The output of ORCENT includes all 
the information normally shown on steam turbine cycle 
heat balance diagrams. 

Surrey of MSF Coupling and Coabo* Problems 

The function of the coupling and control system of a 
nuclear dual-purpose MSF distillation plant is, briefly, 
to mate the reactor, electrical power plant, and water 
plant so that they all operate efficiently and economi
cally over the specified load ranges. The reactor-
electrical-plant combination has much background 
experience, but coupling to the water plants is relatively 
new. The water plant characteristics are therefore of 
primary importance in designing the overall system. 
Experience with current water plants for which detailed 
operating data are available indicates that the tech
nologies of heat transfer (condenser bundle design), 
iRterstage brine flow control, and overall plant instru
mentation and control are not highly developed. The 
extent to which these technologies are interrelated in 
the MSF evaporator is probably not generally rec
ognized. The failure to recognize the interrelationship* 
inhfcits the adequate development of all three tech
nologies. 

A surprising gap exists between the condenser bundle 
design state of the art in the distillation and electrical 
power industries. It is generally accepted that power 
plant condensers are routinely designed for, and 
achiev?, ovens!! heat transfer coefficients (£/) of about 
700 Btu hr"1 ft" 2 ( °F ) _ I . In terms of distillation plant 
tube materials this should correspond to about U = 600 
at comparable temperatures. Yet distillation plant 
values at these low temperatures are typically below 
500. Power plant condenser bundles utilize steam Sanes 
to limit the number of tubes in vertical rows in a flow 
path to prevent tube inundation. The flow paths are 

tapered to maintain adequate steam velocity for effi
cient noncondensable gas sweeping, and efficient vent
ing is provided at the ends of aO flow paths. Many 
distillation plant bundles are designed without some or 
all of these features. 

Even though an efficient bundle layout may be 
provided for an MSF evaporator, fouling factors derived 
from less sophisticated plants are usually applied, with 
the result that the bundle is oversized. This overdesign 
may not be reflected simply in a reduced log mean 
temperature differential. The bundles are in effect 
underloaded at the design operating conditions and may 
fail to produce the superior heat transfer coefficients of 
which they are capable. At low steam flow rates the 
steam velocity necessary to provide adequate noncon
densable gas sweeping may not be provided in the later 
rows of tubes, leading to noncondensable gas fouling of 
these tubes. This effect has been observed experimen
tally in some test facilities. 

The design and operational characteristics of inter
stage flashing devices are not well defined. Each 
equipment manufacturer typically utilizes a particular 
hardware combination of plain orifices, baffles, liquid 
head devices, and/or turbulence promoters which he has 
evolved through experience. These configurations vary 
widely, and performance data and calculational proce
dures for comparing them are almost nonexistent. 
Then; is no way to determine which interstage device is 
best for a given facility, and the configuration ulti
mately utilized typically depends on which manufac
turer is awarded the contract. Orifice sizes are usually 
adjusted in the field in an effort to obtain the design 
flashing brine levels at the design operating conditions. 
This objective is frequently not realized because the 
hardware configuration may not be compatible with the 
available driving force for propelling the brine through 
the hardware. Excessive brine depths are often encoun
tered in the low-temperature stages, where the stage-to-
stage pressure differentia] is minimal. The cumulative 
level buildup can be counteracted further upstream, 
where interstage vapor pressure differentials are greater. 
Stage brine levels may be excessive or insufficient as a 
result of unstable flow characteristics through the 
flashing devices. The tendency toward instability seems 
io be greater at iow brine levels. 

Basic instrumentation in MSF evaporators is often 
inadequate. Temperature elements for this purpose 
should provide at least a good mixed mean flashing 
brine temperature near the outlet of each stage, reliable 
condenser stream temperatures between vessels, reliable 
vapor temperatures for each stage, and brine heater 
outlet and scawater temperatures. In practice, flashing 
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brine temperatures, for instance, are frequently read by 
a single thermocouple per stage even when stage width 
may be many feet. Abo, the temperature and pressure 
instruments arc generally not adequate to provide the 
accuracy needed to analyze the process. Typically the 
flashdown between stages may be 3°. A %° error In 
temperature readout would represent a 16% error in the 
calculated Hashdown. Precision-grade Instrumentation 
systems are needed to evaluate the performance of MSF 
evaporators. 

In view of the inadequate basic instrumentation, it is 
not surprising that control systems are rudimentary. 
Mcst Dlants are controlled manuallv with little or no 
effort expended toward improving the stage-by-stage 
performance. 

Because of the circumstances discussed above, great 
nonuniformity exists between various stages of many 
operating evaporators. One stage inlet orifice may be 
deeply submerged by brine, so that little flashing 
occurs, the flashdown being only 1 or 2°F. The 
condenser is far underloaded and exhibits a coefficient 
below 300 Btu hr"1 f t - 2 (°F)~ !; stage production is far 
below design. Another stage may have a low brine level 
and produce 6 or 7° flashdown. The condenser is 
overloaded according to the design but, owing to its 
conservative surface area design, operates efficiently 
and produces a heat transfer coefficient of well above 
800 Btu hr"1 ft"2 fF )" 1 . Production is of course well 
above design. 

MSF evaporators typically attain their design opera
tional requirements in spite of these chaotic operating 
conditions. This can only mean that if the design and 
control of the process were improved, performance 
could be substantially increased. 

These considerations have important ramifications in 
economic comparisons of the MSF and other desalting 
processes. They are also very significant in terms of 
coupling a large MSF evaporator with a large nuclear 
power plant. The performance characteristics of the 
reactor and power plant are well defined at the design 
point as well as for off-design conditions. The MSF 
performance characteristics are not well defined even at 
design-point conditions. Such a large plant will almost 
surely have to be «rtomaticalry controlled to a large 
extent. Neither the ability to accomplish this nor the 
instrumentation required has been demonstrated on 
current MSF plants. 

It appears that a general upgrading of MSF tech
nology is prerequisite to the developing of a realistic 
dual-purpose plant. The upgrading must induce the 
interrelated technologies of heat transfer, fluid ilow, 
and instrumentation and control. 

3 J DUAL-PURPOSE PLANT CONTROL STUDIES 

Introduction 

The objectives of the control studies are to investigate 
the problems involved in the operation of large nuclear 
desalting plants and to develop general-purpose 
methods for solving these problems. Implicit in the 
economic studies made of large desalting plant designs 
is the assumption that the resulting "optimum" plant 
can be operated satisfactorily. What often happens, 
however, is that the more effective the economic 
optimization becomts, the less tractable the eventual 
plant control and operation tend to become. In fact, 
predictions made to date on the dynamics of several 
very large MSF plant designs have, unfortunately, borne 
out this "rule of thumb." Resolution of the overall 
plant dynamics and control problems in advance of the 
final plant design (and construction), therefore, is 
clearly a necessity. 

State of Technology 

Several methods have been developed for predicting 
the dynamic behavior and controllability of large MSF 
plant designs. These techniques are general purpose to 
the extent that the detailed design features of a 
particular plant, for example, as generated by an ORNL 
design code, may be used directly as input data to the 
dynamics codes for studying specific control features. 
While the simulator codes themselves are operable, 
debugged, and internally consistent, the mathematical 
models used in the codes are not yet sufficiently 
accurate to make reliable predictions of plant behavior. 
Hence the major effort to date has been to obtain 
experimentally derived models and parameters to be 
used to upgrade the predictions. Of particular impor
tance are the relationships that govern both the flow of 
tray brine through the interstage orifices and the extent 
to which the tray brine reaches equilibrium with the 
stage vapor. 

Experimental Investigation 
of MSF Evaporator Dynamics 

Tiie derivation of models and parameters to be used 
in the prediction of MSF plant performance has been a 
goal of considerable OSW- and AEC-supported research, 
including that undertaken in this task. Unfortunately, 
the long-sought-after relationships describing this com
plex process have proven very elusive. There are several 
reasons for this: first, the basic processes involved (such 
as open-channel flashing flow and steam condensation 
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in very large condenser tube bundles) are not well 
understood, and so experiments and measurement 
systems are set up on a more or less cut-and-try basis, 
of*»n resulting in ncr.con^Utit'ic Jala, and second, the 
measurement w& data-collecting problems themselves 
are quite difficult, since they require high accuracy 
under adverse conditions. 

Our attempts at obtaining correlations for the brine 
flow rate through plain interstage orifices (i.e., with no 
baffles) are a case in point. We have obtained a 
considerable amount of operating data on the Baldwin-
Lima-Hamilton (BLrfi three-stage evaporator at 
WrightsviHe Beach, North Carolina, both from our own 
tests and from tests run by BLH personnel. After 
considerable effort, using trial-and-error methods for 
deriving "optimum" forms of flow equations along with 
least-squares nonlinear regression fit computer codes to 
seek out the best coefficients for the equations, we 
were able to come up with two quite different 
expressions, each of which "fitted" the data to within a 
10% standard deviation error. Alternative use of these 
two expressions in the dynamics codes, however, 
resulted in significantly different predictions of overall 
plant behavior. The major problem is that while these 
correlations can predict nominal flow rates fairly well 
given a basic set of operating conditions, they do not 
predict the effects on flow of trends in the various 
controlling parameters such as tray brine level. For 
example, low-temperature tests were run on the BLH 
evaporator in August 1969 in which the plant inven
tory, and hence the test stage level, was gradually 
decreased as the flow rate, flashdown, and tray brine 
inlet temperature were held constant. For deep (>18 
in.) test stage brine depths, the net head loss (APy.) 
decreased with decreasing level in a manner very similar 
to the nonflashing behavior. Further lowering of the 
test stage level, however, caused the inlet jet to be less 
submerged and the initial flashing region to move back 
toward the orifice, and &PT increased with decreasing 
level. At shallow test stage depths (~13-14 in.), further 
reductions in inventory (and test stage level) had no 
effect on upstream level. A plot of net head loss vs test 
stage level for this test is shown in Fig. 4. Also shown is 
the variation in error in predicted flow rate by the two 
correlations noted previously, which points out their 
inability to predict trends. 

i fi tcfiTiS of previous overall plant stability calcula
tions,1 " the behavior shown in Fig. 4 indicates that a 

plant with plain orifices would tend to be more stable 
operating with shallow brine depths. 

To overcome these problems, the approaches we are 
now taking are to investigate the basic characteristics of 
the tray brine flow in order to better plan the 
experiments and measurements, and to run series of 
tests which permit direct measurement of the effects of 
trends in the controlling parameters. The "controlled 
trend" techniques are abc to be used in determining 
relationships for describing nonequilibrium losses-

Basic studies of the flow characteristics have been 
made using the "flow bcx," a nonflashing three-stage 
MSF evaporator mockup. The intent here is to consider 
differences between the flashing ind ncnflashing cases 
as perturbations or. the simpler nonflashing model. 
Correlations have been derived for which the standard 
deviation of the error in predicted nonflashing flow rate 
is 2%% over a wide range of operating conditions. 
Velocity distribution measurements made in the flow 
box have also aided the understanding of the changes in 
flow behavior that take place at different operating 
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conditions and ha\c helped to confirm the assumption 
thai data taken in 1 - to 2-ft-wide channel rigs could be 
used to estimate wid£-*~H»niu»l lie t"nH-*/-aU» nlantt 

* _._- r — . , 
performance. 

The dynamics rests which were run on the BLH 
evaporator in September 1968 were analyzed to 
attempt to determine the transfer functions relating test 
stage parameters to variations in inlet tray brine 
temperature a>d flow rate. Because of insufficient 
signal-tc-noise ratios, nonlinear effects, deficient opera
tions of the data logger, or a combination of these, the 
resulting analyses typically resulted in functions with 
poor coherence. Subsequent exnenments 2re n!anned in 
which these problems will hopefully be solved. 

Further investigations were a'so made of basic tem
perature and level measurement problems and of 
data-loggi.ig techniques at the OSW test facilities at 
Wrightsville Beach and San Diego. 

Theoretical Calculations of MSF 
Plant Dynamics 

A digital computer program for calculating nonlinear 
time-response solutions for large MSF plant designs has 
been developed at ORNL to study plant control and 
coupling problems. The simulator employs a variation 
of the matrix exponential technique.1! The approxima
tion is made in the model that during each calculational 
time step, each stage is effectively iecoupled from its 
neighboring stages. This pernJts t M transient solution 
for a 50-stage evaporator, for example, to consist of 50 
sets of eighth-order equations instead of 400 coupled 
equations. The validity of this approximation has been 
checked out b> an independent frequency-response 
calculation, zs well as by successive reductions of the 
calculatior.al time step used in the simulator. 

The simulator has been debugged and is operating 
smoothly and efficiently. Errors in overall plant heat 
and mass balances are less than \7c, indicating sufficient 
internal consistency. Typical running times are of the 
order of 15 times real time (e.g., the simulation ci a 
1-hr-long transient for a 50-stage plant is run in about 4 
min of IBM 360/91 computei time). An automatic 
plotting routine is used to plot time responses of 
selected % irameters. 

Although the models and parameters used in the 
simulator are internally consistent, they are not yet 

: : S J. Ball and R. K. Adams, "MATEXP," A General 
Purpose Digital Computer Program for Solving Ordinary Dif
ferential Equations by the Matrix Exponential Method, ORNL-
TM-1933. 

sufficiently representative of actual plant behavior. 
Simulation runs using various models have been helpful, 
h*>tt/?vi?r in ninoojntjng areas in need of further 
experimental data. For example, the tray brine levels in 
the high-temperature stages are quite sensitive to 
changes in flashdown, *ince a small change in tempera
ture is equivalent to a iarge pressure change (13 in. H 2 0 
head per degree at 250°F). The extent to which blowby 
would occur in the higher-temperature siages was found 
to be very sensitive to the assumed iorm of the flow 
equations as the brine levels approach the orifice 
heights. Consequently, experiments are being planned 
to obtain these data. 

An exampie of the high sensitivity to small tempera
ture changes is shown in Fig. 5, which plots the 
response of tray brine levels in several stages to a step 
increase of only 1°F in brine heater steam temperature. 
The successive emptying out of the upper stages is quite 
apparent. It is significant that the flow correlations used 
were for plain-hole orifices, which have been observed 
to be unstable at high operating temperatures as the 
brine levels are lowered. This is because as the dif
ference between an upstrcam level and orifice height is 
reduced, there is successively less momentum loss due 
to the flow stream's striking the interstage barrier, until 
finally no loss due to the barrier is incurred as the level 
equals the height of the opening. For the case of a 
baffle juit downstream of the orifice impeding the flow, 
however, this destabilizing effect is reduced since the 
flowing stream still experiences a significant momentum 
loss at the low levels. This has clearly indicated the 
desirability of using baffling in the higher-temperature 
stages. 

Conclusions 

Solutions of the MSF dynamics and control problems 
are required for direct application to large-scale MSF 
demonstration plant designs and, later, in conjunction 
with vertical-tube evaporator (VTE) controls studies, 
for application to combined VTE-MSF (hybrid) plant 
designs. 

Experimental work on evaporator dynamics is being 
coordinated with OSW. ORNL h;is developed the 
capabilities for setting up and running dynamics tests 
on OSW experiments and for logging and analyzing the 
resulting test data. The MSF controls studies will 
incorporate further tests on the OSW-BLH three-stag* 
plant at Wrightsville Bea_.i and on the OSW nine-stage 
module in San Diego. 

Analytical 2nd experimental studies uf VTE control 
problems will be initiated in early 1970 and coor-
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dinated with OSW-sponsored design efforts. Eventual 
studies of hybrid plants will incorporate the individual 
technologies of both the MSFs and YTE's. Primary tes-t 
vehicles proposed for the VTE work are the VTE pilot 
plant at Wrightsviile Beach and the VTE-X at San 
Diego. Analytical studies of VTE dynamics will mal e 
use of the new ORNL hybrid computer as we'i ^s 
ORNL's large digital computers. 

The technology developed in this task, in particular 
the dynamics codes, will be applied directly to specific 
demonstration plant designs as the reeds arise. 

3 3 TRADEOFFS BETWEEN ELECTRIC POWER 
GENERATION AND TRANSMISSION FOR LARGE 

NUCLEAR DESALTING PLANTS 

This investigation into tradeoffs between eiectric 
power generation and transmission costs for large 
nuclear desalting plants is a part of the continuing 
studies of alternative technological and economic 
choices for satisfying water and energy needs conducted 
by the Nuclear Desalination Program at ORNL. These 
studies are directed toward establishing a basis for 
determining where the emphasis should be placed in the 
development of nuclear desalting technology. Special 
attention is being given to the role of desalting plants in 
relation to overall resource requirements for satisfying 
regional water and energy needs. 

The total annual cost incurred in producing both 
products (water and electricity) from a dual-purpose 

plant is ccnsid'Vnhii. --~s ;h a. ; ih-. ;rom Stoarate 
sir^e-purpose plants producing the smie quantities of 
bot'i products. This saving i attributable •.; the 
cost-size scaling effect for the nuclear heat souict. to 
the common facilities that are shac.-j by [he power- and 
w^ter-produclng portions o: the dual-purpose pLnt. *r»d 
to the maximum urilizaticn of the available energy of 
the prime steam by the «ries arrangement of the 
turbine plant and the evaporator plant. The difference 
in annual coses is even more pronounced if the 
single-purpose plan: requires supplemental cooling 
facilities such as cooling towers. This difference can be 
ipp'icd r. delivering the electric energy to a load center 
via high-voltage transmission lines. 

Two alternative means for satisfying base-load water 
and electric power requirements were investigated and 
compared, as illustrated in Fig. 6. Tlie first situation is 
shown on th-; upper half of the figure above the heavy 
dashed line: a single-purpose water desalting plant 
located at a coastal site supplies water for use near the 
coastal site, and a separate singje-purpose electric 
generating plant located near a load center supplies 
electric power for the load center. The second situation 
is shown on the lower half of the figure below the 
heavy dashed line: a dual-purpose plant at a coastal site 
supplies water for use nearby and supplies electric 
power to the remote load center over high-voltage 
transmission lines. 

The immediate question to be answered is: What is 
the break-even transmission distance, X, between the 

OPML-OWG 69-4355 

WATER USE 4 
r—|-»--SiNGLE-PURPOSE 

r WATER PLANT 

SiNC-LE-P'JR°OS£ 
ELECTRIC PLAST 

ELECTRiCAL ~0A0 \ 

DUAL-PURPOSE WATFR-ELECTRIC 3 LANT 
ELECTRICAL ^-ELECTRICAL 

TRANSMISSION LiNE 
_ _ _ \ . 

DISTANCE X 

WATER USE 

6 LOAD 

Fig. 6. Alternative Mean* for Producing Water ?nd Electricity. 



14 

dual-purpose plant and the remote load center? The 
answer to this question is an indication of the economic 
incentive for considering dual-purpose plants or, alter
natively, separate singie-ourpose water and electric 
plants. 

Break-even electric power transnvssion distances were 
determined solely on the basis ot total annual costs. 
When electric power transmission is combined with a 
dual-purpose plant, the break-even distance is defined 
to be the length of transmission line for which total 
annual costs for the dual-purpose plant plus transmis
sion line are equal to the total annual costs for the 
single-purpose electric plant plus single-purpose water 
plant. 

Annual costs were estimated for the plants and 
systems listed below, assuming multistage flash distilla
tion plants, light-water reactors, 90% plant capacity 
factor, and both public and private financing. 

Single-purpose water plants of 250,500, and IC90 Mgd 
capacity 

Single-purpose electric plants of 500, 1000, and 2000 MW(e) 
net capacity provided with once-through cooling, evaporative 
cooling towers, and nonevaporative cooling towers 

Dual-purpose plants of equivalent combined capacity 
Electric power transmission lines of :>0G,1000, and 2000 
MW(e) capacity 

AH costs were estimated in terms of 1968 dollars based 
on ideal siting conditions, a 40-hr work week for 
construction labor, no local sales tax, and no escalation 
during the construction period. Fixed charge rates for 
public financing were assumed to be 7% on depreciating 
capital and 5% jn nondepreciating capital; those for 
private financing were 12% on depreciating capital and 
10% on nond#»nr^ciating capital 

V/c'-v-r piant costs were based on computer extrapola
tions 1 2 of a design and cost study 1 3 of a 250-Mgd 
multistage Hash plant made by ORNL and Bechtel 
Corporation for OSW. Reactor plant costs for single-
purpose water plants were based on an ORNL con
ceptual design of a low-temperature process heat 
reactor.14 Power reactor costs and turbine plant cost', 
were based on ORNL estimates for PWR plants. 
Evaporative and n onevaporalrve cooling towers were 
assumed to increase the cost of single-purpose electric 
plants by $10.00 and $25.00 per kilowatt (electrical) 
respectively. 

Fuel-cycle costs shown in Tabie 3 were based on 

TaWe3. FuH-Cycle Costs 

Cost (e/MBtu) 
Process Heat Power 

Reactor Reactor 

Net uranium burnup and losses 8.23(8.23)a 8.70(8.70) 
Fuel fabrication 1.73(1.73) 1.88(1.88) 
Fuel processing and reconversion 0.47(0.47) 0.41(0.41) 
Fuel shipping 0.15(0.15) J. 15(0.15) 
Inventory 1.17(2.31) 1.03(1.99) 
Working capital 0.32t0.64) 0.29(0.59^ 

Gross fuel cycle 12.07(13.53) 12.46(13.72) 
Credit for fissile Pu 2.40(2.40) 2.08(2.08) 

Net fuel cycle 9.67(11 13) 10.38(11.64) 

^Parenthesized numbers are for private ownership. 

ground rules predicted to be representative of the year 
1985. 

Electric power transmission system costs were b;:scd 
on average coct3 for the United States for overhead 
alternating-current l ines. 1 6 ' ! 7 

Cost estimates are summarized and compared in 
Tables 4 and 5. The upper portion of each table shows 
total annual costs expressed in millions of dollars. Each 
entry is the sum of three components: (1) annual fixed 
charges oi capital investment, (2) annual operation and 
maintenance costs, and (3) annual fuel-cycle costs. Line 
1 shows total annual costs for single-purpose water 
plants; line 2 shows total annual costs for single-purpose 
electric plants with the three types of heat rejection 
(run of river, evaporative cooling towers, and non-
evaporative cooling towers); and line 3 shows the total 

studies by Rahe, Jones, and Robin1 s using economic 

l 2 C . T. Mothershed, ORSEF: A Fortran Code for the 
Calculation of Multi-Stage Flash Evaporation Desalinsiion Plant 
Designs, ORNL-TM-1542 (March 1966). 

, 3 £ . J. Senatore and J. A. Smith, Study of 250 Mgd 
Multistage Flash Distillation Plant wth Two-Level Brine Flow. 
ORNL *̂214 (January 1969). 

I 4 T . D. Anderson et al, A Study of Metallic Uranium dueled 
Pressurized-Water Reactors for the Production of Process Heat 
or Electric Power, ORNL-TM-2451. to be published. 

, S E . P. Rahe, Jr., J. E. Jones, Jr., and T. T. Robin, A Fuel 
Cycle Economic Analysis of Oxide Fueled Power and Process 
Heat PWR's for Seawater Desalination, ORNL-TM-2046 
(January 1969). 

1 H. I. Bowers, Oak Ridge National Laboratory, internal 
memorandum. 

, T L . D. Van Hees and E. L. Kelley, Jr., TRANCO: A 
Computer Program for Estimating the Cost of Electrical Power 
Transmission, BNWL-743, Pacific Northwest Laboratory (May 
1968). 
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of lines 1 and 2 and corresponds to the first alternative 
situation shown in Fig. 6, a single-purpose water plant 
and a separate single-purpose electric plant. Line 4 
shows total annual costs for dual-purpose plants of the 
same combined capacities. Line 5 is obtained by 
subtracting line 4 (total annual costs for dual-purpose 
plants) from line 3 (total annual costs for separate 
singie-purpose plants) and shows the savings in total 
annual costs that dual-purpose plants provide when 
compared with separate single-purpose plants. It is this 

difference that was assumed to be available to pay for 
electric power transmission from the dual-purpose plant 
to the remote load center. 

The lower portion of each table shows break-even 
electric power transmission distances that can be paid 
for by the difference, or savings, tabulated on line 5. If 
all the electric power is transmitted via a single 
full-capacity line, the break-even distances for all cases 
are greater than 500 miles, as shown on line 6. If, for 
added reliability, it is assumed that the electric power is 

Table 4. Comparison of Total Annual Costs for 7% Fixed Charge Rate and Indicated Plant Capacity 

250 Mgd, 500 MW (Electrical) 500 Mgd, 1000 MW (Electrical) 1000 Mgd, 2000 MW (Electrical) 

No CI* WetCT6 DryCT* NoCT 0 WetCT6 DryCT* NoCT 0 WetCT* DryCT* 

Annual Costs, S/year X 10"* 

1. Single-purpose wa'er plant 24.5 24.5 24.5 44.0 44.0 44.0 81.8 818 81.8 
2. Single-purpose electric plant 12.0 12.6 13.7 19.9 21.0 23.1 35.6 38.0 42.3 
3. Total single-purpose plants 36.5 37.1 38.2 63.9 65.0 67.1 117.4 119.8 124.1 
4. Dual-purpose plant 29.1 29.1 29.1 53.1 53.1 53.1 99.7 99.7 99.7 
5. Difference 7.4 8.0 9.1 10.8 11.9 14.0 17.7 20.1 24.4 

Break-Even Transmission Distance, miles 

6. One full-capacity line 
carrying full load 

>500 >500 >500 >500 >500 >500 >500 >500 >500 

7. Two full-capacity line; 
each carrying half load 

410 450 500 420 460 >500 470 >500 >500 

"Single-purpose electric pk.nt with no cooling towers (once-through or run-of-river cooling). 
^Single-purpose electric ptont with evaporative cooling towers. 
"Single-purpose electric plant with nonevaporative cooling towers. 

Table 5. Comparison of Total Annual Costs for 12% Fixed Charge Rate and Indicated Plant Capacity 

250 Mgd, 500 MW (Electrical) 500 Mgd, 1000 MW (Electrical) 1000 Mgd, 2000 MW (Electrical) 
NoCT" WetCT6 DryCT NoCT1 WetCT6 DryCTc NoCT» WetCT6 DryCT* 

Annual Costs, S/year X 10~* 

1. Single-purpose water plant 37.3 37.3 37.3 67.5 67.5 67.5 125.7 125.7 125.7 
2. Single-purpose electric plant 16.9 17.9 19.4 27.5 29.3 32.7 48.9 52.5 59.4 
3. Total single-purpose plants 54.2 55.2 56.7 95.0 96.8 100.2 174 6 178.2 185.1 
4. Dual-purpose plant 43.8 43.8 43.8 80.3 80.3 80.3 151.0 151.0 151.0 
5. Difference 10.4 11.4 12.9 14.7 '6.5 19.9 23.6 27.2 34.1 

6. One full-capacity line >500 
carrying full load 

7. Two full-capacity lines 370 
each carrying half load 

Break-Even Transmission Distance, mites 

>500 >500 >500 >500 

400 450 360 400 

>500 

480 

>500 >500 >500 

390 450 >500 

"Single-purpose electric plant with no cooling towers (once-through or run-of-river cooling). 
6Singl£-purpose electric plant with evaporative cooling towers. 
cSinglo-nurpose electric plant with nonevaporative cooling towers. 
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transmitted via two full-cap?city lines each carrying half 
load, break-even distances range irom about 370 miles 
to over 500 miles, as shewn on line 7. If the 
single-purpose electric plants are required to bear the 
additional costs of cooling towers, breakeven transmis
sion distances are increased 30 to 60 miles for wet 
evaporative-type cooling towers and 80 to more than 
100 miles for dry nonevaporative-type cooling towers. 

The preceding discussion assumes that all the savings 
in total annual costs are available to pay for electric 
power transmission. This assumption implies that water 
produced by the dual-purpose plants has the same 
economic value and can be sold for the same price as 
wster produced by the single-puipuse water piants. The 
other extreme is to assume that electric power 
produced by dual-purpose plants has the same value as 
electric power produced by single-purpose electric 
plants and to apply all the savings to reducing water 
costs. In actual practice it is unlikely that either 
extreme will be possible. It seems that both products 
should show an economic advantage to assure that the 
producers of water and electric power will cooperate in 
building and operating dual-purpose plants. 

The present study serves only to indicate the maxi
mum break-even electric power transmission distances 
assuming that water produced by the dual-purpose 
plants has the same economic value as water produced 
by the single-purpose water plants. Under these condi
tions and the other assumptions of this study, it is 
concluded that there is a very strong economic incen
tive to consider dual-purpose plants as opposed to 
separate single-purpose water and electric plants. 

3.4 UNCLAD̂ METAL FUELED BREEDER 
REACTOR FOR DESALTING OR POWER 

Previous work 1 8 , ! 9 has shown considerable economic 
promise for a sodium-cooled fast breeder reactor with 
unclad metal fuel. Eliminating the cladding from fast 
reactor fuels reduces markedly the diluent materials in 
the reactor, hardens the neutron spectrum, and sub
stantially improves the neutron economy and nuclear 
performance. Principal uncertainties involve the fuel 
fabrication methods and cost estimates aid the fuel 
stability under design service conditions. Experimental 

1 BK. P. Hammond et al, Unclad-Metal Breeder Reactor 
(UMBR) for Demiting or Power, ORNL-4202 (January 1969). 

X9 Nuclear Desalination Annual Progress Report on Activities 
Spomored by the Atomic Energy Commission for Period 
Ending October 31,1968, ORNL-4409. 

work in these two areas during the year is described 
below. 

Materials Compatibility 

A test loop was operated to evaluate the compati
bility of Th and Th-20% U specimens with sodium in a 
type 304 stainless steel system. The test loop was 
operated isothermally at 800°F for 200 hr. Specimen 
exposure times were 500, 1000. and 2000 hr. Sodium 
velocity past the specimens was 15 fps. The loop is 
shown schematically in Fig. 7. 

The sodium was cold trapped and then hot trapped in 
the loop prior to the start of the test. The indicated 0 2 

content of the sodium was less than 10 ppm when the 
specimen exposure began. No difficulties were en
countered during the operation, and the 0 2 level in the 
sodium remained below 10 ppm, as indicated by a 
plugging meter and an amalgamation analysis. Upon 
completion of the test the specimens were removed 
from the loop, and the residual sodium was removed by 
cleaning with liquid ammonia. 

Examination cf the specimens revealed no physical 
evidence of corrosion. The maximum amount of reac
tion product film was less than 0.1 mil. The weight 
gains accounted for by interstitial element changes 
exceeded the net weight gain of the specimens, thus 
indicating some very small metal loss. This was substan
tiated by electron microprobe analysis, which showed a 
slight increase of uranium at the surface of the thorium 
specimens. There was no apparent time effect, nor was 
there ar.y notable difference between the two types of 
specimen. The average weight change for 2000 hr was 
less than 0.1 mg/cm'. 

Metallographic examinations were made on test spec
imens exposed 500 and 2000 hr and on specimens 
representing before-test material and specimens exposed 
to simulated cleaning operations. The examination 
showed that a thin (<0.1 mil) reaction product layer 
had formed on the exposed specimens. (Again there was 
no detectable difference between the 500- and 2000-hr 
specimens.) The examination showed that there had 
been no intergranular corrosion. 

Fuel Fabrication Development 

Thorium and uranium metal are prepared commer
cially as powders, and plutonium can be readily 
obtained in powdered form. These powders can be 
blended together to form a uniform alloy composition 
in any desired ratio. WeU-developed methods exist for 
inch blending and for compacting and pressing the 
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Fig. 7. Uranium-Metal Past Breeder Reactor Corrosion Loop. 

nuxture into coherent form. This powder compact then 
becomes the starting material for fu;l element produc
tion, for which several fabrication routes appear fea
sible. These fall into two categories, depending on 
whether the compact is melted or fabricated directly. 
The experiments reported here were performed with 
ihoiium-urafiium alloys only, but the addition of 
plutonium in the small amounts required is not ex
pected to affect the fabrication results. 

Casting Expen&ents* - Small-scale experiments were 
initiated to determine the basic feasibility of casting tc 
shape, casting a billet, and then forming into com
ponent shapes of which the fuel element can be 
constructed. One possible problem in casting appeared 
to be hot tearing due to the low-melting uranium-rich 
eutectic. An H-shaped section was drop cast into a 
water-cooled copper rnold to determine the extent of 
hot tearing in this "worst-case" configuration. A cross 
section of the H is shown in Fig. 8. Although there are 
some small cracks in the inside comers, it appears that 
hot tearing would not be a problem in properly 
designed castings. Investment casting techniques have 
been used to cast stainless steel prototype components 
which can be assembled to form the fuel element shape. 
Lengths of the thin-walled sections up to 9 in. appear to 

be practical with the steel. Compatibility of the mold 
materials with the thorium-uranium alloy has not been 
tested. It was demonstrated that the Th-20 wt % U 
alloy ran be rolled from an ingot into sheet and then 
formed into component shapes of which the fuel 
element can be constructed. The ingots used thus far 
have been arc-melted and drop cast into water-cooled 
copper molds. 

The microstnicture of this casting is shown in Fig. 9. 
The lightest phase is a thorium-rich phase, the inter
mediate phase is the uranium-rich eutectic, and the 
darkest gray particles are oxide. This structure should 
give good irradiation performance, since most of the 
fission fragments from the uranium will land in the 
more damage-resistant isotropic thorium phase. After 
rolling to reductions of up to 90%, the uranium phase 
appears as very small discrete platelets uniformly 
dispersed in the thorium matrix. This structure should 
offer the same good irradiation performance. 

Preliminary wetting experiments in vacuum have 
shown that the Th-20 wt % U alloy is wetted by some 
of the high-temperature brazing alloys previously de
veloped at ORNL for joining refractory metals. Initial 
electron beam welding trials are also encouraging. 
Joining of component shapes into an integral fuel 
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element appears feasible; however, design of the shapes 
and holding mechanisms could eliminate any need for 
joining if desired. 

Direct Fabrication Experiments. - The powder com-
oacts. which were cylindrical in shaoe. were olaced in 
close-fitting copper containers closed with copper lids 
threaded or welded in place. It was found that these 
assemblies could be successfully extruded with a reduc
tion in area of 8:1 and that the copper maintained a 
complete protection from the atmosphere as well as 
serving as a die lubricant. Thus the extrusion press used 
could be conventional and would not have to be 
provided with inert-gas surroundings or remote han
dling. 

The alloy bars produced by extrusion were found to 
be full-density ductile metal. They are presently being 
subjected to chemical and metallurgical analysis and 
then will be rolled down into 0.054-in. sheet metal for 
bend tests and shaping tests. The same extrusion 
process could be modified to produce hollow draw 
stock, which could then be drawn into hexagonal tubes 
suitable for final assembly of fuel elements. However, 
tins route would require extensive die development and 
is not being pursued at this time. The sheet metal route 
is equally feasible and serves well enough as a demon
stration that a fuel element can be successfully fabri
cated. 

3.5 METAL FUELED PRESSURIZED-WATER 
REACTOR 

Introduction 

It has long be^n recognized that the use of metallic 
uranium as a reactor fuel offers neutronk advantages 
relative to other, lower density, fuels such as uranium 
dioxide. However, irradiation-induced swelling at rela
tively low burnup levels has previously eliminated 
uranium metal fuel from consideration in commercial 
applications. Recent developments in uranium metal 
fuel technology have greatly extended the allowable 
burnup; the improvements in irradiation performance 
have been achieved through (1) the use of "adjusted" 
uranium (uranium containing a few hundred parts per 
million carbon, aluminum, iron, and silicon), which 
substantially reduces the uranium swelling, and (2) the 
use of externally clad hollow-core metallic uranium fuel 
elements to allow expansion space for moderate swell
ing without cladding distortion. Development work on 
the hollow-core concept was done at the Pacific 
Northwest Laboratory. 2 0" 2 2 

Our studies on the application of metallic uranium 
fuel to pressurized-water reactois indicate that the use 
of this fuel may lead to significant improvements in the 
fuel-cycle performance and economics. Most attempts 
to improve the fuel cycle through better neutron 
economy result in completely new advanced reactor 
concepts. The use of metal fuel may, however, lead to 
an improved fuel cycle while retaining the fully 
developed system technology of current commercial 
reactors. 

The initial emphasis of our work v/as on the study of 
low-temperature process-heat reactors for single-
Dtirnose desaltine 2 3~ 2 5 Onrino the course of this study 
it became apparent that the potential 'usefulness of 
metal fuel may not be limited to low-temperature 
reactors; the scope of work was therefore broadened to 
include the application of metallic uranium fuel to 
power and dual-purpose reactors. 

General Description 

The metal-fueled reactors considered are essentially 
identical in overall concept to commercial PWR plants. 
The only change in technology is the use of high-
density metallic uranium fuel in place of the conven
tional uranium dioxide fuei. Two core configurations 
were examine ic determine the potential usefulness of 
metal fuel. Table 6 shows a comparison of various 
design parameters for the two metal fuel cores, with 
values of the reference oxide-fueled Diablo Canyon 
reactor2 6 also presented for comparison. 

"R . D. Leggett et aL, "Irradiation of Metallic Uranium 
Hollow Core Fuel Elements to 1 at. % Bumup," 7>WHL Am. 
NucLSoc. 11,153(1968). 

2 1 R. D. Leggett, J. C. Tverberg, and C. R. Harm, Pacific 
Northwest Laboratory, Richland, Wash., personal communica
tion. 

2 2W. £. GurweU, Pacific Northwest Laboratory, Richland, 
Wash., personal communication. 

2 3 T . D. Anderson, J. E. Jones, Jr., and C. M. Podeweitz,/4 
Study of Metallic Uranium Fueled Pressurized Water Reactors 
for the Production of Process Heat or Electric Power, ORNL-
TM-24S1 (December 1969). 

2 4 T. D. Anderson, J. E. Jones, Jr., and C. M. I'odewettz, "A 
Metallic Uranium Fueled PWR for Single-Purpose Desalting," 
Trans. Am. NucL Soc. 11, 355 (1968). 

2 S E. P. Rahe, Jr., J. E. Jones, Jr., and T. T. Robin, A Fuel 
Cycle Economics Analysis of Oxide Fuded Power and Process 
Heat PWR's for Seawater Desalination, ORNL-TM-2046 (Jan
uary 1969). 

2 6 Pacific Gas and Electric Co., Nuclear Plant - Diablo 
Canyon Site, Preliminary Safety Analysis Report, vols. I and II, 
Docket No. 50-275. 
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Table 6. S w i i y of I m w r n Metal Fewer Reactor Characteristics* 

Direct Replacement6 Reference Diablo Canyon 
Uranium Metal Core Uranium Metal Core U 0 2 Core 

Reactor power rating, MW 
Thermal 3250 3250 3250 
Net electrical 1050 1050 1050 

System pressure, psa 2250 2250 2250 
Coolant inlet temperature, °F 539 539 539 
Coolant outlet temperature, °F 602 602 602 
Core materials 

Fuel Uranism metal Uranium metal U 0 2 

Cladding Ziicaloy Zircaloy Zircsloy 
Grid structure lncond Inconel Incond 

Leagth (active;, ft 12 12 12 
Outside diamete. in. 0.422 0.672 0.422 
Clad thickness, in. 0.022 0.036 0.024 
FudOD/ID.in. 0.378/0.154 0.600/0.245 0.367/solid 

Void fraction, % of fuel 20 20 
volume 

Fuel assembly cross-sectional 8.475 X 8.475 12.650 X 12.650 8.475 X 8.475 
dsneastons, in. 

Fuel-to-water vohune ratio 0.528 0.667 0.593 
(unit eel) 

Number of fad assemblies 193 115 193 
Effective core diameter, ft 11.06 12.76 11.06 
Reactor vessel 

Design pressvie, psig 2500 2500 2500 
Noininal inside diameter, in. 173 196 173 
Bask shell thickness, in. 830 9.11 8.50 

Contamncst vessel 
Design pressure, psig 47 47 47 
Nominal inside diameter, ft 140 144 140 
Overall bright, ft 212 216 212 
Bask she! thickness, ft 3.5 3.6 3.5 

'Characteristics of the reference Diablo Canyon LK>2 reactor are included for comparison. 
^Direct replacement for oxide-fueled reactor. 

The first of these cores, designated as "direct replace
ment uranium metal core" 2 7 is indeed suitable for 
direct replacement in current oxide-fueled reactors. The 
rod size (0.422 in. OD) and fuel-to-water volume ratio 
(0.528) yield a lattice configuration identical to that of 
the reference oxide core. 

The second core, designated as "reference uranium 
metal core," provides a larger (0.672 in. OD) rod in a 
relatively drier (fud-to-water volume ratio of 0.667) 
lattice. This core is larger in diameter and yields a lower 
power density but benefits from the reduced fuel 

2 7 F . G. Welfare and J. E. Jones, Jr., Physics, Thermal-
Hydraulic, and Fuel Cycle Cost Analyses of a Metallic Uranium 
Direct Replacement Core for Pf/R's, ORNL-TM-2493 (to be 
published). 

fabrication costs and imoroved conversion ratio associ-
ated with larger pins and a drier lattice. 

It should be noted that neither of the aforementioned 
cores represents an optimum. The reference core, 
however, is closer to the optimum configuration than 
the direct replacement core. 

The fuel elements are cylindrical coextruded rods 
with Zircaloy clad around the "adjusted" uranium 
metal fuel and a central void (20% of fuel volume) in 
the fuel region to absorb the irradiation-induced swell
ing. The individual fuei elements are arranged in a 15 X 
15 array and mechanically fastened together to form a 
canless fuel assembly. Figure 10 shows a partial section 
of a typical fuel assembly. 

The metal-fueled reactors are essentially identical to 
current commercial PWR plants except for the interioi 
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of the fuel pin. However, for the reference uranium 
metal core the power density is less, dictating a 
larger-diameter core. Therefore, both the reactor and 
the containment vessel must be slightly larger for this 
core, lhe capiiai CUM penalty associated with the 
increase in size is discussed in the economics evaluation. 

CONTROL ROD 
THIMBLE, 20 
PER ASSEMBLY^ 

ORNL-DWS 6 8 - 5 0 0 7 

FUEL PIN, 204 
PER A3SEM8LY 

VGRID STRUCTURE 
9 PER ASSEMBLY 

Fig. 10. Partial Section of Typical Fuel Assembly. 

Core and Fuel-Cycle Characteristics 

Each core was analyzed at a number of different 
exposures. The equilibrium cycle length was held -it 
about one calendar year, and the exposure was varied 
by changing the number of cycles for which each tuel 
assembly remained in the core. The fuel-cycle data are 
equilibrium values. An average exposure of 13,200 
MWd per metric ton of uranium (MWd/MTU) has been 
adopted as the reference value. This average exposure 
would imply a maximum exposure of about 18,000 
MWd/MTU. Core and fuel-cycle characteristics of the 
two designs at the reference bumup are summarized in 
Table 7, with comparable data presented for the U0 2 

core. 
The fuel cycles are characterized by low values of 

feed enrichment (1.3 to 1.5 wt % 2 3 5 U) and high ratios 
("-0.8 to 0.9). These characteristics indicate the ex
cellent neutron economy which results from the use of 
high-density metallic fuel. 

Economics 

The economic ground rules used in the evaluation are 
summarized in Table 8. Basically, these ground rules are 
intended to characterize a set of economic conditions 
that would apply, as an effective lifetime average, to a 
reactor started up in the early 1980's. The assumption 
of when the reactor is to be started affects the size of 
the fuel industry and, therefore, the unit costs of fuel 

Table 7. Core and Fuel-Cycle Data for Uranium Metal Power Reactors* 

Direct Replacement6 Reference Diablo Canyon 
Uranium Metal Core Uranium Metal Core U 0 2 Core 

Bumup, MWd/MTU 
Reactor throughput, MTU/year 
Reloading interval, years 
Fraction of core reloaded 
Specific power, kW(t) per kg feed U 
Power density, kW(t)/liter 
Feed 2 3 $ U enrichment, wt % 
Discharge 2 3 5 U enrichment, wt % 
Discharge plutonium, g per kg feed U 

Total Pu 
Fissile Pu 

Conversion ratio 
Average heat flux, Btu hr"1 f t - 2 

Maximum fuel temperature, °F 
DNB (burnout) ratio 
Average mass velocity, ib hi ft"2 

13,200 
80.9 
1.04 
% 
19.3 
97.0 
1.50 
0.61 

6.85 
5.13 
0.78 
207,000 
926 
1.422 
2.59 X 106 

13,200 33,100 
80.9 32.3 
1.00 1.00 
% \ 
13.4 28.7 
74.3 97.0 
1.29 3.30 
0.57 0.81 

6.73 6.21 
5.13 4.36 
0.86 0.56 
218,000 207,000 
1098 ~4100 
1.423 1.422 
2.17 X 10 6 2.59 X :& 

'Characteristics of the reference Diablo Canyon U 0 2 reactor are included for comparison. 
6Direct replacement for oxide-fueled reactor. 

i 
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processing and fuel fabrication. All cost estimates are 
made in terms of 1968 dollar*. 

A breakdown of the fuel-cycle costs for the two 
metal-fueled reactors at the reference bumup of 13,200 
MWd/MTU is given in Tab!? 9, uith data for the UU 2 

core presented for comparison. The principal differ
ences in fuel-cycle cosL> for the two uranium metal 
cores appear in the lower fuel fabrication costs associ
ated with the reference uranium metal core. The lower 
fabrication cost results from the use of larger fuel rods. 
The lower net uranium fissile bumup and losses result 
from less 2 3 5 U feed enrichment required and the higher 
conversion ratio. A somewhat higher inventory charge is 
applied to the reference uranium metal core because of 

Table 8. Summary of Ecooomk Ground Roles 

Fuel materials 
Cost of natural U 3 O g , $/Ib 8.00 
Cost of separative work, $/kg 26.00 
Uranium tails enrichment, % 2 3 S U 0.200 
Cost of conversion, L^Og to UF 6 , $ per kg of U 1.35 
Value of fissile Pu, $/g 3.08 

Industry size 
Industry served by a single-purpose fuel fabrication 75,000 

plant, MW(t) 
Nominal rating of multipurpose processing plant, 10 

metric tons/day 
Reactor plant capacity factor, % 90 

Fixed charge rate on depreciating capital, %/year 
Reactor plant 12 
Fabrication and processing plant 22 

Fixed charge rate on nondepieciating capital, %/year 10 

its lower specific power. The estimated total equi
librium fuel<ycle costs for electric power generation of 
13,200 MWd/MTU are 0.93 mill/kWhr for the direct 
replacement core and ° 7 3 irriO/kWhr for the reference 
core. 

In our depletion analysis of the metal-fueicd reactors 
we assumed spatially uniform, "scatter" relosdir.g. 
Considering this sane reloading assumption for the 
Diablo Canyon oxide-fueled reactor, we calculated an 
initial enrichment approximately 20% lower than that 
reported by the manufacturer. This discrepancy is due 
in part to the nonuniform out-to-in radial x>ne re
loading scheme reported by the manufacturer and may 
also be the result of some conservatism in their estimate 
in order to provide a guaranteed bumup. 

Assuming a comparable amount of optimism in our 
predictions of metal fuel enrichments, we have for 
comparison calculated the fuel-cycle cost for a 20% 
increase in initial enrichment of the reference uranium 
metal fuel case. The results of this adjustment may be 
seen in Figs. 11 and 12, where sensitivity analyses are 
presented to show how oxide and metal fuel-cycle costs 
vary with two important ground rule assumptions: 
U 3 O s cost (Fig. 11) and industry size (Fig. 12). The 
lower boundary of the shaded area defines the fuel-
cycle costs calculated from our prediction of initial feed 
enrichments, while the upper boundary defines the 
fuel-cycle cost associated with the 20% increased 
enrichment. 

Figure 11 reveals that the fuel-cycle cost difference 
between the reference oxide and metal designs is 0.37 
to 0.50 mill/kWhr(e) for the assumed ground rules. 
However, the reference u.^iium-metal-fueled reactor 

Table 9. Eqtrfibrium Fuel-Cycle Cost for Metaffic-Uianioin-Fueled Power Reactor*0'6 

Cost [milb/kWhne)) 
Cost Component ni**rt Replacement̂  Reference Diablo Canyon 

Uranium Metal Core Uranium Metal Core U0 2 Core 

Net uranium fissile bumup and losses 0.719 0.560 0.920 
Furl fabrication 0.279 0.203 0.198 
Fuel processing and reconversion O.ilO 0.110 0.043 
Fuei shipping 0.021 0.02! 0.016 
Inventory 0.197 0.230 0.211 
Working capital 0.056 0.058 0.062 

Gross fuel-cycle cost 1.382 1.182 1.450 
Credit for fissile Pu -0.454 -0.454 -0.220 

Net fuel-cycle cost 0.928 0.728 1.230 

"Average core exposure is 13,200 MWd/MTU for uranium metal and 33,100 MWd/MTU for U0 2 . 
^Characteristics of the reference Diablo Canyon U0 2 reactor are included for comparison. 
cDirect replacement for oxide-fueled reactor. 
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has a lower power density and therefore a larger-
diameter corf, which results in a capital cost penalty; 
components affected by power density are the reactor 
vessel and the containment vessel. The capital cost 
penalty for these components was estimated to be S3.1 
per kilowatt (electrical). This may be translated into an 
energy cost penalty of 0.05 mill/kWhr(e). The reference 
uranhnivmetal-fueled reactor would, therefore, have i 
net ecoi.omic advantage of 0.32 to 0.45 mill/kWhr(e) 
relative to the oxide-fueled reactor. 

Uranium Ore and Diffusion Plant Requirements 

The same characteristic of metal-fueled cores that 
leads to low fuel-cycle costs (i.e., the high conversion 
ratio) also results in more efficient use of uranium ore 
resources and diffusion plant capacity. In evaluating the 
ore and separative work requirements for the nuclear 
industry, the fissile plutonium produced is an important 
consideration. K may be either recycled or used in 
other reactor types (e.g., fast breeders). In our analysis 
of ore and separative work requirements, plutonium 
recycle was assumed, and the direct replacement core 
was evaluated based on metal fuel being introduced in 
1976. For comparative purposes, similar data relative to 
fuel utilization were derived for current technology 
U0 2 -fueled PWR's. A summary of separative work and 
ore requirements to satisfy the AEC -projected domestic 
nuclear industry up to 1990 is presented in Table 10 for 
these two cases. 

It will be noted that the introduction of metal fuel 
would result in more than a threefold reduction in 
separative work capacity needed and a 30% reduction in 
ore requirements by 1990. Another interesting aspect 
of the plutonium-recycle case with meta! fuel is that 
after eight to nirtc years of operation, the uranium feed 
requirements could be satisfied with natural uranium. 
This mode of operation could be very attractive for 
countries without diffusion plants. 
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Table 10. Comparison of Separative Wo* aad Uiaonm Ore Requirements 
for Oxide- aad Metal-faded FVRV 

HO FueJ Metal Fuel* 
2 (Direct Replacement Core) 

Separative work consumption, kg/year X 10 6 

(average rate for year) 
1980 21 9 
1985 34 11 
1990 50 14 

Cumulative ore consumption, MTU X 10 3 

(to end of year) 
1980 150 130 
1985 320 240 
1990 560 380 

aBased on AEC-projected domestic nuclear industry and recycle of phitonium for both 
fuels. 

fr Assumes that metal fuel would be introduced in 1976. 

Fuel Technology 

Since the only advancement in technology considered 
is the use of metallic uranium fuel, it is pertinent to 
duscuss the current state of metal fuel technology. 

Irradiation Stablity 

Recent experimental results from the Pacific North
west Laboratory 2 0 ' 2 1 have shown that fuel elements of 
the type assumed in this study can achieve up to 18,000 
MWd/MTU with no increase in external volume and no 
indication that the burnup limitation has yet been 
approached. The present study was based on achieving 
similar results. It is evident, however, that much more 
irradiation experience, especially with longer rods in 
rod bundles, will be required to establish confidence in 
the irradiation stability of uranium metal as a com
mercial fuel. 

Fabrication 

Coextrusion of clad uranium metal fuel elements is a 
well-developed process. Gurwell1 2 and his co-workers 
at PNWL have coextruded 6-ft-iong hollow-core fuel 
rods containing adjusted uranium and externally clad 
with a zirconium alloy. Twelve-foot-long rods of a 
similar design have been fabricated for the NPR at 
Hanford. Therefore, fabrication of the 12-ft-long rods 
proposed in the present evaluation appears to be 
feasible with established technology. We do not suggest, 
however, that no fabrication development would be 
required. 

It is clear that both the irradiation stability and the 
corrosion behavior are dependent on the alloy content, 
the heat treatment, and the general fabrication pro
cedure. Furthermore, a high degree of reliability will be 
required for metal fuel elements to avoid the economic 
penalty associated with the occurrence of defective fuel 
elements. 

Corrosion 

Uranium metal reacts with water to form uranium 
dioxide and hydrogen, and the reaction rate is quite 
sensitive to temperature. The corrosion rate for un
alloyed uranium is approximately 2 mils/min at 572°F 
and only about 1 mil/day at 212°F. Preliminary results 
on adjusted uranium indicated that it is less corrosive 
by a factor of about 4. 

Defective fuel element experiments with uranium 
metal were reviewed, and it was concluded that the 
criterion for reactor shutdown with this fuel must be 
entirely different from that generally applied to oxide 
fuel. With oxide fuel the criterion for shutdown is a 
limiting contamination level in the coolant or in the 
waste disposal system. With metal fuel the reactor will 
probably be shut down upon an initial indication that a 
cladding defect has developed, if reactor cooldown 
starts when the defect is detected and proceeds at a rate 
of 100°F/hr, our calculations indicate that less than 20 
g of uranium could be corroded. If all the oxidized fuel 
were distributed in the primary coolant, the gross 
gamma activity ievel of the coolant would be about 1 
jiCi/cc. Based on experience with presently operating 
reactors, this is not an unusually high activity level. 
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The preceding interpretation of the consequences of 
fuel failure is tentative. The data available on defective 
element behavior are based on unalloyed and unirradi
ated uranium in solid reds. Rods with a central void 
space may exhibit a different corrosion behavior as 
compared with solid rods, but no evidence is available 
to indicate what the difference may be. Likewise, 
irradiated fuel may be different from unirradiated fuel 
relative to corrosion behavior. It is evident that much 
more corrosion data on metal fuel are needed. 

metal in water should a cladding defect occur. Our 
analysis of defective-element corrosion data indicates 
that to effectively limit the corrosion the resctor must 
be shut down upon detection of a ^fect. Thus, the 
cladding integrity must be quite good to avoid as 
economic penalty because of reduced availability. It 
appears, however, that the potential advantages of 
uranium metal fuel provide a very strong incentive for 
further development to demonstrate the reliability of 
this fuel. 

Conclusions 

The present evaluation shows the interesting possi
bility of significantly improving the fuel cycle of 
pressurized-water reactors through the use of metallic 
uranium fuel. Although the work was done specifically 
for pressurized-water reactors, it is reasonable to assume 
that metal fuels would also be applicable, with similar 
advantages, to boiling-water reactors. 

A fuel-cycle cost reduction, relative to oxide fuel, of 
30 to 40% was estimated for the reference metal-fueled 
reactor. Furthermore, the evaluation was based on a 
rather arbitrary set of core-lattice parameters; optimiza
tion of the metal-fueled reactor should result in even 
better economics. 

The use of metal fuel also has important implications 
relative to fuel resource utilization and diffusion plant 
requirements. For example, indications are that the 
introduction of metal fuel would reduce the separative 
work requirement, relative to that for oxide fuel, by a 
factor of 3 or more. 

There are a number of uncertainties that must be 
resolved before metal fuel becomes commercially use
ful. Of particular concern is the corrosion of uranium 

3.6 GENERAL STUDIES OF AGRO-INDUSTRIAL 
COMPLEXES AND OF AGRICULTURAL 

AND INDUSTRIAL PROCESSES 

Costs of Power and Water 

The costs of nuclear power stations in the United 
States were updated to a mid-1969 basis by applying 
suitable factors to allow principally for increases in 
material and labor costs and escalation (construction 
period increased from 4 years to 5% years). Table 11 
shows a comparison cf the power costs used as a base 
case in ORNL-4290 (1967 basis)28 and the estimated 
mid-1969 costs. Decreasing the construction period for 
the mid-1969 case by one year, that is, to 54 months, 
gives a decrease in power cost of 0.2 rrdll/kWhr; 
decreasing the load factor from 90 to 85% increases the 
power costs by about 0.1 rnill/kWhr. 

The effect of an increase in the cost of power on the 
economics of the basic industrial processes considered 

2 8 , Nuclear Energy Centers: Industrial and AgroJndustriai 
Complexes.OfLfiL-4290 (November 1968). 

Ta&fell. Comparison of Reactor (LWR) aad Power Costs 
for a 1034-MW(e) [3200 MW(t)] Station 

ORNL-4290, 
-1967 

Mid-1969 
Cost Basis 

Base capital investment, $/kW(e) 122 161 
Investment including interest during construction 139 207 

at 9%,fl $/kW(e) 
Construction period, months 48 66 
Power costs, mflb/kWhr 

Capital charges6 1.88 2.80 
Operation, maintenance, and insurance 0.26 0.30 
Fuel cycle 1.57 1.67 

Total 3.7 4.8 

"Compounded quarterly. 
* Assumes cost of money at 10%, load factor of 90%, interim replacements at 

5% of total cost replaced after 15 years: remaining plant has 30-year life. 
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Table 12. Changes in .Maawfactarag Coats Canard 

by a 1.0-adl/kWhr Increase • Flower Coat 

Product Percent Increase in 
Manufacturing Costs 

Equivalent Increase 
in Product Price 

Aluminum 
Phosphorus 
Chlorine 
Ammonia 

3 
6 
9 

17 

l.OrVlb ($20/ton) 
0.3^lb($5.5/ton) 
0.2//Ib(S3.3/ton) 
0.4jr7R> ($8/ton) 

in ORNL-4290 is indicated in Table 12. For most of 
these products the market price has also increased 
during this am? time period, snd the increase appears 
to more than balance the added production costs that 
could be atrributed to the increase in power cost. 

The effects of the increased reactor costs as well as 
increased evaporator costs (relative to the 1967 study) 
on the cost of desalted water have also been estimated 
2nd are illustrated in Fig. 13. In the earlier ORNL study 
it was assumed that the near-term technology would be 
a light-water reactor coupled with a multistage flash 
evaporator. Current thinking is that within the context 
of an agro-industrial complex the combined MSF-VTE 
evaporator coupled with an LWR may be considered as 
"near term." 

As indicated in Fig. 13, the cost increases from 1967 
to 1969 are nearly balanced (at S to 10% cost of 
money) by a shift in the evaporator technology. On the 
basis of the same technology, thai is, LWR-VTE, the 
cost increase (allowing for both reactor and evaporator) 
amounts to about 45% at a cost of money of 10%. 

Due to increased interest in the evaluation of smaller 
desalination plants, the cost of water was computed as a 
function of plant size from 5 to 1000 Mgd and is given 
in Fig. 14 for two costs of money. The water costs from 
plants of 5 to about 100 Mgd were based on purchasing 
electricity and extraction steam at constant cost from 
an equivalent 500-MW(e) nuclear power station. For the 
range 150 to 1000 Mgd, a dual-purpose plant concept is 
adopted, using steam from a back-pressure turbine for 
the brine heater. Over this range the size scaling laws for 
both the reactor and the evaporator apply, and the 
water costs shown are computed by the difference 
method, 2 9 thus accounting for the f tep change which is 
shown in Fig. 14. 

To shew the relative influence of the various com
ponent costs on the cost of desalted water, Fig. 15 was 

29, For example, water costs are based on the cost difference 
between a dual-purpose p.ant and a power-only plant producing 
the same amount of salable electricity. 

10 15 20 
COST OF UCNEY (%) 

25 30 

Fig. 13. Incremental Cost of Water vs Coat of Money for 
1000-Mgd Plant (Load Factor = 90%). 

prepared. The cost of the evaporator is the largest single 
item, accounting for about 43% of the total cost for 
water under the conditions listed on this figure. 

Industrial Processes 

Ammonia. - Work on industrial processes which 
appear attractive for inclusion in an energy center has 
entailed further refinement of the earlier building block 
data and the development of technical and economic 
data for several additional processes. 

The effect of using commercial w?f-r electrolyzers on 
the manufacturing cost of ammonia was evaluated. A 
comparison of the characteristics of these units is given 
in Table 13, and the associated manufacturing costs of 
ammonia are shown in Fig. 16, where a comparison 
with the use of two advanced system", A lbs-Chalmers 
and General Electric ceUs, is given. These costs are 
based OP the use of a 9% fixed charge rate (15-year life) 
except for General Electric Cells (12.3% and 10-year 
life), a 600-ton/day plant at 95% load factor, and an 
oxygen credit of S4.00 per ton. In the absence of this 
oxygen credit the NH3 cost would be increased by 
about $5.70 per ton of NH 3 . 

A study was made of the economics of integrating an 
electrolytic ammonia plant with a power station and 
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Table 13. Con—nrial Water Etectmlym* 

Cel Type Temperature ncsnue 
(atm) 

Current 
Density 
(A/ft*) 

Power Conssipuon 
(kwnr/MscfH 2r* 

Maximum 
Module 

So . 
(jcfHj/hr) 

Estimated 
Plant Investment6 

(naUkms of d o l m ) 

Hydro-Pechkranz Bipolar 
diaphragm 

80 1 140 i20 12,200 19.6 

Zdansky-Lonza Bipolar 
diaphragm 

90 50 IIS 120 28,150 32.7 

DeNora* Bipolar 
diaphragm 

90 1 280 109 27,500 16.2 

Bamag Bipolar 
diaphragm 

80 1 230 121 17,600 

Stuart Unipolar 
teak-type 
diaphragm 

I 200 147 626 18.1 

Trai Unipolar 
tank-type 
diaphragm 

24 1 SO 1*5 172 18.5 

'Dry gas at 60°F and 30 in. Hg absolute pressure; 378 scf of gas per pound-molecubi voiume. 
includes 10% aOowance for engineering, 19% for general overhead, and 5% for contingencies; where estimates were for equipment 

purchase only, an aBowance of 10% was made for erection of the plant. Plant soe is 40 Mscf of H 2 per day, equivalent to 600 tons of 
ammonia per day. 

improved version of their wate. efectrotyzer; however, it has not been operated on a large commercial scale. 

with a power grid. !n this type of operation it is 
assumed that the water electrolysis plant operates with 
off-peak power at variable current density depending on 
the power plant or system load curve. In the case of the 
conjunctive operation with a power plant, it is further 
assumed that the power plant can operate at a 90% load 
factor and that the water electrolysis plant can only 
obtain power when this load factor decreases. Figure 17 
shows a case oi a 1000-MWfe) (two 500-MWfe) units] 
station operating with a 300-ton/day ammonia plant 
assuming a $4.00 per ton credit for the co-produced 
oxygen. (A comparably sized air liquefaction plant 
could produce oxygen for $6.00 per ton. The lower 
credit assumed was to compensate for delivery costs.) 
This figure gives, the required price for ammonia such 
that the total annual cost of the conjunctive ( N H 3 and 
power) plant operation is equal to that of the power 
plant alone operating at the indicated reduced load 
factors. The amount of power sold to the grid would be 
identical for both power plant operating modes. The 
minimuiri price for N H 3 of $47.00 per ton shown in the 
figi'ie may be compared with a price of $57.00 per ton 
delivered to a farm in northeastern Iowa during the 
summer of 1969, thus indicating an allowance of 
~$ 10.00 per ton for hauling to farms. 

The integration of an electrolytic ammonia plant with 
a grid was evaluated f<n the case of the Western India 
grid, which has a peak load of about 1700 MW(e) and a 

minimum load of 860 MW(e). The proposed 
120OMW(e) (two unit) nuclear power station would be 
connected to this grid and could supply the peaking 
power requirements by reducing or interrupting the 
operation of the water electrolysis ceils. This in turn 
could allow the closing down of some of the currently 
used high-fuel-cost small peaking stations. I f the saving 
in fuel costs (between the new nuclear station and the 
old small stations) were applied to the cost of pro
ducing ammonia, it would amount to $11.00 per ton 
and thus reduce the costs shown in Fig. 4 to values well 
below the cost of importing ammonia into this agricul
tural region. 

Since many of the above processes for electrolytic-
based ammonia depend on further successful develop
ment of the porous electrode concept, some efforts 
have been made to interest industrial firms and the 
TV A Fertilizer Development Laboratory at Muscle 
ShosJs to continue this effort. In addition, the long-
term savings available through additional cell design 
changes have been estimated. For example, if the 
asbestos matrix now required for separating the plate 
electrodes could be eliminated, «*Hiaps by use of 
concentric porous tube electrodes with electrolyte nox 
through the tube wails, a 40% reduction in the 
production costs for N H 3 appears attainable. TVA 
personnel are currently reviewing the status and po
tential of the water electrolysis route to ammonia 
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fig. 17. Anunonia Salas Price Reoeired for the! 
of a 1000-MWXc) Nadaar Power Station and Bactrofylic 
Ajnaaona Plant to Break Evan with the Sanw Power Station 
Operating at the Indicated Load Factors. 

before recommending any further development pro
grams. 

Phosphorus. - Additional data on the electric-furnace 
phosphorus process indicate that for some types of 
phosphate rock, the rock pretreatment required could 
introduce an appreciable increase in the plant in
vestment cost. For example, if t_h# rode require* § 
pelletizing operation, the overall plant investment cost 
given in ORNL -4290 could increase by as much as 33%. 
Also, recent cost estimates (late 1968) obtained from 
Gulf Design Corporation indicate that the plant costs 
previously used may be 28% too low. Capital in
vestment data for the wet acid process obtained from 
this firm were also higher, about 45%, than those used 
in ORNL-4290. The overall effect of using these cost 
increases on the comparison of the two processes is 
small since they are offsetting. 

Acetylene. - The production of acetylene has re
cently been extemicJ :c 'az***de the electric arc (Du 
Pont) ptoov'SS.30 In many parts of the world acetylene 

is being replaced by ethylene obtained from cracked 
petroleum and naphtha since the ethylene is a lower-
priced feed stock, partly due to the local demand for 
the associated by-products. In some countries ^iach 
nay hsvc natural gas but little petroleum or where 
there is little demand for gasoline and the many other 
products obtained from cracking petroleum or nr.ph.tha, 
the arc processes may be desirable. The manufacturing 
cost of acetylene as a function of the cost of power for 
several pbnt sizes and costs of money is given in Fig. 
18. The use of acetylene for vinyl chloride manufacture 
(the largest single use) is compared in Fig. 19 with vinyl 
chloride made using ethylene as the feed stoJc. For a 
plant size of 328 tons of vinyl chloride per day 
(corresponds to 144 tons of acetylene per day) and a 
10ft cost of money, a break-even power cost of about 5 
nulls/kWhr is obtained when this process is compared 
with ethylene-based vinyl chloride. This corresponds to 
sr. icctyiciic manufacturing cost of about $116 per ton, 
or 5.8*7lb (Fig. 18), which, in turn, is afuvafen' o 
ethylene at 2J&^/fb. Since this process is not in 
!arge-ics!e operation, the associated costs are subject to 
further evaluation. 

D-LM Process for fnduddom of P5 Iron. - In the 
D-LM process,*1 developed by McDowdl-Welman En
gineering Company for operation at Mobile, iron ore, 
coal, and limestone are ground together and formed 
into balls or peBets. The grew pellets are hardened and 
partially reduced on a traveling grate, with the coal 
forming part of the fuel and natural gas or gas from the 
smelting operation providing the remainder. As die 
self-fluxing pellets leave the traveling grate, in which 
approximately half of the oxygen combined with the 
iron has been eliminated, they are charged hot into a 
submerged-arc smelting furnace. It is chimed that less 
than 100 kWhr per ton of pig irou produced is required 
for producing iron from an ore containing SO or 60% 
iron, as compared with over 2000 kWhr/ton for direct 
electric smelting of the same ore. PeBetizing, hardening, 
and electric smelting of von ore are proven operations. 
The steps not yet proven commercially are the produc
tion of partially reduced pellets on a traveling grate *ni 
the charging of hot pellets into the smelting furnace. It 
is claimed, however, that extensive pilot operations 
have demonstrated the feasibility of these operations. 

3 0 , 'J. M. Holmes, Ewekutiott of DuPont Are Proctn for 
Acetylene and Vinyi Chloride Monomer Production, ORNL-
TM-2725 (September 1969). 

31-'T. E. Ban and D. C. Vioietta, "D-LM New Commercial Iron 
Making Process,** presented at AISE convention, Cleveland, 
C.«~, 1-7- !<*fl McDoweB-weBman Engineering Co. 

http://nr.ph.tha
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'U) CAPACITY » 444 tons/toy octtytoe 
(3) NAPHTHA FEED STOCK * » 15/ton 

CAPACITY 
(tons/doy 
ocrtylene) 

72 

8 1C 0 2 
POWER COST (nulte/kwhr) 

EFFECT OF COST OF MONEY EFFECT OF CAPACITY 

MANUFACTURING COST FOR ACETYLENE -Du PONT ARC PROCESS 

Ffe.18. of Acetylene TS Cost of Power. 

It may be possibie to produce pig iron economically 
by this new process at rates as low as 500 or 600 
tons/day, but it is doubtful mat a blast furnace with a 
capacity much less than 2000 tons/day can produce 
iron economically. On the other hand, there are definite 
mststions on the size and, therefore, on the produc
tion rates of an cicctric smelting furnace. Presently, the 
maximum production from a single electric smelting 
furnace seems to be 1000 or 1200 tons/day even with a 
partially reduced burden. The cost of >ron proiuced is, 
of course, dependent on the costs or ore, energy, and 
the reductant. The blast furnace must use high-grade 
coke for the major energy source and for the reductant. 
With prereduction and electric smelting, noncoking coal 
can be used as a reductant and partial source of energy, 
but relatively expensive electric power must be used for 
a portion of the energy input. A comparison of the 
economics of pig iron production,3 3 from the Mast 
furnace and D-LM processes, presented in Fig. 20, 
shows that coke must be available for $ 11.00 per ton to 
produce pig iron at the same production cost ($38.00 
per ton) which can be achieved in the electric smelting 
furnace with power at 6 mflts/kWhr and coal at $9.00 

per ton. For power at l^/kWhr the break-even cost of 
coke is $15.00 per ton. 

Estimates of Process Steam Consumption by 
Massisctnrisg Industries in the United States 

for the Year 1980 

In a recent report (0RNL-HUD-2) 3 3 estimates were 
made of the consumption of process steam by manu
facturing industries in the United States for the year 
1980 as part of a program for evaluating the advantages 
of urban nuclear energy centers. A Perazich-type 
assumption was made with respect to the use of steam 
by the selected industries. This type of assumption held 
that four United States industries (Chemical, Paper, 
Petroleum, and Food), 3 4 the significant steam users in 

"J. L. Gner, ' M. Holmes, and H. £. Godler, Erttuation of 
a Power4ntensn*e Process for Iron and Steel Production at a 
Nuclear Energy Center, ORNL-TM-2697 (October 1969). 

3 3 F. W. Miles, Urban Nuclear Energy Center Study: Estimates 
of Process Steam Consumption by Manufacturing industries in 
the United States for the Year 1980, ORNL-HUD-2 (November 
1969). 

34These shortened industry names are used here *nd through
out this report for convenience. In the Standard Industrial 
Classification Manual, the names are listed in the same order as: 
(1) Chemical and AlBed Products Industry, (2) Paper and Ailed 
Products Industry, (3) Petroleum Refining and Related Prod
ucts Industries, and (4) Food and Kindred Products Industry. 
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Fig. 19. Vinyl Chloride Manufacturing C o n s as a Function o f Power Costs. 

the manufacturing segment of United States industry, 
use all of their purchased fuel to produce steam. Steam 
consumption in 1962 was estimated by several methods 
for the selected industries from fuel consumption data 
in the Census of Manufactures. The values were 
projected to 1980 by using energy consumption projec
tions of the type made by the Texas Eastern Trans
mission Corporation. The estimates of steam con
sumption for 1980 given in Table 14 varied from 67.6 
X 10 1 4 to 95.4 X 10 1 4 Btu, depending on the methods 
and assumptions employed. This estimated consump
tion of steam by manufacturing industries is approxi
mately equal to the 92 X 10 1 4 Btu of equivalent 
electrical energy estimated to be generated for electric 
utility usage in 1980. This indicated that a significant 
amount of thermal energy from an urban nuclear 

energy center would be consumed by manufacturing 
industries if the area served by the center had a fraction 
of the country's steam-using industries equal to its 
fraction of the country's population. 

"Confirmatory" Steam Consumption Estimates 
for the Principal Steam-Using Manufacturing 

Industries by Methods Different from 
Those Used in ORNL-HUD-2 

Steam consumption estimates in selected manu
facturing industries of the United States were made by 
methods different from those used in ORNL-HUD-2. 
These "confirmatory" estimates would presumably 
establish to a degree the validity of corresponding 
values reported in that report if pairs of values are of 
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Fig. 20. Kg Iron ProdKtkm Costs n Cost of Power. 
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the same order of magnitude. In such a case, one might 
say that the "confirmatory" value and i t corresponding 
value in the report were in the same "ball park." This 
close a relationship of two steam estimates inde
pendently obtained wouiu probably be as good as can 
be hoped for because of the nature of the estimates. 

The "confirmatory" values obtained are given in 
Table 15 along with corresponding interpolated values 
from a table in ORNL-HUD-2. Note that no confirma
tory estimate was made for the Food industry because 
no basis for doing so was found. Also note that for each 
of the three industries the confirmatory estimate is 
within an order of magnitude of the OkNL-HUD-2 
estimate. Therefore the desired decree of validity was 
established in each case. However, the closeness of the 
pairs of values for the Paper and the Petroleum 
industries is believed to be strictly fortuitous. 

Complete descriptions of the methods used to obtain 
these confirmatory estimates are given in ORNL-
TM-2646 (to be published). Brief descriptions of the 
methods are as follows. 

For the Chemical industry a summation was made of 
the quantities of steam required in 1965 and 1966 (i.e., 
some of the values were for 1965 and others for 1966) 

Table 14. Estimates of Process Steam Consumption 
by Manufacturing Industries in tlte 

United States tor 1980 

Source of Heat 
Consumption Data 

Estimate of Steam 
Consumption (Btu X 10 1 4 ) 

Purchased 
Fuel 
Oniy 

Purchased Fuel and 
Fuel Produced and 

Consumed Internally 

Texas Eastern" 74.4 
Census of Manufactures 67.6 

95.4 
88.7 

"Original fuel purchase data «nyrce was the Census of 
manufactures. 

Table 15. "Confirmatory" Stead Consumption Estimates and 
Corresponding HUD-2 Values for 1966 for the Principal 

Steam-Using Manufacturing Industries of the United States 

Manufacturing 
Industry 

Steam Consumption 
Value (Btu X 10 M ) 

Confirmatory 
Estimate 

HUD-2 
Estimate 

Chemical 7.6 28.2 
Paper 16.9 13.6 
Petroleum 14.5 16.3 

to produce steam-intensive chemicals manufactured by 
this industry. The results of this method suffered from 
lack of complete steam-usage data for industrial chemi
cals and also possibly from no allowance being made for 
steam used for nonprocess purposes such as heating of 
buildings. 

For the Paper industry the rate of steam usage 
required per unit of output in this industry was 
determined for 1966 from capacity expansion fac
tors. 3 5 Then, this steam-usage rate of quantity of steam 
per unit of output was multiplied by the total number 
of units of output reported for 1966 to obtain the 
quantity of steam consumed in 1966. 

For the Feiiuieum industry the confirmatory estimate 
was made by multiplying the rate of steam usage (i.e., 
pounds of steam used per barrel of petroleum proc
essed) by the number of barrels of petroleum produced 
in 1966. This, of course, assumed that the annual 
petroleum production was approximately equal to the 
quantity processed in that year. 

Estimates of Steam Pressures and Pressure 
Distribution for the Four Piinupal 

Steam-Using Manufacturing Industries 

The estimates of steam pressure* and pressure distri
butions for the four principal steam-using manufac
turing industries are listed in Table 16. Two observa
tions were made while obtaining this steam pressure 
information: (1) the trend of steam pressure usage with 
time is one of increasing steam pressure and (2) the 
trend of steam usage with time is one of decreasing 
steam usage. These two trends are not mutually 
exclusive - the net effect of the two in the case of a 
given manufacturing process is one of unit cost reduc
tion. 

Variaticn ia Production 
for the Four Principal Stem-Using 

nMuufaciufing industries 

In general, only one of the four steam-using manu
facturing industries (Food) is subject to seasonal and 
diurnal variations in production. Because of low total 
quantity of steam used when compared with the total 
of the four industries, 14% in 1966, the variations 
should not be of major significance. Furthermore, the 

3 5 , 'R. M. Wadddl, P. M. Ritz, J. De Wirt Norton, and M. K. 
Wood, Capacity Expansion Planning fovtori - Manufacturing 
Industries, National Planning Association, Economic Pro
gramming Center, Washington, DJC. (April 1966). 
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Table 16. Estimates of Steam Pressures sad 
Distrifcrtioas for the Four Principal 

Steam-Using Manufacturing Industries 

Type of 
Estimate of Steam 

Pressure Data 
Qiiaatiiy of Fuel 
Used to Produce 

Industry Pressure Range Distribution 
(*) 

Steam in 1966** 
(Btu) 

X 1 0 1 4 

Chemical 450-1000 
200-450 
.00-200 
<100 

28 
27 

2 
43 

0.67 
0.64 
0.06 
1.06 

Total 100 ">.43* 

Paper i GO-200 
<100 

71 
29 

9.7 
3.9 

Total 100 13.6 

Petroleum 150-600 
<150 

20 
80 

3.3 
13.0 

Total 100 16.3 

Food 50-100 
<50 
Total 

iu 
90 

100 

0.9 
8.5 
9.4 

'Interpolated from Table 2 in ref. 33. 
*The sample represented only a part of the total chemical 

industry; therefore the amount of fuel used was much less than 
the 28.2 X 10 1 4 Btu interpolations from Table 2 in ref. 33. 
However, the pressure ranges and distributions are believed to 
be representative of the overall chemical industry. 

trend in the food industries is toward longer operating 
periods in order to reduce overhead costs. 

For the other three manufacturing industries 
(Chemical, Paper, and Petroleum), continuous opera
tion is the rule. One notable exception to the rule is the 
seasonal variation (heavy in summer) in carbon dioxide 
production. 

Agriculture 

As part of the on-going studie; in the use of desalted 
water for agriculture, work has proceeded in the 
economic evaluation of a number of agricultural varia
bles, including additional crops, livestock, and food 
processing. Some studies have been done in the area of 
alternative water storage and irrigation schemes, in the 
effect of rainfall, and in preliminary planning work for 
the establishment of an experimental farm to develop 
and demonstrate agricultural methods uniquely suited 
to the use of desalted water. 

Additional Farm Enterprises. - Rice. - Although rice 
may be considered a relatively high-value crop (sale 
price about double that of whtat). it has been tradi
tionally assumed to require a lart*e quantity of water 
based on the flooded field cultivation practice used in 
most parts of the world. Recently, new irrigation 
methods have demonstrated36 that with careful timing 
of the water applications the requirement may be 
reduced to that normally used for wheat cultivation, 
with yields essentially unchanged. Trw basic "building 
block" data tor ike cultivation using this new tech
nique are summarized in Table 17, and the economic 
implications are indicated in Fig. 21. This figure shows 
that the break-even water cost would be in the range of 
30 to 50c per i 000 gal. 

The effect of incorporating rice as a summer crop into 
the cropping pattern of an irrigated farm using desalted 
water is also indicated in Table 17. Here a simple 
modification to system 2 ("high value" as given in ref. 

3 6 J . S. Kanwir, "From Protective to Productive Irrigation/ 
Economics <mdPo*ric*i Weekly 4,13 (Mar. 29,1969). 
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Table 17. Characteristics of Rice in 
Coatroled-iirigatkM Africwidue 

Cultivation cost (not including water), S/acre 40.00 
Water used. in. 16.7 
Yield (milled rice), lb/acre 4200 
Net income increase over dry beans (system 2, 12.4 
ORNL-4290) at 6</lb for rice, millions of dollars 

Internal rate of return using water at 25* per 
1000 gal (export price level), % 
System 2 (ORN 1.-4290) 12 
System 2 with rice replacing dry beans. IS 

rice at 6*/lb 

28) whereby rice is substituted for dry beans indicates 
an appreciable increase in the economic return. 

Livestock. - As an example of a lifestock enterprise, 
data on the production of chicken meat and eggs have 
been developed. Using 22,400 acres of wheat as the 
primary feed grain, it is estimated that about 59 X 10* 
lb of Jive broilers and IS X If/ dozen eggs can be 
produced per year. The costs of producing the wheat 
plus other supplemental feed, all the required labor, and 
all capital costs at 10% cost of money are shown in Fig. 
22 as a function of the cost of water. Using m average 
price of 214/lb (19.5#lb for the broilers, 38i/dozen for 
eggs) the break-even water cost becomes 451 per 1000 
gal. The initial investment for this enterprise is about 
SI I million, and the net effect on the economic return 
for system 2 (ref. 28) is an increase in the internal rate 
of return of 0.8. The incremental return on the added 
:nve£ment would be about 27%. 

Aquacultere. - Some investigation has begun in the 
area of intensive fish farming, particularly in conjunc
tion with a larg* power and/or water station. Here the 
large volumes of water being pumped for cooling 
purposes may be directed into constant-temperature 
raceways for raising fin or shellfish at a rate of perhaps 
two crops per year. One of the most profitable of such 
enterprises appears to be shrimp culture - a relatively 
new development but a successful operation in a few 
parts of the world. Not only djes this enterprise appear 
to be highly profitable, but the product provides a 
source of much-needed protein for a nutritionally 
balanced diet. 

Randall. - None of the examples in the earlier 
general studies included rainfall in the analysis of the 
agricultural segment. Of the locales previously con
sidered, the Kutch region of India exhibits perhaps the 
most fortunate timing of the rain; that is, most rain 
occurs in the summer, when the crop water require

ments are greatest. This location receives 9.2 in. of rain, 
over 80% of the annual rainfall, during the months of 
June, July, and August. Since about 80,000 acres of 
land are not utilized during this period in the system 2 
"high value" example given in ref. 28, it is possible to 
increase dry bean acreage by this amount using the 
natural rainfall and assuming a utilization efficiency of 
less than 50%. If the same direct production costs (not 
including water) and crop yields are assumed, the added 
income from this crop would increase the direct return 
on investment for the entire farm by about 4.5 
percentage points. Thus, a farm internal rate of return 
would be nearly 12% using water at 304 per 1000 gal 

Buidmg Block Data for Agricuftwal Prodact 
Storage and 

Development of investment and operating expenses 
for agricultural product storage and processing opera
tions was started in recognition that incorporation of 
this type of enterprise would be necessary for the 
handling of certain crops either as a part of an 
agro-industrial complex or as part of the compte-

24 
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mentary infrastructures. In addition, it appeared that 
such enterprises might significantly improve the overall 
economic return of an agro-industrial complex, and 
therefore information was needed to evaluate this 
aspect. 

Two factors strongly influenced the choice of initial 
enterprises for study. The first was the Urge sum of 
money estimated as necessary for grain and potato 
storage facilities in a typical complex. For the con
ditions specified in ORNL-4290. this ranged from S62 
million to S83 million, depending on the crop acreages 
chosen. The question raised was whether or not 
processing plants could result in significant reductions 
in the necessary storage requirements. The second 
factor was the belief that from almost any viewpoint, 
that is. water consumption, yield, calories, etc., pota
toes would be a very important agricultural product, 
and therefore processing to put them in a less perishable 
and more easily transportable form should be investi
gated. Other enterprises were chosen later for cost 
development primarily on the basis of need for the 
enterprise if the crop under consideration appeared to 
be a likely candidate as part of the crop makeup of the 
complex. To sea* extent the choices were also in
fluenced by the wailabflity of information, as, for 
example, the milium of wheat to produce flour and 
by-products; niuch u formation was readily available on 
the mfting industry %i terms of plant sizes, millers' 
margin of profit, etc., but little on the breakdown of 
investment and openaitJi costs for new plants. Study of 
processes which fell in *his latter category, with the 
**cept*on of potato processing, was deferred on the 
basis that the work could be done more efficiently 
through subcontracts by an individual or firm specializ
ing in this type of work. 

The major part of this initial effort was devoted to 
development of investment and operating cost informa
tion on a few enterprises; however, ss sufficient data 
were accumulated to allow analysis of the effects of size 
of the installations vs costs, a preliminary effort was 
made to determine the benefit to the complex which 
would result from incorporation of the enterprise. The 
problem of determining a airs price immediately 
assumed a prime role. The question of sales price can be 
estimated or obtained from statistical yearbooks for 
basic materials such as wheat or raw potatoes; however, 
in most developing countries there is no established 
demand or price for many of the processed items. It is 
dear that any meaningful assessment of profit from a 
given enterprise must be eased on a careful analysis of 
the marketing aspects for a given product at a given 
location, including the costs of market development. It 

was therefore decided to concentrate on the develop
ment oi building block information which would 
provide data and a framework within which later 
studies of specific sites could fill in information on 
prices and marketing costs to arrive at financial returns. 

The following presents summary data on some of the 
enterprises studied, along with comments on additional 
enterprises for which information has been collected 
only in part. 

Potato Storage Facflities. - Table 18 presents current 
investment and operating cost data obtained from 
several companies in the IdahoOregon-Washington area. 
For storage warehouses large enough to be of interest to 
a complex, there does not appear tc be any significant 
scaling factor; however, the costs assume a storage 
complex of at least ten warehouses, each of at least 
50,000 cwt (hundredweight) capacity but probably no 
larger than 250,000 cwt. It is also assumed that these 
warehouses are operated in conjunction with a potato 
processing plant, and thus minor efficiencies are gained 
through better utilization of management and some 
specialized labor interchange. 

The data in Table 18 are in generalized form; in order 
to arrive at a cost per hundredweight of potatoes stored 
it is necessary to assign cost rates for labor, utilities, 
interest on investment., etc. One typical case investi
gated yielded an average operating cost for storage of 

Table IS. Potato Stonfe FadKty Investment and 
Operating Cost Data 

All figures per hundred weigh I of capacity 
LJIHJ requirement, including provision for separation between 
but' tings and lor truck maneuvering and access. 0.5 f t 2 per cwt 

Initial investment (lifetime) 
Building (25 years) S0.68 
Air handling equipment and conuob (10 years) 0.16S 
Mechanical refrigeration equipment (10 years) 0.25 
Fluming equipment (25 years) 0.075 
Folito piting equipment (10 years) 0.02 

Subtotal $1.19 
Contingency < | $1) 0.18 

Total 51.37* 

Operating cost data 
Maintenance, building, and equipment $0.02 
Labor, man-hr 1.1 X 10"* 
Management and clerical, man-hr 5.8 X JO"4 

Sprout inhibitor $0,035 
Electricity. kWhr 1.78 
Water, p i 54 
Supplies and miscellanrous expense $0.01 

This compares with the value used in ORNL-4290 of SI.85 
per cwt. 



about S0.25 per hundredweight for all the harvested 
potatoes on a single crop per year Dasis. The storage 
capacity required amounted to about 82^ of the crop, 
with 18^ being delivered to the fresh market and/or the 
processing plant during the assumed harvest period of 
two months. 

Potato Dehydration Facilities (Granule). - Discus
sions with a number of firms actively engaged in the 
processing of potatoes in various forms led to the 
conclusion that the process which led to the most basic 
and versatile form was that of dehydration to the 
granule form. Potato granules, or dehydrated mashed 
potatoes, are precooked, dehydrated potatoes iii the 
form of fine granules of about 70 mesh. They consist 
largely of separated, whole tissue cells. On reconsti-
tution with hot water or hot milk, a product closely 
resembiing freshly prepared mashed potatoes is formed. 
This form is easily reconstituted, being tolerant of 
considerable variation in temperature and mixing con
ditions on reconstitution. The granules may be used 
directly for preparing mashed potatoes or they may be 
combined, at the plant or later, into various formula
tions containing dry skim milk, vitamins and/or protein 
additives, etc. For good operating conditions 1 lb of 
granules requires about 6 lb of raw potatoes. 

Table 19 summarizes the fixed capital investment 
required for three sizes of processing plants, the 
associated plant operating costs, and the finished 
product rosts. including allowances for working capital, 
raw materials, and storage. The costs are based on 
mid-1969 estimates for construction, including archi
tect-engineer fees, in the Idaho-Oregon-Washington 
area. 

As noted previously, many assumptions had to be 
made regarding labor costs, interest charges, etc., in 
order to arrive at these costs; however, the assumptions 
can easily be modified to suic conditions which might 
prevai! for a specified locators. A more difficult 
problem is the question of whether or not such an 
enterprise would be profitable for a complex. In order 
to answer this, a detailed market study would have to 
be performed for the specified location in order to 
arrive at a price ac which the product could be sold. The 
costs of market development and marketing costs for a 
product not oresently in demand in developing coun
tries would probably be significant. 

Animal Feed from Potato Process Plant Wastes. -
Five to ten percent of the original raw potato input to 
granule plants, as described above, is recovered in the 
plan', primary waste treatment plant. This material is 
largely potato peels, trimmings, etc., removed by the 
waste it ream settling and filter plant. This trim and 

filter cake is usually stored in piles for periods of several 
weeks to allow chemical and biological action to 
neutralize the material before feeding it to the live
stock. Essentially all processors have found that it is not 
economically justified to dry potato wastes for animal 
feed. In many cases the waste is not sold but is 
contracted to livestock raisers on the basis that they 
will haul it away For a complex such as we aie 
considering it appears that the waste would be cf value 
to a livestock enterprise, however, it might be necessary 
to treat and dry the materiai. at least during the hot 
part of the year. 

Potato Dehydration Facilities (Flake). - Information 
similar to that previously presented on granule produc
tion has been collected for the flake process. This 
information has not been analyzed since this product is 
not as versatile is the granules; however, it is planned to 
do so, since the plants can economically be built and 
operated for smaller capacities. 

Potato Grading and Bagging Facilities. - Information 
has been collected on the investment and operating 
costs foi potato grading and bagging facilities »c be 
operated as part of a potato processing plant The 
analysis of costs has not been completed, however, 
since they have been incorporated as part of the potato 
processing plant, and little additional investment is 
required. 

Grain Storage Facilities. - The capital investment ard 
operaiing costs were developed for four sizes of 
terminal elevators. Due to the concentrated production 
area the usual farm storage and subterminal handHng 
can be bypassed with attendant economies. In addition, 
the probability that feed, flour, and other processing 
plants would also be located in the complex and 
adjacent to the grain storage facilities leads to the 
possibility of more efficient utilization during the 
couise of the year. Of course, this latter consideration 
would be dependent on the detailed cropping and 
processing operations in a specific location. 

The costs include the site, storage tanks (concrete), 
equipment, and buildings required to perform the 
functions of a terminal grain elevator. Thes^ functions 
are to receive, grade, clean, dry, blend, store, and 
deliver grain. 

The capital investment required for the four model 
elevators is shown in Table 20. Although details of the 
operating costs have been developed, the table presents 
only an illustrative summary of 1969 costs based on a 
typical location. 

Other Enterprise1;. Information en investment and 
operating costs h:-»s also been developed for both 
standard and extra-long staple cotton ginning facilities 
and feed mills for making poultry and livestock feed. 
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In addition to the above facilities on which detailed 
information has heen developed, a considerable body of 
information has been collected in the form of reports 
and studies or a wide variety of agricultural, dairy, and 
poultry processing facilities. Typical of the type of 
studies are the following: 

Plant Requirements for Manufacture of Fruit and Vegetable 
Juices 

Economies of Size in Soybean Processing Plants 

An Economic Analysis of MoJa Planu for Pasteurizing and 
Bottling Milk 

An Economic Analysis of Butter-Nonfat Dry Vf ilk Plants 
Plant Requirements to Set Up and Operate a Seafood Processing 

Plant 
Plant Requirements for Manufacture of Miled Rice 
Orion Dehydratio . Facilities 
Freeze-Drying of Foods: Cost Projections 
Broiler Processing Costs 
Costs and Returns for Model Sweet Potato Canning Plants 
Economic Studies on Vegetable Canning and Freezing Opera

tions 

TaWe 19. Costs for Potato Granule Pluits 

Ran product input, cwt/day 
Finished product output, cwt/day 

Investment costs, total13 

Buildings (30 years life) 
Equipment (20 years life) 
Installation 
Spare parts and maintenance inventory 

Total 

Investment costs per hundredweight 
annual capacity of raw potatoes* 

Investment costs per hundredweight 
annual capacity of finished product3 

Operating costs per hundredweight 
of product 
Depreciation (straight line over life) 
Interest on investment (10% on 4 C O S I ) 
Salaries and labor (includes 25% overhead) 
Packaging materia! 
Utilities 
Supplies 
Miscellaneous plant expenses 

(4% of $25.00 per hundredweight 
of product) 

Miscellaneous overhead expenses (taxes, 
insurance, sales, accounting, 
purchasing, etc.) 

Total' 

Production costs per hundredweight 
of product 
Operating cost 
Working capital cost 
Raw material and storage costv 

Total 

4000 8000 16,000 
666.7 1333 2667 

$380,000 $600,000 $1,011,500 
978,000 1,713,000 3,173,000 
603,000 1,098,000 2.068,000 
100,000 200,000 400,000 

$2,061,000 $3,612,000 $6,652,500 

$2.06 $1.81 $1.66 

$12.36 

1.56 

$12.42 

$12.42 
1.16 

13.14 

$26.72 

$10.86 

1.522 

$10.89 

$10.89 
1.16 

13.14 

$25.19 

"Cost of the required land (2-4 acres) js rot included. 
'Towil employees, 155. 
'Total employees, 212. 
dTotal employees, 358. 
'Excludes raw materia1, storage costs, and working capital costs. 
/Raw potatoes purchased for $2.00 per hundredweight. 

$9.% 

$0.55 $0,482 $0,443 
0.617 0.541 0.50 
4.40 f c 3.10* 2.5 l\d 

3.12 3.12 3.12 
0.8225 0.797 0.7835 
0.35 0.326 0.274 
1.00 1.00 1.00 

1.499 

$10.13 

$10.13 
1.16 

13.14 
$24.43 
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TaMc 20. Costs for Terminal Grain Elevators 

Capacity, twi 300.000 600.000 1.200.000 3.000.000 
Land required, acres 3.0 4.3 6.4 10.6 
Capital investment, thousands of dollars 

Land 7.1 10.2 15.1 25.2 
Equipment 295.6 352.3 52!.2 1080.3 
Office and sample building 8.9 12 1 16.1 27.2 
Ya.ds and outside (spur track, roads. 18.0 23.2 28.0 51.6 

drainage, etc.) 
Buildings 385.0 636.1 1148 2 2376.1 

Total capital investment 714.6 1033.9 1728.6 3560.4 

Investment" per hundredweight storage 2.38 1.72 1.44 1.19 
capacity. dollars 

Annual operating costs, thousands of dollars 
Direct labor cost 11.7 23.0 47.0 73.7 
Plant overhead 36.1 49.5 84.4 164.6 
Utilities 4.8 9.2 18.5 47.1 
Insurance on grainb 0.7 1.4 2.S 7.0 
Other material 12.0 22.6 41.5 97.7 
Audits 3.2 4.9 8.9 18.1 
Interest*- 36.0 50.1 87.2 179.5 

Total annual costs 104.5 160.7 290.5 582.7 

Annu-I cost per hundredweight capacity. 34.8 26.7 24.2 19.4 
cents 

The value used in ORNL-4290 was S1.43 per hundredweight for a capacity of about 1500 X 10 
cvvt. 

^Provisional inventory insurance at 0.292^/cwt at Wi of capacity utilized. 
cSr/f rate of interest used on capital requirement. 

Analysis of Complexes 

The sensitivity analysis given in ORNL-4290 has been 
extended to help identify the most important param
eters and/or assumptions used in the economic analysis 
of agro-industrial complexes. The sensitivity to startup 
costs or delays in reaching full project income levels is 
illustrated in Fig. 23. Also shown in the figure is an 
indication of the time required for a complex to 
duplicate its facilities from the profits realized. If the 
cost of money were 1% and a sinking fund were to earn 
6%, a second complex of the type used in Fig. 23 could 
be started in the fifth year of operation and would 
begin operation itself in the tenth year. 

In the earlier studies no credit was taken for the water 
recovered by the drainage system or from the tubewell 
water storag: system. Most of the 20% water loss 
assumed (80% irrigation efficiency) should be recover
able, particularly since the initial water quality is so 
high. 

The effect of a 10% decrease in water requirement for 
the farm was examined for a far-term agro-industrial 

complex (complex No. 26, Table 7.11, ORNL.^290). 
The total water usage was kept constant, and thus the 
farm acreage, and hence the investment, was increased 
by !0% to use up the water. The effect of this 
"stretching" of the water output was to increase the 
internal rate of return by about 0.5%, that is, from 16.4 
to 16.9%. 

This same complex produces oxygen as a by-product 
of the electrolytic hydrogen process, slag and ferro-
phosphorus as by-products of the electric-furnace 
process for elemental phosphorus production, and 
chlorine as a by-product of the brine electrolysis 
process. (Since this is an agro-industrial complex it is 
assumed to be located in an underdeveloped country, 
and thus chlorine is in oversupply and is considered a 
by-prcduct with very little value.) In the economic 
analysis of complexes for ORNL-4290 no credit was 
assumed for any of the by-products produced. If an 
oxygen credit of $4.00 per ton, slag credit of S1.00 per 
ton, ferrophosphorus credit of $50.00 per »on, and a 
chlorine credit of $10.00 per ton are assumed, the net 
income of the above complex is increased by $12.8 
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Fig. 23. Cash Flow Diagrara for an Agro-industrial Complex. 

million, and the internal rate of return is increased from 
16.4 to 17.1%. 

In an attempt to obtain a better estimate of industrial 
off-site costs, particularly for smaller plants, a study of 
four industrial segments was made. The types of plants 
examined and the number in each category are given 
below. 

Type of Plant 

Fertilizer (nitrogenous and phosphattc) 
Metals (aluminum, magnesium, and steel) 
Chlorine 
Organic products 

Total 

Number of 
Plants 

18 
5 
5 

11 
39 

It is recogn-zed that the correlations of off-site data 
for these diverse types of plants can only be approxi
mate, since the industries have different off-site require
ments and a fac»: cy that one plant might consider an 
off site would be considered as a battery limits cost in 
another. Since the literature data did not give detailed 
lists cf off-site components, it was impossible to 
develop a standard definition for off sites. Therefore 

equations were developed using regression analysis for 
each type of plant in addition to an overall equation for 
all types of plants. Results are given in Table 21. The 
"all plants" equation gives greater off-site costs for 
small plants, particularly below $10 million, but con
firms the equation used for large installations as given in 
ORNL-4290. 

Table 21. Equations for Computing Off-Site Capital Cotts 

Type 
of Plant 

Range of 
Battery Limits 

Cosvs 
(millions of 

dollars) 

Regression 
Equation0 

Multiple 
Regression 
Coefficient 

Fertilizer 1.0-45.7 F = %.9(BLQ - 0 ' 3 0 3 0.63 
Metals 24.7-99.3 F = 64.3(BLQ-°- 3 8 9 0.65 
Chlorine 5.2-29.0 F= 77.KBLQ- 0 - 4 4 6 0.98 
Organks 5.0-95.7 F ' ^ . H B L C ) - 0 - 1 6 1 0.51 
AU plants i.0-95.7 F*93.1(BLC)- a 3 9 1 0.71 

"F is off-site costs as a percent oV battery limits plant costs, 
and BLC is plant costs, millions of dollars. 
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3.7 AFPUCATIONS OF AGRO-INDUSTKIAL 
COMPLEXES 

Middle East 

Th* Middle East Study Project, which is being 
conducted at ORNL, was initiated in response to Senate 
Resolution ISS. This resolution recommended an 
examrtai >n of the concept of large water-producing 
energy centers in areas of the Middle East ?s a means 
for providing (1) new jobs for refugees. (2) an increase 
in agricultural productivity of existing wastelands. (3) a 
broad base for cooperation between Arab and Israel; 
governments, and (4) a further demonstration of the 
United States efforts to find peaceful solutions to areas 
of conflict. The study has involved evaluations of 
national needs for power and water in five Middie East 
countries, evaluations of alternatives to nuclear energy 
and desalting in meeting those needs, and design studies 
ami economic analyses of large water-producing energy 
centers r'or selected locations. Completion of the study 
is scheduled for mid-1970. 

Puerto Rico 

A study of the energy center concept for Puerto Rico 
is being conducted by Burns and Roe with a major 
subcontract with Dow Chemical Company and is bemg 
supported by various agencies of the United States and 
Puerto Rican governments. The ORNL responsibility in 
this study project has been as an advisor to the AEC 
and in providing specialized assistance to Burns wi 
Roe, Dow, and the other study participants. This study 
is expected to be completed in mid-1970. 

India 

Technical assistance work with the IAEC agro-
industrial complex study team has continued 2nd 
included a United States team visit to India in April 
1969. The purpose of this visit was to review the status 
of the Indian projects, to determine how United States 
technical assistance should be directed, and to suggest 
directions for future work. A general impression result
ing from these discussions is that the IAEC agro-
industrial study team is proceeding at a good pace with 
determination and competence. They have acquired 
expertise from other branches of the government and 
from the private sector. The nuclear-powered tubewell 
project for the Upper Indo-Gangetic Plain is receiving 
serious attention by the central government. Desalting 
applications in the Kutch-Saurashtra region appear 
more long term, but consideration is being given to a 

pilot firm using either high-purity groundwater or 
desalted se* water. 

CHs Flow Analysis for Indo-Gangetic Pbn Project. -
A cash now analysis was prepared for the Indo-Gangetic 
Plain tubewelJ project. The project was modified to 
include an expenditure for the purchase and installation 
of 16 gas-turbine packaged power plants. These power 
plants would be installed during the second year of 
reactor ccnstmction and would provide 193 MW(e) to 
power the tub swells until the reactor comes on line 
four years la.*; An electrical grid distribution system 
was included in the expenditures. Fuel for the gas-
turbin power plants was assumed to cost 50e7MBtu, and 
this accounts for 7.7 mills/kWhr of the total electric 
power cost (heat rate 15,410 Btu/kWnr). Income from 
the power produced was based on a price of 8 
mills/icWhr for pumping power and 10 mills/kWhr for 
domestic use. 

in iiic cash flow analysis illustrated in Fig. 24 the 
small power plants were sold for 50% of their initial 
value after the reactor began to supply power. All 
capita! and operating costs for the overall project were 
as reported in the Indian report, except for the 
investment in the aluminum plant, which was based on 
our costs increased for a non-United States location. 
During the first year of operation the salable output 
from the industrial plant was assumed to be only 50% 
of rated output; however, full operating costs were 
assessed. The internal rate of return was calculated to 
be 14.:% under the stated assumptions and not 
including any benefits from the added agricultural 
production achieved. 

As a check on the cost for the electrical distribution 
system, the General Engineering Division prepared a 
cost estimate for a transmission and distribution net
work based upon the following model: (1) rectangular 
area 80 X i50 miles with nuclear power station in 
center, and (2) 36,300 connected tubewells, 5-kW loads 
3t 240 V, with three wells per square mile. Assuming 
that *V. the necessary equipment cou'd be obtained 
indigenously and that labor costs would be one-half of 
United States labor, in initial capital investment of 
$60.1 million was estimated. This cost was compared 
with the estimates prepared by ihe National Rural 
Electric Cooperative Association for the installation of 
rural electrification projects in five states of India for 
the U.S. Agency for International Development. The 
studies included economic and engineering feasibility 
studies for areas in Gujarat State, Andhra Pradesh State, 
Maharashtra State, Mysore State, and Uttar Pradesh 
State. Table 22 lists the estimated number of connec
tions, total cost, and the estimated co:t per connection 
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to supply the anticipated P.fiii-year ioad for each of the 
five areas. The percentage of ail connections made for 
domestic and irrigation pump sets is also listed. The 
ORNL estimate appears somewhat high, although an 
increasing cost trend with percentage of irrigation pump 
connections (thus a more dispersed grid) may be 
observed. 

Pamp Layout Studies for Indo-Oangetic Plain. 
Preliminary layout studies of pumps, irrigation piping, 
and associated roads and power lines were made for a 

tubeweM project in northwest Uttar Pradesh in the 
mou-G*ngetic Plain of northern India. The plain is 
known to have two aquifers, a shallow one and a deep 
one. The shallow aquifer is believed capable of provid
ing 3.5 cusec (cubic feet per second) of irrigation water 
per square mile, and the layout that was developed for 
the study provided seven 0.5-cusec pumps of 5 hp 
rating for each square mile. The deep aquifer is believed 
sufficient to supply at least 4.5 cusec/sq mile, and 
possibly twice this amount. For pumping the deep 
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Fig. 24. Indo-Gangetic Plain Alternative 1. Internal rate of return, 14.1%; 0% production achieved during first year of operation. 

Table 22. Estimates of Rani Electrification Pilot Project Costs in India 

Area and State Number of 
Connections" 

System Cost 
(millions of dollars) 

Cost per 
Connection 

(dollars) 

Percentage of All 
Connections Made Number of 

Connections" 
System Cost 

(millions of dollars) 

Cost per 
Connection 

(dollars) Domestic Irrigation 

Kodinar, Gujarat 17,000 16.1 950 6 85 
Karimnagar, Andhra 23,765 3.9 163 50 43 

Pradesh 
Shrirampur and Pahuri 16,716 2.1 127 42 47 

Talukas. Maharashtra 
Hukeri Taluk, Mysore 14,000 18 118 78 21 
Lucknaw. Utta; Pradesh 14^15 3.2 223 63 33 

"After five years. 
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aquifer at the 4.5-cusec rate, the layout included three 
1.5-cusec pumps of 15 hp rating for each square mile; 
alternatively, pumps delivering 2.0, 2.5, and 3.0 cusec 
each were also considered. 

A typical layout for 1 sq mile is shown in Fig. 25. The 
seven shallow well pumps each provide water for 120 
acres. The drawing at the bottom of Fig. 25, which is an 
8-sq-mile layout, shows how the i-sq-mile pattern can 

be repeated. Two types of road §rids were provided, a 
primary grid on a 4- by 4-mile spacing for traffic and a 
service road grid on a 1- by %-mile spacing. Parallel 
power lines are run every % mile. Pumps are located 
along the service roads and power lines to minimize 
length of driveways and individual pump power lines. 
Enough work was done to indicate that alternative 
arrangements of roads, power lines, and irrigation 
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piping for a fixed set of conditions all cost about the 
same (within ~20%). Further studies should be made to 
verify or contradict this conclusion. 

A brief macro study was airx> made of a layout 
covering 2,000,000 acres between the Ganges and 
Ramganga Rivers northwest of Agra and Aligarh. This 
ar̂ a was chosen because the Indian AEC has pre/iously 
made studies for a nuclear power station at Norara on 
the south bank of the Ganges River. The layout is 
shown in Fig 26. The overall area covers about 3300 sq 
miles and is subdivided into six subc-reas, each about 
550 sq miles in area. Main power lines wen» run to a 
substation in each subarea a:id to towns with >5000 
population. Feeder lines were run to tne pumps and to 
smaller towns. The average power requirement of each 
subarea is about IOOJOOO hp [about 75,000 MW(e)} 

3.8 NUCLEAR DESALINATION INFORMATION 
CENTER 

Background 

The Nuclear Desalination Information Ccrter was 
initiated in 1966 vdth the objective of collecting 
technical information concerned with nuclear desa'ina-
ticn, analyzing and compressing this information, and 
then providing the means whereby the scientist in llie 
nuclear desalination field could readily identify and 
retrieve the information as he needed it. Current and 
recent publications and patents are scanned, and 
material pertinen*. to the desaiinaiiuf. program is 
selected by the Center. The selected material is 
reviewed, an informative abstract is prepared, and 
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carefully chosen index terms are assigned by technics! 
specialists who are members of the Nuclear Desalination 
Program staff. Retrieval of information by author, 
corporate author, and individual or combinations of 
index terms is possible through the use of a com
puterized storage and retrieval system. 

Although the major portion of the Center'* activity is 
concerned with the AEC's interests, support for some 
of the activity is provided by the OSW. Their interest 
lie* particularly in the area of seawater distillation 
processes. 

Publications 

Two new indexed bibliographies 3 7 , 3 8 (including 
abstracts) of nuclear desalination literature were issued 
during the yaar. These present the complete reference 
and an informal we abstract for each of about 500 
published articles and paten is pertinent to the field of 
nuclear desalination. This brings the total number of 
references in the Center's storage and retrieval system 
to about 1000. Distribution of the bibliographies was 
made in accordance with a standard AEC category 
(UC 30) plus a selected list of organizations that have 
expressed a specific interest in nuclear desalination 
work. A number of industrial organizations and 
research groups at universities have requested to be 

3 7 K . O. Johnsson. Indexed Bibliography of Nuclear Desalina
tion Literature - 3. ORNL-NDIC-5 (May 1969). 

8 K. O. Johnsson, Indexed Bibliography of Nuclear Detail za 
tio-, Literature - 4, ORNL-NDIG6 (November 1969). 

added to the distribution list since the first bibliography 
was issued. 

A journal article describing the opeiation of the 
Center was prepared and has been submitted for 
publication in the open literature. A permuted title 
index of OSW research \nd development progress 
reports was prepared for .he OSW, and a special listing 
of United States patents on dist ilia'ion processes is 
being prepared for them. 

Requests for Information 

Interest in the Nuclear Desalination Information 
Center continues to increase. Whereas there were 10 
requests during the first year of operation and 44 
during the second year, there were 76 requests made 
during the past year. About two-thirds of these came 
from industrial and academic groups as shown below: 

Industrial organizations 26 
Academic institutions 24 
Government agencies 14 
Foreign groups 12 

Totai 76 

In many cas»s a request for information would also 
include a req 'est for the individual to be added to the 
distribution list for future lists of abstracts. It would 
appear that the individual scientist is willing to use the 
library for the original literature but would like to have 
a copy of the condensed material in the form of 
abstracts for his personal use. 



4. Papers, Journal Articles, and Reports 
PAPERS 

Gale Young, "Dry Land and a Hungry World," presented at the meeting of the New York Academy of Science?. 
Division of Engineering, New York City, Nov. i 3. i96». 

Gale Young, "Import Alternatives." presented at AAAS Symposium on Water Importation into Arid Lands, Dallas, 
Texas, Dec. 30,1968. 

Gale Young, "Power and Water in a Crowded World," presented to XIV Nuclear Congress of Rome. Mar. 20.1969. 
R. P. Hammond, "Prospects and Application for Large-Scale Water Supplies from the Sea." presented at Western 

Water Resources Institute Conference, St. John's College, Santa Fe. New Mexico, Apr. 9 -10 , 1969. 
J. W. Michel, "Agro-Industrial Complexes," presented at the Western Water Resources Institute Conference. St. 

John's College, Santa Fe, New Mexico, Apr. 9-10,1969. 
R. P. Hammond, "Low Cost Energy: A New Dimension in Man's Control of His Environment." presented at 

S.E.A.S. Symposium on Economic Aspects of Energy Production with Particular Reference to Nuclear Power, 
Lmdon.Apr. 12-17,1969. 

W. C. Yee, "Economic Implications of Nuclear Desalination on Seawater Chemical Recovery," presented at the 
Third Symposium on Salt, Cleveland, Ohio, April 21-24, 1969, sponsored by Salt Institute, Northern Ohio 
Geological Society, Solution Mining Research Institute, and published in the Proceedings, prepublication copy, 
September 1969. 

J. W. Michel and R. P. Hammond, "Energy as a Key to Arid Lands Development," presented at the International 
Conference on Arid Lands in a Changing World, Tucson, Arizona, June 3-13 ,1969 . 

Gale Young, "Import Alternatives" presented at the International Conference on Arid Lands in a Changing World, 
Tucson, Arizona, June 3-13,1969. 

T. D. Anderon, J. E. Jones, C. M. Podeweltz, and F. G. Welfare, "The Prospects for Advanced Converter LWR's 
Based on Uranium Metal Fuel," presented at the Seattle meeting of the American Nuclear Society, June 1969: 
abstract published in Trans. Am. Nucl. Soc. 

J. M. Holmes. "The Role of Nuclear-Powered Energy Centers in Developing Economies," presented at the 
Intersociety Energy Conversion Engineering Conference, Washington, D.C.,Sept. 21 -26,1969 

R. P. Hammond, "Agricultural Innovations and the Agro-Industrial Complex," presented at Agricultural Research 
Institute Annual Meeting, Washington, D.C., Oct. 14-15,1969. 

H. I. Bowers and R. P. Wichner, "Transmission Costs Versus Near-Load Siting Costs for Inland Regions Deficient in 
Cooling Water." presented at IAEA Symposium on Nuclear Energy Costs and Economic Development, Istanbul, 
Turkey, Oct. 20-24,1969. 

J. W. Michel and J. E. Mrochek, "Recent Developments in ORNL's Agro-Industrial Complex Studies," presented at 
IAEA Symposium on Nuclear Energy Costs and Economic Development, Istanbul. Turkey, Oct. 20-24, 1969; 
IAEA/SM-126-34. 

J. E. MrocheK, J. M. Holmes, and J. W. Michel, 'The Role of Electricity-Intensive Industries »n the Economics of 
Nuclear Power," presented at IAEA Symposium on Nuclear Energy Costs and Economic Development. Istanbul, 
Turkey, Oct. 20-24,1969; IAEA/SM-126-38. 

I. Spicwak and R. P. Hammond, "Costs of Nuclear Desalting for Energy Centers," presented at the IAEA 
Symposium on Nuclear Energy Costs and Economic Development, Istanbul, Turkey, Oct. 20-24, 1969; 
1AEA/SM-126-35. 

W. C. Yee, "Industrial Complexes Based on Nuclear Desalting Waste Brines," presented at IAEA Symposium on 
Nuclear Energy Costs and Economic Development. Istanbul, Turkey, Oct. 20-24, 1969; IAEA/SM-126-37. 
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JOURNAL ARTICLES 

R. P. Hammond, "Low Cost Energy: A New Dimension:* ScL J5(I). 34 (January 1969). 
R. P. Hammond and T. D. Anderson. "Technology Needed for the Economic Use of Desalted Water in Agriculture." 

Nuclear Desalination (proceedirgs of the IAEA Symposium on Nuclear Desalination. Madrid. Spain. Nov. 
18 22, 1968). pp. 785 96. Elsevier. 1969. 

J. W. Michel. "The .Agro-Industrial Complex." Nuclear Desalination (proceedings o( the IAEA Symposium on 
Nuclear Desalination.Madrid. Spain.Nov. 18 22. 1968),pp. 713-44. Ebevier. 1969. 

REPORTS 

Nuclear Energy Centers: Industrial and Agm-lnJintriai Complexes. QRNL4290 (November !968>. 
K. 0. Johnsson. Index to Research and Development Reports Published hy the Office of Saline Water. 

ORNL-TM-2348 (December 1968). 
R. K. Sood. Tests of Entrainmen t Release Configuration and of Hook-and-Vane Entrapment Separators for a VTE 

Desalting Plant. ORNL-TM-2352 (December 1968). 
A. M. Squires and W. E. Lobo, /. Steelmaking in an Industrial Complex: II. Acetylene Production from Naphtha by 

Electric Arc and by Partial Combustion. 0RNL4294 (November 1968). 
P. R. Stout, Potential Agricultural Production from Nuclear-Powered Agro-Industrial Complexes Designed for the 

Upper Indo-Gangetic Plain. ORNL-4292 (November 1968). 
L. G. Alexander and H. W Hoffman. Studies on Advanced LTV Heat Transfer Surfaces. Summary Report January 

I June 30. 196 7. ORNL-TM-2465 (January 1969) 
T. D. Anderson, J. E. Jones, and C. M. Podeweltz. A Study of Metallic-Uranium-Fueled Pressurized Water Reactors 

for the Production of Process Heal or Electric Power. ORNL-TM-2451 (December 1969). 
H. I. Bowers. ORCENT: A Digital Computer Program for Saturated and Low Superheat Steam Turbine Cycle 

A naiysis. ORN L-TM-2395 (January 1969). 
D. fci. Eissenberg, L. G. Alexander. J. D. Joyner, H. W. Hoffman, R. A. Ebe. H. M. Nontake, and F. J. Mora.i. 

Enhanced Tube: for Seawater Distillation Plants (papers presented by ORNL Staff Members at the Symposium 
on Enhanced Tubes for Distillation Plants sponsored by the Office of Saline Water. Washington. D C . Mar. 
11-12,1969), ORNL-TM-2611 (August 1969). 

J. L. Gregg, J. M. Holmes, and H. E. Goeller. Evaluation of a Power-Intensive Process for Iron and Steel Production 
at a Nuclear Energy Center. ORNL-TM-2697 (August 29,1969). 

R. P. Hammond, Nuclear Desalination Program Annual Progress Report on Activities Sponsored by the Atomic 
Energy Commission for Period Ending October 31. 1968. ORNL-4409 (April 1969). 

R. P. Hammond and K. A. Kraus. Abstracts of Papers. Water and Desalination Information Meeting. May 12-13, 
1969, ORNL-TM-2550 (April 1969). 

H. W. Hoffman and L. G. Alexander, Tube Identifier - A Physical Description of Tubes Tested in the OSWProgram 
on Improved Heat-Transfer Syitems for Evaporators: Advanced LTV Heat-Transfer Surfaces. ORNL-TM-2713 
(October 1969). 

K. 0. Johnsson, Abstracts of Literature on the Distillation of Seawater and on the Use of Nuclear Energy for 
Desalting- I. ORNL-TM-269I (October 1969). 

J. E. Jones, E. P. Rahe, and T. T. Robin,/! Fuel Cycle Economic Analysis of Oxide Fueled Power and Process Heat 
PWR's for Seawater Desalination, ORNL-TM-2046 (January 1969). 

J. A Lane, M. L. Myers, and R. C. Olson, Power Plant Capital Cost Normalization, ORNL-TM-2385 (June 1969). 
C. C. Littlefield, D. M. Eissenberg, and S. A. Reed, Control of Alkaline Scale Using C02 Suppression. 

ORNL-TM-2415(March 1969). 
F. J. Moian, The Fabrication of Smooth Tubes for Large Multistage Flash Evaporator Desalination Plants. 

ORNL-TM-2750 (November 1969). 
H. tvJ. Noritake, Cost Analysis of Enhanced Heat Transfer Surface in Large Multistage Flash Plants. GRNL-TM-24! 6 

(January 1969). 
J. A. Ritchey, Nuclear Energy Centers: The Problems of Implementation. ORNL-4295 (August 1969). 
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S. J. Senatore and J. A. Smi!h. Study of 250-Mgd Multistage Flash Dis:ilktkm Plant with Two-Level Brine Flow. 
ORNL4214 (January 1969). 

R. K. Sood. W. J. Ross, and J. W. H«ll. Performance Te^is of Deaerator of IMgd Clair Engle Debiting Plant. 
ORNL-TM-2491 (September 1969). 

R. K. Sood and W. J. Row. Development of Deaerators for Seawater Evaporator Plants - Summary of Work 
Through June 1969. ORNLTM-2474 (September 1969). 

R. K. Sood. Tests to Determine the Performance Potential of a 2-Stage-Spray Vacuum Deaerator for the Makeup 
Water in a Desalting Plant. ORNL- rM-2460 (March 1969). 

I. Spiewak. Investigation of the Feasibility of Purifying Municipal Waste Water by Distillation. ORNLTM-2547 
(April 1969). 
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